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ABSTRACT

Fire is one of the most dangerous hazards that can occur in any type of structure which result
in the loss of life and property. Currently, the primary material used for construction of most
structures is concrete. Material strength is one of the most important factor which define the
performance of structure when exposed to fire. In recent years, researchers have been focusing
on fire performance of both normal strength concrete (NSC) and high strength concrete (HSC)

for structural members used in buildings.

When concrete is exposed to elevated temperatures rapidly, it results in additional stresses that
are relieved by explosive spalling and cracks extending to the surface. This result in the
decrease of strength and ultimately the capacity of the concrete in addition to that, it does not

regain its original strength on cooling which makes concrete vulnerable to fire.

Calcium aluminate cement concrete (CACC) is a type of high performance concrete (HPC)
which is much more durable and resistant to fire and can be used as a replacement of ordinary
Portland cement concrete. A test program was designed to undertake high temperature tests on
CACC and normal strength concrete (NSC) commonly used in buildings, domestic
construction. Material properties include compressive and splitting tensile strength, elastic
modulus, stress-strain response, toughness and mass loss of both CACC and NSC. These
properties were investigated at various temperatures of 23, 200, 400, 600 and 800°C.

Unstressed and residual test procedures were adopted to measure these properties.

The results obtained from high temperature tests of CACC revealed that the presence of
alumina as a binding agent showed considerable enhancement in the mechanical performance
compared to NSC. At elevated temperatures, the loss of compressive strength in NSC is much
more prominent as compared to CACC. Reduction in the stress-strain response was observed
in both CACC and NSC with the increase in temperature; however, an increase in axial strain
was more in of CACC. Compressive toughness was higher in case of CACC as compared to
NSC which increases up to 200°C, but decreases beyond this temperature. Scanning electron
microscope (SEM) was also performed to differentiate the microstructural changes taking place
in both types of concrete at elevated temperatures. Visual investigations after high temperature
exposure revealed that CACC exhibits low cracking with less color changes as compared to
NSC. Further, data generated from material property tests was utilized to develop simplified

relations for expressing material properties of CACC as a function of temperature.
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CHAPTER 1
INTRODUCTION

1.1 General

Concrete out of all construction materials occupied an important place and is widely used in
civil engineering structures, due to its versatility, ease of fabrication, strength and adaptability.
Mostly concrete structures are subjected to different kinds of loads (dead, live, wind and impact
etc) in addition to that, sometimes severe environmental threats like Earthquake, Fire etc. As a
result the durability of concrete is given a prime importance as far as the concrete technology
is concerned. However unlike other materials, the behavior of concrete is quite unpredictable
and complex because it depends upon materials properties and proportions, chemical and
physical characteristics of materials and curing conditions, etc. Under normal conditions,
concrete structures are subjected to a range of temperatures no more harsh than that imposed
by ambient environmental settings. However, these structures are always under threat to fire,

which results in an extreme thermal gradient.

The temperature induced variation in the properties of concrete which are more complex than
for most materials because not only is the concrete a composite material whose constituents
have different properties, but it also depends on moisture and porosity (Mehta and Monteiro,
2006). Exposure of concrete to elevated temperatures affects its thermal, mechanical,
deformation and physical properties. When it is exposed to the elevated temperatures there is
deterioration of concrete in which of particular importance is the loss in compressive strength,
cracking and spalling of concrete, destruction of bond between the cement paste and the
aggregates, and the gradual deterioration of hardened cement paste (Georgali and Tsakiridis,
2005). This exposure to high temperature rapidly results in additional stresses that are relieved
by spalling and cracks extending to the surface. This result in the decrease of strength and
ultimately the loss in capacity of the concrete; in addition to that, it does not regain its strength
on cooling which makes concrete vulnerable to fire. Hence, proper fire safety provisions as per
the building codes should be provided to ensure safe performance of structures against fire
(ACI 216.1, 2007; ACI 318-11, 2008). To evaluate the performance of concrete against fire,
the characteristics of concrete play a fundamental role. The performance of concrete is
determined in terms of its properties which includes mechanical properties, thermal properties,
deformation properties and material specific characteristics such as spalling in concrete. The
thermal properties consisting of specific heat, thermal conductivity, thermal diffusivity, and



thermal expansion are important material properties that effect the development of thermal
response of concrete structural members. The mechanical properties, which include extent of
strength loss and stiffness deterioration, are given the prime importance and significantly
influence fire response of structural system (Khalig, 2012).

Calcium aluminate cement (CAC) is one of the most important non-Portland cement used in
the construction because of special properties they possess. High performance concrete (HPC)
have emerged with the use of CAC, having excellent performance in terms of strength and
durability, surpassing average performance of conventional Normal Strength Concrete (NSC).
They are utilized where resistance to chemical corrosion, mechanical abrasion and impact like
in industrial floors is required. In addition, they have been employed in the sewer lines, where
resistance to biogenic corrosion is of primary importance and where concrete made with
ordinary portland cement (OPC) fails to sustain. Its rapid hardening property and resistance to
abrasion has led it to be increasingly used for repairs of hydraulic dams in areas susceptible to

abrasion e.qg. spillways, sluice gates etc (Scrivener et al., 1999).

It has been established that the performance of concrete made with CAC against fire resistance
is better to that of Portland cement concrete. It is very popular for its use as a refractory material
e.g. in the lining of the kilns, steel industry etc (Karadeniz et al., 2007; Katsavou et al., 2012).
With the increase in the use of this material in building construction, it has to satisfy the
appropriate fire safety requirements specified in the building codes (ACI 216.1, 2007; ACI
318-11, 2008). The performance of concrete made with CAC when exposed to elevated
temperatures has not been established i.e. at present there is very limited information on high

temperature material properties of calcium aluminate cement concrete (CACC).

In this research, an experimental investigation on characterizing high temperature performance
of CACC at material level is made, in which CAC was used as a replacement of OPC in NSC
made of traditional limestone aggregate. A test program was designed at the National
University of Sciences and Technology (NUST), Pakistan, to investigate material properties of
both CACC and NSC when exposed to various elevated temperatures of 23, 200, 400, 600 and
800°C. Material properties namely compressive and splitting tensile strength, elastic modulus,
stress-strain response, compressive toughness and mass loss were observed under unstressed
and residual test procedures for both CACC and NSC.



1.2 Calcium Aluminate Cement (CAC)

Calcium aluminate cement is also known as high alumina cement (HAC), which was
introduced as a type of cement containing 32-45% Al>Os3 in UK after World War I. These are
prepared by fusing and grinding the aluminous and calcareous materials in suitable proportions.
CAC is an expensive binder, since the production of this cement requires relatively pure raw
materials (bauxite and limestone) to meet the need of high alumina content. This type of cement
is different from Portland cement which usually contains very small amount of alumina as
shown in Figure 1.1. This shows the proportioning of chemical composition of different types
of cementitious materials. Afterwards, different types of aluminous cements are developed
having alumina content ranging from 50 to 90 percent. Common trait of all these cements is
that the hydrates produced are predominantly calcium aluminates due to which they are best
known as CAC (Scrivener and Capmas, 1998). The mineralogy of CAC shows that calcium
oxide (CaO) and alumina (Al203) are the principal oxides. Depending upon their percentage
within CAC, they combine to give monocalcium aluminate (CA) as major active phase. This

active phase reacts with water under hydration reaction to give calcium aluminate hydrates.
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Figure 1.1 — Ternary phase diagram of the CaO—Al,03-SiO> system. Navy (2004).



The high-performance concrete (HPC) prepared from CAC is used where unique properties are
required which enable them to be used in severe environments. Such type of concrete extends
the range of applications for cementitious materials. Some of the additional properties achieved
by the use of CAC are as follows:

" Resistance to chemical attacks, particularly acids.

" Abrasion resistance in hydraulic structures e.g. Dam flushing gates.
" Resistance to chemical and mechanical wear e.g. Industrial floors.
. Resistance to thermal shock e.g. fire training building.

In addition to all this, due to the rapid hardening and strength gaining property, CAC is used
as a repair material. If we compare it with OPC, it can even give us 28 days strength of OPC
just within 5 to 6 hours (Ideker et al., 2013). Roads which are repaired with these materials can
be operational within few hours after casting and traffic delays can be minimized. Scrivener et
al. (1999), found that CAC simulates the biogenic corrosion on Portland and CAC mortars
using the simulation chambers, which accelerates the degradation process 20 times i.e.
exposure to 250 days is equivalent to 16 years of field exposure. Figure 1.2, shows the results
of this test in which we can see the performance of Portland cement mortar, CAC mortar and
CAC mortar with synthetic aggregate. The degradation against biogenic corrosion is evaluated
in term of weight. The influence of substrate can be seen against which the Portland cement

mortar is completely degraded as compared to CAC mortar.

The ability of CACC structures to perform better against high temperatures makes it an
indispensable construction material. Such concrete is suitable for structures where there is
cyclic firing at temperatures around 1000°C. Portland cement based concrete will fail in such
conditions due to the repeated dehydration and rehydration of Ca(OH). and CaO which will
seriously affect the structural integrity. For such cases, the use of CACC will increase the

service life of the structure.
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Figure 1.2 — Weight loss in simulation chamber against biogenic corrosion. Scrivener et al.
(1999).

1.3 Behavior of Concrete against Fire

Concrete generally exhibits good fire resistance properties and that is why it finds wide
applications in building and infrastructure works. When concrete is subjected to elevated
temperatures the relevant criteria for performance are its mechanical properties (load carrying
capacity, tensile strength, elastic modulus, stress strain response and toughness), thermal
properties, deformation properties and material specific characteristics such as spalling in
concrete. Similar to the other materials, these properties change substantially with the change
in temperature. These properties vary as a function of temperature and depend on the

composition and characteristics of concrete.

When we consider the fire resistance design the primary importance is given to the compressive
strength of concrete (f'c) at an elevated temperature. This property of concrete depends upon
interface transition zone, water-cement ratio, types of admixtures, type of stress, aggregate type
and size, etc (Mehta and Monteiro, 2006). The compressive strength of concrete at elevated
temperatures is well researched. The major factors on which the high temperatures compressive
strength depends are also identified which include binders in the batch, room temperature
strength, type of aggregate used, rate of heating and type of test setup. Figure 1.3 shows us the

variation of compressive strength ratio of NSC at elevated temperature with upper and lower



bounds showing the limit of variation in reported test data. It can be seen that there is very little
loss in strength of concrete up to 400°C (Khaliq, 2012).
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Figure 1.3 — Variation in relative compressive strength of NSC as a function of temperature.
Khaliq (2012)

Another property which is given due importance is modulus of elasticity of concrete (Ec) which
is closely related with its stiffness and is defined as the ratio of stress to strain when deformation
remains elastic. This elastic modulus is strongly affected with the change in temperature and
decreases with the increase in temperature. This reduction is due to the cracking in the
microstructure starting from the interface transition zone, disintegration of hydrated cement
products and increase in porosity, which leads to the loss of stiffness of concrete. Figure 1.4
illustrates the ratio of elastic modulus at elevated temperatures to that at room temperature. It
can be seen that there is a general decrease in elastic modulus found in all types of concrete
irrespective of the type of aggregate (ACI 216R-89, 2001).
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Figure 1.4 — Relative modulus of elasticity of concrete as a function of elevated temperature.
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The stress-strain curve of concrete becomes nonlinear and inelastic because of the generation
of the micro cracks with the increase in the load. This property is also affected with the change
in temperature i.e. with the increase in temperature the initial slope starts decreasing and the
ultimate value of deformation keep on increasing. This is due to the reason that as the
temperature increases and reaches around 250°C there is the loss of the non-evaporable water.
Above 400°C, calcium hydroxide Ca(OH). which forms a major portion in the hydrated
products of concrete starts to disintegrate (Li et al., 2004). Further, at 600°C the calcium-silicate
hydrate (C-S-H) gel, which binds the ingredients of concrete as cement paste and gives the
strength to the concrete, starts to crumble, resulting in critical loss of compressive strength and

severely affects the stress-strain response of concrete (Georgali and Tsakiridis, 2005).

Tensile strength (ft) which define the concrete’s ability to withstand cracking and the
propagation of microcracks as a result of tensile stresses. Concrete being vulnerable to tensile
cracking increases the importance of this property to be understood (Chan et al., 1999). Almost
similar factors affect the tensile strength of the concrete on which the compressive strength of
concrete depends upon, with prime importance given to aggregate-paste interface transition
zone and microstructure of concrete. Tensile strength of concrete is very low as compared to
its compressive strength. As the compressive strength is vulnerable to elevated temperatures

so is the case in tensile strength. Under fire conditions, this property is even more critical



because of fire induced spalling (Khaliq and Kodur, 2011). It also depends on factors similar

to those which effect compressive strength of concrete.

Density is an important property of concrete, which is the mass of a unit volume of the concrete,
comprising of solid material and the air-filled pores. Durability and strength of concrete greatly
depends upon this property. With the increase in temperature, concrete due to high amount of
moisture will experience loss of mass which ultimately results in the increase in the porosity
of the concrete due to evaporation. This increase in mass loss with the increase in temperature

will ultimately affect the stiffness and durability of concrete.

Another property which is given due importance is compressive toughness (T¢). It is actually a
derived property which is obtained from the stress-strain curve of the concrete when tested in
compression. This actually represents the amount of energy absorbed per volume of the
material before rupturing. As the fire severely affects the stress-strain response of the concrete

so it ultimately affects the toughness of the material.
1.4 Research Objectives

For evaluating the high temperature performance of concrete in terms of fire resistance,
knowledge on the material properties of concrete at elevated temperatures is very important.
These properties include compressive strength, tensile strength, elastic modulus, stress-strain
response, toughness, stiffness, mass loss, and extent of spalling. The primary objective of this
research study is to evaluate the performance of CACC in terms of these material properties

when exposed to elevated temperatures as high as 800°C. The main objectives are stated below:

o To quantify the performance of CACC made of traditional limestone aggregates in
terms of its material properties at elevated temperatures and to compare it with NSC
prepared from OPC when exposed to same conditions.

o To compare the performance of CACC in terms of different test scenarios i.e. unstressed
and residual test conditions.

o To perform the visual assessment of fire-damaged concrete which includes the study of
color changes, cracking and spalling of the surface.

o To study the effect of elevated temperatures on the physical properties of both CACC
and NSC like mass loss.

o To develop the simplified mathematical relations for expressing material properties
(compressive and tensile strength, elastic modulus, toughness and mass loss) of CACC

as a function of temperature.



o To study the microstructural changes in CACC and NSC specimens using Scanning

Electron Microscope (SEM) imagery after the exposure to elevated temperatures.
1.5 Research Tasks

To accomplish the above mentioned objectives following tasks were performed:

J Conduct literature review.

o Develop the test setup for both types of test (compression test and split tensile test) on
samples at high temperature.

o Perform the mix design which is applicable on both types of concrete.

o Preparation of NSC cylinders from OPC and CAC which can be easily tested at high
temperature.

o Conduct compression and split tensile tests on concrete samples under unstressed (hot)

test setup and residual test setup to measure the mechanical properties of CACC.

o Process the test data to develop stress-strain curves for CACC and NSC.
o Evaluate the experimental results.
o Analyze the results to establish the high temperature material properties of both

concretes with respect to time and to develop mathematical relationships for these
properties as a function of temperature.

. Conclusions and recommendations
1.6  Research Significance

The effect of elevated temperatures on the material properties of NSC especially compressive
strength is well established. However, the performance of CACC at elevated temperatures is
relatively less studied with lack of data on the material properties namely tensile strength,
stress-strain response, mass loss and compressive toughness. While, some information on
residual compressive strength of CACC is available, there is hardly any study on the high
temperature behavior of CACC. In the present study, not only the material properties of CACC
are determined at different elevated temperatures on unstressed specimens but its trend is also
compared with the residual conditions. In addition, microscopic analysis is also performed
using scanning electron microscope (SEM) to understand the performance of CACC in terms
of its material properties at elevated temperatures based on its microstructure and to study the
morphological changes due to conversion reactions. The data acquired from this study will be

used to propose simplified mathematical relationships for different structural properties of



CACC as a function of temperature. These relationships can be used as input parameters in
computer programs for evaluating the fire resistance performance of concrete structural
members. The study on residual concrete properties will help to evaluate the post-fire strength
of concrete structures for retrofitting of structures.

1.7 Thesis Outline

Chapter 1 is a preliminary chapter about the significance of CAC, the behavior of concrete
when it is exposed to fire, objectives and research significance of the study, and thesis

overview.

Chapter 2 describes the literature review in details. A brief literature review includes the
performance of NSC at elevated temperatures. In addition to that, properties and behavior of

CAC are also discussed in chapter 2.

Chapter 3 represents the procedure and materials of test setup, the testing facility and specimens
used to evaluate the structural properties of NSC from CAC. The testing apparatus and data
acquisition system is also elaborated in Chapter 3.

Chapter 4 discusses the tests carried out, observations, test results and evaluation of test results.

The conclusions based on findings of this research and recommendations for further studies are

presented in Chapter 5.
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CHAPTER 2

LITERATURE REVIEW

2.1 General

The performance of concrete against fire is well known and it exhibits good fire resistance
properties which have been employed as a structural material in buildings and infrastructure
works. With the advancement in the field of material engineering, the studies on improving the
properties of concrete have increased which leads to the evolution of new types of concretes
like High Strength Concrete (HSC), Self-Consolidating Concrete (SCC), Calcium Aluminate
Cement Concrete (CACC) and Fly Ash Concrete (FAC). The CAC also known as high alumina
cement is recognized for its high temperature resistance/refractory performance. CAC is used
in variety of combinations with other minerals and admixtures to achieve wide range of
properties. Although it is well known for its refractory properties very limited information is
available on performance of CACC when exposed to elevated temperatures. This makes
knowledge on properties and behavior of CACC very significant to be studied.

The fire resistance of concrete structural member is very crucial as it has to satisfy the fire
safety requirements which are specified in the building codes (ACI 216.1, 2007; ACI 318-11,
2008). This fire resistance of concrete structural members is governed by high temperature
thermal and mechanical properties of constituent concrete. For predicting the fire resistance of
structural concrete, knowledge on high temperature material properties is very important which
includes thermal, mechanical and deformation properties. These properties depend upon the

characteristic and composition of concrete and vary with the change in temperature.

The thermal properties exhibit the extent up to which the heat transfer can takes within the
concrete structural member, whereas the mechanical properties determine the extent of strength
loss. The deformation properties display the deformation within the concrete structural member
as a result of elevated temperatures. The mechanical properties that determine the fire
performance of RC members are compressive and tensile strength, modulus of elasticity and

stress-strain response of constituent material at elevated temperatures.

In this chapter behavior and properties of CAC are highlighted. Moreover, previous studies on

the effect of high temperature on the material properties of concrete are also reviewed.
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2.2 Material properties of concrete at elevated temperature

2.2.1 General

The mechanical properties that determine the fire performance of RC members are compressive
and tensile strength, elastic modulus and stress-strain response of constituent material at
elevated temperatures. There has been a lot of research on the mechanical properties of concrete
when it is exposed to elevated temperatures. High temperature mechanical properties are
evaluated on small samples of concrete usually cylinders and cubes. Due to the lack of test
standards on high temperatures unlike room temperature property measurements, these tests
are performed on wide range of specimen sizes. The cylinder specimens of size 75x150,
100x200, and 150x300 mm whereas cube specimens of size 100x100, 150x150 and prism
specimens of size 100x300 are usually used for high temperature.

The compressive strength (fc) influences the load-carrying capacity of a structure.
Compressive strength of concrete is generally considered to be its most valuable property.
Compressive strength of concrete at elevated temperatures is of primary interest in fire
resistance design. Unlike other properties this property of concrete is well researched.
Compressive strength of concrete at ambient temperature depend upon water-cement ratio,
aggregate-paste interface transition zone, curing conditions, aggregate type and size, admixture
types and type of stress (Mehta and Monteiro, 2006). At high temperatures, this property is
highly influenced with the room temperature strength, rate of heating and binders such as
(Silica fume, fly ash and slag). The tensile strength of concrete (ft) is another essential property
of concrete. It is much lower than its compressive strength due to the ease with which cracks
can propagate under tensile loads-unlike compressive loads, when cracks tend to close. It is an
important property because cracking in concrete is due tensile stresses and the failure in tension
is often governed by microcracking (Mindess et al., 2003). Under the fire conditions, this
property becomes more crucial especially in the cases where fire induced spalling occurs in a

concrete structural member (Khalig and Kodur, 2011).

Concrete’s elastic modulus (Ec) is a measure of its stiffness or resistance to deformation. The
behavior of a structure is often dependent on the elastic modulus of concrete and this modulus
is strongly affected by temperature. At higher temperature, disintegration of hydrated cement
products and breakage of bonds in microstructure of cement paste reduce elastic modulus and
the extent of reduction depends upon the loss of moisture, high temperature creep and type of
aggregate (Kodur, 2014).
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The high temperature compressive stress-strain behavior of concrete is of significant
importance in the fire resistance analysis of RC structural members. These high temperature
stress-strain curves are helpful in understanding the response of structural RC member under
fire conditions. The stress-strain relationships at elevated temperature may be derived from the
room-temperature relationships if the variation of maximum stress and corresponding strain
with temperature are known (Baldwin and North, 1973). The high temperature stress-strain
response is dependent on factors such as aggregate-paste interface transition zone, curing
conditions, aggregate type and size. Compression toughness (T¢) is another material property,
which is the energy absorbed during the compressive strength test until failure. This property
is evaluated as the area under the stress-strain curve of the concrete material (Marar et al.,
2001). This is actually the ability of the material to absorb energy due to compression before
failure which makes this property very important. As this property depends upon the stress-
strain response of the material, so at elevated temperature with the change in stress-strain curve

this property also changes.

Another material property which is given due importance is the loss of mass (M) of concrete
with the increase in temperature. This property comes under the thermal property of concrete.
Mass is a property that enables concrete to absorb and store significant amounts of heat. Higher
mass in concrete acts as heat sink, by absorbing and holding heat for longer time. This delays
the heat transfer through material in an RC member, thus mass loss influences thermal
properties of the concrete as well as strength and stiffness properties of RC members. Mass
loss of conventional NSC and HSC has been investigated earlier with most of the information
pertaining to NSC (Khalig, 2012).

2.2.2 Testing Methods for High Temperature Material Properties

Various investigators used various methods to evaluate the material properties of concrete at
elevated temperatures which indicates that, generally, the tests can be categorized according to
cold or hot testing. In cold testing, specimens are gradually heated to a specified temperature,
permitted to thermally stabilize at that temperature for a given period of time, allowed to slowly
cool to ambient room temperature, and then tested to determine residual material properties. In
hot testing, specimens are gradually heated to a specified temperature, permitted to thermally
stabilize at the temperature for a prescribed period of time, and then tested at temperature to
determine material properties. During heating and cooling, the specimens may be either loaded

or unloaded. Phan and Carino (2002), describes these tests under three test methods for
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determining the high temperature strength properties namely stressed, unstressed and residual

test methods.

Figure 2.1, 2.2 and 2.3 shows the main difference between the three types of testing methods
to evaluate the high temperature mechanical properties of concrete. In case of stressed method,
the specimen is preloaded to a certain load usually 30-60% of the room temperature ultimate
compressive strength of concrete. Specimens are then exposed to the required temperature and
further loaded to failure. In case of unstressed test method, specimens are first heated to the
required temperature without the preload. Once the equilibrium is reached i.e. the required
temperature is reached the specimens are subjected to loading till failure. Whereas in case of
residual test method, test specimens is heated to the target temperature and it is maintain till
steady state is reached, and then it is allowed to cool down to room temperature. Specimen is
loaded to failure at ambient temperature to obtain the residual strength of concrete. Mostly,

unstressed test method is used which depicts the performance of concrete at specified elevated

temperatures.
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Figure 2.1 — Stressed test method under preload. Khaliq (2012)
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Figure 2.3 — Residual strength measurements. Khalig (2012)

2.2.3 Previous Studies on High Temperature Material Properties of Concrete

There have been a lot of previous researches on evaluating the high temperature material
properties of concrete. In evaluating these properties, the samples are either stressed or
unstressed at the specified temperature. Few of the researchers have employed these techniques
to measure the response of concrete (Abrams, 1971; Furumura et al., 1995; Harada et al., 1972;
Lankard, 1971; Lie and Kodur, 1996; Roux, 1974).

On the other hand, many researchers have adopted the residual strength measuring technique

i.e. they have measured the response after the sample cools down to room temperature
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(Abrams, 1971; Campbell-Allen, 1965; Malhotra, 1956; Morita, 1992; Phan et al., 2001;
Zoldners, 1960).

2.2.3.1 Compressive Strength

Compressive strength is considered to be one of the most important characteristic of concrete.
Good amount of data is available on compressive strength of concrete at elevated temperatures
for NSC and HSC. Few of the notable studies are presented here to generate information on

the high temperature compressive strength of concrete.

Abrams (1971), investigated the effect of high temperature on normal strength concrete with
siliceous, limestone and expanded shale aggregates. He reported that, at temperatures above
430°C siliceous aggregate concrete loses greater proportion of its strength than concrete made
with limestone or lightweight aggregate but once the temperature reaches 800°C, the difference

disappears. This trend can be seen in Figure 2.4.
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Figure 2.4 — Reduction in compressive strength of concrete using different types of
aggregates. Abrams (1971)

In addition to that, Abrams (1971) also evaluated the reduction in strength when concrete is
made with limestone aggregate using three test methods of high temperature i.e. unstressed test
method, stressed test method and residual strength test method. The reduction in strength in all
the three cases can be seen in Figure 2.5. It can be seen that samples which are stressed during
heating performs much better than the other two cases, whereas heating unloaded specimens

leads to the lowest strength if the subsequently cooled concrete.
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Morita (1992), evaluated the residual compressive strength of both NSC and HSC. He selected
different range of concrete having compressive strength ranging from 19.6 to 74 MPa. He
reported that HSC has a higher rate of reduction in residual compressive strength (and modulus)
than a NSC. This reduction in compressive strength can be seen in Figure 2.6.
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Figure 2.5 — Reduction in Strength of concrete when using different type of test method.
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Figure 2.6 — Residual normalized strength vs temperature.
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Furumura et al. (1995), performed the high temperature test on ordinary Portland cement
concrete using unstressed test method. He obtained the results of three types of concrete i.e.
21, 42 and 60 MPa as presented in Figure 2.7. Results obtained for each of the concretes were
similar in that the compressive strength decreased at 100°C, recovered to the room temperature
strength at 200°C, and then decreased monotonically with increasing temperature beyond
200°C.
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Figure 2.7 — Unstressed normalized strength vs temperature of ordinary portland cement
concrete.

Carette et al. (1982), performed the experiments to investigate the use of pozzolans in NSC at
elevated temperatures. He found out that there was no difference between the relative loss of
strength between concrete made with Portland cement only and concrete containing fly ash or
ground granulated blast furnace slag. Similarly, he also evaluated the relative loss in
compressive strength which is slightly smaller for water/cement ratio of 0.6 than at the
water/cement ratio of 0.45. Even the change in water/cement ratio of NSC with the addition of
pozzolans did not show any effect on high temperature material properties of concrete. Figure
2.8 shows the loss of strength observed by him in NSC made with ordinary Portland cement

with water to cement ratio of 0.45.

Lie and Kodur (1996), investigated the high temperature strength properties of NSC with and
without steel fibers. They reported that the compressive strength of concrete with steel fibers

degrade much faster as compared to similar concrete without steel fibers at elevated
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temperatures. They also concluded that the effect of aggregate type on the compressive strength

is not significant.
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Figure 2.8 — Influence of high temperature on compressive and split tensile strength of NSC.

Zoldners (1960), observed the effect on the compressive strength of four types of concrete
having different types of aggregates, after being exposed to elevated temperatures. Figure 2.9
show us the trend of concrete with different types of aggregate. It can be seen that the major
loss of strength in concrete take place after 500°C, whereas before this temperature they all
retained 70 to 80 % of their strength.

Chan et al. (1999), investigated the residual compressive strength of both NSC and HSC after
exposure to elevated temperatures. He recognized three distinct temperature ranges having an
effect on loss of compressive strength of concrete namely, 20-400°C, 400-800°C, and 800-
1200°C. He observed that only small part of strength was lost in 20-400°C (1-10% for HSC
and 15% for NSC), however severe loss occurred in 400-800°C range. This severe loss in 400-
800°C was attributed to deterioration of calcium silicate hydrate (C-S-H) gel and cementing
ability due to dehydration of concrete. They suggested the temperature range of 400-800°C be
regarded as critical strength-loss range for concrete. Above 800°C the residual strength was

reported as only the small portion of the original strength.
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Figure 2.9 — Loss of compressive strength with increasing temperature: Portland-cement
concretes.

Li et al. (2004), investigated the residual material properties of NSC and HSC at elevated
temperatures. They investigated the influence of temperature, water content, specimen size,
strength grade and temperature profiles on material properties. Authors reported that the
compressive strength of HSC drops with temperature after 200°C. The strength loss in HSC
was higher (36.8%) in 20-400°C as compared to NSC (28.8%), and this higher loss was
attributed to dense microstructure and impermeability of HSC. It was also reported that water
content had minimum effect on high temperature strength loss of concrete. As for specimen
size, it was concluded that compressive strength loss of larger concrete specimens was lower
than that in smaller size specimens.

The review of the above mentioned compressive strength properties showed that a lot of
research has taken place in evaluating the high temperature behavior of NSC and even HSC.
In addition, it can be seen that there is a lot of variations in the results presented by various
investigators. Moreover, there is very little data available on high temperature strength
properties of CACC. Therefore, data on this type of concrete as a function of temperature is

needed for evaluating the fire response of structural members made with CACC.
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2.2.3.2 Tensile Strength

Tensile strength of concrete at room temperatures can be evaluated through three methods
namely, flexural tensile, direct tension, and splitting tensile strength tests. Flexure tensile
strength is obtained through subjecting a concrete beam to third-point flexural loading ASTM
C78 (2009). The direct tensile strength is measured by testing cylinder or prism specimens by
applying axial tensile load in a suitable test machine until specimen breaks in direct tension
ASTM C1583 (2004). This method is unreliable because the holding devices (grips) introduce
secondary stresses in the specimens resulting into unreliable data. The splitting-tension test is
an indirect test for tensile strength of concrete in which a horizontal concrete cylinder is loaded
in compression through bearing strips placed along two axial lines that are diametrically
opposite on the specimen ASTM C496 (2004). The load is increased till the failure occurs by
splitting the sample along the vertical diameter (Khaliq and Kodur, 2011).

Tensile strength of concrete is dependent on compressive strength of concrete, water/cement
ratio, aggregate-paste interface transition zone, presence of any flaw and microstructure of
concrete (Neville, 2004). A review on the literature indicates that there has been very limited
information available on the tensile property of concrete at elevated temperatures. In addition,
it is worth mentioning that all the previous studies on high temperature tensile strength of
concrete are based on the residual test method. In this method the sample is allowed to cool
down after the exposure to the desired temperature which cannot represent the tensile strength
of hot concrete which is required to predict the spalling of the concrete. Some of the noteworthy
studies are presented here, which will help us to generate the information on the behavior of

concrete at high temperature.

Noumowe et al. (1996), performed the residual tests on normal-strength (38.1 MPa) and high-
strength (61.1 MPa) calcareous aggregate concrete to evaluate the effect of elevated
temperature on the direct-tensile and splitting tensile strengths. The experimental results are
shown in Figure 2.10. It can be seen that the residual tensile strengths for both NSC and HSC
decreased similarly and almost linearly with increasing temperature. Also, tensile strengths
measured by the splitting tensile test were consistently higher than those obtained by the direct

tension test.
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Figure 2.10- Residual tensile strengths of HSC and NSC.

As the tensile strength of concrete, depends upon aggregate-paste interface transition zone,
presence of any flaw and microstructure. So with the increase in temperature, the thermal
damages in the form of microcracks increases which ultimately affects the tensile strength of
the concrete.

Carette et al. (1982), investigated the temperature effect on the tensile strength of NSC. He
exposed that concrete cylinders to 600°C and investigated their tensile strength using residual
test method. He reported that 65-70% reduction of strength takes place at 600°C. This effect
on the tensile strength of NSC can be seen in Figure 2.8. He also concluded that water/cement

ratio and type of aggregate have a significant influence on the splitting tensile strength of NSC.

Eurocode 2 (2004), fire provisions recommend accounting for tensile strength properties of
concrete in fire resistance calculations. It treats both NSC and HSC alike for temperature
dependent tensile strength of concrete by provision of a simple relationship for representation
of tensile strength of concrete with temperature. On the other hand, ACI 216.1 (2007) does not

provide any guideline or relationship for tensile strength of concretes.
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2.2.3.3 Elastic Modulus

Elastic modulus is another important material property of concrete, as it is a measure of its
stiffness and resistance to deformation. It is also influenced with the rise in temperature. It
degrades with the increase in temperature thus influencing the fire resistance property of
concrete structural members. This decrease in the elastic modulus with the increase in
temperature is due to the disintegration of hydrated cement paste and breakage of bond in
microstructure at interfacial transition zone. The extent of loss depends upon the moisture loss,

high temperature creep and type of aggregate (Bazant and Kaplan, 1996).

Marechal (1972), evaluated the change in the elastic modulus of NSC within wide range of
temperatures both above and below room temperature. He studied that the modulus of elasticity
of NSC keeps on reducing at a much faster rate after 100°C due to increase in the porous
volume of concrete in addition to the cracking in the microstructure of the concrete. The

influence of temperature on the modulus of elasticity can be seen in Figure 2.11.

Castillo and Duranni (1990), investigated the effect of temperature experimentally on elastic
modulus of both NSC and HSC in 23-800°C temperature range. The authors measured the
elastic modulus at elevated temperature using closed-loop servo-controlled hydraulic testing
machine integrated with an electric furnace. They reported that both NSC and HSC have similar
loss of elastic modulus under elevated temperature. The rate of loss of modulus was not very
sharp till 400°C but a much faster loss was observed between 400-600°C. The higher loss above
400°C is due to the progressive dehydration and loss of bond between the materials. This
change in modulus of elasticity with increase in temperature is shown in Figure 2.11. The
degradation in the NSC can be attributed to excessive thermal stresses and physical and

chemical changes in the concrete microstructure.

Xiao and Konig (2004), reviewed the studies performed in china on the evaluation on the high
temperature properties of concrete. Figure 2.12 shows the variation in elastic modulus on NSC
and HSC from researcher of china. It can be seen that the elastic modulus after high-

temperature exposure (residual) was lower than that obtained at high temperature.
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Figure 2.12 — Temperature dependence of the concrete’s elastic modulus (normalized).

2.2.3.4 Stress-Strain Response

The mechanical response of concrete is usually expressed in the form of stress-strain
relationship, which is frequently used as the input data in the mathematical models for
evaluating the response of the concrete structural members against fire. Generally, because of

decrease in compressive strength and increase in ductility of concrete, the slope of the stress-
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strain curve decrease with the increase in temperature. The strength has a significant influence
on the stress-strain response both at room and elevated temperatures (Kodur, 2014). Limited
data is available on the stress-strain behavior of concrete at elevated temperatures because of
the complexity of the stress-strain curve of concrete. However, few of the researchers have
carried out the experimentations to investigate the stress-strain curve of concrete under all three

test conditions (stressed, unstressed and residual).

Castillo and Duranni (1990), studied the effect of transient high temperature on stress-strain
response of HSC and NSC under both stressed and unstressed test conditions in 23-800°C
range. It was found in this study that there was no difference in the response of stress strain
curve of both types of concrete. In case of NSC, there was no significant variation in the value
of strain at peak stress between 100-200°C. There was slight increment in the value of strain at
peak stress between 300-400°C. However, there was a significant increase in strain at peak
stress in 500-800°C range. At 800°C, the value of the strain at peak stress was recorded four
times the value at room temperature. This change in variation of stress-strain curve at different

temperature is shown in Figure 2.13.

Furumura et al. (1995), studied the stress strain response of NSC and HSC by testing the
concrete cylinders of both types of concrete. He reported that the response of both types of
concrete is very different which is due to the strength of the concrete. It was observed that both
types of concrete showed brittle behavior at lower temperatures i.e. below 500°C. However
beyond 500°C, the stress-strain curve showed much more ductile response. This trend is
attributed to the reason that at higher temperature thermal stresses are developed which causes
internal microcracking as a result the slope of the stress-strain curve was decreased i.e.

ultimately the modulus of elasticity of the concrete is affected.
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Figure 2.13 — Stress-strain response of NSC at elevated temperature.
2.2.3.5 Toughness

When the performance of the concrete is to be mentioned another material property which is
given due importance is compressive toughness (T¢), which is used to determine the energy
absorbed by each cylindrical specimen of concrete during the compressive strength test. This
property is a derived property and is evaluated as the area under the stress-strain curve of the
concrete material. This property tells us about the fracture, post-peak ductility and the energy
absorbing capacity of the concrete when it is subjected to compressive load which makes this
property very important (Marar et al., 2001). Toughness or energy absorption capacity can be
determined from the area under the stress—strain curve in compression, which is the total energy

absorbed prior to complete rupturing of the specimen.

Few of the researchers have given importance to this property and measured the energy
absorption capacity of different types of concrete (Campione and Mindess, 1999; Campione et
al., 1999; Marar et al., 2001; Marar et al., 2011; Prabha et al., 2010). JSCE SF-5 (1984), is
usually followed by the researchers to evaluate compressive toughness of concrete which

describes the energy absorbed during compression.

As toughness is a measure of the energy absorption capacity and ductility of the concrete, so it
is actually used to characterize the concrete’s ability to resist fracture and sustain inelastic
deformations without substantial decreases in the load carrying capacity (Marar et al., 2011).

With the increase in temperature in case of fire, there is a decrease in the stiffness of the
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concrete and ultimately the load carrying capacity of the concrete structure which makes it
vulnerable. As energy absorption capacity and ductility of concrete tells us about the ability of
concrete to sustain fracture and inelastic deformation, so they should be evaluated in terms of
toughness of concrete at elevated temperatures. As this property depends upon the stress-strain
response of the material which makes it a derived property (Marar et al., 2001), so we can
investigate this property of material by studying its stress-strain curve at elevated temperatures
for both types of concrete. At present there is very little data available on toughness of concrete
and its response at elevated temperatures, which makes this property to be explored.

2.2.3.6 Mass loss

The mass loss with temperature is usually measured by means of thermogravimetric analyzer
technique (ASTM C1868, 2010). In this technique, a specimen of known mass is heated at a
constant temperature while its mass is continuously monitored as a function of time. At the end
of a pre-determined time interval or temperature, the loss in mass of specimen is calculated as

a percent of the original mass.

Hu et al. (1993), investigated the thermal properties of construction material available in China.
In this study, mass loss is recorded as a function of temperature up to 1000°C. In this study,
they evaluated mass loss for carbonate and siliceous aggregate concrete. It was found in this
study that mass loss in siliceous aggregate concrete was not high and it dropped only 97% at
1000°C. On the other hand, it was reported that mass loss in carbonate aggregate concrete was
97% for temperature up to 650°C, but there was a rapid mass loss in 650-900°C as it dropped
to 75% in this range.

Lie and Kodur (1996), evaluated the mass loss of steel fiber reinforced NSC made with
siliceous and carbonate aggregate at elevated temperature. Mass loss was investigated using
thermogravimetry technique up to 1000°C. It was found out in this study that mass loss in
concrete was not more than 3% up to 600°C for both types of concrete. However, there was a
considerable loss in mass up to about 30% for carbonate aggregate concrete in range of 600 to
800°C, which was attributed to dissociation of dolomite in carbonate aggregate. However, in
case of siliceous aggregate concrete only 3-4% mass was lost in the entire temperature range
of 20-1000°C. It was also found out that mass loss of concrete is not significantly affected by

the presence of steel fiber reinforcement in concrete in entire temperature range.

Kodur and Sultan (2003), investigated the mass loss in plain and steel fiber reinforced HSC in

temperature range of 0-1000°C. Mass loss was measured using thermogravimetric analyzer
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(TGA) up to 1000°C. It was observed that loss in mass was just 3% up to 600°C for both
siliceous and carbonate concrete. Between 600 to 700°C there was a considerable drop in mass

for carbonate aggregate concrete.

Mass loss of concrete at elevated temperatures is highly influenced with the type of aggregate
(Hu et al., 1993; Kodur and Sultan, 2003; Lie and Kodur, 1996). The mass loss is minimal for
both carbonate and siliceous aggregate concretes up to about 600°C. However, beyond 600°C,
carbonate aggregate concrete experiences larger percentage of mass loss as compared to
siliceous aggregate concrete. This higher percentage of mass loss in carbonate aggregate
concrete is attributed to dissociation of dolomite in carbonate aggregate around 700°C. Figure
2.14 illustrates the variation of mass loss of concrete as a function of temperature for concrete

made with carbonate and siliceous aggregate.

100 -~ WY YT

—e—Hu et al. - Carbonate
— ® -Hu et al. - Siliceous X
—— Lie and Kodur - Carbonate

---@--:Lie and Kodur - Siliceous

—=>=-Kodur and Sultan - Carbonate

—¥— Kodur and Sultan - Siliceous

Mass loss (% of original)
(0]
o

[e2]
o

0 200 400 600 800 1000
Temperature (°C)

Figure 2.14 — Variation in mass loss as a function of temperature with different aggregates.
Khalig (2012), evaluated the variation of mass loss as a function of temperature for plain HSC,
SCC, FAC and NSC. It was observed that there was no significant loss in mass till 600°C in all
types of concrete, however, moderate mass loss up to 10% takes place in 600-800°C in case of
SCC and FAC. Higher mass loss up to 20% was observed in HSC in 600-800°C. All of these

concretes were made up of carbonate aggregate. The variation in mass loss as a function of

temperature can be seen in Figure 2.15 for all types of concrete.
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2.3  Calcium aluminate cement (CAC)
2.3.1 General

CAC is versatile special non-Portland cement that is used in high performance applications
such as those requiring: resistance to chemical attack, high early strength, refractory, resistance
to abrasion, and/or low ambient temperature placement (Ideker et al., 2013; Scrivener et al.,
1999). In this section, general behavior of CACC and previous studies on the material

properties of CACC when it is exposed to elevated temperatures are presented.

2.3.2 Hydration of CAC

The mineralogy of CAC shows that calcium oxide (CaO) and alumina (Al203) are the principal
oxides. Depending upon their percentage within CAC, they combine to give monocalcium
aluminates (CaAl20s or CA) as a major active phase and dodecacalcium heptaaluminate
(C12A7). They react very rapidly with water, resulting in the rapid formation of calcium
aluminate hydrates. However, unlike portland cement, the formation of CAC hydrates depends
upon the availability of moisture and environmental temperature (Scrivener and Capmas,
1998). Hydration products of CAC are subdivided into two categories: metastable hydrates and
stable hydrates. Difference in the solubility and density of those hydrates affect the process of

conversion from metastable to stable hydrates.
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2.3.3 Conversion Process in CAC

Calcium aluminate decahydrate (CAHzo) is usually formed below 15°C, which convert to
dicalcium aluminate octahydrate (C2AHg) and gibbsite (AHs) with the increase in temperature.
However, CAH1o and C>AHsg are metastable in nature having low density, less porosity and
almost occupy all the available space, converts to stable tricalcium aluminate hexahydrate
(C3AHs) and AHz with the liberation of water at temperatures above 27°C. This process is
known as conversion reaction and is described in Equations 1 and 2 below. This reaction is
inevitable and its rate depends upon temperature and availability of moisture (Scrivener et al.,
1999).

2CAH,, —> C,AH, + AH, +9H (1)
2C,AHg; — C,AH, + AH, +9H 2

2.3.4 Behavior of CAC as a Refractory Concrete

CAC was originally developed for its excellent cementing and sulfate resistant property but
later it was observed that this cement not only have the desired property of sulfate resistance,
but it perform very well against high temperature. It is their heat resistant property, which has
become one of the most important today. The high lime and silica contents of Portland cement
render it unsuitable to produce refractory concrete for use at elevated temperatures, due to the
formation of hydrates having low melting point. The refractoriness of CAC increases with the
increase in proportions to alumina/lime ratio, thus higher the alumina content better will be its

capacity to resist high temperature. (Scrivener and Capmas, 1998).

The capacity of an element to resist fire is determined by three major factors: thermal
properties, mechanical properties and its capacity to withstand heat and water pressure without
cracking and spalling and losing strength. ACI 216.1 (2007), provide guide for determining the

fire endurance of concrete elements.

2.3.5 Previous studies on CAC at Elevated Temperature
Few of the research programs carried out in determining the basic physical and material

properties of refractory concrete prepared from CAC are presented here.

2.3.5.1 Porosity
Porosity is actually the volume occupied by the air pockets in the total volume of the concrete.
These air pockets greatly affect the mechanical (strength etc) and thermal properties (thermal

conductivity etc) of concrete. An important function of these pores is that they release the steam
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pressure build up from the heated water in the concrete. Without this release in pressure, there
is a danger of explosive spalling in the concrete, a problem encountered in high performance

concretes, which are extremely dense and are of low porosity (Ali, 2002; Kodur, 2000).

Gibbels (1970), evaluated the porosity of refractory concretes when fired to different elevated
temperatures. It was observed that the porosity in an aluminous cement concrete when fired at
950°C results in an increase in porosity from 27% to 31%. During heating this increase is
immediately followed by decrease in porosity due to the closing of pores caused by smelted
material in concrete as shown in Figure 2.16. It can be seen from the figure that the lightweight

refractory concrete possess more porosity which explains their low densities.
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Figure 2.16 — Variation of Porosity in refractory concretes with Preheat temperature.
2.3.5.2 Density
Density of the material is closely related to the porosity, specific gravity and individual
densities of the constituent materials. Most refractory concretes tend to have the density less
than 130 pcf, compares to 140-160 pcf of normal weight structural concrete. Lightweight
refractory concretes have densities ranging from 20 pcf to 100 pcf (Onodera, 2002).

Maslennikova (1970), evaluated the cold compressive strength of refractory concretes having
different densities. Figure 2.17 shows the relationship of ceramsite refractory concrete, its
density and pre heat temperature. It can be seen that the maximum strength is achieved by

concrete having 1400 g/cm? which is around 22 MPa as compared to 1300 g/cm? which is just
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14 MPa. It can be seen that these strengths are highly dependent upon the temperature and it

starts decreasing as the temperature increases.
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Figure 2.17— Relationship between cold compressive strength of ceramsite refractory
concretes and its density and temperature of Pre-heat.

2.3.5.3 Strength

Most of the tests on concrete exceeding 1000°C are conducted to evaluate only the cold
compressive strength because of the logistics involved. The cold compressive strength is
simply the compressive strength of concrete after it has been heated to a specified temperature
and then allowed to cool down to room temperature. A drawback of this method is that it may

not accurately measure the concrete’s real compressive strength at service temperature.

Mitusch (1970), performed the experiments on aluminous cement concrete having different
aggregates types and content and observed the variation of strength with the increase in
temperature. Figure 2.18 shows that with the increase in the aggregate content the performance
of the concrete is improved. In addition, it can be seen that after 1000°C there is an increase in
the cold compressive strength. This gain in strength is due to the development of the ceramic
bond. This bond is established by the solid reaction between the cements and the fine
aggregates with the increase in temperature resulting in an increase in bond strength (Neville,
2004).
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Figure 2.18 — Intermediate maxima of the cold compressive strength of Pre-heated aluminous
cement concretes.

Mitusch. et al. (1970), performed the hot compressive test on the aluminous cement concrete
as it represents the concrete’s real strength under load and temperature. Figure 2.19 show the

variation in hot compressive strength at specified temperatures.

By comparing Figure 2.18 and 2.19 it can be seen that the cold compressive strength is about
one third time higher than the hot compressive strength. The hot compressive strength also
experiences the similar reduction in compressive strength with the increase in temperature up
to approximately 1000°C, after that there is no data available to show the gain in strength with
the formation of ceramic bond. The effect of this ceramic bond will be different on the bonding
when the specimen is exposed to service load and temperature concurrently, as opposed to just

a loading following the firing.
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Figure 2.19 — Hot compressive strength of aluminous cement concretes.

Zoldners et al. (1963), conducted a study to investigate the performance of aluminous concrete
with different types of refractory aggregate at elevated temperatures. It can be seen in Figure
2.20 that with the increase in temperature there is a loss in strength. This behavior of high
alumina concrete is comparable with that of Portland cement concrete as in both types of
concrete there is an appreciable loss in strength. Sudden drop in strength was observed up to
400°C which is linked to the conversion reaction within the microstructure of CACC. However,
the loss of strength was reduced and remains gradual from 400°C till 800°C. It can be seen that
the minimum value of strength vary between 5 % and 26 % of the original value at room
temperature. Further a slight increase in strength was observed beyond 800°C and 1000°C in
phonolite and anorthosite aggregate concrete respectively, due to the development of ceramic
bond. As a result high alumina cement can withstand very high temperatures. This increase in
strength after firing to temperature as high as 1000°C is not observed in Portland cement

concrete which makes this concrete vulnerable to fires.
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Figure 2.20 — Strength of high alumina cement concretes made with different aggregate as a
function of temperature.

24 Summary

Based on state-of-the-art literature review, it is concluded that the fire performance of the
concrete whether it is NSC or CACC mainly depends upon the material properties which
includes compressive strength, tensile strength, elastic modulus, stress-strain response, mass
loss and toughness. The above review shows that good amount of data is available on the
material properties of NSC at elevated temperatures. But this data is not available for CACC
which is desirable if we want to use it in building construction. Thus the primary objective of
this research is to evaluate the high temperature material properties for CACC. Further, the
generated test data can be used to develop mathematical relations for various properties as a

function of temperature.
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CHAPTER 3
EXPERIMENTAL PROGRAM
3.1 General

For evaluating the performance of concrete at elevated temperatures, material properties of
calcium aluminate cement concrete (CACC) is required. The material properties include
compressive and tensile strength, elastic modulus, mass loss, compressive toughness and
stress-strain response of constituent material at elevated temperatures. As discussed earlier in
the literature review, there is a lack of data available on the mechanical and material properties
of CACC at high temperature. Availability of high temperature material property relations for
CACC is critical for evaluating the strength degradation of structural members made with such

concrete types.

In order to evaluate the effect of elevated temperatures on these material properties of CACC,
high temperature property tests were carried out which includes, compressive strength test,
splitting tensile strength test, stress-strain behavior and elastic modulus. The generated property
data was utilized to develop the relations for various material properties as a function of
temperature in 23-800°C. Details of experimental design, test equipment and test procedures

are discussed in this chapter.

3.2 Design of Material Property Experiments

The test program was designed to undertake high temperature material property tests on both
CACC and NSC. Numbers of cylindrical specimens were fabricated from each batch of
concrete mixes. These cylinder specimens were tested at various temperatures of 23, 200, 400,

600 and 800°C to evaluate the high temperature material properties.

Due to lack standardized test methods for the high temperature strength tests on concrete in
ASTM standards, RILEM (1995; 2000) were mostly followed to evaluate the mechanical and
material properties of concrete. In addition to that, special handling techniques were used as a
part of this study to transfer the heated cylinders from furnace to strength test machine. For this
purpose thermal jacket was used to transfer the specimen for performing the compressive
strength tests and stress-strain tests. In addition, insulated steel bracket frame was used to

transfer specimens for splitting tensile strength tests (Khalig, 2012).

For evaluating the material properties of concrete two test methods were used namely,

unstressed test method and residual test method which are discussed in the literature review
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chapter. The material properties of both types of concretes (NSC, CACC) were evaluated using

these methods but special handling techniques were used only in unstressed test method.

3.3 Preparation of Specimen
3.3.1 Material

The following material were used in this study, which are described as follows.

3.3.1.1 Cement

Ordinary Portland cement (CEM-1 43.5 R) and calcium aluminate cement (CA-50) shown in
Figure 3.1 were used in the experimental program as binders for making NSC and CACC,
respectively. Physical and chemical properties of binders are shown in Table 3.1.

(@) CAC (CA-50) (b) OPC (CEM-I)
Figure 3.1 — Binders used in concrete.

3.3.1.2 Fine Aggregate

Natural sand in saturated surface dry (SSD) condition was used as a fine aggregate having a
fineness modulus of 2.22 and water absorption of 1.5% obtained from lawrencpur region. It
was clean, free of any organic, deleterious materials and relatively free from clay. The results
of aggregate gradation on fine aggregate performed are shown in Table 3.2. The results were
compared with the upper and lower limits specified by ASTM C33 (2003). The physical

properties of sand obtained by performing laboratory tests are shown in Table 3.3.
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Table 3. 1 — Physical and chemical properties of powders

Sr. No. ' Material
Properties OPC CAC
CEML1 (%) CA-50 (%)
1. SiO2 22 7.6
2. Al203 5.25 54.5
3. CaO 63.5 334
4. Fe203 3.25 2.6
5. MgO 2.56 0.7
6. SOs 151 0.2
7. Na.O + K>O 1.2 0.4
8. Specific Gravity 3.15 3.34

Table 3. 2 — Gradation of Fine Aggregate

Sieve Sieve size Weight Perc_ent Cumulative  Cumulative ASTM
NO (mm or Retained Retained Perfzentage Per(?entage C33-03
jum) (gms) (%) Retained (%) Passing (%)
#4 4.75 mm 5 0.5 0.5 99.5 95-100
#8 2.36 mm 56 5.6 6.1 93.9 80 -100
#16 1.18 mm 45 4.5 10.6 89.4 50-85
#30 600 pm 191 19.1 29.7 60.3 25-60
#50 300um 491 49.1 78.8 21.2 5-30
#100 150pum 182 18.2 97 3 0-10
Pan 30 3 0
Total 1000 222.7
Table 3. 3 — Laboratory test results
;;’I Properties Results
1. Max. Aggregate Size 19 mm
2. Fineness modulus 2.22
3. Specific gravity of fine aggregates 2.66 (SSD)
4. Water absorption of fine aggregate 15%
5. Specific gravity of coarse aggregate 2.63 (SSD)
6. Impact value of coarse aggregate (%) 11.4
7. Water absorption of coarse aggregate 0.65 %
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3.3.1.3 Coarse Aggregate

The coarse aggregate used in this study consists of a mixture of crushed and few round gravels
obtained from margalla crush. All the aggregates used were in SSD condition having specific
gravity of 2.63 and 19 mm maximum size. The physical properties obtained by performing
laboratory tests are shown in Table 3.3. Gradation of coarse aggregate is shown in Table 3.4.

The results were compared with the upper and lower limits specified by ASTM C33 (2003).

3.3.1.4 Water
Drinking tap water was used for mixing and curing of concrete.

3.3.2 Mix Proportion

Before preparing the cylinders for the mechanical property test, different material property tests
were performed to carry on with the mix design of NSC as per ACI 211.1-91 (2002) mix design
procedure. Two mixes of concrete were prepared having different binders but same mix design.
Water to cement ratio of 0.5 was used with a target compressive strength of 20 MPa at 28 days.
No admixture or additive is added in the concrete. The slump cone test was performed to check
the workability of concrete. The details of the laboratory test results, mix proportions and

laboratory conditions are given in Table 3.3 and 3.5.

Table 3. 4 — Gradation of coarse aggregate

Sieve  Sieve size Weight Percent Cumulative ~ Cumulative ASTM

No (mm or Retained Retained  Percentage Percentage @~ C 33-03
jm) (gms) (%) Retained (%) Passing (%0)
/4 19 mm 0 0 0 100 100
Y57 12.5 mm 250 8.33 8.33 91.667 90 - 100
3/8” 9.5 mm 1470 49 57.33 42.67 40-70
#4 4.75 mm 1160 38.67 96 4 0-15
#8 2.36 mm 115 3.83 99.83 0.167 0-5
Pan 5 0.167 100 0
Total 3000
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Table 3. 5 — Mix proportions for NSC and CACC

Components NSC CACC

Ordinary Portland cement (CEM-I), Kg/m?® 410 -
Calcium Aluminate cement (CA-50), Kg/m?® - 410
Fine Aggregate ASTM C-33, Kg/m?® 657 657
Coarse Aggregate ASTM C-33, Kg/m® 1055 1055
Water, Kg/m?® 205 205
Water to cement ratio (w/c) 0.5 0.5
Slump (mm) 110 125
Humidity at casting (%) 44 44
Ambient temperature at casting (°C) 23 23

3.3.3 Mixing of concrete

A motor operated drum mixer having maximum capacity of 2.5 cft (0.07 m®) is used for mixing
of concrete. Conventional method of mixing was used for both types of concrete mixes as per
ASTM C192 (2002).

3.3.4 Sample preparation

Concrete cylinders were cast at the same time under similar conditions confirming ASTM C192
(2002). A total of 40 cylinder specimens each, 100x200 mm (100mm dia by 200mm long) were
fabricated for undertaking the unstressed and residual material property tests. Concrete mixes
are placed in layers inside the mould. After filling the mould, trowel was used to plane the
surfaces of the specimens. All the specimens were removed from moulds after the required
time i.e. 24 hours and placed for curing at a controlled environment of 95% humidity and 23°C
temperature for 28 days. Figure 3.2 shows the sample ready for testing. Room temperature
compressive strengths were also obtained at 3, 14 and 28 days for both types of mixes i.e. NSC
and CACC. The details of compressive strength are given in Table 3.6.
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(a) NSC samples (b) CACC samples

Figure 3.2 — Samples ready for testing.

Table 3. 6 — Compressive strength of NSC and CACC mixtures

Age of Concrete Compressive Strength (MPa)
(Days) NSC CACC
3 8.79 10.934
14 16.58 19.12
28 23.06 26.00

3.4 Material Property Tests

Mechanical property tests, namely compressive strength, splitting tensile strength, elastic
modulus and stress-strain curves were carried out on NSC and CACC after exposure to elevated
temperatures. In addition to that, mass loss and toughness were also evaluated for both types
of mixes at different levels of temperatures. The detail of test matrix is shown in Table 3.7.
Details on specimen fabrication, test equipment, and test procedure are presented in this

section.

3.4.1 Test Specimens

A total of 40 specimens each, 100x200 mm were fabricated for undertaking the unstressed and
residual material property tests. This size is selected due to the limitation of the heating
chamber of the electric furnace. The heating chamber is of 200 x 250 x 275 mm size and
specimens smaller than the furnace chamber can fit inside easily for exposure to elevated
temperatures. Before the testing of concrete cylinders, they were removed from the curing pond
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and the ends were ground as per ASTM C39 (2009) requirements for perpendicularity and

planeness. The detail on size and number of cylinders for high temperature material properties

is given in Table 3.8 after considering both types of test methods which are used. For both

compressive and splitting tensile strength tests one sample was tested at each target

temperature. However, if some ambiguity and uncertain results were observed then additional

tests were performed to confirm the results. Two K type thermocouples were also instrumented

on the surface of the cylinder to measure the temperature rise on the surface of cylinder during

heating and stabilization times. Figure 3.3 shows the location of these thermocouples on a

cylinder and the test setup of the furnace.

Table 3. 7 — Test Matrix for evaluation of high temperature mechanical properties

Concrete No. of
Sr. Test Temperature . .
No Method Property Range (°C) Test Equipment  Types cylinders
' g (Mixes)  (100x200)
1 Compressive  23-800°C @ Iilﬁg:;(;::.l;rcliie’ NSC, 10
' strength 200°C interval JAcKEL CACC
strength machine
Tensile  23-800°C @  Clcctric Fumace, o
2 srength  200°C interval oo Prackel o a e 10
Unstressed g ihterva strength machine
Test Electric F
Method Elastic ~ 23-800°C @ —oomcPUmace, — yse
3. . thermal jacket, 10
Modulus 200°C interval . CACC
strength machine
4 Stress-strain ~ 23-800°C @ Iilﬁ::;(;::.l;rclaeie’ NSC, 10
' curves 200°C interval JAckEL CACC
strength machine
5 Compressive  23-800°C @  Electric Furnace, NSC, 10
' strength 200°C interval strength machine  CACC
Tensile  23-800°C @  Clcctric Fumace, o
6. i strength  200°C interval _ orce) PrACKEL o p e 10
Residual g strength machine
Test
. Method Elastic 23-800°C @  Electric Furnace, NSC, 10
' Modulus 200°C interval strength machine  CACC
; Stress-strain  23-800°C @ 'Z'sﬁi:'ocl E;;Tf‘iﬁ NSC, 0
' curves 200°C interval g CACC

test machine
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Figure 3.3 — Arrangement of thermocouples and experimental setup of furnace.

Table 3. 8 — Details of cylinders at different levels of Temperatures

Temperature Compressive . Stress-  Splitting
Sr. i Elastic . .
No Mix Type Level Strength Modulus Strain Tensile  Remarks
' Exposed (°C) Test Curve Test
Cylinder Size (100x200 mm)
1. 23°C 4 4
2. Normal 200°C 2 2 2 2 For both
Strenath Unstressed
3. g 400°C 2 2 2 2 and
Concrete Residual
4, (NSC) 600°C 2 2 2 2
tests
5. 800°C 2 2 2 2
6. Calcium 23°C 4 4 For both
7. Aluminate 200°C 2 2 2 2 Unstressed
8.  Cement 400°C 2 2 2 2 and
9. Concrete 600°C 2 2 2 2 Residual
10. (CACQ) 800°C 2 2 2 2 tests
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3.4.2 Test Apparatus

The test setup for measuring the material properties consisted of strength test machine to carry
out the compressive strength test (including elastic modulus, compressive toughness and stress-
strain curve tests) and splitting tensile strength test, an electric furnace to heat up the concrete
cylindrical specimens, an insulated jacket and a steel bracket frame to handle heated specimens.
In order to evaluate these properties at elevated temperature appropriate heating conditions
have to be simulated. The electric furnace shown in Figure 3.4, was used to expose the concrete
specimens to different elevated temperatures and was specially designed for simulating high
temperature conditions as high as 950°C temperatures. It is equipped with an internal
thermocouple for monitoring the furnace temperature, a timer to control heating and a hold
temperature controller to stabilize the temperature at different levels. The furnace has chamber
dimension as 200 x 250 x 275 mm size and samples larger than this size can’t be adjusted

inside.

Figure 3.4 — Electric Furnace used to heat the concrete cylinders.

Strength test machine was used to determine the high temperature compressive and splitting
tensile strength as shown in Figure 3.5. This is a load controlled strength test machine capable
of loading the concrete cylinders up to 5000 KN with an automatic loading rate controller
during testing. This was manufactured by ‘CONTROLS’. For elastic modulus and stress-strain
response tests, modifications were done to the strength test machine by introducing a 600 KN
load cell and linear variable displacement transducer (LVDT). These instruments were

connected to a data acquisition system (CONTROLS data logger) for recording the load-
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displacement response. This data logger equipment is based on ‘Data soft’ measurement
software, which helps in recording multiple readings automatically at a frequency of five

readings per second and was averaged out to one reading/sec as a final result.

Special arrangements were made for handling, transporting and loading the heated samples in
compression and splitting tensile strength tests in case of unstressed test method. Thermal
jacket and safety equipment (gloves and forceps) were used for moving the heated samples
from electric furnace to the strength test machine for compressive strength tests as shown in
Figure 3.6. This thermal jacket is composed of ‘fiberfrax’ high temperature insulation blanket
sheet material and was design to wrap tightly around heated cylinder. Use of this thermal jacket
allow safe and easy transfer of cylinders for carrying out compressive and stress-strain curve
tests for temperatures up to 800°C. This pre-heating technique used to heat the specimens and
to keep them hot during the tests is generally adopted in investigating the mechanical properties
of concrete at elevated temperatures (Bamonte and Gambarova, 2009; Bamonte and
Gambarova, 2012; Khalig, 2012). In addition to that, this thermal jacket also helped to
minimize the heat loss in the cylinders during testing. However, no thermal jacket was used for
evaluating the residual compressive strength.

CONTROLS

Figure 3.5 — Controls strength test machine used for mechanical properties.
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Figure 3.6 — Thermal jacket and safety equipment for handling the heated cylinders.

Splitting tensile strength test is more complicated test as it requires placing of the cylinder in a
precise manner under test machine to apply a diametrical compressive force as per ASTM C496
(2004). This activity becomes more challenging when we try to perform this test on cylinders
under elevated temperatures after exposing them to 800°C temperature. To overcome this
problem, a specially designed and insulated steel bracket frame was introduced by Khaliq
(2012), to transfer the heated cylinder from furnace and to tensile strength test machine. This
assembly was modified to carry the 100x200 mm heated cylinder specimens which is shown
in Figure 3.7. This frame was modified to have an opening of 50x210 mm at the bottom and
was designed in such a manner that the cylinder could be placed on sides extending out of this
opening. Also two 40 mm wide and 30 mm deep rectangular notches were made on both
vertical side of this assembly to incorporate steel loading strip of 38x25 mm cross-section. In
this way, steel loading strip will be align on top of diametrical side of cylinder, whereas, the
opposite side will be exposed through the bottom opening in frame as shown in Figure 3.7. To
preserve the temperature in the cylinder, this frame was insulated with fiberfrax material. Thus,
this frame not only helped carrying out splitting tensile strength test at elevated temperatures,
but also allowed safe transfer and precise positioning of cylinders specimens, as shown in
Figure 3.8. However, no insulation was used for evaluating the residual splitting tensile

strength.

Before evaluating the tensile strength of cylindrical samples of NSC and CACC using this
specially designed steel bracket frame at elevated temperatures, these samples were tested at
room temperature using the assembly according to the ASTM C496 (2004) and this specially
designed steel bracket frame. Figure 3.9 shows the sample ready to take the splitting tensile
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strength test as per ASTM C496 (2004) and this assembly introduced by Khaliq (2012). Table
3.9 compares the splitting tensile strength of both types of test assemblies for NSC and CACC.

Table 3. 9 — Comparison of Splitting Tensile strength of NSC and CACC

. ASTM C 496 Steel Bracket
Sr.No. Sample Mix Sample No. (MPa) Assembly (MPa)
1. Specimen 1 2.698 2.364
NSC
2. Specimen 2 2.681 2.783
3. Average 2.69 2.57
4. Specimen 1 2.932 3.10
CACC
5. Specimen 2 3.133 3.93
6. Average 3.032 3.51

The test equipment for mass loss calculations consisted of an electrical furnace and weight
balance. The mass loss measurements, both at room and high temperatures, were carried out
by utilizing a highly sensitive balance that has accuracy up to 1 gram. The concrete specimens
were exposed to target temperatures of 200, 400, 600, and 800°C in an electric furnace and
were kept in it for two hours and 30 minutes till steady state condition were attained. Heated
specimens were then quickly taken out (without much heat loss in case of unstressed test
method) and weighed as shown in Figure 3.10. Mass loss was then evaluated using room

temperature and high temperature weight measurements of cylinder.
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180 mm
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Handles Insulation Insulation

Figure 3.7 — Design details of steel bracket frame assembly.

Figure 3.8 — Insulated steel bracket frame for handling and preserve the heat in cylinders
during splitting tensile strength tests.
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Figure 3.10 — Cylinder being weighed after exposure to elevated temperature.
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3.4.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was done using the JEOL JSM 6390 LV instrument with
secondary electron imaging microscope available at School of chemical and material
engineering (SCME), NUST. The SEM samples were taken from the fractured cylinders
according to ASTM C1723 (2010), since the microstructure details are accentuated and
favorable for viewing within the fractured surface. The specimens of both NSC and CACC
were studied at specified ages after being exposed to elevated temperature. The purpose was to
study the changes in microstructure and morphology of the hydration products after the
exposure of samples to elevated temperatures. Figure 3.11 shows the scanning electron

microscope used for obtaining SEM images.

Figure 3.11 — Scanning Electron Microscope.

3.4.3 Test Procedure

3.4.3.1 General Procedure

The material property tests were carried out at different temperature levels using two types of
test methods, namely unstressed test method and residual test method which are explained in
Section 2.2.2. Figure 3.12 shows the two stages of testing when unstressed test method was
adopted. First the cylinders are heated without any preload till the target temperature, and after
the hold time at this target temperature the cylinders are moved to the strength test machine for
loading without any loss of heat. Figure 3.13 shows the two stages of testing when residual test
method is adopted. In this case, first the cylinders are heated without any preload till the target
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temperature and it is maintained till the steady state is reached. Once the equilibrium is reached
the samples are allowed to cool down to the room temperature normally. After that cylinder

are loaded in the strength test machine till the failure to obtain the residual strength of concrete.

No preloading and further stress
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Figure 3.12 — Schematics of temperature and stress increments as per unstressed test method.

No preloading and further stress increase
Temperature increases to target after cooling down of concrete.
1 temperature T intimet. , T X o
i I e i I k=
1 = 1 c £
Q | -Ic—' % _ 1 't %
£ 1 'S 8 £ I s £
B 15 S o 1 D o
S 1 S5 &5 I £ 8
8 g S 5 I =
£ I 8 c = I k=]
()] O = (7= - D
- =T o I -
1 £ 5 < | s o
i 8 2 & I =5
b B I N v
T T TI 1 T T 1
Time t Time t
(a) Heating scheme (b) Loading scheme

Figure 3.13 — Schematics of temperature and stress increments as per residual test method.

The test procedures, such as hold time, loading and heating conditions were followed as per
RILEM test procedures (1995; 2000). Under both unstressed and residual test conditions, an
average heating rate of 5°C/min was maintained to achieve the desired target temperatures.
Figure 3.14 illustrates the progression of temperature in the furnace, and on the surface of
100x200 mm test cylinder for the case of 600°C temperature. Three K type thermocouples
(TC), two on the surface of the cylinder and one in the furnace (see Figure 3.3. (b)) were used

to record the temperature in the furnace and on the surface of cylinder.
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As the rise in temperature inside the specimen is slower than the surface and furnace
temperature as discussed by Khaliq (2012), due to the low thermal conductivity of concrete, a
hold time of at least 2 hours must be maintained to attain steady state equilibrium condition in
the specimens at all target temperatures. To further validate that the temperature inside the
cylinder is at steady state conditions (thermal equilibrium) the hold time was increased to 2
hours and 30 minutes at all target temperatures. This rise in temperature inside the furnace and
the average of two temperature readings on the surface with respect to time can be seen in
Figure 3.14.
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Figure 3.14 — Temperature rise recorded by thermocouple at different locations at 600°C.

3.4.3.2 Unstressed Test Method

34321 General

In case of unstressed test method, the sample is allowed to heat up without any preload till the
steady state equilibrium (uniform temperature distribution) is achieved. After that concrete
cylinders are moved to the strength test machine for performing the material property tests as

discussed in Figure 3.12.

34322 Compressive Strength Test (f)
After achieving steady state temperature condition, the cylinders were removed from the
furnace and were wrapped tightly in 20mm thick thermal jacket to undertake the compression

test and stress-strain test. The temperature measurements were pursued during the test
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procedure till the completion of the tests. The specimens remained insulated in thermal jacket
during tests and an average loss of temperature in a specimen was noted to be about 10°C. In
the absence of specific test procedure for high temperature compression test, ASTM C 39 test
procedure meant for room temperature was used for high temperature (unstressed) compressive
strength. After the sample is transferred to the strength test machine, the sample is loaded at a
loading rate of 0.2 MPa per second with a precision of £1% as per ASTM C39 (2009), till
failure is occurred and the failure load is recorded. Figure 3.15(a) shows, the sample prior to
undertaking the strength test, whereas Figure 3.15(b) shows, the failed cylinder after
compression test. For high temperature compressive strength (f’c"), one cylinder was tested at
each target temperature. Test was repeated to confirm results at selected temperatures, where
recorded result was unusual or lied outside the tolerance range. Compressive strength tests for
NSC and CACC were carried out at different elevated temperatures (23°C, 200°C, 400°C,
600°C and 800°C). The details on the tested temperatures, cylinders and intervals for unstressed

compressive strength can be seen in Table 3.7 and 3.8.

(@) (b)

Figure 3.15 — Arrangements prior of performing high temperature compressive strength test
and tested cylinder.
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3.4.3.2.3 Splitting Tensile Strength Test (f*)

After heating, the cylinders were placed in steel bracket assembly with proper insulations
already placed to avoid any heat loss and were transferred to the strength test machine for
undertaking splitting tensile strength test. The cylinders were gradually loaded at a loading rate
of 0.025 MPa per second as per ASTM C496 (2004) test procedure, till failure occurred and
then the failure load was recorded. Figure 3.16(a) show the sample ready for undertaking the
splitting tensile strength test after being heated in the furnace, whereas Figure 3.16(b) shows,
a failed cylinder after failure. Similar to compressive strength test one cylinder was tested at
each target temperature to get the high temperature splitting tensile strength (/7). This test was
repeated to confirm results at selected temperatures, where recorded results was unusual or lied
outside the tolerance range. Splitting tensile strength tests for NSC and CACC were carried out
at different elevated temperatures (23°C, 200°C, 400°C, 600°C and 800°C). The details on the
tested temperatures, cylinders and intervals for unstressed splitting tensile strength can be seen
in Table 3.7 and 3.8.

(@ (b)

Figure 3.16 — Arrangements prior of performing high temperature splitting tensile strength
test and tested cylinder.
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34324 Stress-Strain Curve, Elastic Modulus and Toughness

Stress-strain curve test was also performed on both types of concrete, NSC and CACC to
evaluate their response at different elevated temperatures (23°C, 200°C, 400°C, 600°C and
800°C). Figure 3.17 shows the cylinder prior to undertaking the stress-strain curve test. Test
procedure similar to compressive strength test was adopted for stress-strain curve tests. Load-
deformation data was recorded using data acquisition system by loading the cylinders at a rate
of 0.2 MPa per second till the failure of the cylinders. In addition, the failure load was also
observed from the control panel of strength test machine. The load-deformation curve was used
to evaluate stress-strain curves for tested concrete cylinders. Secant elastic modulus (Es) of
NSC and CACC was calculated from the measured stress-strain curves. It is calculated at room
temperature as the slope of compressive stress-strain curve corresponding to 40% of stress
(ASTM C39, 2009). This approach is extended to measure the secant elastic modulus at
elevated temperatures (Es'). Chord modulus of elasticity (Ec) for both types of concrete mixes
is determined by Equation 3.1 as described in ASTM C469 (2002). This approach is extended
to measure the chord modulus of elasticity at elevated temperatures (Ec"). The details on the
tested temperatures, cylinders and intervals for stress-strain curve tests can be seen in Table
3.7 and Table 3.8.

E,=—2 31 _ (3.1)
& —0.00005
Where S, = Stress against 40% of ultimate load (f'c) (MPa)

S1= Stress against longitudinal strain of 0.00005
¢ = Longitudinal strain against stress S

Toughness (T¢) of NSC and CACC was also calculated from the measured stress-strain curves.
It is calculated at room temperature by measuring the area under the compressive stress-strain
curve till the failure at peak stress which is the total energy absorbed prior to failure (Marar et
al., 2011; Prabha et al., 2010). Equation 3.2 is used to calculate this energy per unit volume
from stress-strain curves. Microsoft mathematics software was used for finding the areas under

the curves. This approach is extended to measure the toughness at elevated temperatures (Tc").
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Figure 3.17 — LVDT and Load cell addition in the Controls strength test machine for stress-
strain measurements.

34.3.25 Mass Loss

The variation in mass loss (ratio of mass at specified temperature MT to mass at room
temperature M,) was measured following the room and high temperature mass and density
calculations. After the specimens were heated to elevated temperature in furnace, they were
allowed to stabilize to reach a steady state conditions at a specified target temperature. Then
the heated specimens were quickly transferred to a sensitive balance (with accuracy of 1000™
of a kilogram) and weighed to record change in weight at that target temperature. This
procedure was repeated for various target temperatures.
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3.4.3.3 Residual Test Method

34331 General

In case of residual test method, the sample is allowed to heat up without any preload till the
steady state condition (uniform temperature distribution) is achieved. After achieving this
equilibrium condition, that concrete cylinders are allowed to cool down till the ambient room
temperature is achieved. After that concrete cylinders are loaded in the strength test machine

till the failure to obtain the residual material properties of concrete, as shown in Figure 3.13.

3.4.3.3.2 Compressive Strength Test (f7c res)

After achieving steady state temperature condition, the cylindrical specimens were allowed to
cool down to the room temperature normally in air. The specimens were transferred to strength
test machine to undertake the compression test and stress-strain test. There was no need for
thermal jacket for transferring the sample to the strength test machine in case of this test
method. Similar to the unstressed compressive strength test, the sample is loaded at a loading
rate of 0.2 MPa per second with a precision of £1% as per ASTM C39 (2009) test procedures,
till failure is occurred and the failure load is recorded. Figure 3.18(a) shows the sample prior
to undertaking the strength test whereas Figure 3.18(b) shows the failed cylinder after
compression test. For high temperature compressive strength (f’cres), One cylinder was tested
at each target temperature. Test was repeated to confirm results at selected temperatures, where
recorded result was unusual or lied outside the tolerance range. Compressive strength tests for
NSC and CACC were carried out at different elevated temperatures (23°C, 200°C, 400°C,
600°C and 800°C). The details on the tested temperatures, cylinders and intervals for residual

compressive strength can be seen in Table 3.7 and Table 3.8.
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(@) (b)

Figure 3.18 — Arrangements prior of performing high temperature residual compressive
strength test and tested cylinder.

3.43.33 Splitting Tensile Strength Test (£t res)

After achieving the ambient room temperature, the cylinders were placed in steel bracket
assembly and were transferred to the strength test machine for undertaking splitting tensile
strength test. Similar to the unstressed splitting tensile strength test, the cylinders were
gradually loaded at a loading rate of 0.025 MPa as per ASTM C496 (2004) test procedure, per
second till failure occurred and then the failure load is recorded. Figure 3.19(a) shows the
sample ready for undertaking the splitting tensile strength test whereas Figure 3.19(b) shows a
failed cylinder after failure. Similar to unstressed splitting tensile strength test one cylinder was
tested at each target temperature. This test was repeated to confirm results at selected
temperatures, where recorded results lied outside the tolerance range. Residual splitting tensile
strength tests (7t res) for both CACC and NSC were carried out at 23°C, 200°C, 400°C, 600°C
and 800°C elevated temperatures. The details on the tested temperatures, cylinders and

intervals for residual splitting tensile strength can be seen in Table 3.7 and 3.8.
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(@) (b)

Figure 3.19 - Arrangements prior of performing high temperature residual splitting tensile
strength test and tested cylinder.

34.334 Stress-Strain Curve, Elastic Modulus and Toughness

Stress-strain curve test was also performed as per the residual test procedure to evaluate the
response of both types of concrete, NSC and CACC at elevated temperatures (23°C, 200°C,
400°C, 600°C and 800°C). Figure 3.20 shows the cylinder prior to undertaking the stress-strain
curve test after it has achieved the room temperature. Test procedure similar to residual
compressive strength test was adopted for stress-strain curve tests. Load-deformation data was
recorded using data acquisition system by loading the cylinders at a rate of 0.2 MPa per second
till the failure of the cylinders. The load-deformation curve was used to evaluate stress-strain
curves for tested concrete cylinders. Secant Elastic modulus (Es res) of NSC and CACC was
also calculated from the measured stress-strain curves. It is calculated at room temperature as
the slope of compressive stress-strain curve corresponding to 40% of stress (ASTM C39, 2009).
Whereas chord modulus of elasticity (Ec res) is calculated using Equation 3.1 as explained
earlier. These approaches are extended to measure the secant (Es'res) and chord modulus of
elastic (Ec'res) at elevated temperatures. The details on the tested temperatures, cylinders and
intervals for residual stress-strain curve tests can be seen in Table 3.7 and 3.8. As in unstressed
test procedure, Toughness (T¢ res) 0Of NSC and CACC in residual test procedure was also
calculated from the measured stress-strain curves. It is calculated at room temperature by

measuring the area under the compressive stress-strain curve till the failure at peak stress.

59



Equation 3.2 is used to calculate this energy per unit volume from stress-strain curves.
Microsoft mathematics software was used for finding the areas under the curves. This approach

is extended to measure the residual toughness at elevated temperatures (Tc'res).

To data acquisition
system

LVDT

Load Cell

To data acquisition
system

Figure 3.20 — LVDT and Load cell addition in the Controls strength test machine for residual
stress-strain measurements.

3.43.35 Mass Loss
This material property was also evaluated after the concrete cylinders have attained ambient

room temperature. Similar test procedure was adopted as in the case of unstressed test
procedure i.e. the samples were transferred to a sensitive balance (with accuracy of 1000t of a
kilogram) and weighed to record change in weight at that target temperature. The variation in
mass loss which is the ratio of mass at specified temperature (M' res) to mass at room
temperature (Mo res) Was measured following the room and high temperature mass and density

calculations. This procedure was repeated for various target temperatures.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Introduction

In this chapter, the results of compressive strength, splitting tensile strength, stress-strain
response, elastic modulus, compressive toughness, mass loss and microstructural studies are
presented for both unstressed (hot state) and residual test procedures. These properties are
presented to discuss the effect of elevated temperatures on the material properties of both
normal strength concrete (NSC) and calcium aluminate cement concrete (CACC) after
performing compressive strength, splitting tensile strength and stress-strain curve tests as
explained in Chapter 3. The generated properties data was utilized to develop the high
temperature material property relationships for various material properties as a function of

temperature ranging from 23-800°C.

In addition, visual observations were also made to study the changes in the color and any signs
of cracking and spalling after the samples were removed from the electric furnace. Scanning
electron microscopy (SEM) was also performed to study the microscopic changes occurred in
the concrete specimens due to the exposure to high temperatures.

4.2 Unstressed Material Properties

In case of unstressed test method, the samples are directly transferred from the electric furnace
to the strength test machine to evaluate their material properties without any loss of heat at
specified target temperatures as explained in chapter 2 and 3. This section presents the results
of different material properties of NSC and CACC when exposed to elevated temperature using

this test procedure.

4.2.1 Compressive Strength (f'c)

The applied load in compression is computed at failure in case of both types of mixes, NSC
and CACC after being exposed to elevated temperatures. The computed values of compressive
strength (f'c") at each temperature are plotted as a function of temperature for both CACC and
NSC, as shown in Figure 4.1. It can be seen that, the compressive strength of both types of
concrete decreases with the increase in temperature which can be attributed to the physical and
chemical changes taking place in concrete as a result of elevated temperatures. If we compare
the performance of both types of concrete in terms of compressive strength, we can see that
CACC have given us much more strength with the similar mix proportion as compared to NSC

at room temperature. However, the loss in compressive strength is gradual in case of CACC
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after 200°C, as compared to NSC, where this loss is significant after 400°C. The strength loss
observed till 200°C is due to the loss of mostly free and to some extent physically bound water
present within the microstructure of concrete. The ultimate strength in CACC after it has been

exposed to 800°C is much better as compared to NSC as shown in Figure 4.1.
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Figure 4.1 — Absolute unstressed compressive strength of CACC and NSC as a function of
temperature

The relative compressive strength loss (f'c"/f'c) in NSC and CACC follows similar trend to its
absolute strength as shown in Figure 4.2. By observing the trend in this figure it is evident that
CACC displays lesser loss of compressive strength ratio as compared to NSC. Further, NSC
losses up to 78% of its strength when exposed to an elevated temperature of 800°C as compared

to CACC where 29% of room temperature strength is retained.
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Figure 4. 2 — Relative unstressed compressive strength of CACC and NSC as a function of
temperature

4.2.1.1 Calcium Aluminate Cement Concrete

The compressive strength (f'c") of CACC which is also, plotted in Figure 4.1 and 4.2, decreases
with the increase in temperature ranging from 20-800°C. It can be seen that, the compressive
strength of CACC at room temperature is about 26 MPa i.e. 3 MPa more as compared to NSC
with the similar mix design. At 200°C, the initial strength loss is monitored, which is due to the
loss of moisture present in the mix. However, if we compare this loss with NSC it comes out
be just 6% instead of 17% in case of NSC. This shows that, initial loss in strength is very minor
as compared to NSC which is due to the physically bound moisture present in the concrete mix.
Further, at this temperature the morphological and chemical changes in CACC modify the
microstructure which includes the conversion of metastable hydrates into stable phases and the
loss of chemically bound water occurred due to this reaction, as a result of which minor loss in
strength was observed, unlike NSC (Scrivener et al., 1999). After 200°C, this loss in strength
is gradual till 800°C which follows the same trend as in absolute strength. There is a noticeable
retention in CACC when we compare it with NSC at 800°C i.e. around 29%. This observation
confirms that, CACC has superior microstructure and therefore, displays better compressive

strength even at higher temperatures.
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4.2.1.2 Normal Strength Concrete

As shown in Figure 4.1 and 4.2, there is a gradual loss of compressive strength of NSC when
exposed to elevated temperatures ranging from 23-800°C. There is an initial reduction in
compressive strength up to 200°C due to the loss of moisture. After that the strength stabilizes
up till 400°C with a minor slope. This minor loss in strength at 400°C i.e. up to 77% retention
of room temperature strength is due to the reason that, NSC is usually not very dense and it
allows the escape of pore water pressure without any cracking and spalling which results in a
drastic loss in strength. After 400°C, significant loss in strength is observed by monitoring the
trend of NSC curve. This major loss in strength of NSC i.e. just 22% retention at 800°C is due
to the slow loss of chemically bound water and the deterioration of the cementing ability due
to the dehydration and disintegration of calcium hydroxide (CH) and calcium silicate hydrate
(C-S-H) in concrete (Chan et al., 1999). This level of strength retention is much lower than that
observed in the same concrete mix produced by CACC. At 800°C, both CACC and NSC
experience major loss in strength, which is around 29% with respect to strength at 600°C. This
loss in strength is attributed to the dissociation of limestone (calcareous) aggregate (Khaliq,
2012).

4.2.2 Splitting Tensile Strength (f*)

The recorded applied load at which the cylinders failed were used to compute splitting tensile
strength (f'1) as per ASTM C496 (2004), using formula f'=2P/xld, where (P) is the failure load,
(1) is the length and (d) is the diameter of the tested cylinder. Absolute values of measured
splitting tensile strength for both NSC and CACC are plotted in Figure 4.3 as a function of
temperature. It is observed that both concretes experience loss in tensile strength with the
increase in temperature. This loss in splitting tensile strength is dependent on the physical and
chemical changes that occur at higher temperatures. If we compare the performance of NSC
and CACC in terms of tensile strength, it is observed that the tensile strength of CACC is 23%
more than that of NSC with an absolute value of 3.27 MPa. The loss in tensile strength of
CACC is very gradual at elevated temperatures till 800°C as compared to NSC where there is
a significant loss above 400°C. This loss is mainly due to the excessive thermal stresses beyond
400°C within the concrete matrix (Kowalski, 2010), and development of micro and macro

cracks, which affect the tensile strength more as compared to compressive strength.
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Figure 4.3 — Specified unstressed splitting tensile strength of CACC and NSC as a function of
temperature

The relative splitting tensile strength (f'{'/f') follows similar trend to its absolute
strength is shown in Figure 4.4, for both NSC and CACC. CACC exhibits higher tensile
strength ratio beyond 400°C. This increase in tensile strength is of much advantage in
mitigating the fire induced spalling in CACC and therefore can enhance the fire resistance
rating of RC members made of CACC.
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Figure 4.4 — Measured relative splitting tensile strength of CACC and NSC
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4.2.2.1 Calcium Aluminate Cement Concrete
The splitting tensile strength (f'{") of CACC which can be seen in Figure 4.3 and 4.4 decreases

with the increase in temperature ranging from 20-800°C. In this concrete like in NSC, physical
and chemical changes under high temperature lead to the reduction in tensile strength of
concrete. By observing Figure 4.3, it can be seen that the tensile strength of CACC at room
temperature with the same mix design is about 3.27 MPa i.e. around 23% higher as compared
to NSC. This higher tensile strength of CACC is attributed to the improved microstructure as
compared to NSC at room temperature. Upon heating, the free moisture in the concrete converts
to vapor and this generates pore pressure which leads to the early strength loss up to 400°C
which can be seen in Figure 4.4. However, the loss in tensile strength is a bit more i.e. around
32% till 400°C as that of room temperature strength, which is due to conversion reaction
causing the hydrates of CACC to convert from low density metastable to stable hydrates having
higher density and the release of water into the system causing increase in porosity of concrete.
As a result, the exposure of CACC to elevated temperatures also results in the loss of
chemically bound water due to this reaction. The loss in strength of NSC and CACC up to this
limit is same i.e. the evaporation of pore water as vapor. Beyond 400°C, it is observed that the
loss in strength of CACC is gradual without any abrupt decrease in strength till 800°C, unlike
NSC. There is a noticeable retention in the tensile strength of CACC at 800°C i.e. around 21%
instead of just 17% in case of NSC. However, at 800°C the tensile strength exhibited by CACC
is around 1.54 times higher as compared to NSC. This is due to the increased binding strength
of alumina present in the cement as a binder against C-S-H, which experiences major
disintegration and collapse of microstructure at high temperature causing higher loss in tensile
strength. This observation confirms that CACC has superior microstructure and displays better

tensile strength even at higher temperatures.

4.2.2.2 Normal Strength Concrete
By observing the Figure 4.3 and 4.4, it can be seen that there is a gradual reduction in strength

between 23-400°C. The steadiness in tensile strength up to 400°C is due to the dehydration of
the cement matrix. This decrease in tensile strength is attributed to the weak microstructure of
NSC i.e. it allows the cracks to initiate very easily from the microstructure to the surface.
Beyond 400°C, there is a rapid decrease in tensile strength of NSC due to more prominent
thermal damage in the form of micro and macro cracks in concrete. These cracks are generated
due to the dehydration of CH and C-S-H in concrete which further reduces the tensile strength
of concrete (Khaliq and Kodur, 2011), unlike CACC. Since the exposure of NSC to elevated
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temperatures causes an expansion of aggregate resulting in weakening of bond between
aggregate and paste (Castillo and Duranni, 1990). However, beyond 600°C both CACC and
NSC suffered major loss in tensile strength, as a result of endothermic reaction causing the
dolomite present in the calcareous aggregate to dissociate (Abrams, 1971).

4.2.3 Elastic Modulus

Generally, the elastic modulus of concrete is affected by the same factors which influence the
compressive strength. It is dependent on moisture content and the microstructure of hydrated
concrete products in paste (Bazant and Kaplan, 1996). With the increase in temperature,
physical and chemical changes occur in concrete due to which elastic modulus degrades. Data
generated from the compressive stress-strain curves was used to obtain the secant modulus and
the chord elastic modulus of concrete for both types of concrete at elevated temperatures.
Figure 4.5 represents the secant elastic modulus of NSC and CACC at different high
temperatures (Es'), which is evaluated as the slope of compressive stress-strain curve
corresponding to 40% of stress (ASTM C39, 2009). Figure 4.6 represents the chord elastic
modulus of concrete at different temperatures (Ec"), which is evaluated using Equation 3.1. The
relative secant modulus (Es'/Es) and chord modulus (Ec'/Ec) of both types of concrete follows
similar trend to its absolute strength as shown in Figure 4.7 and 4.8. The loss in modulus of
elasticity with temperature depends upon factors namely water-cement ratio, type of aggregate,
exposure temperature, and microstructure of concrete. Microstructure of concrete is usually
linked with the type of binder used and quantity of cement. It can be seen that, in both the cases
the elastic modulus of concrete keeps on decreasing till 800°C, whereas CACC gives a much
higher values beyond 400°C till 800°C.
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Figure 4.6 — Unstressed chord elastic modulus of CACC and NSC with respect to
temperature
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Figure 4.7 — Measured relative unstressed secant elastic modulus of CACC and NSC

1.2

—a— CACC
1.0 - ——NSC

0.0

0 200 400 600 800
Temperature (°C)

Figure 4.8 — Measured relative unstressed chord elastic modulus of CACC and NSC
4.2.3.1 Calcium Aluminate Cement Concrete
It can be seen from Figure 4.5 and 4.6 that, the elastic modulus of CACC observed is lesser as
compared to NSC at room temperature. Further, there is a gradual loss in elastic modulus till
200°C which is due to the loss of moisture present in the mix. This initial loss in elastic modulus
of CACC is attributed to the conversion of hydrates present in the microstructure of concrete

causing an increase in porosity and ultimately the loss of chemically bound water generated
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due to this reaction (Scrivener and Capmas, 1998). By observing Figure 4.7 and 4.8, the secant
elastic modulus after 200°C remains almost constant at 69% without any further loss, which is
not the case in NSC. This proves that CACC is much more stable in terms of loss of elastic
modulus till 400°C due to much advanced morphology. The decrease in modulus beyond 400°C
observed in NSC and CACC is attributed to the increase in porosity and internal microcracking
with a drastic loss after 600°C, which can be observed from the slope of Figure 4.7 and 4.8.
However at 800°C, almost 14-18% of modulus is retained, as compared to 6-7% in case of
NSC. This higher elastic modulus observed in CACC at elevated temperatures can be attributed
to the superior and dense microstructure due to alumina as compared to NSC where major
dissociation and breakdown of CH crystals have taken place causing the development of
microcracks extending up till the surface.

4.2.3.2 Normal Strength Concrete

The elastic modulus of NSC keeps on decreasing in 20-800°C temperature range. As the
temperature increases beyond 200°C the stress strain curve becomes flatter till 600°C. As a
result, elastic modulus keeps on decreasing with the increase in temperature. The recorded
secant modulus of elasticity of NSC at 200°C, 400°C, 600°C and 800°C were about 88%, 55%,
28% and 6% of the original unheated values, respectively. This loss in elastic modulus of NSC
is due to the loss of hydrated water in concrete, in addition to the increase in porosity of
concrete which is attributed to the chemical and physical changes in concrete microstructure.
Degradation of microstructure due to the development of micro and macro cracks also leads to

the degradation of concrete’s elastic modulus (Castillo and Duranni, 1990).

4.2.4 Stress-Strain Curves

The recorded load-deformation data in compressive stress-strain test is utilized to generate the
stress-strain curve of NSC and CACC at 23, 200, 400, 600 and 800°C temperatures. The stress-
strain response was obtained by measuring load-deformation through load controlled
technique; as a result the descending branch of most of the curves was not captured. The
complete compressive stress-strain curve of CACC for different temperatures is shown in
Figure 4.9, whereas the stress-strain response of NSC is shown in Figure 4.10. With the
increase in temperature, an increase in peak strain and decrease in compressive strength was
observed. Therefore, the shape of the stress-strain curve becomes flatter as compared to the
unheated concrete. Further, the strain corresponding to peak stress keeps on increasing

significantly with the increase in temperature especially beyond 400°C in case of NSC, whereas
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beyond 600°C in case of CACC. However, the performance of CACC is much better in terms
of peak stress observed in stress-strain curve at elevated temperatures. Further, CACC depicts
much higher peak strain as compared to NSC at elevated temperature which represents the

ductility of concrete, as shown in Figure 4.9 and 4.10.
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Figure 4.9 — High temperature unstressed stress-strain curve of CACC

25
—20°C
S 200°C
< 20 o
5 - — -400°C
= — —600°C
a 15 — . -800°C
et
7
(]
=10
(7]
(7]
et
S 5 i _
o
O
O T T T T T
0.000 0.003 0.006 0.009 0.012 0.015

Strain (mm/mm)

Figure 4.10 — High temperature unstressed stress-strain curve of NSC
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4.2.4.2 Calcium Aluminate Cement Concrete

Stress-strain response of CACC at different temperatures can be seen in Figure 4.9. As in the
case of NSC, with the increase in temperature the compressive strength and modulus of
elasticity of CACC also decreases. As a result the stress-strain curve becomes flatter. By
comparing the unstressed stress-strain response of both the concrete at different temperature,
it is observed that the peak compressive stress and strain of CACC is much higher as compared
to NSC. Besides this, peak strain keeps on increasing with the increase in temperature ranging
from 0.0049 at 23°C to 0.0105 at 800°C. This rapid increase in peak strain beyond 400°C can
be attributed to the increased cracks resulting from high temperature exposure and movement
of pore water. In addition to that, the plotted total strain is mainly composed of mechanical
strain due to loading and thermal strain due to temperature. As the tested cylinders were not
loaded during heating i.e. unstressed test method, therefore the creep and transient strains are
not significant in the measured (total) strain. It was observed that, major micro cracks were
observed on the surface of the CACC which leads to the rapid increase in strain after 600°C.
Therefore, higher peak strain can be attributed to additional thermal strain caused by easy
diffusion of pore water facilitated due to higher porosity and increase in micro cracks due to

burning at elevated temperature.

4.2.4.2 Normal Strength Concrete

Figure 4.10 shows the complete stress-strain behavior of NSC at different temperature levels.
As discussed earlier that, with the increase in temperature physical and chemical changes takes
place in the microstructure of NSC. These changes include the loss of moisture present in the
mix up to 200°C after that some minor microcracking due to the degradation of CH and C-S-
H up to 600°C (Chan et al., 1999). These changes results in major micro and macro cracking
resulting in the loss in stiffness and brittleness of concrete up to 800°C which is shown in Figure
4.9. This loss is also attributed to the loss of mass, and degradation of microstructure. It can be
seen from the above figure that, the strain at peak stress keeps on increasing from 0.0029,
0.0039, 0.00455, 0.0052 and 0.00952 with the increase in temperature at 23°C, 200°C, 400°C,
600°C and 800°C respectively. This rapid increase in peak strain after 400°C is attributed to
the major cracks which are observed on the surface of the cylinder due to burning at elevated
temperature and easy diffusion of pore water due to the increase in porosity and decrease in the

mass of concrete.
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4.25 Compressive Toughness (Tc)

After computing the stress-strain response of both types of concrete in unstressed test
conditions, compressive toughness (T¢) was derived from these stress-strain curves and defines
the energy absorbing capacity of concrete and is a measure of its ability to resist fracture in
compression (Marar et al., 2011). It is calculated as the area under the stress-strain curve of
NSC and CACC up to peak strain at failure by using Equation 3.2. The measured values of
compressive toughness as a function of temperature can be observed in Figure 4.11. Asitis a
derived property, so it depends upon the stress-strain response of concrete. It can be seen that,
the energy absorbed by CACC before rupturing was 2.30 times higher as compared to NSC
which is due to higher peak strain at failure in compression. It was observed that, the value of
Tc in CACC decreases in the beginning between 23-200°C temperature ranges because of the
loss in compressive strength. However there was a drastic increase up to 400°C which is due
to the reason that the loss in strength was not much at this temperature but the increase in strain
IS noteworthy.
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Figure 4.11 — Absolute unstressed compressive toughness of CACC and NSC as a function of
temperature

The relative compressive toughness (T¢'/Tc) follows the similar trend to its absolute as
shown in Figure 4.12, for NSC and CACC. It can be seen that CACC exhibits lesser ratio of
toughness, however, the absolute value of compressive toughness was much higher, especially

with in 400 to 800°C temperatures range. This increase in compressive toughness characterize
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the concrete’s ability to resist fracture and sustain inelastic deformations without substantial
decreases in the load carrying capacity which is of much advantage in mitigating the fire
induced spalling in CACC and therefore can enhance the fire resistance rating of RC members
made of CACC.
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Figure 4.12 — Relative unstressed compressive toughness of CACC and NSC

4.2.5.1 Calcium Aluminate Cement Concrete

The compressive toughness (T¢) of CACC can be studied in Figure 4.11 and 4.12, which shows
the impact of elevated temperature ranging from 23-800°C on it. The energy required to fail
the specimen of CACC in compression at room temperature was 2.30 times higher as compared
to NSC. Further, in case of unstressed test procedure the observed values of compressive
toughness in CACC were 38-130% higher than that of NSC within the entire temperature range.
This means that the CACC has a much better ability to absorb energy before failure in
compression. However, major loss of around 26% in toughness is observed at 200°C in case of
CACC, unlike NSC where 23% increase is observed at this temperature. This loss in toughness
is linked with the major chemical and morphological changes taking place within the
microstructure of CACC in the form of conversion reaction. The moisture changes resulting
from this reaction in CACC lead to these abnormalities at 200°C. Similar, behavior at 200°C
is also observed in other high temperature properties of CACC. However, an escalation in T¢

was observed till 400°C i.e. around 26% increase in relative toughness with respect to that at

200°C. This is further validated that no major and minor cracks were observed in CACC
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cylinders, unlike NSC, where minor cracks starts emerging at this temperature due to which no
major loss in strength is evaluated in compression. Afterwards, gradual loss in toughness was
estimated with the increase in temperature from 400°C till 800°C. This gradual loss is due to
the physical deterioration of CACC at higher temperature. However, if we observe that how
much energy absorbing capacity is retained at 800°C, CACC retains around 57% whereas in
case of NSC 80% is retained. But if we compare the overall absolute capacity, CACC absorbs

1.66 times more energy before rupturing as compared to NSC at 800°C.

4.2.5.2 Normal Strength Concrete
By observing the Figure 4.11 and 4.12, it is estimated that the compressive toughness of NSC

was improved with the increase in temperature till 200°C. This is due to the increase in peak
strain from 0.0029 to 0.0039 with a very little decrease in strength. This results in an increase
in energy absorption capacity from 441 to 542 J/m3. Further, with the increase in temperature
there is a minor loss in T¢ till 400°C. However, sudden drop in energy absorbing capacity of
NSC is observed which is linked with the peak compressive stress and strain at failure. Further,
this loss in toughness is due to major loss in load carrying capacity of concrete after 400°C,
which is linked with the micro cracking and degradation of microstructure after 400°C. The
total loss observed at 800°C was 20.5% of the original unheated values i.e. 351 J/m? of energy

was absorbed by the sample before rupturing in compression.

4.2.6 Mass Loss

The deviation in mass loss i.e. the ratio of mass evaluated at specified temperature level to the
mass at room temperature is obtained from tests and is plotted in Figure 4.13 as a function of
temperature, for both NSC and CACC. The change in mass at elevated temperatures depends
on the hydration products and type of aggregates used in concrete, with a very little influence
of type of cement (Kodur and Sultan, 2003). It is observed that with the increase in temperature
the loss in density is observed in both types of concrete. It can be seen from this figure that no
significant mass loss is observed in both types of concrete till 600°C. However, higher mass
loss of about 17% of room temperature is observed within 600-800°C temperature range in
case of NSC, whereas 13.5% of mass loss takes place in CACC. As both types of concrete are
made up of limestone, so this major loss of mass in concrete is due to the calcination of

calcareous aggregate (Abrams, 1971; Lie and Kodur, 1996).
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Figure 4.13 — Measured unstressed mass loss as a function of temperature for CACC and
NSC

4.2.6.1 Calcium Aluminate Cement Concrete

Similarly from the above figure, it can be seen that around 7% loss of mass is observed till
600°C. However, slightly moderate loss in mass takes place till 800°C i.e. around 13%. As
explained in the literature review, mass loss of the concrete at an elevated temperature depends
upon the type of aggregate (Kodur and Sultan, 2003). As both concretes are made up of
calcareous aggregate i.e. limestone, so no major difference in this material properties of
concrete is observed. However, a slight difference in mass loss is throughout till 800°C, which
is due to the different microstructure and permeability of concrete. However, the sudden loss
of mass beyond 600°C in both the cases is due to dissociation of calcium carbonate present in

the limestone aggregate.

4.2.6.2 Normal Strength Concrete

By studying Figure 4.13, it can be clearly observed that minor loss of mass takes place in NSC
till 600°C which is around 8% of the mass observed at room temperature. This minor loss is
due to the dehydration of concrete microstructure. However, a sudden drop of mass of around
17% is observed after 600°C, which can be seen in the above figure with a major increase in
slope. This sudden drop of mass is due to the loss of moisture which is chemically bound and
the dissociation of limestone aggregate present inside concrete. Further, the mass loss of NSC
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is almost the same as that of CACC from which it can be seen that no significant effect of

binder on mass loss of these concrete is observed at elevated temperatures.

4.3 Residual Material Properties

As explained in chapter 2 and 3, this test procedure involves the concrete sample to be exposed
to elevated temperatures till the steady state is achieved. After that, the sample is removed from
the furnace and allowed to cool down to the room temperature to develop the residual stresses.
Afterwards, the sample is ready to be tested in strength test machine to evaluate their
mechanical and material properties. This section discusses the results of different material
properties of NSC and CACC when exposed to elevated temperature, according to this test

procedure.

4.3.1 Compressive Strength (f'c res)

The applied compressive load is computed at failure against both types of concrete mixes, NSC
and CACC at different elevated temperatures. This failure load is computed when the samples
temperature is reach to a uniform room temperature after being exposed to elevated temperature
for a specified time. Figure 4.14 shows the residual compressive strength (f'c res) of NSC and
CACC as a function of temperature ranging from 23°C to 800°C. By studying this figure, it is
observed that the compressive strength of both types of concrete decreases with the increase in
temperature as a result of physical and chemical changes taking place in concrete at elevated
temperatures. This loss in strength is gradual in case of CACC up to 600°C, whereas in case of
NSC rapid loss in strength is observed beyond 400°C. In addition, if we compare the
performance of both in terms of residual compressive strength, it can be seen that, major
difference is present in strength at 800°C, which confirms that the overall performance of
CACC is much better at higher temperature. The relative residual compressive strength loss
(f'cTres/f'c res) i NSC and CACC follows similar trend to its absolute strength as shown in Figure
4.15. By observing the trend in this figure, it is evident that CACC displays lesser loss of
compressive strength ratio as compared to NSC at 600°C, whereas at lower temperature NSC
performs much better with the lesser loss in ratio. However, it can be further observed that
NSC losses up to 78% of its absolute strength when exposed to elevated temperatures of 800°C
whereas CACC losses 72% of its strength at such a high temperature, which further validates

the performance of CACC at higher temperature.
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Figure 4.14 — Residual compressive strength of CACC and NSC as a function of temperature
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Figure 4.15 — Residual relative compressive strength of CACC and NSC
4.3.1.1 Calcium Aluminate Cement Concrete
By studying the Figure 4.14 and 4.15, the gradual loss in residual compressive strength of
CACC is observed against different elevated temperatures between 23°C and 800°C. As the
temperature increases, the physically bounded moisture escapes the matrix of the concrete
resulting in the increase in porosity and decrease in strength, which can be seen from the above

figures, that just 72% retention in compressive strength is observed at 400°C. Further at 600°C,

78



the minor loss in strength is observed which is much lesser i.e. around 43%, unlike NSC.
However, when the strength is observed after exposing the sample to 800°C and allowing it to
stabilize its temperature to room temperature a major loss is observed, which can be further
validated from the slope of the curve beyond 600°C. At this temperature, major surface cracks
were also observed which show damage occurred after exposure to elevated temperatures. In
this scenario, only 28% strength is retained of that of original unheated values i.e. around 7.26
MPa. However, this strength is much better as compared to NSC i.e. 5.04 MPa. This major loss
is due to the calcination of limestone aggregate used in CACC and dehydration of concrete

causing deterioration of microstructure.

4.3.1.2 Normal Strength Concrete

The residual compressive strength of NSC can be observed from the Figure 4.14 and 4.15,
which shows that an ongoing loss in strength is occurred with the increase in temperature.
Initially a minor loss is observed i.e. around 5% of unheated strength at 200°C which is due to
the loss of moisture. After that, the strength stabilizes up till 400°C with a minor loss. This
slight loss in strength at 400°C i.e. around 22%, is due to the escape of pore water pressure
present as physically bound water and the loss of bond between aggregate and cement paste.
Beyond 400°C, there is a significant loss in strength which can be observed by investigating
the slope of NSC curve resulting in 54% loss of unheated strength at 600°C. This major loss in
strength of NSC is due to the degradation of microstructure resulting in minor cracks extending
up to the surface. At 800°C, just 22% of room temperature strength is retained which is due to
the slow loss of chemically bound water, degradation of microstructure and deterioration of
cementing ability due to the dehydration and disintegration of CH and C-S-H in concrete
(Khalig and Kodur, 2011).

4.3.2 Splitting Tensile Strength (f't res)

This test tells us about the post-fire tensile strength of both types of concrete after being
exposed to different levels of temperature. The performance of NSC and CACC in terms of
residual tensile strength can be observed from the Figure 4.16. As this property tells us about
the tensile strength and the damage to concrete in tension at elevated temperature, so this
property is crucial in investigating the generation of micro cracks. Firstly, it is examined that
the tensile strength of both types of concrete at different temperatures is little as compared to
compressive strength of concrete. Secondly, that all concrete types experience loss in tensile

strength with the increase in temperature. By observing the curve, it can be seen that the loss
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in tensile strength of CACC is gradual till 800°C as compared to NSC, where there is significant
loss in strength after 400°C. This major loss in concrete’s tensile strength is attributed to
development of minor and major cracks in concrete which results in the progressive micro
cracking within the microstructure. This loss in strength is also attributed to the loss of moisture
till 400°C, which results in the shrinkage of concrete matrix due to dehydration of water from
cement paste and expansion caused by temperature rise which ultimately results in micro

cracking and strength loss.
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Figure 4.16 — Measured residual splitting tensile strength of CACC and NSC
The relative residual splitting tensile strength (f'"res/f't res) follows similar trend to its absolute
strength as shown in Figure 4.17, for both NSC and CACC. It can be seen that the loss in the
strength in case of CACC is gradual till the end, unlike NSC. After 400°C, major loss in strength
is observed in case of NSC, which can be further validated from the sudden drop in slope of
NSC curve. This results in 34% loss in strength unlike CACC where just 22% loss is observed
between 400°C to 600°C. This post-fire performance of CACC especially in the temperature
range between 400°C till 800°C is noteworthy and therefore can help in enhancing the fire

resistance rating of RC members made of CACC.
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Figure 4.17 — Residual relative splitting tensile strength of CACC and NSC as a function of
temperature

4.3.2.1 Calcium Aluminate Cement Concrete

By observing the trend of CACC in Figure 4.16 and 4.17, it is observed that the loss is tensile
strength is unavoidable with the increase in temperature. This loss in tensile strength after being
exposed to different elevated temperatures is very gradual and is attributed to the physical and
chemical changes that take place in the CACC with the increase in temperature. By observing
Figure 4.16, it can be seen that the tensile strength of CACC at room temperature with the same
mix parameters is about 3.25 MPa i.e. about 23% more than NSC. Further, with the increase in
temperature till 400°C, there is a loss of moisture from the cement paste which is physically
bound which results in 36% strength loss as compared to room temperature strength. However,
this loss is more i.e. around 7% additional when we compare it with NSC at 400°C. On the
other hand, the loss in strength keeps on decreasing with the further increase in temperature,
unlike NSC. This loss is attributed to the major chemical changes which takes place in CACC,
where the chemically bound water is removed and the hydrates are transformed from
metastable CAH10,C2AHg in to more stable phases like residual CzAHs, CA, AH3 and CA>
(Martinovic et al., 2012). However, this results in the loss of density and increase in the porosity
of the concrete resulting in the weakening of the bond between the aggregates and paste, which
causes the loss of strength and cracking at the microstructure visible at the surface of the
concrete. Further, there is a noticeable retention in the tensile strength of CACC at 800°C i.e.

around 22% instead of just 15% in case of NSC. This observation further confirms that CACC
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has superior microstructure and therefore displays better tensile strength even at higher

temperatures.

4.3.2.2 Normal Strength Concrete

The performance of NSC can be studied from Figure 4.16 and 4.17, by observing the slope of
the curve depicting the tensile strength of NSC at different temperature levels. Increase in the
exposure temperature results in the loss of tensile strength of concrete. This loss is minor till
400°C which is due to the physical changes in the concrete microstructure like loss of
physically bound water from the paste resulting in the increase in the porosity of the concrete.
However, after 400°C major loss in tensile strength is observed which is attributed to the
increase in micro and macro cracks in the concrete microstructure and disintegration of CH
and C-S-H hydrates (Mehta and Monteiro, 2006). This results in the increase in the porosity of
the concrete and ultimately the loss in tensile strength of concrete. After the exposure of 800°C,
the tensile strength is very limited and just 15% of the unheated tensile strength is retained,
which confirms that the concrete is porous and does not respond very well after fire at room

temperature.

4.3.3 Elastic Modulus

As described earlier, elastic modulus depends upon many factors in which the major
importance is given to microstructure of concrete and hydrated products in concrete paste.
Residual secant modulus and the chord elastic modulus of concrete is obtained from the
compressive stress-strain curves after exposing the concrete cylinders (NSC and CACC) to
elevated temperatures (23°C, 200°C, 400°C, 600°C, 800°C) and allowing it to cool down to
room temperature to develop residual stresses. Figure 4.18 and 4.19, shows the absolute values
of residual secant (Es'res) and chord (Ec'res) elastic modulus of both types of concrete,
respectively. By studying the curves it can be seen that the elastic modulus of both types of
concretes degrades which shows that physical and chemical changes are taking place inside the
concrete microstructure. Figure 4.20 and 4.21, shows the relative values of residual secant
(Esres/Es res) and chord (Ec'res/Ec res) elastic modulus as a function of temperature against
different temperature levels respectively. It is observed that both types of concrete follows
similar trend as that of its absolute values which continuously decreases with the increase in
temperature till 800°C. However, at 800°C the difference between the observed values of NSC

and CACC is minor, unlike lower temperature where major difference is observed.
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Figure 4.18 — Residual secant modulus of elasticity of CACC and NSC
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Figure 4.19 — Residual chord modulus of CACC and NSC as a function of temperature
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Figure 4.21 — Measured relative residual chord modulus of CACC and NSC as a function of

temperature

4.3.3.1 Calcium Aluminate Cement Concrete

The absolute and the relative residual elastic modulus of CACC at different elevated

temperatures can be seen in Figure 4.18, 4.19, 4.20 and 4.21. The elastic modulus of CACC in

residual conditions exhibit a slight increase of around 7% - 8% at 200°C. This can be attributed
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to regain of water due to moisture changes as a result of conversion reaction. In addition, CACC
gives us 6% - 7% more post fire elastic modulus if we compare it with NSC at the same
temperature. However, a gradual loss in modulus of elasticity can be seen after 400°C till
800°C. This initial loss is attributed to the conversion of hydrates present in the microstructure
of concrete causing an increase in porosity and ultimately the loss of chemically bound water
generated. In addition, no major cracks are observed on the surface of the concrete till 600°C
but a loss in density is observed, which further validates that the loss in modulus with the
increase in temperature is unavoidable. However, the estimated value of modulus of elasticity
of CACC at 600°C is around 45% more than that of NSC. This higher elastic modulus observed
in CACC at elevated temperatures can be attributed to the superior and dense microstructure
as compared to NSC where major dissociation and breakdown of CH crystals have taken place

causing the development of microcracks extending up till the surface.

4.3.3.2 Normal Strength Concrete

By observing figure 4.18 and 4.19, the absolute values of residual secant and chord modulus
of NSC can be studied as a function of temperature. It can be seen that, a gradual loss in
modulus of elasticity is observed till 400°C which can be linked to the loss of pore water present
inside the microstructure of concrete. However, a major loss in elastic modulus takes place
between 400°C and 600°C, which can be evaluated with the slope of curve in the above figures.
This loss is due to minor and major micro cracks developed on the surface of the concrete and
the degradation of microstructure which ultimately affects the stiffness of NSC considerably.
However, this loss is a bit stabilized further after 600°C till 800°C in NSC, but this does not
means that its ability to withstand external loading is improved. Further, Figure 4.20 and 4.21
show us the measured relative values of residual secant and chord modulus of NSC. It can be
seen that, the recorded secant modulus of elasticity of NSC at 200°C, 400°C, 600°C and 800°C
are 82%, 61%, 27% and 9%, whereas the chord modulus of elasticity of NSC at 200°C, 400°C,
600°C and 800°C are 77%, 65%, 29% and 10% of the original unheated values respectively.

4.3.4 Stress-Strain Curves

The complete compressive stress-strain curves are obtained after exposing the concrete
cylinders to different elevated temperature levels and allowing it to cool down to the room
temperature after achieving equilibrium at specified temperature. Figure 4.22 and 4.23 shows
the stress-strain response of CACC and NSC at different temperature levels (23°C, 200°C,
400°C, 600°C and 800°C), respectively. By observing the curves, it is evident that the increase
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in temperature causes a decrease in the load carrying capacity of the concrete. In addition to
that, it also increases the ductility of the concrete. Besides, the stress-strain curve becomes
flatter with the temperature, the peak strain increases from 0.0029 at room temperature to
0.00932 at 800°C in case of NSC. Similarly, in case of CACC there is a remarkable increase in
peak strain from 0.00492 at 23°C to 0.01037 at 800°C. Further, in terms of strength loss and
loss in the modulus of elasticity there are two major temperature ranges, 23°C to 400°C and
400°C to 800°C. This loss in strength is very different among these ranges and also varies a lot
with respect to type of concrete. By studying these curves, it is evident that the performance of
CACC is much better as compared to NSC. Firstly, the loss in strength after 400°C is much
smaller as compared to NSC. Secondly, the peak strain in CACC is much more as compare to
NSC which confirms the ductile behavior at elevated temperature i.e. in this case it will prolong

the loss in failure in the load carrying capacity of concrete.
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Figure 4.22 — High temperature residual stress-strain curve of CACC
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Figure 4.23 — High temperature residual stress-strain curve of NSC

4.3.4.1 Calcium Aluminate Cement Concrete

This high performance concrete (HPC) also undergoes the loss in the stiffness with the increase
in temperature when exposed to elevated temperatures as shown in Figure 4.22. When it is
exposed to elevated temperature, like every other concrete pore-structure deterioration also
takes place in it. This is actually the changes in the concrete porosity as a result of which an
increase in the concrete permeability takes place, which in returns affect the durability of
concrete. However, this loss in concrete strength is not very critical in the range of 23°C to
400°C, because during this range in addition to the loss of physically bound water, major
chemical changes also take place inside the concrete microstructure causing the transformation
of hydrates from metastable CAHzo to stable Cs3AHs phases (Scrivener et al., 1999). As this
concrete, allows the loss of pore water pressure without any hurdle so the damage to concrete
strength is minimum, which is evident from the slope of the concrete stress-strain curve.
However, this loss in strength and durability remains gradual within the range of 400°C to
800°C, with an ultimate increase in the strain against peak stress from 0.0064 to 0.01037. This
post-fire increase in the strain means that a major loss in the brittle nature of concrete has taken
place. However, this increase in ductility, in terms of strain is almost the same in both the case
i.e. NSC and CACC which is around 0.005 and 0.004 respectively, within this temperature
range. The residual peak strains observed at 600°C and 800°C were 48% and 110% higher as

compared to room temperature peak strain, whereas around 64% and 221% increase in peak
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strain was observed in case of NSC at these temperature, respectively. Further, the residual
peak strains of CACC at 600 and 800°C were 53% and 15% more as compared to NSC.
Similarly, the failure compressive loads were 40% and 45% higher than NSC. These results
confirm that, in addition to better response in terms of strength, CACC shows improved

response in terms of ductility characteristics as well.

4.3.4.2 Normal Strength Concrete

By observing Figure 4.23, it can be seen that load carrying capacity of NSC vary remarkably
with the increase in temperature. This residual stress-strain curve actually portrays post-fire
load carrying capacity of NSC as a function of temperature to which it is exposed to. It can be
seen that between 23°C to 400°C temperature range the fall in compressive strength is not very
abrupt and ultimately the increase in peak strain is also very minor. This change in the shape
of stress-strain curve can be linked with the loss of moisture present inside the microstructure
resulting in an increase in porosity of the concrete. However, the loss in strength between 400°C
to 800°C is abrupt and noteworthy. This is due to the chemical and physical changes that are
taking place inside the concrete microstructure. In addition, the major and minor cracks which
are produced due to thermal stresses on the surface and at the interfacial transition zone which
also causes the loss in stiffness of concrete. Due to this reason the strain at the maximum stress

in this temperature range increases from 0.0043 to 0.00932.

4.3.5 Compressive Toughness (Tc res)

As explained earlier, compressive toughness is a derived quantity which is obtained from the
stress-strain response of concrete under compression. The post-fire response in terms of energy
absorption capacity is dissimilar for both types of concrete at different temperatures, ranging
from 23°C to 800°C. Figure 4.24 shows the residual absolute compressive toughness (T res)
values of concrete with respect to different elevated temperature, for both NSC and CACC. It
can be observed that the energy absorbed by the CACC before rupturing is much more as
compared to NSC which is due to higher strain at peak failure stress in compression. By
studying the response of both types of concrete, it can be seen that a gradual increase in the
toughness for both NSC and CACC is observed up to 200°C, after that both concrete suffers in
terms of energy absorption capacity till 800°C. The compressive toughness of CACC at 800°C
is around 60% more than that of NSC. This trend further validates the ductile nature of the

concrete at such a high temperature.
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Figure 4.24 — Measured residual compressive toughness of CACC and NSC as a function of
temperature

Figure 4.25 shows the relative post-fire trend of compressive toughness (T res/ Tc res), for NSC
and CACC. The relative value follows the similar trend as that of an absolute value. It can be
seen that, the change in energy absorption capacity of NSC is a bit sudden as compared to
CACC till 800°C, which is very gradual. This abrupt change is linked with the stress-strain
response of NSC, where a sudden loss in strength is observed with the increase in temperature
(Figure 4.22).
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Figure 4.25— Relative residual compressive toughness of CACC and NSC

4.3.5.1 Calcium Aluminate Cement Concrete

The response of CACC in terms of energy absorbing capacity before failure is different as
compared to NSC which can be seen from Figure 4.24 and 4.25. By studying these trends, it is
observed, that there is a little increase in compressive toughness around 5% at 200°C as
compared to room temperature toughness. This minor increase is due to the major increase in
ductility in terms of peak strain of around 27% with minor loss in strength due to chemical
changes within the microstructure of concrete which can be seen in Figure 4.22. Further, this
increase can also be linked with the microscopic pictures taken to study the morphology of
concrete microstructure at this temperature, where transformed stable hydrates are visible.
However, there is a gradual loss in compressive toughness is observed between 200°C till
800°C, which is around 94% as compared to 200°C temperature toughness. This loss is
attributed to the major chemical changes which takes place within CACC, where the
chemically bound water is removed and the hydrates are transformed from metastable CAH1o
in to stable phases like residual Cz3AHs, CA, A and CA2 (Martinovi¢ et al., 2012). Further, these
changes in the morphology of the hydrate can further be validated with the help of scanning
electron microscopic pictures of the sample taken after being exposed to 600°C. In addition to
that, this also results in the loss of density and increase in the porosity of the concrete resulting
in the weakening of the bond between the aggregates and paste, which causes the loss of

strength and cracking at the microstructure visible at the surface of the concrete. All these
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chemical and physical changes results in the alteration of the shape of stress-strain curve of
CACC, which results in the loss of energy absorbing capacity of concrete. However, if we
compare the absolute value of compressive toughness at 800°C, CACC can absorb around 548

JIm® of energy 60% more as compared to NSC.

4.3.5.2 Normal Strength Concrete
By studying Figure 2.24 and 2.25, a rapid increase in toughness of around 37% is observed up

to 200°C. This increase in toughness (Tc'res) can be linked with the stress-strain response of
NSC at 200°C as shown in Figure 2.22, where a sharp increase in strain against peak stress is
observed. However, from 200°C to 600°C a gradual loss in post-fire energy absorbing capacity
is observed, which is around 73% of the toughness at 200°C. This is due to a gradual loss of
strength which is linked with the increase in micro and macro cracks in the microstructure of
concrete plus the loss of bond between the aggregate and paste. In addition, chemical changes
like disintegration of CH and C-S-H hydrates also affect the overall performance of NSC in
terms of energy absorption capacity before failure. However, after the exposure of NSC to
800°C, it is observed that it only absorbs 342 J/m? before failing in compression which means
that 22% of the toughness at room temperature is lost. However, if major loss in toughness is
observed against 200°C (which is the peak energy absorbing capacity of NSC) 77% of the

energy absorbing capacity is lost.

4.3.6 Mass Loss

The variation in residual mass loss (ratio of mass at a specified temperature (M) to mass at
room temperature (Mo)), as obtained from tests, is plotted in Figure 4.26 as a function of
temperature for NSC and CACC. It can be seen that no significant mass loss takes place in both
types of concrete till 600°C i.e. around 7%. However, major loss of around 15% takes place in
case of NSC, whereas, 14% loss of mass was observed in case of CACC beyond 600°C up to
800°C. As discussed by (Kodur and Sultan, 2003; Lie and Kodur, 1996), the mass loss of
concrete majorly depends upon the type of aggregate used. The performance of calcareous
based aggregate (Limestone) is a bit poor as compared to siliceous based aggregate because of

the dissociation of calcium carbonate.
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Figure 4.26 — Measured residual mass loss of CACC and NSC

It is observed, that mass loss is minimal in case of both types of concrete up to 600°C, which
is attributed to easy loss of moisture form NSC and CACC due to their permeable
microstructure. Further, a minor difference of 1% is also observed at 800°C which can be linked
to the physical and chemical changes taking place in NSC at such a high temperature resulting
in the loss of moss.

4.3.6.1 Calcium Aluminate Cement Concrete

The mass loss trend observed by CACC as shown in Figure 4.26 is similar to that of NSC,
which confirms that reliance of mass loss majorly on the type of aggregate instead of the type
of concrete. However, more compact and less permeable concrete like high performance
concrete (HPC) does not allow the moisture to evaporate easily resulting in the higher thermal
properties as compared to NSC (Khalig, 2012). However, CACC is more permeable and allows
the moisture to evaporate easily resulting in the loss of mass similar to NSC. Further, the
chemical changes that take place inside limestone aggregate present in CACC after 600°C,
causes reduction in density and increases the porosity of CACC. This results in the sudden

major mass loss of 14% at 800°C.

4.3.6.2 Normal Strength Concrete
As shown in Figure 4.26, minor loss in mass around 7% was observed till 600°C which shows
the similar trend observed by (Kodur and Sultan, 2003) for calcareous aggregate. The mass

loss evaluated for carbonate type aggregate shows a different trend up to 600°C, in which
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around 15.5% mass was lost due to dissociation of dolomite (Khalig, 2012). However, sudden
higher mass loss of 15% was observed after 600°C, which is due to the loss of hidden moisture
present in the carbonate aggregate that vaporizes at temperature above 600°C due to
dissociation of limestone. In addition to that, this chemical reaction also causes micro cracking
and increase in porosity of the concrete. Further, this loss can also be linked with the loss of

mass observed in NSC made with calcareous aggregate which is around 17% (Hu et al., 1993).

4.4  Relations for Material Properties

44.1 General

The material properties measured at elevated temperatures give physical constants in the form
of mathematical equations that can be used as mathematical models for the fire resistance
calculations of RC structures. The use of such equations facilitates the application of these
mathematical models for the calculation of fire resistance rating of structures (Lie, 1992). Data
produced from the material property tests is employed to develop mechanical property relations
for both NSC and CACC against both types of test (unstressed and residual) procedures. These
properties are expressed in the form of empirical relations over temperature range of 23-800°C
in the form of empirical relations for compressive strength, splitting tensile strength, elastic
modulus, compressive toughness and mass loss. These empirical relations are produced using
linear regression. For regression analysis, measured material properties were used as a
dependent variable with temperature as their independent variable. The method of linear fitting
i.e. by fitting a straight line through a set of data points is used for estimating the parameters
of any linear variable (Wackerly et al., 2008).

The least-squares procedure is used for fitting a line through a set of ‘n’ data points where it is
desired that the differences between the observed values and corresponding points on the fitted
line should be minimum. A convenient way to accomplish this, and one that yields estimators
with good properties, is to minimize the sum of squares of the standard deviations from the
fitted line. In this case the deviations are actually the errors in the values of material properties
(dependent variable) given by the values of temperatures (independent variables) and to reduce

these deviations in the dependent values sum of the square of error is utilized.

Commercial software, Minitab (Mintab, 2015) is used to carry out the regression analysis of
the material properties experimental results. For regression analysis, coefficient of
determination R? is evaluated to define the accuracy of the best fit equation (Wackerly et al.,

2008). This R? is actually the proportion of total variation in the response that is explained by
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the variable prediction in a simple regression model and represents the proportion of the sum
of square of error about their independent variable. The values of coefficient determination R?
obtained for unstressed material property equations lie between 0.75-0.97 whereas for residual
material property equation it lies between 0.78-0.97 that represents a reasonably high

confidence level in light of high variability in material properties.

The variation of compressive strength (f'c"), splitting tensile strength (f't"), elastic modulus
(Es"), compressive toughness (Tc") and mass loss (M) with temperature for NSC as per
unstressed test procedure can be related by coefficient (o), which represents the ratio of
respective strength at target temperature to that of room temperature ( f'¢, f't, Es, Tc and Mo)
given by Equation 4.1 to 4.5. Similarly, the variation of these material properties with
temperature for CACC as per unstressed test procedure can be related by coefficient (pr)
representing ratio of respective strength at target temperature to that of room temperature (f'c,
f'y, Es, Tc and Mo) given by Equation 4.6 to 4.10. In case of residual test procedure, the ratio of
respective strength at target temperature to that of room temperature ( f'c res, f't res, Es res, Tc res
and Mo res) for NSC is denoted by (ar res) Whereas for CACC it is denoted by (Bt res) given in
Equation 4.11 to 4.15 and 4.16 to 4.20, respectively. The strength reduction coefficient ratio
(or, BT, ot res, BT res) €quation for compressive strength, splitting tensile strength, elastic

modulus, compressive toughness and mass loss is given as:

f'.r
AT compressie — £ (4.1)
c
fr
aT,tensiIe = £ (4'2)
t
=
aT,modqus = E (4'3)
S
T"
aT,toughness: T (4'4)
c
M
aT,massIoss_ M (4-5)
0
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In light of the equations, Table 4.1 and 4.2 shows the unstressed values of reduction factors o

and B for compressive strength, splitting tensile strength, elastic modulus, toughness and mass

loss for NSC and CACC respectively. Similarly, Table 4.3 and 4.4 shows the residual values

of reduction factors ot res and P res for compressive strength, splitting tensile strength, elastic

modulus, toughness and mass loss for NSC and CACC, respectively. Further, Equations 4.21

till 4.75 will show the equations to evaluate the values of respective material properties at

different temperatures for both NSC and CACC. These equations are obtained by placing a

trend line in such a way that the sum of the squares of deviation from the test data is minimal
as shown in Figure 4.27 till 4.36.

Table 4.1- Unstressed Compressive strength, tensile strength, elastic modulus, toughness and
mass loss reduction factors (o) at different temperatures for NSC

Reduction Factor (o)

Temperature Compressive Splitting Tensile Elastic Compressive  Mass Loss
(°C) Strength Strength Modulus Toughness (M)
(f'eT) () (Es") (TeT)
23 1 1 1 1 1
200 0.83 0.93 0.88 1.23 0.98
400 0.77 0.74 0.55 1.18 0.94
600 0.51 0.40 0.28 0.91 0.92
800 0.22 0.17 0.06 0.80 0.83
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Table 4.2— Unstressed Compressive strength, tensile strength, elastic modulus, toughness and
mass loss reduction factors (p1) at different temperatures for CACC

Reduction Factor (pr)

Temperature Compressive Splitting Tensile Elastic Compressive  Mass Loss
(°C) Strength Strength Modulus Toughness (M)
(fe") (') (Es) (TcT)
23 1 1 1 1 1
200 0.94 0.87 0.69 0.74 0.98
400 0.76 0.68 0.68 0.93 0.95
600 0.58 0.43 0.51 0.78 0.93
800 0.29 0.21 0.14 0.57 0.87

Table 4.3— Residual Compressive strength, tensile strength, elastic modulus, toughness and
mass loss reduction factors (ar res) at different temperatures for NSC

Reduction Factor (T res)

Temperature Compressive Splitting Tensile Elastic Compressive  Mass Loss
(°C) Strength Strength Modulus Toughness (M res)
(FeT res) (F'" res) (Es" res) (TeT res)

23 1 1 1 1 1

200 0.95 0.9 0.82 1.48 0.98
400 0.78 0.71 0.61 1.23 0.96
600 0.46 0.37 0.27 0.79 0.93
800 0.22 0.15 0.09 0.78 0.85

Table 4.4— Residual Compressive strength, tensile strength, elastic modulus, toughness and
mass loss reduction factors (Bt res) at different temperatures for CACC

Reduction Factor (BT res)

Temperature Compressive Splitting Tensile Elastic Compressive  Mass Loss
(°C) Strength Strength Modulus Toughness (M res)
(f'cT res) (f'tT res) (EsT res) (TcT res)
23 1 1 1 1 1
200 0.85 0.87 1.07 1.05 0.98
400 0.72 0.64 0.83 0.92 0.95
600 0.57 0.42 0.47 0.81 0.93
800 0.28 0.22 0.13 0.54 0.85
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4.4.2 Relations for Compressive Strength
4.4.2.1 Unstressed Test Data

1.2

1.0 A

0.8 A

0.6 A

F T

0.4 A

0.2 A

—a— CACC - test data
— = - CACC - fitted line
—4a— NSC - test data
- A =NSC - fitted line

0.0
0

600 800
Temperature (°C)

Figure 4.27 — Unstressed compressive test data of CACC and NSC compared with regression
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4.4.2.2 Residual Test Data
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Figure 4.28 — Residual compressive test data of CACC and NSC compared with regression
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4.4.3 Relations for Splitting Tensile Strength
4.4.3.1 Unstressed Test Data
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Figure 4.29 — Unstressed splitting tensile strength test data of CACC and NSC compared with
regression based fitted line

e NSC
% onsite =10 23°C (4.31)
O ensite =1.0346 —0.0007T 23°C < T <400°C (4.32)
1 onsite =1.2984—0.0014T 400°C < T < 800°C (4.33)
e CACC
Br tensite =1.0 23°C (4.34)
PBr rensite =1.054—0.0010T 23°C < T <800°C (4.35)
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4.4.3.2 Residual Test Data
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Figure 4.30 — Residual splitting tensile strength test data of CACC and NSC compared with
regression based fitted line

e NSC
Ot res nsite = 1.0 23°C (4.36)
Ot res ensite =1.0311—0.0008T 23°C < T < 400°C (4.37)
Ot res ronste =1.2392—0.0014T 400°C < T < 800°C (4.38)
e CACC
B res tnsite =1.0 23°C (4.39)
L res nsite =1-044 —0.001T 23°C < T < 800°C (4.40)
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4.4.4 Relations for Modulus of Elasticity
4.4.4.1 Unstressed Test Data
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Figure 4.31 — Unstressed elastic modulus test data of CACC and NSC compared with
regression based fitted line

e NSC
At modutus =10 23°C (4.41)
% mous =1.0671—0.0013T 23°C < T < 800°C (4.42)
e CACC
Br modutus =1.0 23°C (4.43)
Pr moduius =1.041-0.0018T 23°C < T <200°C (4.44)
PBr moduus = 0-9602 —0.0009T 200°C < T < 800°C (4.45)
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4.4.4.2 Residual Test Data
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Figure 4.32 — Residual elastic modulus test data of CACC and NSC compared with
regression based fitted line

e NSC
Fr res.mocutus = 1.0 23°C (4.46)
Ot s moduus =1.052 —0.0012T 23°C < T < 800°C (4.47)
e CACC
L res.modutus = 1.0 23°C (4.48)
LB res.moduiss = 0-9912 + 0.0004T 23°C < T <200°C (4.49)
Pr ves moauius =1-417 —0.0016T 200°C < T <800°C (4.50)
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445 Relations for Compressive Toughness
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Figure 4.33 — Unstressed compressive toughness test data of CACC and NSC compared with
regression based fitted line
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4.45.2 Residual Test Data
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Figure 4.34 — Residual compressive toughness test data of CACC and NSC compared with
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446 Relations for Mass Loss
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Figure 4.35 — Unstressed mass loss data versus regression based fitted line for CACC and
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4.4.6.2 Residual Test Data
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Figure 4.36 — Residual mass loss data versus regression based fitted line for CACC and NSC

e NSC

%%; res, massloss =1.0

O res, massloss — 1.0047 —0.0001T

O res, massloss — 1.158—-0.0004T

e CACC
ﬂTres,massloss :1'0

B res masstoss =1.0026 —0.0001T

,31- res,massloss — 1.167 —0.0004T

23°C

23°C < T<600°C

600°C < T <600°C

23°C

23°C < T=<600°C

600°C < T <800°C

45 Visual Assessment of Heated Concretes
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The visual assessment of both CACC and NSC cylinders includes observation of color change,

cracking and crazing. This physical assessment started after removing the samples from the

furnace i.e. after exposing the samples to elevated temperatures. Color of the sample provides

107



a broader view of the exposure temperature. Whereas the crazing and cracking caused by
dehydration of cement paste, the loss of physical bound water and disintegration of the concrete
microstructure, were general signs of temperature to which concrete has been exposed
(Georgali and Tsakiridis, 2005).

45.1 Calcium Aluminate Cement Concrete (CACC)

The visual inspection of CACC showed different response as compare to NSC. No major color
change was observed in the cylinders till 400°C. However, at 600°C minor change in color,
from dark brownish to light brownish, was observed in CACC. Minor surface cracks were also
observed but they are not in abundance as shown in Figure 4.37(a). However, at 800°C some
major changes take place in CACC cylinder starting with the change of color from light
brownish to light grayish. In addition to that, some longitudinal cracks parallel to the axis of
cylinder were also observed strengthening the argument that high temperature is the main cause
of loss in strength and durability in concrete at elevated temperatures, as shown in Figure
4.37(b). These major physical changes were due to the chemical changes taking place inside
the concrete microstructure which includes, the conversion of some metastable phases to
cubical stable phases at 600°C, the loss of physically and chemically bound water by breaking
the hydraulic bond inside the concrete microstructure causing an increase in porosity and

decrease in strength (Martinovic¢ et al., 2012).

(a) 600°C (b) 800°C

Figure 4.37 — CACC cylinders after exposure to elevated temperatures
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4.5.2 Normal Strength Concrete (NSC)

On heating the concrete above 300°C, changes in color of the concrete takes place. In the
beginning, color of the concrete observed was light grayish with a dense surface and no micro
or macro cracks on the surface till 400°C. However, after the exposure of NSC to 600°C the
color of the NSC changes from light grayish to dark, in addition to that surface crazing and
minor cracks were also observed as shown in Figure 4.38(a). These surface crazing and minor
cracks can be attributed to the differing thermal expansions causing weakening of the bond
between aggregate and cement paste (Castillo and Duranni, 1990). In addition to that,
disintegration of CH crystal to CaO after 500°C also takes place, making this a critical
temperature ranges for the NSC (Mehta and Monteiro, 2006). Figure 4.38(b) shows the NSC
cylinder after being exposed to 800°C. After exposure to this temperature the NSC cylinder
experienced some major widening of these cracks extending up to the surface of the concrete.
In addition, the color change from dark grayish to light brownish (buff) was also observed.
These major cracks were due to the generation of minor cracks after 400°C as a result of
dehydration of concrete. These randomly oriented cracks also contribute in loss of compressive
and tensile strength of concrete at elevated temperatures.

(a) 600°C (b) 800°C

Figure 4.38 — NSC cylinders after exposure to elevated temperatures
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4.6  Scanning Electron Microscope (SEM) Imaging

The shape, size and morphology of the hydration products are quite important parameter for
understanding the material properties of both types of concrete specimens at elevated
temperature. In addition, these images also tell us about effect of temperature on the level of
porosity and morphological changes in the microstructure of concrete specimens. SEM images
were taken for both NSC and CACC at two resolutions of 5um and 1um samples to study the
changes in microstructure of both concrete types, exposed to different temperature ranging

from room temperature to 600°C.

4.6.1 Calcium Aluminate Cement (CACC)

SEM images of CACC samples after exposure to elevated temperature ranging from 23°C to
600°C can be seen in Figure 4.39. As discussed by Scrivener et al. (1999), that with the increase
in temperature the hydrates of CAC converts from metastable hydrates CAH1o, C2AHg to stable
hydrates CsAHe (cubic) and AHs (crystalline gel). This conversion reaction results in an
increase in porosity which is due to the difference in the relative volume of the phases and
ultimately decreases the strength of the concrete (Mostafa et al., 2012). Figure 4.39(a), shows
the microstructure of CACC at room temperature without any exposure to elevated
temperature. It can be seen, that a well-developed crystalline formation can be observed with
a much denser microstructure. Hexagonal plates of CoAHg were also observed embedded in
amorphous gel of AHz resulting in a denser microstructure. However, after the exposure of
CACC to elevated temperature some morphological changes can be seen as shown in Figure
4.39(b) and (c). At 200°C, densely packed crystals of C3AHs and AHz can be seen with a gel
covering the pores within the hydrates making an elaborate and dense microstructure, as shown
in Figure 4.39(b). Figure 4.39(c) shows the microstructure of CACC at 600°C exposure
temperature. Clear dried cubic crystals of CsAHs with a little amount of amorphous AHz gel
are visible. Further it can be seen, that due to the exposure of specimen to such a high
temperature the evaporation of chemically bound crystalline water takes place, which results
in the creation of skeletal and empty spaces in the microstructure leading to an increase in
porosity (Martinovi¢ et al., 2012). However, at 600°C microstructure of CACC still presents
denser microstructure as compared to NSC with minor cracks and voids due to the presence of
AH3 gel covering the C3AHs crystals. In addition, these morphological changes depicting the
conversion of metastable to stable hydrates can be seen in Fig. 4.39 and validates the changes

in material properties of CACC with the increase in temperatures.
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Figure 4.39 — SEM images of CACC after exposure to different temperatures

4.6.2 Normal Strength Concrete (NSC)
Figure 4.40 shows the SEM images of NSC samples after being exposed to elevated

temperature to observe the microstructure. Figure 4.40(a) shows, the image of the sample with
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a very dense microstructure at room temperature. By studying this figure, nearly amorphous
C-S-H gel along with CH crystals in the form of tightly packed grains can be clearly seen. In
addition, slender needle like crystals of ettringite were also observed in the NSC sample.
Further, at 200°C the microstructure of NSC is fuller and dense with closely knit ettringite
present within C-S-H gel in addition to some pores as shown in Figure 4.40(b). Further, no
major deterioration was observed in the microstructure at this temperature. However, at 600°C
a major cavity can be seen in the microstructure of the concrete as shown in Figure 4.40(c),
which shows a weak microstructure with appearance of pores and micro cracks. In addition,
CH crystals were also not observed in the microstructure due to the disintegration of CH
crystals into CaO at such a high temperature, due to the loss of chemically bonded water
(Eglinton, 1998). No significant damage to the cement paste was observed at this temperature.
However, increase in cracking and pore structure intensifying can be seen representing the
partial decomposition of the formed phases, which confirms the loss of compressive and

splitting tensile strength of concrete at this temperature.
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Figure 4.40 — SEM images of NSC after exposure to different temperatures

4.7  Analysis of Results

In this section, the unstressed material properties of CACC and NSC are compared with
residual material properties which include compressive strength, tensile strength, elastic
modulus, stress-strain curve, toughness and mass loss. The performance of all these properties

is evaluated as a function of elevated temperatures ranging from 23°C till 800°C.

4.7.1 Comparison of Unstressed and Residual Compressive Strength

The effect of temperature on the compressive strength of NSC and CACC for two test
conditions namely, unstressed and residual can be observed in Figure 4.41. It can be seen, that
with the increase in temperature the strength keep on decreasing for both types of concrete
irrespective of the test method. However, for NSC the loss of strength is sudden beyond 400°C
which is due to the dehydration of the cement paste resulting in the gradual disintegration.
Further it is observed, that the residual strength is slightly lower than the unstressed strength
for both types of concrete, which conforms to results reported by Abrams (1971), and Castillo
and Duranni (1990). This additional loss in strength can be attributed to mechanical damage
resulting from self-stabilizing stresses induced in the concrete as a result of transient heat flow
when it is allowed to cool down to room temperature (Abramowicz and Kowalski, 2007;
Kowalski, 2010). There is very little difference between unstressed and residual compressive
strength of CACC which can be attributed to slow cooling of specimens after exposure to
elevated temperatures (Abramowicz and Kowalski, 2005). However in NSC, during cooling
CH crystals which are decomposed into CaO at around 600°C, again convert to CH and result
in expansion of volume (Karokoc, 2013). This expansion attributes to additional loss in residual
strength of NSC through weakening of aggregate-paste bond at elevated temperatures, which
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is not the case with CACC. Due to this reason, the absolute strength of NSC observed at 600°C
is much lesser than CACC. However, at higher temperatures, this additional degradation is
almost the same as both the systems have suffered a major loss in terms of deterioration of

microstructure.
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Figure 4.41 — Comparison of absolute values of compressive strength against temperature

Further, Figure 4.42 shows the relative strength of CACC and NSC against elevated
temperatures for residual and unstressed test programs. It can be clearly seen that the relative
strength follows the same trend as that of absolute values. Further, in case of NSC, the
difference between the residual and unstressed strength at 200°C is around 12% of the strength
at room temperature, which is due to the stabilization of strength in case of residual while
cooling down to room temperature, which is not the case in unstressed test where sample is
tested hot. However, at 400°C this difference is reduced to minimum as a result of dissociation
of CH crystals around 400°C (Kowalski, 2010). Similarly in case of CACC, the difference
between unstressed and residual strength is around 9% at 200°C which keeps on decreasing till
600°C with just a difference of 1% at this temperature. This additional degradation of strength
in case of residual test for CACC is due to the additional thermal stresses inside the system
trying to self-equilibrate it. However, at higher temperature this additional degradation is
almost the same as both the systems have suffered a major loss in terms of degradation and
dissociation of microstructure as observed in microscopic images (see Figure 4.38, 4.39 &
4.40).
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Figure 4.42 — Relative compressive strength values against elevated temperature

4.7.2 Comparison of Unstressed and Residual Splitting Tensile Strength

The tensile strength of concrete depends upon the ease of crack propagation under tensile load.
When concrete is exposed to elevated temperatures, the microstructure of the concrete
deteriorates resulting in the loss of tensile strength of concrete which is governed by micro
cracking (Khalig and Kodur, 2011). Figure 4.43, shows the loss of tensile strength of NSC and
CACC as a function of temperature for unstressed and residual test method. It can be clearly
observed that, with the increase in temperature both types of concrete suffer a major loss in
their tensile strength. However, the absolute tensile strength of CACC is much higher than
NSC at all levels of elevated temperatures. Further, the difference between the tensile strength
of NSC for residual and unstressed test varies between 2-3% throughout the temperature range
with the maximum difference around 3.5% at 400°C. In addition, the tensile strength of NSC
drops suddenly beyond 400°C in both the cases due to the increase in micro cracking after
400°C. Similarly, in case of CACC the tensile strength varies throughout the temperature range
with the maximum difference between the two test procedures at 400°C which is around 4%,
as shown in Figure 4.43. This additional degradation of residual tensile strength is due to the
thermal stresses induced in the microstructure of concrete while self-equilibrating
(Abramowicz and Kowalski, 2005). However, this difference in the loss of tensile strength
reduces to almost 0.5% at 800°C the microstructure is almost degraded, which is attributed to

the dissociation and disintegration of limestone aggregate.
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Figure 4.43 — Comparison of absolute tensile strength against different levels of temperature

The relative splitting tensile strength of NSC and CACC for unstressed and residual test follows
similar trend to its absolute strength as shown in Figure 4.44. It can be seen that the loss in the
strength in case of CACC is gradual till the end unlike NSC, which drops suddenly after 400°C.
This loss in strength is linked with the degradation of microstructure at different levels of
elevated temperature. However, the loss observed in CACC is steadier as compared to NSC
which confirms the improved microstructure, as validated by SEM images. Further, after 600°C
the loss in tensile strength is reduced to minimum for both the test procedures, which is due to
the dissociation and disintegration of calcium carbonate present in limestone aggregate. This
results in just 15-17% retention of tensile strength in NSC at 800°C as compared to 21-22% in
case of CACC, as shown in Figure 4.44.
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Figure 4.44 — Comparison of relative tensile strength at different elevated temperatures

4.7.3 Comparison of Unstressed and Residual Elastic Modulus

The trend of elastic modulus with respect to increase in temperature for NSC and CACC can
be observed from Figure 4.45 and 4.46. The absolute values of unstressed and residual elastic
modulus can be compared for NSC and CACC in Figure 4.45. It can be seen, that modulus of
elasticity of both NSC and CACC decreases with an increase in temperature, with an absolute
elastic modulus of both at 800°C is almost the same. This loss in elastic modulus in the
beginning up to 400°C is linked with the dehydration of the cement paste resulting in the
degradation of the bond between paste and aggregate (Castillo and Duranni, 1990). Further,
after 400°C there are major physical and chemical changes which take place in both types of
concrete microstructure, resulting in a major drop in the stiffness of the concrete. These
chemical changes include the dehydration of the concrete microstructure in the beginning till
400°C, after that till 600°C dissociation of CH crystals in case of NSC takes place unlike CACC
where major dehydration takes place after the phase transformation to stable hydrates.
However, around 800°C the decarbonation of limestone aggregate and cement paste is the main

reason behind the sudden drop in the elastic modulus of concrete (Kowalski, 2010).
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Figure 4.45 — Comparison of absolute unstressed and residual modulus of elasticity as a
function of temperature

As observed in Figure 4.46, which represents the relative modulus of elasticity of NSC and
CACC as a function of temperature for unstressed and residual test, it is seen that the trend
followed by CACC is a bit different as compared for NSC for both the test procedures. The
difference in the loss of modulus in case of NSC is almost the same with the maximum
difference of 6% at 200°C and 400°C. Further, with the increase in temperature this difference
reduces to just 3% at 800°C. In case of CACC, there is an increase in residual modulus of
elasticity at 200°C, resulting in a major difference of 37% between the unstressed and residual
modulus of elasticity. The moisture changes resulting from this reaction in CACC lead to these
abnormalities at 200°C. Similar, behavior at 200°C is also observed in other high temperature
properties of CACC. However, this difference reduces to just 1% at 800°C. At lower
temperature, the loss of modulus is due to the evaporation and dehydration of the water present
inside the microstructure of CACC, which is regained when the sample is allowed to cool down
in the moist environment of relative humidity of 45-50% resulting in the regain of stiffness
which is not the case in unstressed test procedure. Further, with an increase in temperature to
higher temperatures, there are morphological changes inside the concrete microstructure in to
more stable hydrate and the dehydration of adsorbed water within the pores which causes
irreversible reduction in elastic modulus of concrete. These microscopic changes in the
microstructure of concrete, results in the reduction of difference between the loss of elastic

modulus, as shown in Figure 4.45 and 4.46. In addition to that, at 800°C the difference between
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NSC and CACC is almost disappeared to just 4-8%, because both concrete (NSC and CACC)

suffer the calcination of limestone aggregate at this temperature.
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Figure 4.46— Comparison of relative unstressed and residual modulus of elasticity as a
function of temperature

4.7.4 Comparison of Unstressed and Residual Stress-Strain Curves

The effect of high temperature on the stress-strain behavior of both the NSC and CACC was
observed and was very much different throughout the range of test temperatures. Typical stress-
strain response of NSC and CACC at different temperatures are shown in Figure 4.47 to 4.51.
It is observed, that the peak load of CACC was around 12% more than that of NSC at room
temperature. In addition to that, the strain at failure was around 69% higher than that of NSC.
However, the response of both types of concrete at peak load did not vary significantly up to
200°C as compared to room temperature with a minor variation depending on the type of test
procedure adopted. This minor variation in the load carrying capacity of NSC and CACC is

majorly dependent on the loss of moisture present in the concrete at 200°C.
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Figure 4.47 — Stress-strain response of CACC and NSC after 28 days at room temperature

In case of NSC, around 5-18% loss in stress was observed at 200°C as compared to room
temperature. This variation in the load carrying capacity depends on the test procedure adopted.
The overall load carrying capacity against unstressed test procedure was lower as compared to
residual test procedure, unlike CACC. However, the overall performance of CACC observed
is much better as compared to NSC at 200°C with a minor difference in their stress-strain
response for residual and unstressed test procedure. Further, it is also observed that peak strain
achieved in case of residual test at 200°C was around 37% more as compared to unstressed
peak strain at the same temperature. In addition, residual peak strain was around 27% more
than that of room temperature peak strain. This shows that, post-fire stress-strain response of
CACC is a bit different as compared to that at elevated temperature. The residual peak stress
at failure was reduced by around 10% as compared to unstressed peak stress, whereas the
ductility in term of peak strain at failure is improved by 37%. This additional strength
degradation is due to the thermal inertia inside the concrete which tries to self-equilibrate the
system by generating additional stresses due to transient heat flow. However, if the response
of CACC is evaluated in terms of stress-strain response at this temperature it is still brittle in

nature.
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Figure 4.48 — Unstressed and residual stress-strain response of CACC and NSC at 200°C
temperature

The stress-strain response of CACC and NSC for residual and unstressed test procedure at
400°C can be studied from Figure 4.49. It is evident that the overall performance of CACC is
much better as compared to NSC however the difference in the strength is very minor at this
temperature. The load carrying capacity of CACC is around 11% more as compared to NSC at
this temperature with an additional advantage of ductility which is portrayed in terms of peak
strain as shown in Figure 4.49. However, if residual performance of CACC is compared with
unstressed stress-strain response, very minor difference of just 4.5% is observed in terms of
peak stress and strain. This confirms that the effect of elevated temperature at and after the
exposure to 400°C is almost the same with some minor difference. However, if this trend in
stress-strain response of NSC and CACC is compared with that at 200°C (Figure 4.48), then
decrease in load carrying capacity is observed with the increase in strain resulting in more flat
curve. This flatness in stress-strain curve is attributed to the reason that at higher temperature
thermal stresses are developed which causes internal micro cracking due to which the slope of
the stress-strain curve was decreased i.e. ultimately the modulus of elasticity of the concrete is
affected.
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Figure 4.49 — Unstressed and residual stress-strain response of CACC and NSC at 400°C
temperature

Further, at 600°C the response of NSC start degrading at a much faster rate as compared to
CACC. This major degradation at elevated temperature of NSC is due to the loss of bond
strength between aggregate and cement paste. The micro cracks turns into major cracks
extending to the surface of the concrete. This trend can further be validated from the
microscopic and visual examination of the NSC as discussed above. However, the performance
of NSC at the elevated temperature is comparable with the post-fire examination in terms of
stiffness as portrayed in stress-strain response. Around 9.5% additional degradation in strength,
is observed in case of residual test results if compared with unstressed test due to the thermal
inertia causing an additional increase in temperature after the heating is stopped (Abramowicz
and Kowalski, 2007). However, if the performance of CACC is evaluated at this temperature,
the presence of alumina as a binder protects the loss of stiffness with a minor cracking not
extending to the surface of the concrete. The stress-strain response of both NSC and CACC
can be observed in Figure 4.50, which further confirms that, the performance of CACC in terms
of stress-strain is much more enhanced than NSC. This observation further substantiate that
CACC has superior microstructure and therefore displays better stress-strain response even at
higher temperatures. However, a minor difference stress-strain curve between the two test
procedures, residual and unstressed is also observed as in NSC. This difference is due to the

thermal inertia as discussed above.
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Figure 4.50— Unstressed and residual stress-strain response of CACC and NSC at 600°C
temperature

The stress-strain response of NSC and CACC at 800°C for both residual and unstressed test
procedure can be observed in Figure 4.51. It can be clearly seen that, both the concrete suffers
major damage at this temperature resulting in the loss of stiffness in terms of modulus as
observed by the flatness of the stress-strain curve. This major loss in strength is due to the
calcination of the calcium carbonate present in the aggregate causing major dissolution of the
concrete. However, the performance of CACC is better as compared to NSC because between
temperature of 600°C and 800°C NSC also suffers from the disintegration of calcium hydroxide
(CH) and calcium silicate hydrate (C-S-H) in concrete causing additional strength loss (Chan
et al., 1999). Further, the peak stress and strain achieved in case of CACC is around 44-49%
and 20-22% more as compared to NSC, respectively, confirming an improved microstructure.
However in case of CACC, if the performance of residual test program is compared with
unstressed test program in terms of stress-strain response, the CACC in unstressed condition
gave much improved results for peak stress and strain with around 5.2% and 1.5% enhancement

as compared to residual respectively, as shown in Figure 4.51.
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Figure 4.51 — Unstressed and residual stress-strain response of CACC and NSC at 800°C
temperature

After carrying out the trend analysis and comparative study of stress-strain response of NSC
and CACC at elevated temperatures, the difference between the two methods residual and
unstressed test procedure was observed. The overall performance in terms of stress-strain
response of CACC under unstressed condition was much better as compared to residual. This
difference was due to the thermal inertia of the concrete causing additional loss in compressive
strength (Kowalski, 2010). Further, the overall trend of loss of strength observed in case of
CACC is much slower and gradual as compared to NSC in which an abrupt loss in strength and

increase in ductility was examined after 400°C.

4.7.5 Comparison of Unstressed and Residual Compressive Toughness

The effect of elevated temperature on the energy absorbing capacity is evaluated in terms of
compressive toughness for NSC and CACC. As explained earlier, toughness is a derived
property and is evaluated as the area under the stress-strain curve till the complete failure of
the material, so it also deviates with the variation of stress-strain response of the material. As
it is observed that, the residual and unstressed compressive toughness changes with the change
in temperature, so it is compared for both the test programs at different levels of temperature,
as shown in Figure 4.52. The overall energy absorption capacity of CACC is much higher than
NSC at all the levels of elevated temperature due to enhanced and superior microstructure.

However, if it is compared for the test program adopted it is observed that, at 200°C major
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variation between the energy absorbed is present. In case of NSC, there is an increase in the
energy absorbed till 200°C with a maximum difference of 25% observed between residual and
unstressed test procedure. However, after that this difference keeps on reducing to just 2% at
800°C. In case of CACC, there is a major difference in the energy absorbed at 200°C between
the unstressed and residual test procedure. In case of unstressed test, a loss of 26% was
evaluated in the toughness, unlike residual toughness where 5% increase was observed, which
is due to the loss in strength with no increase in ductility. However, this increase in residual
toughness is due to the major increase in ductility in terms of peak strain of around 27% with
minor loss in strength due to chemical changes within the microstructure of concrete. However,
afterward a regain of 19% was observed in unstressed toughness till 400°C, which is due to the
increase in ductility with a minor loss in strength. After that, no major difference between the

two test program results was observed till 800°C as shown in Figure 4.48.
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Figure 4.52— Comparison of measured absolute unstressed and residual compressive
toughness as a function of temperature

The absolute trend in the toughness is further analyzed in the form of relative loss of energy
absorbing capacity as shown in Figure 4.53. This relative toughness follows the same trend as
that of absolute value. This trend analysis depicts that the loss of energy absorbing capacity
decreases with a sudden drop in case of NSC after 400°C till 600°C, after that, it is stabilized
till 800°C. This trend was not followed by CACC in which the loss in energy absorbing capacity

was very gradual and steady from 400°C till 800°C with minor difference between the two test
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program results. However, the total loss in toughness at 800°C as compared to that at room

temperature, in case of CACC was around 22-24% more as compared to NSC.
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Figure 4.53— Comparison of relative unstressed and residual compressive toughness as a
function of temperature

4.7.6 Comparison of Unstressed and Residual Mass Loss

In Figure 4.54, the mass loss of NSC and CACC is shown as a function of temperature for both
types of test programs, namely unstressed and unstressed residual. The mass loss of both the
concretes is very small, just 7-8% at 600°C irrespective of the test procedure adopted. However,
after 600°C a considerable drop in mass was observed which is linked to the disintegration and
dissociation of dolomite in carbonate aggregate of both types of concrete (Lie and Kodur,
1996). This results in a major loss of around 15-17% and 13-15% in NSC and CACC,
respectively. This confirms the slight better performance of CACC in terms of mass loss with
a lesser loss in density and higher strength, which can be attributed to the enhanced
microstructure and stability of concrete. The difference between the unstressed and residual
test results observed between NSC and CACC is very minor around 1-2% in both the cases till
800°C, which confirms that this material property majorly does not depends on the type of test

program adopted.
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Figure 4.54— Comparison in the loss of mass for unstressed and residual test programs

4.8 Summary

Unstressed and residual tests were performed to determine the performance of CACC and to
characterize high temperature material properties which includes, compressive strength,
splitting tensile strength, elastic modulus, stress-strain response, toughness and mass loss. For
all tested NSC and CACC, these high temperature material properties deteriorate with the
increase in temperature. Microscopic and visual assessment of both NSC and CACC were also
made to study the damages at macro and micro level due to elevated temperatures.
Microstructure was identified using scanning electron microscopy (SEM) for both types of
concrete at different levels of elevated temperatures. Major morphological changes and micro
cracks due to extension of voids at elevated temperature were also observed at elevated
temperatures which further confirm the disintegration and deterioration of concrete. Data from
the tests was utilized to develop high temperature relations for compressive strength, splitting
tensile strength, elastic modulus, toughness and mass loss of NSC and CACC. The proposed
relations can be used as input data in computer programs for evaluating the fire response of
NSC and CACC structures exposed to fire. Further, the performance of both types of concretes
was analyzed in terms of the test program adopted to evaluate hot and residual behavior.

127



CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 General

The present study compares the performance of CACC with NSC in terms of its material
properties at elevated temperatures. These material properties include compressive strength,
splitting tensile strength, elastic modulus, stress-strain response, toughness and mass loss. All
the properties were measured at 23, 200, 400, 600 and 800°C temperatures. In addition, the
performance of CACC is also compared in terms of different test scenarios i.e. unstressed and
residual test conditions. Scanning electron microscope (SEM) analysis along with visual
observations was also carried out to study the microstructural changes in CACC and NSC. The
data acquired from these experimental studies is used to develop an insight for material
properties of CACC at elevated temperatures. The data is further used to propose simplified
mathematical relationships for expressing different structural properties of CACC as a function
of temperature. These relationships can be used as input parameters in computer programs for

evaluating the fire resistance performance of concrete structural members made of CACC.

5.2 Conclusions

Based on the results obtained from the above study, following conclusions are drawn:

= The loss of unstressed and residual compressive strength of CACC with the increase in
temperature is lesser as compared to conventional NSC. However, beyond 600°C both
types of concrete experience similar major loss in strength.

= CACC exhibits 20% higher initial tensile strength as compared to NSC. However, with the
increase in temperature loss in tensile strength is observed which is higher in NSC to that
of CACC. The performance of residual tensile strength of CACC is lesser as compared to
high temperature tensile strength, particularly at 400°C.

= The initial absolute elastic modulus of CACC observed was 18% lesser as compared to
conventional NSC. However, with the increase in temperature up to 400°C, no major loss
in unstressed elastic modulus of CACC was observed. Beyond 400°C, the elastic modulus
was 32% and 44% higher as compared to NSC at 600°C and 800°C, respectively.

= The stress-strain response depicts a reduced loss in the strength and an increased peak strain
at both elevated and room temperature for CACC. The residual peak strains were higher as
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compared to unstressed peak strain however; the difference between unstressed and
residual response keeps decreasing with increase in temperature.

= The energy absorbed by CACC throughout the 23 to 800°C temperature range is 2.31 to
1.60 times higher than NSC. However, the gain in this energy is minor up to 400°C.

= The loss in mass exhibited by CACC was lower up to 600°C, however sudden reduction of
6% was observed at 800°C, unlike NSC where 9% mass loss was observed.

= Visual and microscopic assessments of CACC showed that its physical deterioration and
microstructural damage was lesser as compared to NSC especially towards higher
temperatures.

= The elevated temperature material property relationships proposed for CACC can be used

as input data in computer programs for evaluating the fire response of CACC structures.

5.3 Recommendations

While this research advanced the state-of-the-art with respect to fire response of CACC and
NSC, further studies are required to fully characterize the complex behavior of material
properties of HPC. The results demonstrate that there is a need to carry out more in-depth study
on the subject. The following are some of the key recommendations for future research works

in this area:

= The material properties of CACC can be further refined by taking into account the
significant factors such as change in permeability (pore structure), and moisture content as
a function of temperature. Effect of cooling phase of fire on the properties should also be
established so that model predictions can be enhanced for accuracy under design fire
scenarios.

= There is a lack of data on the performance evaluation of fiber reinforced calcium aluminate
cement concrete. Further, fire resistance test should be carried out to evaluate its
performance against elevated temperatures.

= Further experimentation on evaluating the thermal properties of CACC like thermal
conductivity, specific heat and thermal expansion should be carried out at elevated
temperatures.

» Material properties of CACC should also be evaluated with addition of secondary raw

materials like silica fume and fly ash at elevated temperatures.
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