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ABSTRACT

In this modern era of rapid development and technological advancement, frequent fire
phenomenon are the most dangerous man made catastrophe in the metropolis. Dhaka,
the center of development of Bangladesh, is marked by its rapid development of
commercial buildings and high rise buildings, which are mostly unplanned in respect
of urban planning and prone to fire accidents. Since reinforced concrete is the main
building material used in most of the cases in this mega city, a detailed study on the
reinforced concrete member is needed to mitigate the scale of destruction of fire in
case of accident. With this point kept in mind, a parametric study was performed to
understand the effect of fire on the reinforced concrete members, especially on beam

as it is the primal load bearing component of any structure in general.

In the unidirectional coupled field analyses, i.e. thermal to structural coupling, in
ANSYS, concrete compressive strength (28MPa, 35MPa and 42MPa), steel yield
strength (400MPa and 500MPa), beam cover (37.5mm, 50mm, 62.5mm and 75mm)
and reinforcement ratio (minimum, intermediate and maximum value) were combined
in analytical modelling with different temperature (300°C, 600°C and 900°C) and
duration of burning (30minutes, 60minutes, 90minutes and 120minutes) to observe
the developed stress levels inside the beam. To imitate real life scenario, the
temperature effect was observed in loaded condition during the simulation. The
constitutive laws of concrete and reinforcing bars were for the loading stage only, no

information on unloading stage was input.

The results obtained show that the stresses in concrete and reinforcement increases
with the increase in temperature and time, though the maximum load the member can
withstand is gradually decreasing. The results of the simulations suggest the safe use
of reinforcing steel for any temperature for initial 30 minutes of burning. On the
contrary, the preparation and selection of concrete strength must be carefully chosen
since after the first 60 minutes of burning the concrete was found stressed drastically
close to its plastic limit. The result also indicates, if the member is loaded at 20
percent of its maximum capacity, it can withstand temperature as high as 900°C for a

duration as long as two hours.
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Chapter 1
INTRODUCTION

1.1 General

Fire, though the most significant driving force of the civilization on the history of
mankind, is also one of the most ancient disasters the human race faced. The disaster
was natural mainly when men could not control fire, but for past few decades, it is
mainly a manmade disaster caused by accidents resulting from lack of proper
knowledge of ignition of fire. As a densely populated and rapidly developing country,
Bangladesh has suffered from severe fire incidents in recent years. Again, as center of
development and administrative body, the capital city of Dhaka has undergone the
majority of fire incidents recently. According to Bangladesh Fire Service and Civil
Defense Authority, Dhaka has faced 11.2%, 13.79% and 12% of all the fire incidents
in all around Bangladesh in 2004, 2005 and 2006 according to Islam and Adri [1].
Fire accidents in BSEC building on 2008, Bashundhara City on 2009, Nimtali on
2010 and Gulshan DCC market on 2017 are some mentionable ones in Dhaka among
recent years. Though man has the equipment to cause fire and control it to some
extent, he does not have the capacity to control the destructive force of it yet in the
most advanced era. Fire may break out any time anywhere and destroy lives,
properties and leave a most traumatic memory on the survivors. Fire on structures are
important to study because fire incidents in structures are usually the horrific ones. To
deduce safer combination of reinforced concrete and vulnerability of existing

structure during fire, a detailed parametric study was the most intended.

1.2 Background and Present Status of the Problem

Researches on fire phenomenon all over the world got accelerated soon after the
destruction of World Trade Centre Twin Tower on 9/11 in New York, USA. Though
some guidelines were present before the incident, the researchers looked for the effect
of fire on various materials and structures ever since. With the development of High
Strength Concrete (HSC) and Steel, it is imperative to understand their vulnerability
in fire since minimizing damage is the most prior concern. A lot of experimental tests
were performed on cooled down heated members, it is very difficult to replicate a fire
incident in loaded condition. Hence, it is imperative to simulate the structural fire in

different combinations of parameters. A lot of numerical study on fire from every



possible aspects of the incident can give a more accurate guidance to minimize the

destruction of fire.

1.3 Objectives
The objective the study is to identify the behavioral pattern of concrete and
reinforcing steel of variable strength having different cover dimension under fire load

in order:

1. To observe the effect of material strengths on the behavior of pre-loaded

concrete beams during fire phenomenon.

ii. To observe the effect of concrete cover on the behavior of loaded concrete

beams during fire.

iii. To observe the effect of reinforcement ratio on the behavior of loaded

concrete beams during fire.

iv. To observe the range and duration of temperatures on the behavior of

stressed concrete beams on fire.

v. To observe the behavior of simple reinforced concrete portal frame during

fire incidents under loaded condition.

1.4 Scope of the Research

This research work is aimed at analyses of different beam models with appropriate
mechanical and thermal properties. The loaded analyses were performed in one
directional coupling of thermal-structural module i.e. only coupled field analyses of
thermal to structural modules were done. As mechanical properties of material, only
the loading stage of the stress-strain constitutive laws were considered. The material
strength in both elastic and plastic range was defined to sufficiently understand the
effect of temperature on reinforced concrete members. The temperature rise followed
the curved defined as standard time-temperature curve as per guidelines of Article-
3.2.1 of BS-EN 1992-1-2:2002. Only the tensile and compressive stresses of both

concrete and reinforcement regions were the targeted output of the study.

1.5 Research Methodology
The research work is planned to be performed primarily on ANSYS software for
structural and thermal analysis of reinforced concrete members. The material

modelling of concrete and steel may include density, thermal conductivity, specific



heat, thermal elongation and respective stress-strain constitutive laws in different
elevated temperatures, all selected as per established building code. Application of
fire is planned to be simulated by inducing temperature-time graph suggested as per

code.

1.6 Organization of the Report

This thesis report consists 5 (Five) chapters.

Chapter 1 briefly outlines the background, objectives, scopes and research

methodology of the study.

Chapter 2 reviews the past studies related to this research. The past studies

encompasses both the analytical and experimental research works.

Chapter 3 elaborates the research procedures in details. It mostly illustrates the
fundamental properties of materials in various temperatures, the application of
thermal loading etc. In addition, this chapter describes the verification of model by

comparing the temperature profiles suggested by codes.

Chapter 4 represents the output data in various combinations of input parameters. The
strength of concrete and steel, the sectional dimension including cover, reinforcement
ratio, level of temperature and duration of burning are the main input parameters. The
compressive and tensile stresses of both concrete and steel are compared to these

inputs.

Chapter 5 comprises brief concluding remarks and some recommendations regarding

the findings and future researches.

1.7 Summary

Though the incident of fire is a prehistoric element, the understanding of its effect on
day-to-day materials is still going on. As the most common building material in the
more fire-prone regions of Bangladesh, the reinforced concrete member especially
beam was analyzed numerically for better understanding of the effect of fire on the

developed stress levels.



Chapter 2
LITERATURE REVIEW

2.1 Introduction

Concrete is used as the building materials since 300BC when the Romans first used
the admixture with some pink sand-like material obtained from Pozzuoli lime-based
mixture to find a strong building material, according to Lambert [2]. The most
significant developments in using pozzolans were occurred in the 18" century, when
James Smeaton in 1756 developed the first hydraulic lime product by calcining Blue
Lias limestone containing clay and mixing of an Italian pozzolanic earth from Civita
Vecchia and found a very strong building material, as cited by Isaac [3]. Later James
Parker produced Roman cement or natural cement in 1796. Fiber reinforcement in
concrete was introduced in 1970s. In 1824, Joseph Aspdin patented Portland cement,
because the render made from it was in color similar to the prestigious Portland stone
quarried on the Isle of Portland, Dorset, England. However, Aspdin’s cement was
nothing like modern Portland cement but was a first step in its development, called a
proto-Portland cement, according to Blezard [4]. After 1985, production of high
strength concrete accelerated the construction technology to greater advancement.
With advancement in material technology, the vulnerability of these construction
materials to various natural forces including fire is tested in various medium of

environments.

2.2 Test Methods of RCC under Elevated Temperatures

Consulting the mode of various experiments conducted by different writers or
institutions in determining the mechanical property of RCC at elevated temperature, a
number of different types experiments can be listed together which can be grouped
into two broad categories as the Idealized Test Method and the Common Test

Method. Each of the categories is discussed in the subsequent paragraphs.

2.2.1 Idealized test methods

There are six idealized test methods for testing concrete at high temperature. Four of
which belong to the category of the steady state temperature test and two belong to
the category of the transient temperature tests as cited by Schneider [5], Phan [6].
Each test method is designed to yield the particular data required by the test program.

Typically, steady state temperature tests are characterized by a particular period



during which the specimen is heated to target temperature, followed by a period
during which the target temperature is maintained until a steady state condition is
developed. Load is applied after the steady-state condition has been attained.
Whereas, transient temperature test are characterized either by one of the following,
simultaneous application of heating and loading, the load may be applied before
heating or the load may be developed during heating, such as by restraint against
thermal expansion. These six test methods are summarized below to aid in better

understanding the procedure for fire testing of HSC and NSC.

A. Steady State Test Methods

(i) Stress Rate Controlled Test: The test specimen is heated to the specified
temperature with a constant heating rate and then the temperature is
maintained all through. The specimen is then subjected to a constant rate
of loading until the ultimate load is achieved. Data from this type of test

can be used to determine various mechanical properties of concrete.

(ii) Strain Rate Controlled Test: The test specimen is heated to the specified
temperature with a constant heating rate. When the specimen has reached a
steady state condition, it is loaded at a constant strain rate. This kind of test
allows the complete stress-strain curve to be developed, which is possible
to determine the mechanical energy dissipated be the specimen up to

complete failure.

(iii) Steady State Creep Test: The test specimen is slowly heated to the target
temperature and a steady state condition is allowed to develop. After the
steady state condition is reached, the load is applied. Both the target
temperature and the load are kept constant during the test period, which is
typically longer than the test period of other types of tests. The measured
results are creep deformation due to sustained constant load at different

temperature.

(iv) Relaxation Test: The test specimen is heated to target temperature, and a
steady state condition is allowed to develop prior to application of load.
The initial, elastic strain resulting immediately from the application of load

is recorded. The specimen is maintained at this initial strain during the



duration of the test, and measurements of stress as a function of time are

recorded.

B. Transient Test Methods

(i) Transient Creep Test: The specimen is subjected to a constant applied
load, usually a percentage of the specimen’s ultimate strength measured at
room temperature, prior to heating. The specimen is then heated at a
constant rate until failure occurs. The measurements result in a family of

strain versus time curves corresponding to different applied loads.

(ii) Transient Relaxation Test: Load is applied to the specimen prior to
heating, and an initial strain is recorded. This initial strain is maintained
for the duration of the test by adjusting the applied load while the
specimen is heated at a specified rate. The test is terminated when the
applied stress level falls to zero. The measurements can be expressed as

stress versus time relationships for different initial strain levels.

2.2.2 Common test methods

Most of the test programs reviewed in this thesis did not follow strictly the idealized
test methods outlined above. Rather, the test methods that were used may be
described as being derived from the above idealized test methods. Three test methods,
commonly referred to as stressed, unstressed and unstressed residual strength tests,
have been used in most experimental programs on the fire performance of HSC.

These tests methods are described below:

A. Stressed Test: A preload, often in the range of 20% to 40% of ultimate
compressive strength at ambient temperature is applied to the specimen
prior to heating and maintained during heating. Heat is applied at a
constant rate until a target temperature is reached, and the temperature is
maintained until a thermal steady state is achieved. Load or strain is then

increased at a prescribed rate until the specimen fails.

B. Unstressed Test: The specimen is heated, without preload at a constant
rate to the target temperature, which is maintained until a thermal steady

state is reached within the specimen. Load or strain is then applied at a



prescribed rate until failure occurs. The test method is somehow identical

to the steady state temperature, stress or strain rate controlled test.

C. Unstressed Residual Strength Test: The specimen is heated without
preload at a prescribed rate to the target temperature, which is maintained
until a thermal steady state is reached within the specimen. The specimen
is then allowed to cool, also following a prescribed rate, at room
temperature. Load or strain is applied at room temperature until the
specimen fails. The unstressed residual strength test differs from all the
test methods described above and its results are most suitable for assessing

the post-fire properties of concrete.

2.3 Past Studies: at a Glance

A number of studies both numerical and experimental were performed to determine
the effect of fire on concrete structures. Some tested only the materials, some tested
on small building components and some experimented on full structures, all to

understand the interaction of temperature and concrete structures.

2.3.1 Concrete test by Castillo et al. (1990)

Castillo et al. [7] conducted experiment on two types of concrete, one of NSC with
water cement ratio (w/c) = 0.68, compressive strength (f.,”) = 27.6 MPa and the other
HSC with w/c = 0.327, f.” = 62.1 MPa for the temperature range from 100° to 800° C
with 100° interval. For each type of concrete, two types of test were performed:
stressed and unstressed, on the sample cylinders of 51 x 102 mm dimension with
maximum aggregate size 9.5 mm. For each set of cylinders tested at a given
temperature, three specimens from the same batch were also tested at room
temperature to provide reference values. Molds were removed from the specimens 24
hrs after casting, and the specimens were stored in a moist room at 23 °C and 100
percent relative humidity (R.H.) for a period of 60 to 90 days. Two weeks prior to
testing, the specimens were removed from the moist room and kept at room

temperature with 55 to 65 percent R.H. until the time of test.

During the heating period, moisture in the specimens was allowed to escape freely.
The moisture content of the specimens at the time of testing was not measured. In the

unstressed tests, the specimens were heated to the desired temperature, which was



maintained for 5 to 10 minutes to attain a steady state condition at the center of the

specimen.
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Figure-2.1: Compressive Strength Ratio Vs Temperature [7]
The specimens were then loaded until failure. In the stressed tests, 40 percent of the
ultimate compressive strength at room temperature was applied to the specimens and

sustained during the heating period.
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Figure-2.2: Modulus of Elasticity Ratio Vs Temperature [7]

After the temperature reached the steady state, the load was increased at the

prescribed rate until the specimen failed.
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Figure-2.3: Load-Deformation Behaviour of HSC at High Temperature [7]
The control specimens were tested at room temperature on the day of the high-
temperature tests. The results of both test methods are plotted in the form of
normalized compressive strengths and moduli of elasticity versus temperature shown
in Figures 2.1 and 2.2, the loaded formation curves at different temperatures shown in

Figures 2.3 and 2.4.
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Figure-2.4: Load-Deformation Behaviour of NSC at High Temperature [7]

The authors summarized the results on the following aspects:

1. When exposed to temperatures in the range of 100 to 300°C, HSC showed

a 15 to 20 percent loss of compressive strength. Whereas the NSC showed



no such strength loss. As the strength of concrete increased, the loss of

strength from exposure to high temperature also increased.

2. After an initial loss of strength, HSC recovered its strength between 300
and 400°C, reaching a maximum value of 8 to 13 percent above the room
temperature strength. As the strength of concrete increased, the recovery in

strength also occurred at a higher temperature.

3. At temperatures above 400°C, HSC progressively lost its compressive
strength which dropped to about 30 percent of the room temperature

strength at 800°C. This decrease was similar to that of the NSC.

4. None of the preloaded specimens were able to sustain the load beyond
700°C. About one-third of these specimens failed in an explosive manner
in the temperature range of 320 to 360°C while being heated under a

constant preload.

5. The modulus of elasticity of the HSC decreased by 5 to 10 percent when
exposed to temperatures in the range of 100 to 300°C. At 800°C, the
modulus of elasticity was only 20 to 25 percent of the value at room
temperature. Similar variations of modulus of elasticity were observed for
HSC and NSC. Beyond 300°C, the elastic modulus decreased at a faster

rate with increase in temperatures.

2.3.2 Concrete test by Hertz (1984, 1991)

Hertz [8], Hertz [9] conducted two test series, one in 1984 and other in 1991on 100 x
200 mm HSC cylinder samples. The 1% test series applied unstressed residual strength
test of the specimens. The compressive strength of the sample was 150 MPa. The
specimens were heated to 20°, 150°, 350°, 450° and 650° C where each temperature

level was maintained for 2 hr for thermal steady state, then cooled at 1°C/min rate.

After seven days of cooling load was applied at constant rate for three samples of
each set. The observed result is expressed in Figures 2.5 and 2.6. According to the test
the strength increased up to 350°C and then lowered for the higher temperature. 4 out

of the 15 samples exploded where one at 350°C, two at 450°C and one at 650°C.

10
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Figure-2.5: Variation of Compressive Strength with Temperature [8]
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Figure-2.6: Variation of Elastic Modulus with Temperature [8]

The 2™ test was also based on unstressed residual strength test of three sized

cylinders, 100 x 200 mm, 57 x 100 mm and 28 x 52 mm, all had 24 pieces of samples

with light weight aggregate of burned bauxite. The results are shown in Figures 2.7
and 2.8.

11



Figure-2.7: Variation of Residual Strength with Temperature [9]
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The study was summarized as:

1.
2.
3.

Figure-2.8: Variation of Residual Elastic Modulus with Temperature [9]

concrete when spalling is concerned.

E/Eo (20 °C)

12

1

0.8

0.6

04

0.2

0

700

Concrete densified by means of Silica fume may explode during heating.
Presence of steel fibre does not reduce the risk of explosion.

Light weight concrete is not recommended in place of normal weight

E : 57x100mm Cylmders

I"ll!llTl IIIrlllll]YIlllllll‘!ll'I

100x_zoomm t:ynndeos ]

..........

SIS S

C nghtvmght Aggregate ¢onctete

Llll[lllllllll'llllIll_l_llllll

1L L)

0 100 200 300 400 500 600 700

Temperature ( ° C)

12



2.3.3 Unstressed concrete test by Hammer

Hammer conducted an unstressed (stress rate controlled) test to study the effect on the
fire performance of HSC in 1995 for variable combination of concrete compressive
strength (between 69MPa to 118MPa), aggregate type (lightweight aggregate vs.

normal weight crushed gravels) and heating temperature, cited in Phan [6].
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Figure-2.9: Compressive Strength of 90-days Concrete Vs Temperature [6]
He heated 100 x 310 mm cylinder samples at 20°, 100°, 200°, 300°, 450° and 600°C

and samples were prepared with varying silica fume (0% to 5%) and water content
(w/c =0.27 to 0.50). Two samples were tested for each temperature level, one on 90"
day and the other on 150™ day. Samples were heated using steel tube covered by a
heating element. The graphical results of 90 days experiment are shown in Figures 2.9

and 2.10.
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Figure-2.10: Elastic Modulus of 90-days Concrete Vs Temperature [6]

The graphical results of 150 days are shown in Figures 2.11 and 2.12.
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Figure-2.11: Compressive Strength of 150-days Concrete Vs Temperature [6]

The study revealed that:

1.

The difference in terms of strength loss with increasing temperature,
examined in this study was insignificant, except for samples with no silica

fume which showed a gain in strength between 200 to 300°C.

A typical "breakpoint" in the strength-temperature curves was observed at
300°C. The study reported that, at this temperature an explosive failure
followed by the release of a lot of steam was observed. No such explosive
failure or steam release was observed at the other temperatures. The author
speculated that the reason for the reduced strength even at low
temperatures (between 100 to 300 °C), is the high internal pressure due to

the reduced ability of moisture to escape from HSC.

14



i BARAE DS s AT
:§\ !Unsh‘qssedTelsts,ﬁudays.

i
.
.

..................... SRR AR —

0.8

0.6

04

E/Eo (20°C)

02

o -1 L1 i O iJ i1 1 i [ | i I i AL 1
0 00 200 300 400 500 600
Temperature (° C)

Figure-2.12: Elastic Modulus of 150-days Concrete Vs Temperature [6]

3. An increase in compressive strength was observed for all concretes, except
for no silica fume samples, between 300 to 450°C. For silica fume free

samples, the strength increase occurred earlier, between 200 to 300°C.

4. Moduli of elasticity of all concretes decreased at a faster rate at

temperature above 300°C.

5. Concrete without silica fume show slightly better performance in terms of

lower strength loss.

6. The replacement of normal weight coarse aggregate with light-weight

aggregate does not seem to affect the temperature dependent strength loss.

2.3.4 Full scale experiment by Bailey (2001)

Bailey [10] conducted a full scale test to study the behaviour of a concrete building
when subjected to fire. The 07 storied tested building was constructed using elements
formed from NSC and HSC and was designed for 60 min fire resistance following UK
design code. HSC having Polypropylene fiber was used for the column within the
firing compartment. Fire was applied in the ground floor according to the Figure 2.13.
During the experiment despite of adequate safety massive fire escaped through 325
mm vent within first 18 minutes and damaged the overall instrument network causing

instrumental malfunction. Thereby the data beyond 18 minutes were unobtainable.

The effects of the fire experiment are shown in the Figure 2.14. However, this study

satisfied the European Number (EN) version of the Euro code Part 1.2 regarding the
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spalling ignoring of structure, since the slab continued to support the load. It also
expressed compressive membrane action can only occur at small displacement and
can occur in flat slab.
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Figure-2.13: Design of Fire [10]

Figure-2.14: Effect of Fire on the Ceiling [10]

At large displacement tensile membrane action occurs but its effects are small in flat
slab where only vertical support is at the column. It also stated for tensile membrane
action, the reinforcing bar supports the load and therefore need to retain their strength
during a fire, which can only be achieved if sufficient concrete cover to the bar is

maintained.
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The author also discussed that lateral movement of the heated slab was significant,
resulting in buckling of the steel cross-bracing and lateral displacement of the external
columns. The buckling of the steel cross-bracing reduced the restraint slightly to the
heated slab whereas concrete shear wall would cause greater restraint resulting
severity in spalling. He further suggested that the designer should be aware of the
behaviour and consider that column can withstand likely lateral displacement during

fire.

2.3.5 Strength test by Morita et al. (1992)

Morita et al. [11] conducted unstressed residual strength tests on cylinders made from
three mixtures with target compressive strengths of 19.6, 39.2, and 58.8MPa in 1992.
The cylinders, 100 x 200 mm, were heated at a rate of 1 °C/min to temperatures of
200, 350, and 500°C. The heat was maintained for 60 minute at these temperatures to
allow a steady state to be reached, then the cylinders were allowed to cool to room
temperature at a rate of 1°C/min. For each temperature level, three specimens were
tested. Test results, in terms of variation of compressive strength and modulus of

elasticity with respect to temperature, are shown in Figures 2.15 to 2.18, respectively.
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Figure-2.15: Residual Normalized Strength Vs Temperature [11]
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Figure-2.17: Residual Elastic Modulus Vs Temperature [11]

The study concluded that high strength concretes have a higher rate of reduction in
residual compressive strength and modulus of elasticity than normal strength concrete
after being exposed to temperatures up to 500 °C. The study did not report any

spalling problems during heating.
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Figure-2.18: Residual Normalized Elastic Modulus Vs Temperature [11]

2.3.6 Strength test by Furumura et al. (1995)

Furumura et al. [12] performed unstressed tests and unstressed residual strength tests
on 50 x 100 mm concrete cylinders using three compressive strength levels: 21MPa,
42MPa and 60MPa. The concrete was made from ordinary Portland cement. Each
specimen was subjected to constant temperatures, within the range from 100 to 700°C
with an increment of 100°C. Three specimens were tested at each temperature level.
All specimens were heated at a rate of 1°C/min and the target temperatures were

maintained for two hours to achieve a steady state.
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Figure-2.19: Compressive Strength Vs Temperature [12]
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Figure-2.21: Typical Stess-Strain Relationship for 42MPa Concrete [12]

The results of the unstressed tests, in terms of average compressive strength versus
temperature, average modulus of elasticity versus temperature, and typical concrete

stress strain relationships, are shown in Figures 2.19 to 2.22.

Furumura et al. [12] observed that, for the unstressed tests, 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. For the
unstressed residual strength tests, the compressive strength decreased gradually with
increasing temperature for the entire temperature range without any recovery. The

modulus of elasticity, in general, decreased gradually with increasing temperature.
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The difference between unstressed tests and unstressed residual strength tests were
reduced with increasing temperature. The stress-strain curves for HSC are quite

different than those of the normal strength concrete (Figure-2.22).
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Figure-2.22: Comparison of Stess-Strain Relationship for Concretes at
300°C [12]
HSC series 42MPa and 60MPa exhibited steeper slopes than the NSC at temperature

up to 300 to 400°C in the unstressed test. Spalling failure of the 60MPa-concrete

specimens was observed at temperatures up to 300°C.

2.3.7 Beam test by Felicetti et al. (1996)

Felicetti et al. [13] performed unstressed residual strength (strain rate controlled) tests
on silica fume based HSC specimens with specified strengths of 72MPa and 95MPa.
Both concretes used siliceous aggregates, consisting mostly of crushed lint particles,
with maximum size of 25 mm. The specimens included cylinders of two different
sizes: 100 x 300 mm and 100 x 150 mm; and deep beams with dimensions of 80 x 275
x 500 mm. The 100 x 300 mm cylinders (37 specimens) were tested in uniaxial
compression. The 100 x 150 mm cylinders (20 specimens) were notched at mid-
height and tested in direct tension. The deep beams (3 reinforced and 3 unreinforced)
were tested in bending and shear. For uniaxial compression tests, batches of 2 to 4
cylinders were exposed to temperatures of 20, 105, 250, 400, and 500°C. For direct
tension tests, batches of 2 to 3 cylinders were exposed to the same temperatures but

only up to 400°C.
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All specimens were cured under water for one week and stored in air for three weeks
at 20°C and 92% R.H. and one month at 20°C and 65% R.H. Specimens heated to
105°C were kept at this temperature for 7 days in an oven, and then allowed to cool to
room temperature in the closed oven. For specimens exposed to higher temperatures,
a heating rate of 12°C/min was used to heat the specimens to target temperatures,
which were maintained for 12 hr. A cooling rate of 12°C/min was used to cool the
specimens to room temperature. Figures 2.23 and 2.24 express the residual
compressive strength and elasticity results of uniaxial compression tests for both

95MPa and 72MPa.
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Figure-2.23: Residual Concrete Strength Vs Temperature [13]

Figures 2.25 and 2.26 summarize the results of the uniaxial compression stress-strain
tests, Figures 2.27 and 2.28 summarize the results of the direct tension tests and
Figures 2.29 and 2.30 summarize the results of the beam tests for each 95MPa and
72MPa.
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Figure-2.25: Stress-Strain Curve for 9SMPa Concrete after Heating to Exposure
Temperature [13]

The study revealed similar trends of reductions in compressive strength and modulus

of elasticity with increasing temperatures as was observed in other test programs.
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Figure-2.27: Tensile Stress-Strain Curve for 95MPa Concrete after Heating to
Exposure Temperature [13]

An exposure temperature of 250°C appears to be the level which marks the higher
rate of strength and modulus reduction. At 400 to 500°C, most of the flint aggregates
appeared cracked or split, with a different color compared with aggregates not

exposed to heat.
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[13]

Results of the unreinforced beam tests indicated that the peak load was less sensitive
to high temperature than implied by the marked reduction in tensile strength observed

in the direct tension tests.
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Figure-2.30: Load-Deflection Response of Unreinforced Beams Vs Temperature
[13]
For reinforced concrete beams, the peak load was only marginally decreased up to

400°C. This later finding reflects the fact that in a RC beam, the flexural capacity is

governed primarily by the area of steel and not concrete strength.
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2.3.8 Strength test by Noumowé¢ et al. (1996)

Noumowé et al. [14] conducted a study on performance of HSC exposed to high
temperatures which included experimental and analytical parts. The experimental part
consisted of unstressed residual strength tests of normal strength and HSC cylinders
(160 x 320 mm) and prisms (100 x 100 x 400 mm). A normal strength (38.1MPa) and
a high-strength (61.1MPa) mixture were used. The prisms had enlarged ends and were
used to measure tensile strength. Both concretes used calcareous aggregates. The
specimens were cured at 22 °C and 95% R.H. until the time of testing (at 2 months).
The specimens were heated at a rate of 1°C/min to target temperatures of 150, 300,
450, 500, and 600°C, which was maintained for 1 hour, and then allowed to cool at 1
°C/min to room temperature. Uniaxial compressive, splitting tensile and direct tensile
tests were performed to obtain residual compressive strength, modulus of elasticity,
and residual tensile strength versus temperature relationships. The latter two

relationships are shown in Figures 2.31 and 2.32.
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Figure-2.31: Residual Tensile Strength of HSC and NSC Vs Temperature [14]

The experimental results show that residual tensile strengths for both normal strength
and HSC decreased similarly and almost linearly with increasing temperatures.
Tensile strengths of HSC at all temperatures were approximately 15% higher than

those of normal strength concrete.
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Figure-2.32: Elastic Modulus of HSC and NSC Vs Temperature [14]

Also, tensile strengths measured by the splitting tensile tests were consistently higher
than by the direct tensile tests. The residual moduli of elasticity of HSC remained
approximately 10-25% higher than those of normal strength concrete for the entire
temperature range. Porosity measurements indicated that between 25 and 120°C, the
porosity of both concretes were not altered. As temperatures increased, normal
strength concrete became increasingly more porous compared with HSC. Mass losses
in both concretes were also similar up to 110°C (less than 1%). Highest rate of mass
loss occurred in temperature range of 110 to 350°C. The rate of weight loss stabilized
at temperatures above 350°C. At any temperature, mass loss in normal strength

concrete was higher than that in HSC.

2.3.9 Beam test by Jensen et al. (1995)

Jensen et al. [15] conducted three series of beam under Norwegian Fire Research
Laboratory. The test specimens were reinforced and prestressed concrete beams
having dimensions of 150 x 200 x 2850 mm. Three types of concretes were used: ND
(normal density), LWA (lightweight aggregate - Liapor aggregate), and LWAF
(lightweight aggregate with fibers - Fibrin fiber type 1823). The concretes were
designed to have target 28-day cube strengths (100 x 100 x 100 mm cubes) of 75SMPa
and 95MPa. In addition, some beams were provided with a coating of Lightcem
concrete as passive fire protection, and two of the beams in test series 2 were made of
lightweight aggregate LightCem concrete with a target 28-day cube strength of
50MPa. Standard bars of quality KS00TS according to the requirements of Norwegian
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Standard NS 3570 were used as reinforcement. The longitudinal reinforcing bars were
20 mm and 32 mm, and the stirrups were 8 mm. For prestressing, 26 mm, Dywidag
bars, of the type St 835/1030 were used. A prestress force of 300kN was centrically
applied at the ends of the beams, resulting in a mean prestress of approximately

10MPa.

Table-2.1: Concrete Material Properties [15]

Age at .

£28d) | £.(28d) | E.(28d) | Density | Fire | o't
Type Beam ID MPa MPa GPa ke I’ Test Coiltent
(days) |

NDos | (DA 12 834 | 734 | 324 | 2457 85 3.9
61, 62 89.6 | 725 | 304 | 2450 | 64 3.7

LWA75 | (20), 21, 22 758 | 692 | 247 | 1936 | 48/92 | 6.9
31, 41, 420 689 | 61.8 | 238 | 1906 56 6.5

43, 782 | 753 | 247 | 1913 54 6.0
LWAFTS | 30032035, | 701 | 601 | 239 | 1970 86 8.9

33, (34)
LWAC |51, 52 466 | 424 | 182 - 77 -

! Loaded at midspan with a concentrated vertical load of 30kN. The load was applied
in 6 steps of SkN each, by means of a hydraulic cylinder connected to a steel frame in

a self-supporting system.

Test series 1 and 2 consisted of 7 beams each. Series 3 was a reference series for
evaluation of residual strength of the fire exposed beams, and consisted of 2 beams.
Series 1 included 7 reinforced LWA concrete beams with a nominal 28-day cube
strength of 75MPa. Series 2 included 4 reinforced beams (2 of ND concrete and 2 of
LWA concrete), 3 prestressed beams (1 of ND concrete, 1 of LWA concrete, and 1 of
LWA concrete with fibers). Series 3 includes 2 reference beams. Information on

concrete material properties and other test information are summarized in Table-2.9.1.

Fire tests were performed in an oil-heated furnace. The furnace has horizontal
exposure openings with dimensions of 2500 mm x 5000 mm and a depth of 1500 mm.
In test series 1 and 2, the concrete beams were exposed to a hydrocarbon fire on three
sides. The heating regime followed the standard time-temperature curve prescribed by
International Organization for Standardization (ISO) 834 for a hydrocarbon fire. The
test procedure was also in accordance with ISO 834. Thermocouples were installed on

the longitudinal and shear reinforcement at two locations in each beam. The beams
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were exposed to the ISO 834 hydrocarbon fire for 2 hour, and the maximum oven
temperature reached approximately 1100°C. The furnace temperature history and the
period when spalling were observed are shown in Figure 2.33. Table 2.2 summarizes

the results of the tests.
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Figure-2.33: ISO Hydrocarbon Fire Curve, Furnace Temperature and Time
When Spalling was Observed [15]

Sounds of spalling were reported to begin at approximately 5 to 6 minutes into the
tests, and they stopped at 25 minute for test series 1 and 20 minute for test series 2.
According to the hydrocarbon fire curve, the spalling began at a furnace temperature

of 800°C and ended when the furnace reached its steady state temperature of 1100°C.

The following conclusions were drawn from this study:

1. Severe spalling (exposed reinforcement) occurred more in the higher
strength lightweight aggregate beams as observed in reinforced and
prestressed LWA75 beams, while spalling without exposed reinforcement

occurred more in high-strength, normal weight ND beams.

2. Shallow or no spalling was observed for higher strength lightweight
concrete beams with fibers (LWAF).

3. No spalling was observed for the lightweight beams with fibers and the
passive protective coating (LWAFP75).
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Table-2.2: Summary of Observation of Test [15]

Shallow Severe
Concrete Type | No Spalling erl)ii)lzsge J ;E;g:;i Collapse
Reinforcement | Reinforcement

LWAF75 32!, 337 31 35° -
LWAF75P 41,42, 43 - - -
LWA75 - - 21,22° -
LightCem 52! 51 - -
ND95 - 61, 62 - 12°

! Beam tested with vertical load;
2 Prestressed beam;
3 Spalling was limited to the bottom of this beam and no spalling occurred on the

sides. The study reported this spalling as likely being caused by poor concreting.

2.3.10 Beam test by Sanjayan et al. (1991)

Two full-scale T-beams, one made of high-strength concrete with silica fume
(105MPa) and one made of normal strength concrete (27MPa) were fire tested by
Sanjayan et al. [16]. The beams were 2.5 m long and the flanges were 1.2 m wide.
Different flange thicknesses of 200 mm and 150 mm were cast on each side of the
web. The web depth was 450 mm from the top surface, and the web was 250 mm
wide. To study the effect of reinforcement cover, the cover to the steel in the 200-mm
flange was 75 mm, and for the 150-mm flange the cover was 25 mm. In addition, the
main bars in the web were staggered diagonally to obtain reinforcement covers of 25,

50, and 75 mm along the web.

Moisture contents of the test beams were determined by drying concrete sections
which had the same cross section as the test specimens and which were cast together
with the test specimens. Thermocouples were installed at regular intervals inside the
specimens to monitor the temperature distributions during the fire tests. To determine
the intensity of spalling, the weights of the specimens were monitored with load cells
while the test was in progress. Temperatures measured at 25, 50, and 75 mm from the
bottom of the web, and weight losses versus time for both specimens are shown in the

Figures 2.34 and 2.35, respectively.
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Figure-2.34: Temperature vs Time at Different Location of the Specimen [16]
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Figure-2.35: Specimen Loss vs Time for HSC and NSC Specimen [16]

About 15 min into the test, with the furnace temperature averaging 691°C, moisture
began to dip from several vertical cracks in both specimens. A larger quantity of
moisture dripped from the high-strength concrete specimen. There was no spalling
until 18 min into the test, with furnace temperature averaging 715°C. Severe
explosive spalling of the high-strength concrete beam started when a large piece
dislodged from the 200-rnm flange. The concrete temperature at a depth of 25 mm,
where spalling occurred, averaged 128°C. Explosive spalling of small pieces of the
high-strength concrete specimen from the 200-mm flange continued with increasing

intensity until about 40 min into the test. Between 20 and 40 min there was a large
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rate of weight loss corresponding to the spalling. No spalling was observed in the
NSC specimen, even though the temperatures inside the normal strength concrete

specimen were only slightly lower than in the HSC specimen.

Since this involved only one replicate specimen for each type of concrete, it is
difficult to draw definite conclusions. However, the following observations were
reported:

1. High-strength concrete appears to be more prone to spalling in a fire than

normal strength concrete.

2. Spalling occurred in the thicker 200-mm flange where the cover of the
steel was large (75 mm). In the 150-mm flange, the cover was 25 mm and

there was no spalling. No explanation was given for this observation.

3. No spalling occurred in the web, possibly because (1) in the web, the
concrete was exposed to three sides and therefore the distance for the
moisture to escape was much shorter; and (2) the existence of wider

flexural cracks in the web.

4. The higher moisture content found in the high strength concrete indicates
that high strength concrete has slower drying rate than normal strength

concrete.

2.3.11 Column test by Diederichs et al. (1995)

Diederichs et al. [17] reported general information on fire tests of three short HSC
columns (250 x 250 x 1000 mm), tests by the VIT Fire Technology Laboratory
(Finland) of ten short HSC columns (150 x 150 x 900 mm), and a fire test on a full
scale column (400 x 500 x 5590 mm) by the Institute fur Baustoffe, Massivbau und

Brandschutz.

The three columns tested by Diederichs et al. [17] were made of three different
concrete mixtures (I, II, and III). Mixture I had a specified cube strength of 101MPa
and contained fibers (not clearly specified). Mixture II had specified cube strength of
105MPa and contained no fibers. Mixture III had a specified cube strength of 90MPa
and contained fibers. The columns were subjected to 100% of the design load prior to
fire testing. The two columns with fibers experienced minor spalling (mixture I) and
no spalling (mixture III) during fire tests. Fire tests on these columns were terminated

at 125 minutes after the start of the tests. The mixture II column (without fibers)
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experienced spalling at about 6 minutes into the fire test. Spalling continued until 30
minutes into the test when it reached the longitudinal reinforcement at the edges of the
column. The test was terminated at 45 minutes, which is significantly less than the

time of 125 minutes for specimens with fibers.

In the VTT fire tests, the ten HSC specimens were made of three different concrete

mixtures, all contained variable fiber contents:
1. Group 1: Portland Cement PZ55F with concrete cube strength of 85 MPa.
2. Group 2: Portland Cement PZ55F with concrete cube strength of 105 MPa.
3. Group 3: Portland Cement PZ45F with concrete cube strength of 45 MPa.

VTT's fire tests were conducted according to the German Standard DIN 4102 (similar
to International Standard ISO 834). None of the columns experienced spalling. All
columns were reported to have failed due to loss of compressive strength at high
temperature. The fire resistance times were 51 minutes for the HSC columns (Groups

1 and 2) and 72 minutes for the NSC columns (Group 3).

In the full scale column test, the specimen was made of concrete with a specified cube
compressive strength of 110 MPa and contained fibers. The column was eccentrically
loaded with 100% of its design load and exposed to ISO 834 standard fire from all
four sides. Shallow spalling occurred at about 10 minutes after starting the test and
stopped after 30 minutes. At 181 minutes, the column collapsed due to compressive

failure of the concrete near the maximum stressed cross section.

The report by Diederichs et al. [17] indicated that the use of capillary forming fibers
help reduce the potential for spalling in HSC columns and suggested that further

studies be conducted on the effects of variations in fiber contents.

2.3.12 Beam test by Rashidi (2013)

Rashidi [18] experimented a total of 120 pieces reinforced concrete beams with
twelve different compositions under ten different conditions. The compressive
strength, clear cover and the strength of reinforcing steel have been the prime
variables for difference in compositions. The testing conditions varied in burning
temperatures and durations apart from the ambient one basing on different realistic

fire accidents. A full scale natural gas furnace has been constructed in this research
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having integral gas line. Both element and material testing have been conducted in
this research. After completion of the fire test all the beams were checked for different

physical properties and the data have been recorded and maintained.

The results obtained from the experiments have been evaluated under four analytical
studies. The high strength concrete displayed better performances as regards to
spalling effect and the reserve strength than the normal strength concrete. Though
thicker clear cover provides better protection to the reinforcement, on the contrary, it
has adverse effect against fire and causes severe damage in terms of spalling and loss
of the residual strength. Strength of reinforcing steel has exhibited a twofold property
countering each other. High strength steel exhibited higher performance in case of
reserve strength but inferior in case of spalling. These parametric studies also
suggested a good number of graphical guidelines for designing better fire endurable

flexural members within commonly used concrete compressive strengths.

The research proposed two separate methods: one for designing superior fire durable
structure and the other for evaluating pre/post fire state of structures. The fire design
method consults a group of charts those have been formulated from the experimental

results.

2.3.13 Beam test by Kadhum (2014)

Reduced scale beam models (2250%375%375 mm) were tested by Kadhum [19] in a
flame of temperature of 25-750°C. At age of 60 days of beam casting, two
temperature levels of 400 and 750°C were chosen with exposure duration of 1.5

hours.

Test results indicated remarkable reduction in the ultrasonic pulse velocity and
rebound number of the rigid beams cooled in water were (2-5%) more than the rigid

beam specimens cooled in air (Figures 2.36 and 2.37).
Based on the study, Kadhum [19] concluded:

1. The ultrasonic pulse velocity tested showed a response to the effect of fire
flame, the reduction in (U.P.V) was (28 and 33%) and (52 and 54%) for
beams cooled in air and water at 400 and 750°C respectively. It appears
that this non-destructive test gives good predicted values for the residual

strength.
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Figure-2.37: The effect of fire on the rebound number [19]

2. The reduction in rebound number was (22 and 27%) and (42 and 45%) for

beams cooled in air and water at 400 and 750°C respectively. The decrease

in the rebound number with increasing in fire temperature can be attributed

to the fact that fire causes damage to the surface of concrete rigid beams

rather than to concrete in the core of the member.

3. Sudden cooling concrete caused additional strength loss for RC beam

specimens.
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4. It was found that the ultimate load capacity of rigid beam specimens

decreases significantly when subjected to burning by fire flame.

5. In this study, it is noticed that the load-deflection relation of RC rigid
beam specimens exposed to fire flame temperature around 750°C are more
leveled indicating softer load-deflection behavior than that of the control
beams. This can be attributed to the early cracks and lower modulus of

elasticity.

6. The ACI and B.S Codes predict ultimate moment capacity after exposure

to 750°C fire flame temperature conservatively.

7. The experimental results clearly indicate that the crack width in reinforced
concrete beams that are subjected to fire flame are higher than the beams

that are not burned at identical loads.

8. Fire temperature has significant effect on the flexural performance of RC
rigid beams. The ultimate and serviceable bearing capacities of RC

specimens decrease with the increase of fire temperature.

2.3.14 Numerical beam modelling by Kodur et al. (2008)

Kodur et al. [20] used moment-curvature relationships to trace the response of an RC
beam in the entire range of loading up to collapse under fire. The model considered
the case of loading where the bending moment was the dominant action on the beam
and the effect of both shear force and axial force was neglected. The temperatures and
strength capacities for each segment, and computed deflections in the beam were used
to evaluate failure of the beam at each time step. At every time step, each beam
segment was checked against pre-determined failure criteria, which include thermal
and structural considerations. The time increments continued until a certain point at
which the thermal failure criterion is met or the capacity (or deflection) reaches its
limit state. At this point, the beam was assumed to have failed. The time to reach this
failure point is the fire resistance of the beam. The model generated various critical
output parameters, such as temperatures, stresses, strains, deflections and moment

capacities at various given fire exposure times.

Results from the analysis were used to demonstrate the behavior of a typical RC beam

under fire conditions. To illustrate the thermal predictions from the model, the
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temperature variation was plotted as a function of fire exposure time at various

locations of the beam cross section. The temperature at various depths of concrete, as

well as in rebar, increased with fire exposure time (Figure 2.38). The moment

capacity of the beam decreases with increasing time of fire exposure (Figure 2.39).
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Figure-2.39: Moment-Curvature graph [20]

Based on the results of this study, the following conclusions were drawn:

1. There is limited information on the fire performance of reinforced concrete

beams, especially under design fire and realistic loading scenarios.

2. The moment—curvature based macroscopic finite element model, presented

in this study, is capable of predicting the fire behavior of reinforced

concrete beams, in the entire range: from pre-fire stage to collapse stage,

with an accuracy that is adequate for practical purposes. Using the model
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the fire resistance of a reinforced concrete beam can be evaluated for any
value of significant parameters such as beam length, type of aggregate,

section dimensions, without the necessity of testing.

3. The limiting criterion, used for determining failure of a reinforced concrete
beam exposed to fire, has significant influence on the fire resistance
values. The conventional failure criterion such as limiting rebar
temperature or strength consideration may not be conservative under some
scenarios. The deflection and rate of deflection failure criterion should be

considered in evaluating fire resistance of reinforced concrete beams.

2.3.15 Concrete test by Mundhada et al. (2015)

Mundhada et al. [21] cast ninety concrete cubes of 150 mm size, divided equally over
three different grades of design mix concrete viz. M: 30, M: 25 & M: 20. After 28
days’ curing & 24 hours’ air drying, the cubes were subjected to different
temperatures in the range of 200°C to 800°C, for two different exposure times viz. 1
hour & 2 hours in an electric furnace. The heated cubes were cooled at room
temperature for 24 hours & then subjected to cube compressive strength test. Results
revealed fairly robust performance up to 500°C, with strength coming down only
slightly. Up to this stage, the fire affected structural members remain serviceable
although the factor of safety would come down. Affected structure/ structural
members would require minor repairs & patchwork to recuperate. At or after 650°C,
the fall in concrete strength would be a cause for concern. Major retrofitting might be
required. At or beyond 650°C, concrete stood completely decimated. The result was

presented as shown in Figures 2.40 and 2.41.

Temperature °C -
30 350 500 650 800

0 +——— } f
N —— M20

i D
5 10 = U S
& 15 \
2
2 20
g X
g 2
g 30 \
£ 35 \
E 40
X N\
M Al

55

39



Figure-2.40: Fall in compressive strength after 1 hour [21]
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Figure-2.41: Fall in compressive strength after 2 hour [21]

Based on the results & their scrutiny, the following conclusions were drawn:

I. Up to 350°C, concrete remains almost unaffected in appearance &

strength.

2. At 500°C, quality of concrete suffers slightly & strength too comes down.

Structure/ structural members remain serviceable although the factor of

safety comes down. Affected structure/ structural members will require

minor repairs & patchwork to recuperate.

3. At or after 650°C, the fall in concrete quality & strength becomes a cause

for concern. Major retrofitting might be required.

4. Beyond 650°C, concrete stands decimated on all accounts. Affected

members/portion will require replacement.

5. Higher exposure time results in greater damage. This calls for active

measures to limit exposure time.

6. Within the ambit of NSC (Normal strength concrete), higher grade

concrete performs better in absolute terms.
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2.3.16 Column test by Lee et al. (2015)

Lee et al. [22] tested high strength concrete columns exposed to high heat flux to
clarify the reasons for explosive spalling. Small column shaped specimens
(100x100x400mm) were made of 1000MPa compressive strength concrete. Two types
of concrete mix designs were used: one with fibre reinforcement at 1.5kg/m’ and
other is without fibre reinforcements. The moisture content was adjusted by differing
the curing conditions either in water or in air. Resultant moisture content was 2.7-
4.2% by weight for specimens cured in air, 4.1-5.0% by weight for specimens cured
in water. The conditioned specimens were heated either partially (by two surfaces, F2-
specimens) or entirely (by four surfaces, F4-specimens). The degree of spalling, shape
of failure surfaces and fragments were analyzed. By the analysis of volume and

weight loss, the effects of partial / total heating and moisture content were examined.
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Experimental results showed that the spalling of the F2-specimens covers a wide
range compared to that of the F4-specimens. Many of the cracks in the F2-specimens
occurred horizontally from heated surface to non-heated surface. Some of them are

caused by the rupture of concrete (Figures 2.42 and 2.43).

The trace of the water flow was also observed on the cracks of non-heated surfaces.
On the other hand, there were not large spallings in the fibre-reinforced concrete
specimens. However, crack patterns occurred in the fibre-reinforced concrete F2-
specimens were similar to that of F2-specimens without fibre. It was confirmed that
there are small peelings where aggregates always exist in the center of peelings. It

might be caused by the expansion of inner aggregates.
The followings are the findings of this research:

1. The crack, rupture and spalling are severe on partially heated specimens
than the entirely heated specimens. As a quantitative terms, the volume
loss, weight loss and spalling area are lager on partially heated specimens
than entirely heated specimens. In this context, it can be clarified that the

uneven heating would increase the spalling.

2. The effect of moisture content on spalling is not clear. However, volume
loss and spalling area are slightly increased at more than 4% of moisture
content in the entirely heated specimens. At large moisture contents, small
peeling has occurred on the surface. The aggregate was found at the center
of peeling. It could be considered that peelings are caused by expansion of

aggregate close to surface.

3. Deep spalling took place at totally heated corner and partially heated
corner. It was also found that the fragment shape differs according to the
spalling location. The length/thickness ratio of fragments comes from
totally heated corner and partially heated corner are larger than the ratio of
fragments comes from middle of corner. And the length/width ratio is

large for a fragment comes from totally heated corner.
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2.4 Review on Past Studies

Fire test on concrete and RCC can be conducted in nine different ways and in two
broad categories. Among these, the Idealized Test Methods possess six ways of
testing which are relatively rigorous in nature, demanding sophisticated and complex
instruments and three ways in the Common Tests Methods for testing, relatively
flexible in nature. Twelve different experiments conducted have been reviewed in this
chapter. Among these twelve tests, eight were material test, three were structural

element tests and one was a full scale test on seven storied building.

2.4.1 Concrete material tests

The material tests were conducted on cylinders and cubes of different standard sizes.
Six tests were Unstressed Residual Strength tests conducted by Hertz [8], Hertz [9]
and Felicetti et al. [13] on HSC, Morita et al. [11], Furumura et al. [12] and
Noumowé et al. [14] on NSC and HSC. Castillo et al. [7] conducted stressed and
unstressed test on NSC and HSC and Hammer conducted unstressed strength test on
HSC in 1995. Among all these Hertz [8], Hertz [9], Hammer, Felicetti et al. [13] and
Noumowé et al. [14] used silica fume concrete for HSC. The observations on the

material tests are summarized as:

1. Castillo et al. [7] observed almost similar pattern of strength loss for both
NSC and HSC except HSC suffered initial strength loss from 100 to 300°C
followed by a strength recovery between 300 to 400°C.

2. Hertz [8], Hertz [9] summarized that, silica fume concretes are likely to

explode during heating, steel fiber do not resist explosion.

3. Hammer observed insignificant strength loss of samples in the experiment
except strength regain occurred in sample without silica between 200 to
300 °C and for silica contained samples between 300 to 450°C, slightly

better performance was observed in the samples without silica fume.

4. Morita et al. [11], Furumura et al. [12] observed regular and insignificant
strength loss patterns of the samples except Furumura et al. [12] witnessed

regain of strength between 100 to 200°C.

5. Felicetti et al. [13] and Noumowé et al. [14] both tested siliceous concrete

in which Felicetti et al. [13] observed similar reduction of strength and
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modulus of elasticity for the two different HSC. Noumowé et al. [14] had
no different observation in respect of the compressive strength of NSC and
HSC but he observed that tensile strength of both the concrete were similar
and almost linear with the increase of temperature in which HSC
demonstrated almost 15% higher losses than the NSC. He also observed
that modulus of elasticity of HSC remained 10% to 25% higher than that
of NSC but the NSC was more porous as the temperature increased up to

the last.

2.4.2 Element and full scale test

Among three element tests there were two beam tests, one by Jensen et al. [15] and

the other by Sanjayan et al. [16] and one column test by Diederichs et al. [17]. A full

scale fire test was conducted by Bailey [10] on a seven storied building.

In addition to material tests, Felicetti et al. [13] also tested reinforced and

unreinforced deep beams of siliceous aggregates for bending and shear. Jensen et al.

[15] tested reinforced HSC with difference in aggregate types and Sanjayan et al. [16]
tested T-beams of NSC and HSC with silica fume.

1.

2.

Felicetti et al. [13] concluded that for RC beams, the flexural capacity is

governed primarily by the steel area, not the concrete strength.

Jensen et al. [15] observed sever spalling exposing reinforcements in HSC
beams with lightweight aggregate, spalling without exposing
reinforcement for the NSC beams and presence of fiber drastically reduces

the spalling.

Sanjayan et al. [16] observed HSC appeared to more prone to spalling than
NSC and 75 mm clear cover suffered the spalling but no spalling occurred
in 25 mm clear cover. He also observed higher level of moisture content in

HSC than NSC.

Diederichs et al. [17] in the HSC column test observed that columns
collapsed due failure of the compressive strength, he further indicated that
the use of capillary forming fibres help the potential for spalling in HSC

column.
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5. Bailey [10], in his full scale structural test suggested about occurrence of
compressive membrane action in the flat slab for small displacement only
but for large displacement, tensile membrane action occurs that effects less
in flat slab. He mentioned sufficient concrete cover helps the reinforcing
bars strength to withstand in supporting the load against tensile membrane
action. He observed significant lateral displacement of the column due to
the displacement of the heated slab and suggested proper apprehension of

the designer about the columns movement under fire incidents.

2.5 Summary

The effect of fire on both high strength and normal strength concrete were tested for
years to get a generalized constitutive law. Though a full scale test was conducted [9],
it partially imitated the real scenario since the structure was not loaded. Loaded
concrete beams and columns were simulated but their number is very little. For full
understanding of the effect of fire, every parameters combined with every possible
combination must be analyzed in loaded condition numerically and cross checked by

some field tests.
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Chapter 3
RESEARCH METHODOLOGY

3.1 Introduction

The research is outlined to simulate the behaviour of structurally loaded reinforced
concrete beams subjected to high temperatures for a definite period of time. Since the
fire hazard scenario was modelled with controlled parameters of material properties,
the simulation process allowed to examine the results in Stress Rate Controlled Steady
State Idealized Test condition in this research work. Detailed studies were performed
on thermally loaded members by exerting loads at a uniform rate and without any load

at all.

3.2 Material Properties

The numerical modeling in this research involves two materials: Concrete and
Reinforcing Steel. Both of the fundamental materials were modelled by the thermal
and structural characteristics defined in BS-EN 1992-1-2:2004 as stated in Appendix-
A. For accurate simulation of structural components, the whole stress-strain curve at a
certain temperature has been defined in the model. The mechanical and thermal
analysis was done by using ANSYS Parametric Design Language (APDL) of the
ANSYS v14.5 software with the help of its underlying structural principals as
described in brief in the Appendix-B. The detailed material properties used in the
study is presented in the subsequent paragraphs.

3.2.1 Concrete

Concrete is a composite material composed of fine and coarse aggregate bonded
together with a fluid cement (cement paste) that hardens over time. It is distinguished
from other, non-cementitious types of concrete all binding some form of aggregate
together, including asphalt concrete with a bitumen binder, which is frequently used
for road surfaces, and polymer concretes that use polymers as a binder. The main
properties of concrete dependent on temperatures are density, specific heat, thermal
conductivity, thermal elongation/ strain, the stress-strain curve etc. The general and
structural properties defined in the modelling under consideration of high temperature
are stated in the following tables. As defined in Table 3.1, the density of concrete
reduces with the elevation of temperature. The thermal conductivity also reduces with

the increase in temperature as shown in Table 3.2. But marked increase in specific



heat and thermal elongation/ strain is noticed with rise in temperature as depicted in

Tables 3.3 and 3.4, respectively.

Table-3.1: Density of Concrete at different Temperatures

Temperature (°C) Density (kg/m?)
0 2400
115 2400
200 2352
400 2280
1200 2112

Table-3.2: Thermal Conductivity of Concrete at different Temperatures

Temperature (°C) Thermal Conductivity (Wm 'K™)
0 2.000
100 1.7656
400 1.1908
700 0.8086
1000 0.6190
1200 0.5996
Table-3.3: Specific Heat of Concrete with 1.5% moisture at different
Temperatures
Temperature (°C) | Specific Heat (JKg 'K
0 900
100 900
101 1470
115 1470
200 1000
400 1100
1200 1100
Table-3.4: Thermal Elongation of Concrete at different Temperatures
Temperature (°C) Elongation (AL/Ly)
20 1.84x10”
250 2.43x10”
500 7.20x10°
700 1.40x107
1200 1.40x107

The stress-strain constitutive law of concrete at elevated temperatures are defined in

the models as per Article-3.2.2 of BS-EN 1992-1-2:2004. In the analytical model,

concrete with 3 (Three) different compressive strength is considered, i.e. 28 MPa, 35

46



MPa and 42 MPa. The respective constitutive laws of concrete were set according to

the guideline of BS-EN 1992-1-2:2004 as stated in Tables 3.5 to 3.10.

Table-3.5: Mechanical Properties of 28MPa Concrete at different Temperatures

Temperature feo E.o fero Geo
(°O) (MPa) (GPa) (MPa) (GPa)
20 28.00 24.87 3.28 10.36
100 28.00 24.87 3.28 10.36
300 23.80 22.93 3.02 9.55
600 12.60 16.68 2.20 6.95
900 2.20 7.03 0.93 2.93
1200 0.00 0.00 0.00 0.00
Table-3.6:  Stress-Strain Properties of 28MPa Concrete at different
Temperatures
T =20°C T=100°C T=300°C T =600°C T =900°C
Stain Stress Stain Stress Stain Stress Stain Stress Stain Stress
(MPa) (MPa) (MPa) (MPa) (MPa)
0.0000 | 0.000 | 0.0000 | 0.000 | 0.0000 | 0.000 [ 0.0000 | 0.000 | 0.0000 | 0.000
0.0010 | 16.279 | 0.0008 | 8.367 | 0.0014 | 7.112 | 0.0050 | 3.765 | 0.0050 | 0.669
0.0015 | 22.744 | 0.0016 | 16.279 | 0.0042 | 19.332 | 0.0150 | 10.235 | 0.0150 | 1.819
0.0020 | 26.752 | 0.0028 | 25.096 | 0.0056 | 22.739 | 0.0175 | 11.293 | 0.0200 | 2.140
0.0023 | 27.702 | 0.0036 | 27.702 | 0.0063 | 23.547 | 0.0225 | 12.466 | 0.0225 | 2.216
0.0025 | 28.000 | 0.0040 | 28.000 | 0.0070 | 23.800 | 0.0250 | 12.600 | 0.0250 | 2.240
0.0200 | 0.000 | 0.0225 | 0.000 | 0.0275 | 0.000 | 0.0350 | 0.000 | 0.0425 | 0.000

Table-3.7: Mechanical Properties of 35SMPa Concrete at different Temperatures

Temperature ) E.o Ser0 Geo

(°O) (MPa) (GPa) (MPa) (GPa)

20 35.00 27.81 3.67 11.59

100 35.00 27.81 3.67 11.59

300 29.80 25.64 3.38 10.68

600 15.80 18.65 2.46 7.77

900 2.80 7.87 1.04 3.28

1200 0.00 0.00 0.00 0.00
Table-3.8: Stress-Strain Properties of 35MPa Concrete at different

Temperatures
T=20°C T=100°C T =300°C T =600°C T =900°C

Stain Stress Stain Stress Stain Stress Stain Stress Stain Stress
(MPa) (MPa) (MPa) (MPa) (MPa)
0.0000 | 0.000 | 0.0000 | 0.000 | 0.0000 | 0.000 | 0.0000 | 0.000 | 0.0000 | 0.000
0.0010 | 20.349 | 0.0008 | 10.458 | 0.0014 | 8.889 | 0.0050 | 4.706 | 0.0050 | 0.837
0.0015 | 28.430 | 0.0016 | 20.349 | 0.0042 | 24.165 | 0.0150 | 12.793 | 0.0150 | 2.274
0.0020 | 33.439 | 0.0028 | 31.370 | 0.0056 | 28.424 | 0.0175 | 14.167 | 0.0200 | 2.675
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0.0023 | 34.628 | 0.0036 | 34.628 | 0.0063 | 19.434 | 0.0225 | 15.583 | 0.0225 | 2.770

0.0025 | 35.000 | 0.0040 | 35.000 | 0.0070 | 29.750 | 0.0250 | 15.750 | 0.0250 | 2.800

0.0200 | 0.000 | 0.0225 | 0.000 | 0.0275 | 0.000 | 0.0350 | 0.000 | 0.0425 | 0.000

Table-3.9: Mechanical Properties of 42MPa Concrete at different Temperatures

Temperature feo E.o fero Geo

(°O) (MPa) (GPa) (MPa) (GPa)

20 42.00 30.46 4.02 12.69

100 42.00 30.46 4.02 12.69

300 35.70 28.08 3.70 11.70

600 18.90 20.43 2.70 8.51

900 3.40 8.62 1.14 3.59

1200 0.00 0.00 0.00 0.00
Table-3.10: Stress-Strain Properties of 42MPa Concrete at different

Temperatures
T=20°C T=100°C T =300°C T =600°C T =900°C

Stain Stress Stain Stress Stain Stress Stain Stress Stain Stress
(MPa) (MPa) (MPa) (MPa) (MPa)

0.0000 | 0.000 | 0.0000 | 0.000 | 0.0000 | 0.000| 0.0000 | 0.000 | 0.0000| 0.000

0.0010 | 24.419 | 0.0008 | 12.550 | 0.0014 | 10.667 | 0.0050 | 5.647 | 0.0050 | 1.004

0.0015 | 34.116 | 0.0016 | 24.419 | 0.0042 | 28.998 | 0.0150 | 15.352 | 0.0150 | 2.729

0.0020 | 40.127 | 0.0028 | 37.644 | 0.0056 | 34.108 | 0.0175 | 16.940 | 0.0200 | 3.210

0.0023 | 41.554 | 0.0036 | 41.554 | 0.0063 | 35.321 | 0.0225 | 18.699 | 0.0225 | 3.324

0.0025 | 42.000 | 0.0040 | 42.000 | 0.0070 | 35.700 | 0.0250 | 18.900 | 0.0250 | 3.360

0.0200 | 0.000 | 0.0225 | 0.000 | 0.0275 | 0.000 | 0.0350 | 0.000 | 0.0425 | 0.000

The values of thermal conductivity, density and specific heat were input in the
thermal module and those of thermal elongation/ strain and stress-strain points were

defined in the subsequent structural module.

3.2.2 Reinforcing steel

Reinforcing steel is a steel bar or mesh of steel wires used as a tension device in
reinforced concrete and reinforced masonry structures to strengthen and aid the
concrete under tension. Concrete is strong under compression, but has weak tensile
strength. Reinforcing bar significantly increases the tensile strength of the structure.
The thermal elongation/ strain and the stress-strain curve are the main properties of
reinforcing steel susceptible to change with the increase in temperature as shown in
Table 3.11.

The stress-strain constitutive law of reinforcing steel at elevated temperatures are

defined in the models as per Article-3.2.3 of BS-EN 1992-1-2:2004, where different
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reduction factors are suggested for different temperatures, showing gradually

declining trend with higher temperatures.

Table-3.11: Thermal Elongation of Reinforcing Steel at different Temperatures

Temperature (°C) Elongation (AL/Ly)
20 1.55x107%
250 3.01x107
500 6.76x107
750 1.10x107
860 1.10x10™
1200 1.78x10™

At 1200°C of temperature, the steel loses its strength completely. In the analytical

model, reinforcing steel with 2 (Two) different yield strength is considered, i.e. 400

MPa and 500 MPa. The respective constitutive laws of steel were set according to the

guideline of BS-EN 1992-1-2:2004 as stated in Tables 3.12 to 3.15.

Table-3.12: Mechanical Properties of 400MPa Steel at different Temperatures

Temperature Ssv0 Egp Jsp,0 . Gso
(°C) (MPa) (GPa) (MPa) .0 (GPa)

20 400.00 200.00 400.00 0.0020 | 76.92

100 400.00 200.00 400.00 0.0020 | 76.92

300 400.00 160.00 244.00 0.0015 61.54

600 188.00 62.00 72.00 0.0012 23.85

900 24.00 14.00 16.00 0.0011 5.38

1200 0.00 0.00 0.00 0.0000 0.00

Table-3.13: Stress-Strain Properties of 400MPa Steel at different Temperatures

T=20°C

T=100°C

T =300°C

T =600°C

T =900°C

Stain

Stress
(MPa)

Stain

Stress
(MPa)

Stain

Stress
(MPa)

Stain

Stress
(MPa)

Stain

Stress
(MPa)

0.0000

0.00

0.0000

0.00

0.0000

0.00

0.0000

0.00

0.0000

0.00

0.0020

400.00

0.0020

400.00

0.0015

244.00

0.0012

72.00

0.0011

16.00

0.0050

400.00

0.0050

400.00

0.0050

331.53

0.0050

137.33

0.0050

20.75

0.0150

400.00

0.0150

400.00

0.0150

393.85

0.0150

183.38

0.0150

23.70

0.0200

400.00

0.0200

400.00

0.0200

400.00

0.0200

188.00

0.0200

24.00

0.1500

400.00

0.1500

400.00

0.1500

400.00

0.1500

188.00

0.1500

24.00

0.2000

0.00

0.2000

0.00

0.2000

0.00

0.2000

0.00

0.2000

0.00

Table-3.14: Mechanical Properties of S00MPa Steel at different Temperatures

Temperature

O

fsy, 0
(MPa)

Es, 4
(GPa)

fsp, 0
(MPa)

Esp,0

Gs, 0
(GPa)

20

500.00

200.00

500.00

0.0025

76.92

100

500.00

200.00

500.00

0.0025

76.92

300

500.00

160.00

305.00

0.0019

61.54
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600 235.00 62.00 90.00 0.0015 23.85
900 30.00 14.00 20.00 0.0014 5.38
1200 0.00 0.00 0.00 0.0000 0.00

Table-3.15: Stress-Strain Properties of 500MPa Steel at different Temperatures

T=20°C T =100°C T =300°C T =600°C T =900°C

. Stress ) Stress . Stress ) Stress ) Stress
Stain (MPa) Stain (MPa) Stain (MPa) Stain (MPa) Stain (MPa)
0.0000 0.00 | 0.0000 0.00 | 0.0000 0.00 | 0.0000 0.00 | 0.0000 0.00
0.0025 | 500.00 | 0.0025 | 500.00 | 0.0019 | 305.00 | 0.0015 90.00 | 0.0014 20.00
0.0050 | 500.00 | 0.0050 | 500.00 | 0.0050 | 408.03 | 0.0050 | 167.17 | 0.0050 25.73
0.0150 | 500.00 | 0.0150 | 500.00 | 0.0150 | 491.86 | 0.0150 | 228.86 | 0.0150 29.62
0.0200 | 500.00 | 0.0200 | 500.00 | 0.0200 | 500.00 | 0.0200 | 235.00 | 0.0200 30.00
0.1500 | 500.00 | 0.1500 | 500.00 | 0.1500 | 500.00 | 0.1500 | 235.00 | 0.1500 30.00
0.2000 0.00 | 0.2000 0.00 | 0.2000 0.00 | 0.2000 0.00 | 0.2000 0.00

The values of thermal elongation/ strain and stress-strain points were defined in the

subsequent structural module of reinforcing steel.

3.3 Member Profiles
The thermal effect on beams are done for 2 (Two) types of sections, i.e. 300mm X

400mm and 300mm x 600mm. The 300mm x 400mm beams are modelled with single

type of reinforcement ratio but with 2 (Two) values for concrete cover, i.e. 50mm and

75mm. Figure 3.1 and Table 3.16 summarizes the input parameters used in the

numerical models.

h = depth

Zone

Zone

| b = width [
| |
K3 c=cC
. . i over
\
| C
|
vd
o e O IC

/—RT = Rebar in Tension

Figure-3.1: A typical beam section with parameters

Table-3.16: Sectional Properties of Reinforced Concrete Beams

¥RC = Rebar in Compression

bxh |Span| C fy (MPa) fo’

(mm) | (m) | (mm) RC RT (MPa) P

300x400 | 6.00 | 50.00 | 2-@12mm | 3-@2omm | 2% | 28351 4 000
500 42

300x400 | 6.00 | 75.00 | 2-@12mm | 3-@20mm | 400/ | 28/35/ | 0.0090
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500 42
300x600 | 6.00 | 50.00 | 2-O12mm | 3-@16mm 400 28 0.0037
300x600 | 6.00 [ 50.00 | 2-O12mm | 3-@20mm 400 28 0.0057
300x600 | 6.00 | 50.00 | 2-O12mm | 3-@36mm 400 28 0.0185
Table-3.16: Sectional Properties of Reinforced Concrete Beams (Continued)
bxh |Span| C Jy (MPa) 1o
(mm) (m) | (mm) RC RT (MPa) P
300x600 | 6.00 | 50.00 | 2-@12mm | 3-@17mm 400 42 0.0041
300x600 | 6.00 | 50.00 | 2-@12mm | 3-@20mm 400 42 0.0057
300x600 | 6.00 | 50.00 | 2-@12mm | 3-@41mm 400 42 0.0240

* N.B.: p=reinforcement ratio

The beams with 300mm x 400mm were modelled to check the effect of temperature
without altering the reinforcement ratio, while beams 300mm x 600mm were

modelled to check the temperature effect with varying reinforcement ratio.

A simple portal frame was modelled with a beam of 300mm x 400mm spanning
6.00m and two 4.00m high columns of 300mm x 400mm. In the portal frame model,
the beam was reinforced with 3-@20mm tensile and 2-@12mm compressive rebar;

while columns were reinforced with 4-@20mm rebar in each one.

3.4 Application of Temperature
The relevant design fire scenarios and the associated design fires should be

determined on the basis of a fire risk assessment. The temperature in the thermal
module was increased gradually to the target temperature following the standard time-
temperature curve as per guidelines of Article-3.2.1 of BS-EN 1992-1-2:2002. Then
the temperature of a particular model was kept constant for the desired time period as
shown in Figures 3.2 to 3.4. The subsequent nodal temperature throughout the section

was recorded.
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Figure-3.2: Temperature increase over time to attain 300°C
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Figure-3.3: Temperature increase over time to attain 600°C
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Figure-3.4: Temperature increase over time to attain 900°C

Temperature all around the longitudinal section of beam was applied in accordance
with the Figures 3.2 to 3.4. In case of portal frame, all sides of the portal accept the
joint were heated following the same pattern.

3.5 Validation of Model
The numerical modelling procedures was checked by comparing the obtained

temperature profiles from a 160mm x 300mm beam heated in accordance with the
standard temperature-time equation as stated in Article-3.2.1 of BS-EN 1992-1-
2:2002. The result from the subsequent model was plot in contour diagram and was
compared to the temperature profiles given in Appendix-A of BS-EN 1992-1-2:2004.
In Figures 3.5 to 3.7, the result from the simulation and the profiles from the code are

presented for comparison.
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Figure-3.5: Temperature profiles of a 160mm x 300mm beam after
30minutes of burning
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Figure-3.6: Temperature profiles of a 160mm x 300mm beam after
60minutes of burning
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Figure-3.7: Temperature profiles of a 160mm x 300mm beam after
90minutes of burning

From Figures 3.5 to 3.7, it is clear that the temperature profile found in the analytical
modelling is nearly similar to that from the code BS-EN 1992-1-2:2004. Though a
small deviation from the code was observed, the model was considered okay for
further simulation since the temperatures found from the simulation were more

conservative than those from the code.

3.6 Summary

The numerical modelling was done with carefully chosen values and properties from
international code. The general properties and mechanical properties of material i.e.
concrete and reinforcements were selected with reasonable interpolation of data found
in code. Since the temperature profiles found in the current method is more
conservative than that of the code, it is safe to assume the parametric analysis can be

advanced and safely recommended for further studies.
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Chapter 4
RESULTS AND DISCUSSION

4.1 Introduction

The effect of fire on reinforced concrete members was tested in this research by
numerical modelling of beams and a simple portal with varying sets of strength, rebar
percentage, sectional dimensions and temperature duration as described in Chapter 4
of this report. For any definite beam section, 3 (Three) temperature models with
300°C, 600°C and 900°C were performed in ANSYS v14.5. The nodal temperature
data was then transferred to the structural analysis and simultaneous structural loads
were applied to obtain the results. The obtained results were plotted with appropriate
parameters in SURFER v13, a three-dimensional mapping software, to find the

contour variations of data.

4.2 Results of Beam Models

In this parametric study of beam, since the material strength, i.e. steel strength and
concrete strength, cover dimension, temperature, duration of burning and
reinforcement ratios were used as input parameters, all the obtained results were
presented graphically against each of these parameters. Effects of each parameter on
results recorded, i.e. the compressive and tensile stress of both steel and concrete, are

discussed in these sections.

4.2.1 Temperature profiles

The numerical modelling of fire incident was done following the standard time-
temperature model as described in Article-3.4 of this report. Rising temperature
pattern was applied up to target temperature, but a steady temperature was maintained
then for the desired duration of burning. The temperature profiles are formed from the
nodal temperature data throughout the section. Temperature profiles at 300°C after a
duration of 0, 60 and 120 minutes for 300mm x 400mm beam with 50mm cover are

presented in Figure 4.1.

Temperature distribution throughout the cross section at the time of reaching the
outside temperature of 300°C is shown in Figure 4.1(a). At this point:
1.  Temperature profile only infiltrate about 25mm inside the beam

section.



ii.  The reinforcement region does not show any rise in temperature

yet.
R 2.4 2.4
2.3 2.3 2.3
2.2 2.2 2.2
2.1 “;““‘:‘ 2.1 2.1
0 T T 0 0
03 02 -0.1 0 03 02 -0.1 0 03 02 -0.1 0
(a) Duration = Omin. (b) Duration = 60min. (c) Duration = 120min.
M | s
0 50 100 150 200 250 300

Figure-4.1: Temperature profiles for beam (size: 300mm x 400mm, cover =
50mm) for applied temperature of 300°C

After 60minutes of burning in 300°C, significant changes are noticed:
i.  Temperature profile propagates throughout the entire section. The
core temperature is 50°C.
it.  The reinforcement of both tension and compression zone shows

temperature of 150°C to 250°C.

After 120minutes of burning in 300°C, the scenario is more severe:
i.  Temperature profile propagates violently throughout the entire
section. The core temperature is about 150°C.
it.  The reinforcement of both tension and compression zone shows

temperature of 250°C to 300°C.

More graphical presentation of temperature profiles with different sectional properties
as well as temperature properties are shown in Article-C.2 of Appendix-C in this

report.

4.2.2 Effect of duration of burning
The target temperatures are fixed for 4 (Four) different duration up to 120 minutes to
observe its effect. A detailed discussions on the effect of covers is outlined here

comparing the results obtained in the numerous models performed in this research.

A. Effect on Compressive Stress of Concrete
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The flexural compressive stress was obtained at the maximum loading at different

duration of burning for same temperature with varying steel strength and concrete

strength. The compressive stress of concrete beam at maximum possible loads is

obtained from the compression zone of the concrete. The resulting compressive force

acts as one force of the couple. The higher the couple force, the more the section is

capable of resisting the flexural loads. The compressive stress of concrete found in the

models are graphed below in Figures 4.2 and 4.3.
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Figure-4.2: Compressive stress (MPa) variation

in concrete at different

temperature and duration of fire for F, = 400 MPa

In Figure 4.2, steel yield strength of 400MPa is used and in Figure 4.3, steel yield

strength of 500MPa is used. For each steel category and temperature, values of
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compressive stress of concrete are extracted and plotted for same set of steel, concrete

and cover dimension.
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Figure-4.3: Compressive stress (MPa) variation in concrete at different

temperature and duration of fire for Fy, = 500 MPa

From Figures 4.2 and 4.3, the following discussions are outlined:

i.  For same steel strength, concrete strength and concrete cover to steel,
the compressive stress of concrete increases with the increase in
duration of burning. This phenomena occurred since the concrete is
stressed more with temperature effect as duration increases. The
concrete in compression thus need to counteract more stress developed
from the thermal effect, hence, showed a rising compressive stress

trends over duration of burning.

59



ii.  The compressive stress of concrete increases at a faster rate in first 60

minutes of burning.

B. Effect on Tensile Stress of Concrete

The tensile stress in concrete was obtained at the maximum loading at different
duration of burning for same temperature with varying steel strength and concrete
strength. In Figure 4.4, steel yield strength of 400MPa is used and in Figure 4.5, steel
yield strength of 500MPa is used. For each steel category and temperature, values of
compressive stress of concrete are extracted and plotted for same set of steel, concrete
and cover dimension.
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Figure-4.4: Tensile stress (MPa) variation in concrete at different temperature
and duration of fire for Fy, = 400 MPa
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Figure-4.5: Tensile stress (MPa) variation in concrete at different temperature
and duration of fire for Fy, = 500 MPa

From Figures 4.4 and 4.5, the following discussions are outlined:

i.  For same steel strength, concrete strength and concrete cover to

steel, the tensile stress of concrete increases with the decrease in

duration of burning.

burning.
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C.

Effect on Tensile Stress of Steel

The tensile stress in reinforcing steel was extracted at the maximum loading at

different duration of burning. The extracted data are presented in Figures 4.6 and 4.7.

Figure 4.6 represents the beams with 400MPa steels and Figure 4.7 represents those
with 500MPa steel.
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Figure-4.6: Tensile stress (MPa) variation
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From Figures 4.6 and 4.7, the subsequent points are noticed:

i.  For same steel strength, concrete strength and effective depth of

beam, the observed tensile stress in steel decreases with the

increase in duration of burning.
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For cover as high as 75mm, the rate of decrement of tensile stress

in steel is high up to first 90 minutes of burning.

D. Effect on Compressive Stress of Steel

Applying maximum loading at different duration of burning, the compressive stress of

steel was recorded in each model. The extracted data are presented in Figures 4.8 and
4.9 with 400MPa steels and 500MPa steel respectively.
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From Figures 4.8 and 4.9, these points are noted:

120

The observed compressive stress in steel increases with the

increase in duration of burning for same steel strength, concrete

strength and effective depth of beam.
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Figure-4.8: Compressive stress (MPa) variation in reinforcement at different
temperature and duration of fire for F, = 400 MPa

Up to first 60 minutes of burning in any temperature above 300°C,

the compressive stress of steel rapidly increase with time.
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Figure-4.9: Compressive stress (MPa) variation in reinforcement at different
temperature and duration of fire for Fy, = 500 MPa

4.2.3 Effect of concrete cover
The concrete covers are varied to check the effect of effective depth in case of fire on
beam. A detailed discussions on the effect of covers is outlined here comparing the

results obtained in the numerous models performed in this research.

A. Effect on Compressive Stress of Concrete

The flexural compressive stress of concrete was obtained at the maximum loading of
different burning temperatures and burning durations with varying steel strength and
concrete strength. The compressive stress of concrete found in the models are graphed
below in Figures 4.10 and 4.11.
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From Figures 4.10 and 4.11, the following discussions are outlined:

1.

ii.

1il.

1v.

The maximum compressive stress of the concrete increases with

the increase in cover for 28MPa and 42MPa concrete.

For 35MPa concrete, the maximum compressive stress decreases

over the increase in cover.

With 28MPa and 35MPa concrete, the maximum compressive
force occurred near the supports at bottom. Since this region is
prone to thermal compressive stress, the 28MPa concrete could not
resist the required amount of force from temperature effect but
35MPa concrete could resist it, hence, showing an opposite pattern

of maximum compressive stress for higher cover dimension.

In case of 42MPa concrete, the maximum compressive force
occurred at the top-center of beam. This zone is susceptible to
mechanical compressive force, thus with high concrete strength the
concrete mechanically resist more force with higher cover since the
steel in this compression region resist less force in the same

variation of cover.

The maximum compressive stress of concrete decreases with the
increase in temperature for same concrete, steel and duration of

burning combination.

B. Effect on Tensile Stress of Concrete

The tensile stresses of concrete found from the model are graphed below in Figures

4.12 and 4.13. From these graphs it is evident that:

il.

The maximum tensile stress in concrete increases with the increase
in cover for 28MPa and 42 MPa concrete but decrease for 35MPa

concrete.

With 28MPa and 35MPa concrete, the resultant tensile force in
concrete occurred near bottom-center of the beam. Since this
region is prone to thermal compressive stress, the 28MPa concrete
could not resist the required amount of force from temperature

effect but 35MPa concrete could resist it, hence, showing an
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opposite pattern of maximum tensile stress for higher cover

dimension.
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iii.  In case of 42MPa concrete, the maximum tensile force occurred at
the top of beam near supports. This zone is susceptible to
mechanical tensile force, thus with high concrete strength the
concrete mechanically resist more force with higher cover since the

steel in this tension region resist less force in the same variation of

cover.
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Figure-4.13: Tensile stress (MPa) variation in concrete at different temperature
and clear cover for F, = 500 MPa
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C. Effect on Tensile Stress of Steel

The tensile stress of reinforcing bars with different cover dimension are shown in
Figures 4.14 and 4.15.
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Analyzing the contour patterns found on Figures 4.14 and 4.15, the following

conclusions may be drawn:

ii.

1il.

At 30minutes duration of burning, the tensile stress in reinforcing
bars has no or little effect from the change in cover for temperature

above 600°C.

At any period after 30minutes of burning, the tensile stress in rebar

generally reduce with higher cover dimensions.

The tensile stress variation of steel showed consistency to
mechanical action since higher cover dimension ends in lower

tensile stress in steel as effective depth is lower.

D. Effect on Compressive Stress of Steel

The compressive stress is recorded throughout the steel portion of beam. Then the

maximum compressive stress found in each model is plotted against temperature

variation keeping other parameters unchanged in Figures 4.16 and 4.17 for 400MPa

and 500MPa steel respectively.

The patterns in Figures 4.16 and 4.17 suggests that:

11.

With higher concrete cover dimension, the compressive stress in
steel is less for a particular duration, material strength and

temperature.

Thermal action is very significant compared to the mechanical
effect in case of compressive stress in steel. Because, mechanically,
steel in compression has less effective depth or less cover resulting
into less mechanical compressive force. But in the analyses, the
pattern is just the opposite, showing more compliance to thermal

action than to mechanical action.
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4.2.4 Effect of concrete strength

The beams in this research are modelled with 3 (Three) concrete strengths to observe

the effect of concrete strength during fire phenomena. All four extracted outputs are

plotted in strength-temperature surface to find the subsequent patterns.

A. Effect on Compressive Stress of Concrete

The flexural compressive stress of concrete was obtained at the maximum loading of

different burning temperatures and burning durations with varying steel strength and

concrete strength. In Figures 4.18 and 4.19, the graphs are plotted for 400MPa and

500MPa steel respectively.

From Figures 4.18 and 4.19, it is summarized that:

il.

iii.

1v.

Up to 35MPa concrete strength, the compressive stress of concrete
due to resultant force increases with the increase of concrete

strength.

For concrete strength more than 35MPa, the compressive stress

decreases with the increase of concrete strength.

As per BS-EN 1992-1-2:2004 as stated in Article-3.2.1 of this
report, up to 30 minutes of burning duration, no concrete is in
plastic state. But, after 30 minutes of burning concrete enters into

the plastic state.

Mechanically, concrete stress should rise with the rise in concrete
strength. Hence, Up to 35MPa concrete, the results showed
mechanical action governs, whereas after 35 MPa thermal action

governs. The thermal action intensifies with duration of burning.

When the compressive stress of concrete is in plastic state, the

change of stress level with concrete strength becomes very slow.
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B. Effect on Tensile Stress of Concrete

The tensile stress of all concrete area were recorded and the maximum of these are
plotted in graphs. Figures 4.20 and 4.21 show the change in tensile stress of concrete

resulted
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The Figures 4.20 and 4.21 show some significant information regarding the tension

developed in concrete area under fire loading:

11.

The maximum concrete tensile stress, developed from the resultant
of mechanical and thermal action, increases with the increase in

concrete strength.

The tensile stress variation over concrete strength is very slight.
Hence, it can be concluded that in compression controlled sections,

the tensile stress of concrete is the one of the least affected outputs.

C. Effect on Tensile Stress of Steel

The tensions developed from the flexural effect of applied mechanical loads and the

thermal actions were extracted from the models analyzed. The data are plotted to

understand the effect of concrete strength over the tensile stress of steel in beams.

Figures 4.22 and 4.23 suggest:

ii.

1il.

1v.

V.

Generally, the tension on steel increases over the increase of

concrete strength.

The increment of tensile stress is subtle at temperature up to

500°C.

With the increase in concrete strength, the beam section can take
more flexure hence, tensile stress of steel is expected to increase

mechanically.

The analyses depicts that steel in tension has little or no effect for

the thermal action, since the mechanical action governs.

Conventional mechanics of reinforced concrete flexural members

may be applied at elevated temperatures.

In compression controlled sections, the tensile stress of steel is the

one of the least affected by the increase of temperature.
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temperature and concrete compressive strength for Fy = 500 MPa
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D. Effect on Compressive Stress of Steel

The steel in compression zones are observed and the maximum compressive stress of

steel is plotted in strength-temperature surface (Figures 4.24 and 4.25).
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Figure-4.24: Compressive stress (MPa) variation in reinforcement at different
temperature and concrete compressive strength for Fy, = 400 MPa
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Figure-4.25: Compressive stress (MPa) variation in reinforcement at different
temperature and concrete compressive strength for Fy, = 500 MPa

The Figures dictate:

i.  Compressive stress of steel increased over the increase in concrete

strength.
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4.2.5 Effect of steel strength

The beams in this research are modelled with reinforcing steel of 2 (Two) yields

strengths to observe the effect of steel strength during fire phenomena. All four

extracted outputs are plotted in strength-temperature surface to find the subsequent

patterns.

A. Effect on Compressive Stress of Concrete

The maximum compressive stress found in the analytical models are plotted in

Figures 4.26 and 4.27 for 28MPa and 42 MPa concrete respectively.

500

450 —

20

A

400

\ \ \ \ \
400 500 600 700 800

\ 300 900
(@) Cover =50 mm, t = 30 min
500
<
o /
2 29
=
= (L@
2 1450
=
wn q?)
=
2
>
< |%00 T T 1 I 1
8 300 400 500 600 700 800 900
@ (c) Cover = 50 mm, t = 60 min
500
5> o
450
¢
400 \ \ \ \ T
300 400 500 600 700 800 900

(e) Cover =50 mm, t = 120 min

500

450 —

400

500

450

400

500

450 -

400

24-8 24-2 \
I I I I I
300 400 500 600 700 800 900
(b) Cover =75 mm, t = 30 min
“’ /
% I N
P’ N
l l l l l
300 400 500 600 700 800 900
(d) Cover = 75 mm, t = 60 min
0w & g 8 2
s o )
[50] (3]
I / I I I
300 400 500 600 700 800 900

(f) Cover = 75 mm, t = 120 min

Temperature (°C)

Figure-4.26: Compressive stress (MPa) variation in concrete at different
temperature and steel strength for > = 28 MPa
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Figure-4.27: Compressive stress (MPa) variation in concrete at different
temperature and steel strength for . = 42 MPa

From Figures 4.26 and 4.27, it is evident that:

i.  The compressive stress in concrete increased slightly as the steel

strength increased.

ii.  On high covers, yield strength of concrete has little effect on the
compressive stress of concrete if the reinforced concrete section is

a compression controlled one.
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B. Effect on Tensile Stress of Concrete

The maximum tensile stress of concrete nodes is recorded for each case and plotted in
Figures 4.28 and 4.29 to get a comparative pictures of the effect of steel strength. For
a definite concrete strength, cover and duration of burning, the contours are plotted in

steel strength-temperature surface.
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Figure-4.28: Tensile stress (MPa) variation in concrete at different temperature
and steel strength for ’; = 28 MPa
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Figure-4.29: Tensile stress (MPa) variation in concrete at different temperature
and steel strength for . = 42 MPa

The patterns found in Figures 4.28 and 4.29 dictate that:

i.  The tensile stress in concrete slightly increase with the increase in
steel yield strength.

ii.  Steel yield strength has almost no effect on the tensile stress

change in concrete.
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C. Effect on Tensile Stress of Steel

The simulated reinforced concrete beams were analyzed by varying the concrete

strength, cover dimension and steel strength. They were then analyzed by exerting

their respective maximum load by varying temperature and duration of burning. The

maximum tensile stress developed from the thermal and mechanical action

simultaneously, is plotted in graphical form in Figures 4.30 and 4.31.
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Figure-4.30: Tensile stress (MPa) variation in reinforcement at different
temperature and steel strength for f’; = 28 MPa
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Steel Yield Strength (MPa)
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Figure-4.31: Tensile stress (MPa) variation in reinforcement at different
temperature and steel strength for . = 42 MPa

The Figures 4.30 and 4.31 clearly show that:
I.  The steel strength had little or no effect on the developed tensile
stress of the beams. It might happen for the beams had failed in

crushing of concrete, hence, steel were not significantly stressed in

tension.
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D. Effect on Compressive Stress of Steel

The models had shown different compressive stress level of steel, the maximum of

which in each case is plotted in Figures 4.32 and 4.33.
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Figure-4.32: Compressive stress (MPa) variation in reinforcement at different
temperature and steel strength for f°; = 28 MPa
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Figure-4.33: Compressive stress (MPa) variation in reinforcement at different
temperature and steel strength for . = 42 MPa

The results plotted in Figures 4.32 and 4.33 have revealed that:

I.  The maximum compressive stress in reinforcement increases with

the increase in steel yield strength.
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Reinforcement Ratio (p)

4.2.6 Effect of reinforcement ratio
The reinforcement ratio plays a vital role in mechanical action of beams. The beams
in numerical model are analyzed with different reinforcement ratio to find the

correlation of steel ratio with the fire scenario.

A. Effect on Compressive Stress of Concrete
The compressive stress of concrete found from the analyses is plotted in Figure 4.34.
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Figure-4.34: Compressive stress (MPa) variation in concrete at different
temperature and reinforcement ratio for F, = 400 MPa, cover =
50mm

Some points can be noted from the patterns in Figure 4.34:
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Reinforcement Ratio (p)

i.  For duration below 30minutes, the compressive stress of concrete

increases with the increase in reinforcement ratio.

ii.  But at higher duration of burning, where the steel is effected by
temperature, up to 25% Of (Ppmax - Pmin) from the pmin, the
compressive stress increased with rebar ratio increment, which is
because mechanical action governed in these case. The higher
reinforcement ratio showed the opposite effect as thermal action

governed there.

B. Effect on Tensile Stress of Concrete

The tensile stress of concrete is plotted in Figure 4.35 below to compare the obtained

results.
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Reinforcement Ratio (p)

Figure-4.35: Tensile stress (MPa) variation in concrete at different temperature
and reinforcement ratio for F, = 400 MPa, cover = 50mm

It can be noted that:

i. The tensile stress

reinforcement ratio.

C. Effect on Tensile Stress of Steel

increased slightly with the increase in

The maximum tensile stress found in each case is plotted on rebar percentage-

temperature surface in Figure 4.36.
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Figure-4.36: Tensile stress (MPa) variation in reinforcement at different
temperature and reinforcement ratio for F, = 400 MPa, cover =

50mm
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Reinforcement Ratio (p)

Figure

4.36 indicates that:

ratio.

D. Effect on Compressive Stress of Steel

Tensile stress in rebar increases very slightly with reinforcement

The flexural compressive stress of steel found maximum in the numerical analyses are

graphe

d in Figure 4.37.
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Figure-4.37: Compressive stress (MPa) variation in reinforcement at different
temperature and reinforcement ratio for F, = 400 MPa, cover =

50mm

From Figure 4.37 it is outlined that:
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1. With the increase in reinforcement ratio the maximum compressive

strength of the reinforcement decreases.
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4.2.7 Maximum applied load comparison

The beams modelled were loaded up to maximum capacity. For each combination of
parameters, a percentage of P/P, was plotted against temperature for a definite rating
of fire, where P = Maximum Load Applied at a Temperature for a Definite Time, P,

= Maximum Load Applied at 20°C. The graphs are plotted in Figures 4.38 to 4.39.
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Figure-4.38: Applied Load Percentage Vs Temperature Graph for Fy, = 400MPa

Figures 4.38 and 4.39 clearly points that:

i.  With the increase in temperature, the concrete member can
withstand temperature for less time period i.e. the rating for fire

decreases.
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Figure-4.39: Applied Load Percentage Vs Temperature Graph for Fy = 500MPa

With 0 minute rating i.e. just after reaching a temperature, about
20% to 30% reduction in capacity is noticed.

For 28 MPa concrete, the reduction in capacities are dispersed from
65% to 83% for rating of 120 minutes (R120) to RO. Whereas, the
reduced initial capacities are less dispersed (70% to 78%) in case

of higher strength concrete (42 MPa).

Almost for all strength, at 900°C, beams loaded at 20% of full
capacity can withstand the temperature for large duration of 120

minutes (R120).
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4.3 Results of Portal Frame Models
In parametric study of portal, the concrete and steel strength were fixed, only the

temperature and duration of burning were the variables. A lateral load on top left
corner of the portal was applied and analyzed for results. Rising temperature pattern
was applied up to target temperature, but then a steady temperature was maintained

for the desired duration.

4.3.1 Temperature profiles

The application of temperature for definite period of times gave specific temperature
profiles of both the columns and beam of portal. The temperature profile of beam
sized 300mm x 400mm with a cover of 50mm is presented in Figures 4.40 to 4.42 for

temperature of 300°C, 600°C and 900°C respectively.
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Figure-4.40: Temperature profiles for beam (300mm x 400mm) of portal frame
for applied temperature of 300°C
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Figure-4.41: Temperature profiles for beam (300mm x 400mm) of portal frame
for applied temperature of 600°C

In Figure 4.40, at a temperature level of 300°C maintained for 30minutes, 100°C
temperature achieved at 50mm depth of the section, while after 60minutes and
120minutes this value rises to 100mm and 200mm respectively. At 120minutes the
temperature fully penetrates the beam section. The reinforcement region is at a
temperature of 120°C, 170°C and 220°C after 30minutes, 60minutes and 120minutes

respectively.

Figure 4.41 shows the temperature propagated for burning temperature of 600°C.
After 30minutes, 60minutes and 120minutes of burning a temperature of 100°C was
achieved at a depth of 80mm, 120mm and 200mm respectively. A temperature of
170°C, 280°C and 300°C is observed in reinforcement level after 30, 60 and 120

minutes of burning duration.
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Figure-4.42: Temperature profiles for beam (300mm x 400mm) of portal frame
for applied temperature of 900°C

At 900°C temperature, a level of 150°C was achieved at 110mm, 170mm and 200mm
depth of the beam section for burning duration of 30, 60 and 120 minutes respectively
as shown in Figure 4.42. Reinforcements were at 350°C, 470°C and 620°C

temperature level after 30, 60 and 120 minutes respectively.
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Figure-4.43: Temperature profiles for column (300mm x 400mm) of portal frame
for applied temperature of 300°C
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Figure-4.44: Temperature profiles for column (300mm x 400mm) of portal frame
for applied temperature of 600°C
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Figure-4.45: Temperature profiles for column (300mm x 400mm) of portal frame
for applied temperature of 900°C

The columns of the portal shows the same temperature level throughout the section at
specific temperature and duration as visualized in Figures 4.43 to 4.45 for temperature
of 300°C, 600°C and 900°C respectively. Since the material properties were same for
both beam and columns, the temperature propagated to same level in column section

as in beam.

4.3.2 Lateral sway

The lateral sway resulted from the applied lateral load at top left corner of the portal is
recorded and plotted in Figure 4.46. Though initially up to 60minutes of burning
duration, the sway decreased with the increase in temperature, after 60minutes sway
increased for 600°C and 900°C due to thermal action in effect. The deflected shapes

of these analyses are given in Appendix-C of this report.
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Figure-4.46: Sway Vs Duration of Burning Graph
4.4 Summary
The effect of temperatures depends not only on the intensity and duration of the heat
but also on some geometric features such as the location of burning, direction of
application of load etc. In this research, the most common scenario of burning from

all direction and application of load in direction of gravity was used.
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Chapter 5
CONCLUSION AND SUGGESTIONS

5.1 General

A number of numerical analyses was performed to study the effect of temperature on
reinforced concrete members. As major component of frame structure, beams of
different sectional dimensions and covers were modelled with multiple concrete and
steel strength. To closely observe the temperature effect, 300°C, 600°C and 900°C
temperatures were applied for a duration as high as 120minutes. Heated beams were
loaded to their respective maximum capacity to obtain the compressive and tensile
stress generated in concrete and steel both. A wide range of output data was put

together to compare the results.

5.2 Conclusion

As basic parameters, compressive and tensile stress of concrete and steel were
extracted and compared with input variables to obtain patterns and trends regarding
mechanical and thermal action. Considering the data produced from the numerical

analysis, few concluding remarks can be made:

(1) For initial 30minutes, reinforcing steels with cover as low as 50mm can

withstand temperature as high as 900°C.

(1) At 900°C, though reinforcing steel shows 150°C temperature, as per BS-
EN1992-1-2:2004, steel strength does not degrade significantly.

(i11) For initial 60minutes, concrete in compression is stressed rapidly due to

compressive force developed by the thermal action on flexural member.

(iv) For initial 30minutes with any temperature, the concrete can maintain its stress

level in the elastic range.

(v) For any combination of concrete and reinforcing steel, flexural members, loaded
at less than 20% of its maximum capacity, can withstand large temperature as

high as 900°C for 120 minutes (R120).

(vi) Reinforcement ratio has little effect on the thermal degradation.



5.3 Suggestions

During modelling and result compilation, some points were noticed and on basis of

these points following suggestions are made:

a) Ideal conditions were considered in the numerical model used in the research.
More rigorous and intricate modelling to include the real life scenario is

recommended to understand the thermal action completely.

b) The applied temperature and the applied mechanical loads acted in opposite
direction in bending. Different configurations for direction of both mechanical and
thermal loading must be analyzed to fully comprehend the effect of temperature

on reinforced concrete members.
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Appendix - A
REVIEW ON BS-EN1992-1-2:2004

A.1 General

The Eurocode standards provide common structural design rules for everyday use for
the design of whole structures and component products of both a traditional and an
innovative nature. Unusual forms of construction or design conditions are not
specifically covered and additional expert consideration will be required by the
designer in such cases. Eurocode standards recognise the responsibility of regulatory
authorities in each Member State and have safeguarded their right to determine values
related to regulatory safety matters at national level where these continue to vary from
State to State. EN 1992-1-2 describes the Principles, requirements and rules for the
structural design of buildings exposed to fire.

A.2 Concrete

The strength and deformation properties of uniaxially stressed concrete at elevated
temperatures shall be obtained from the stress-strain relationships as presented in
Figure A.1. The stress-strain relationships given in Figure A.l are defined by two
parameters: the compressive strength f. ¢ and the strain £.4 g corresponding to f. o.

o
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Figure-A.1: Stress-strain relationships of concrete under compression
at elevated temperatures

Values for each of these parameters are given in Table A.1 as a function of concrete
temperatures. For intermediate values of the temperature, linear interpolation is
permitted. Values for £, ¢ defining the range of the descending branch may be taken
from Table A.1.

The ascending branch of the Figure A.1 is governed by the relation:



3
Op = efc,ee S €S Eeup (A2.1)
Ec10(2+ (a) )

For £.19 < & < €419, linear or nonlinear models are permitted, possible strength

gain in cooling phase should not be taken into account.

Table-A.1: Values for the main parameters of the stress-strain relationships of
normal weight concrete with siliceous or calcareous aggregates
concrete at elevated temperatures

Concrete Siliceous aggregates Calcareous aggregates
Temp, 0 fc,@/fck €c1,0 €cul,6 fc,G /fck €c1,0 €culo
[°C] [-] [-] [-] [-] [-] [-]

20 1.00 0.0025 0.0200 1.00 0.0025 0.0200
100 1.00 0.0040 0.0225 1.00 0.0040 0.0225
200 0.95 0.0055 0.0250 0.97 0.0055 0.0250
300 0.85 0.0070 0.0275 0.91 0.0070 0.0275
400 0.75 0.0100 0.0300 0.85 0.0100 0.0300
500 0.60 0.0150 0.0325 0.74 0.0150 0.0325
600 0.45 0.0250 0.0350 0.60 0.0250 0.0350
700 0.30 0.0250 0.0375 0.43 0.0250 0.0375
800 0.15 0.0250 0.0400 0.27 0.0250 0.0400
900 0.08 0.0250 0.0425 0.15 0.0250 0.0425
1000 0.04 0.0250 0.0450 0.06 0.0250 0.0450
1100 0.01 0.0250 0.0475 0.02 0.0250 0.0475

1200 0.00 - - 0.00 - -

The thermal strain €.(6) of concrete may be determined from the following with
reference to the length at 20°C:

Siliceous aggregate:
£(0)=-18x10"*+9x 1079 + 2.3 x 1071193,

(A.2.2)
for 20°C < 6 < 700°C
£.(0) =14 x 1073; for 700°C < A < 1200°C (A.2.3)
Calcareous aggregate:
0)=-12x10"*+6x 1070 + 1.4 x 10~1193;
£(6) + + (A2.4)
for 20°C < 6 < 805°C
£.(0) =12 x 1073; for 805°C < A < 1200°C (A.2.5)

where 6 is the concrete temperature (°C).

The specific heat ¢, (8) of dry concrete may be determined from the following:
cp(6) = 900(JKg *K™1); for 20°C < 6 < 100°C (A.2.6)
c,(6) =900 + (6 — 100) JKg~'K™h); for 100°C < 8 < 200°C (A.2.7)
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c,(8) = 1000 + (6 — 200) for 200°C < @ < 400°C
/2 JKg™'K™);
c,(6) = 1100(JKg™'K™1); for400°C < 6 < 1200°C  (A.2.9)

where 6 is the concrete temperature (°C).

(A.2.8)

Where the moisture content is not considered explicitly in the calculation method, the
function given for the specific heat of concrete with siliceous or calcareous aggregates
may be modelled by a constant value, ¢y peqk, situated between 100°C and 115°C
with linear decrease between 115°C and 200°C.

Cppear = 900(JKg™'K™1);  for moist. content = 0% of concrete wt  (A.2.10)

Cp.peak for moist. content = 1.5% of concrete A2 11
= 1470 (JKg 1K™1); wt A.2.11)
Cp.peak for moist. content = 3.0% of concrete A212
= 2020 (JKg~1K™1); wt (A.2.12)

The variation of density with temperature is influenced by the water loss and is
defined as follows:

p(8) = p(20°C); for20°C <6 <115°C  (A.2.13)
p(6) = p(20°C). {1 — 0.02(985— 115) ; for 115°C < 6 < 200°C (A2.14)
2(6) = p(20°C).{0.98 — 0.03(207) 200) . for200C<O<400C g
2(6) = p(20°C). (0,95 — 0.07(:0:) 400)}; for 400°C < 6 < 1200°C (A2.16)

where 6 is the concrete temperature (°C).

The thermal conductivity 4. of concrete may be determined between lower and upper
limit values of the following:

The upper limit:

0 6 \? -
Ao =2-0.2451 () + 00107 (=) Wm™K%; (A2.17)
for 20°C £ 8 <1200°C
where 6 is the concrete temperature (°C).

The lower limit:

_ 6 6 \? -1 -1.
A =136 —0.136 (=) +0.0057 (=) Wm™K%; (A2.18)
for 20°C < 6 <1200°C

where 6 is the concrete temperature (°C).

A.3 Reinforcing Steel

The strength and deformation properties of reinforcing steel at elevated temperatures
shall be obtained from the stress-strain relationships specified in Figure A.2 and Table
A.2. The stress-strain relationships given in Figure A.2 are defined by three

11



parameters: the slope of the linear elastic range E; g, the proportional limit fg, o and

the maximum stress level f;, g. Values for these parameters for hot rolled and cold

worked reinforcing steel at elevated temperatures are given in Table A.2.

Figure-A.2:

fsy,e

fsp,e

E Esso

Stress-strain relationships

Espo Esy.0

temperatures

Esto

of reinforcing

Esu® &

steel

at elevated

Table-A.2: Values for the parameters of the stress-strain relationship of hot
rolled and cold worked reinforcing steel at elevated temperatures

Steel fsy,@/fyk fsp,e /fyk ES,G/ES
Ee[fjlcrj, hot rolled wf)illi q hot rolled w(c:)(;lli q hot rolled w((:)ili q
20 1.00 1.00 1.00 1.00 1.00 1.00
100 1.00 1.00 1.00 0.96 1.00 1.00
200 1.00 1.00 0.81 0.92 0.90 0.87
300 1.00 1.00 0.61 0.81 0.80 0.72
400 1.00 0.94 0.42 0.63 0.70 0.56
500 0.78 0.67 0.36 0.44 0.60 0.40
600 0.47 0.40 0.18 0.26 0.31 0.24
700 0.23 0.12 0.07 0.08 0.13 0.08
800 0.11 0.11 0.05 0.06 0.09 0.06
900 0.06 0.08 0.04 0.05 0.07 0.05
1000 0.04 0.05 0.02 0.03 0.04 0.03
1100 0.02 0.03 0.01 0.02 0.02 0.02
1200 0.00 0.00 0.00 0.00 0.00 0.00

For intermediate values of the temperature, linear interpolation may be used. The
formulation of stress-strain relationships may also be applied for reinforcing steel in
compression.

The stress for different parts of the stress-strain relationship as depicted in Figure A.2
are as follow:
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0(0) =eEsgfor0 < & < g5 (A.3.1)

0.5
0(0) = fspo —c+ (b/a)[a® — (5y9 — €)?]  foregpg < e <e5e (A32)

0(0) = fsyp foregy g < e < &g (A.3.3)
o(0) = fsy,e[l - (8 - ‘Sst,H)/(Esu,B - Est,@)] for Estg S €= Equp (A.3.4)
d(0) = 0.00 for & = g5, 9 (A.3.5)
The tangent modulus for part of Figure-2.7.4 is:
Tangent Modulus = Egg for 0 < € < €59 (A.3.6)
b(esy 9—¢)
Tangent Modulus = a[a2—(sfsiy,9)2]°'5 for Espo S €S Esyp (A.3.7)
Tangent Modulus = 0 for &5, 9 < € < €519 (A.3.8)
where:
Esp,0 = fsp,Q/Es,e
Esy,0 = 0.02
gst,@ = 0.15
gsu,O = 0.20
2
c — (f:s‘y,e - fsp,@)
(‘SSJ’,H - gsp,B)Es,G - Z(fsy,e - f:s‘p,e)
a’ - (8537,9 - SSP.H)(gsy,B — &po T+ C/Es,e)
b? = c(&sy0 — &sp0)Espo + C?

The thermal strain £4(0) of reinforcing steel may be determined from the following
with reference to the length at 20°C:
&(0) = —2416 X 107* + 1.2 x 107°0 + 0.4 x 10789%;

(A.3.9)
for 20°C < 6 < 750°C
&(0) =11 x1073; for 750°C < 8 < 860°C (A.3.10)
£(0) = —6.2x 1073 + 2 X 107°6; for 860°C < # < 1200°C (A.3.11)
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Appendix - B
ANSYS LITERATURE REVIEW

B.1 General

Ansys, Inc. is an American public company based in Canonsburg, Pennsylvania. It
develops and markets engineering simulation software. Though initially, Ansys
software is used to design products and semiconductors, as well as to create
simulations that test a product's durability, temperature distribution, fluid movements,
and electromagnetic properties; Ansys develops and markets finite element analysis
software used to simulate engineering problems. The software creates simulated
computer models of structures, electronics, or machine components to simulate
strength, toughness, elasticity, temperature distribution, electromagnetism, fluid flow,
and other attributes. Ansys is used to determine how a product will function with
different specifications, without building test products or conducting crash tests.

B.2 Structural Fundamentals
ANSYS uses some fundamental structural properties.

B.2.1 Stress-strain relationship
The stress induced in linear materials is related to the strains by:

{0} = [D]{e*}} (B.2.1)
Where:
{o} = stress vector = oy 0y, 0, Oxy Oy, Oxz]"
[D] = elasticity or elastic stiffness matrix or stress-strain matrix
(e} = {e} — {e*"} = elastic strain vector
{e} = total strain vector = [&, €y, &, &y €y, Exz]"
{eth} = thermal strain vector (defined in Eqaution-2.1.3)

The stress vector is shown in the Figure B.1 below:

Figure-B.1: Stress vector definition



Equation-B.2.1 may also be inverted to:

(e} = {e"} + [D] {0} (B22)

For the 3-D case, the thermal strain vector is:

{e"} = AT[a® a3° a3 0 0 0]T (B.2.3)
where:
az’t = secant coefficient of thermal expansion in the x-direction
AT = T —Trer
T = current temperature at the point of question
Trer = reference (strain-free) temperature

The flexibility or compliance matrix, [D] 1 is:

[D]™
1/Ex _ny/Ex —sz/Ex 0 0 0 1
—Vyx/Ey 1/E, —Vy,/E, 8 0 0 (B.24)
= AT _sz/Ez _sz/Ez 1/Ez 0 0 o
1/G, 0 0
0 0 0 y
0 0 0 0 0  1/Gx]
Where typical terms are:
E, = Young’s modulus in the x-direction
Vy = major Poisson’s ratio
Vyx = minor Poisson’s ratio
Gy = shear modulus in the xy-plane
Also, [D]~! matrix is presumed to be symmetric, so that:
Vyx  Vxy
E_y = E_x (B.2.5)
VZ.X' VXZ
- E_x (B.2.6)
z
va _ vyZ
E_z = E_y (B.2.7)

Expanding Equation-B.2.2 with Equation-B.2.3 through Equation-B.2.7 and writing
out the six equations explicitly,

Oy VxyOy V0,
£ = QAT +—— 22X 2%
Ex  Ex Ey

VyyOx Oy  Vy;0y

& = AT ———+——
E, E, E

VyzO0x Vyz0y Oy
- 74
E. 5, 'L (B.2.10)

(B.2.8)

(B.2.9)

&, = a,AT —
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&y = (B.2.11)
xy
Oy
€yz = (B.2.12)
yZ
o
Exy = (B.2.13)
Gz
Where typical terms are:
Ex = direct strain in the x-direction
Oy = direct stress in the x-direction
Exy = shear strain in the xy-plane
Oxy = shear stress in the xy-plane

Alternatively, Equation-B.2.1 may be expanded by first inverting Equation-B.2.4 and
then combining the result with Equation-B.2.3 and Equation-B.2.5 through Equation-
B.2.7 to give six explicit equations:

E > E
Ox = f(l - (Vyz) E—;) (gx — (leT)
E E
+ - Vey T VxZVyZ_Z (Ey - OCyAT) (B.2.14)
h E,
E
+ f (VXZ + vyzvxy)(ez — a,AT)
E, E,
oy = | Vay + VizVyz g (&4 — a, AT)
y
E E
+ 2 (1 — (Ver)? _Z> (sy — ayAT) (B.2.15)
h E,
+%<v + ViV ﬂ)(s — a,AT)
h vz xzVxy Ex o 7
E
0z = f (sz + Vyzvxy)(gx — a,AT)
E E
th (Vyz T VazVay _y) (gy — @, AT) (B.2.16)
h E,
E > FE
42 (1= ()" 22) Cex — a,AT)
X
Oxy = GryExy (B.2.17)
Tyz = Cyzfyz (B.2.18)
Txz = Gxzz (B.2.19)
Where,
2 E 2 E E E
h=1= () g~ () E_i ~ ) = Wy ViV (B.2.20)

The shear moduli Gy,,, Gy, and G,, may be derived by:
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_ Ex
2(1+ vyy)

B.2.2 Temperature-dependent coefficient of thermal expansion

Gry = Gy; = Gy = (B.2.20)

Considering a typical component, the thermal strain from Equation-B.2.3 is:

e = a%¢(T)(T — Trer) (B.2.21)

Where,
a®¢(T) = temperature-dependent secant coefficient of thermal expansion
a®¢(T) is computed from £'*"(T) by rearranging Equation-B.2.21:
s _ Eith (T)
(T - Tref )

Equation-B.1.21 assumes that, when T = T}, gith = 0. If this is not the case, the

(B.2.21)

g'h data is shifted automatically by a constant so that it is true. a®¢ at Trep 18

calculated based on the slopes data points. Hence, if the slopes of the £%" above and
below Ty..f are not identical, a step change in a*¢ at T;..; will be computed.
g (T) (thermal strain) is related to a'™(T) by:
T
gith(T) = f a™(T)dT (B.2.22)
Tref
Combining Equation-B.2.21 and Equation-B.2.22,
T in
a™(T)dT
ase = fTTef > (B.2.23)
(T - Tre f )
Again,
T .
et = afe(TY(T —T,) = f a™dT (B.2.24)
Ty
= a3(T)(T — Tres) = f a™dT (B.2.25)
Tref

Equation-B.2.24 and Equation-B.2.25 represent the thermal strain at a temperature T
for two different starting points, Ty and Ty.r. The right hand side of the Equation-

B.2.24 may be expanded as:
T Tref T
f a'™dT =f ade+f a'dT (B.2.26)
To To Tref
also,
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Tref .
f a™dT = a§®(Trer )(Trey — To) (B.2.27)
T

0

or,

Tref .
f a™dT = af(Ty)(Treyr — To) (B.2.28)

To
Combining Equation-B.2.24 through Equation-B.2.27,

Trer — T
aF?(T) = ag®(T) + -

T—Tuy (aée(T) - aée(Tref)) (B.2.29)

Equation-B.2.29 is non-linear. If T,.r = Ty, Equation-B.2.29 is trivial. If T = T,
Equation-B.2.29 is undefined.
B.3 Derivation of Structural Matrices

The principle of virtual work states that a virtual (very small) change of the internal
strain energy must be offset by an identical change in external work due to the applied
loads, or:

6U =6V (B.3.1)
where:
U = strain energy (internal work) = U; + U,
%4 = external work=V; +V, + V;
é = virtual operator

The virtual strain energy is:

vol
U, = j {5e}{o}d(wol)T (B.3.2)
0
where:
{e} = strain vector
{o} = stress vector
vol = volume of element

Continuing the derivation assuming linear material and geometry, Equation-B.3.1 and
Equation-B.3.2 are combined as:

vol
6U, = j ({8e}"[D]{e} — {8e}" [D]{e" D d (vol) (B.3.3)
0
The strains may be related to the nodal displacement by:

(e} = [Bl{u} (B.3.4)

where:
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[B] = strain-displacement matrix, based on the element shape functions
{u}

It is assumed that all effects are in global Cartesian system. Combining Equation-
B.3.3 with Equation-B.3.4, and noting that {u} does not vary over the volume:

nodal displacement vector

vol

5U, = (Su)" f (B]"[D][B]d(voD)fus}
0 (B.3.5)

vol

— oy f [B]"[D][e™]d (vol)

0

Another form of virtual strain energy is when a surface moves against a distributed
resistance, as in a foundation stiffness. This may be written as:

areaf
SU, = f {6wn}"{o}d(areay) (B.3.6)
0
where:
{w,} = motion normal to the surface
{o} = stress (or pressure) carried by the surface
arear = area of the distributed resistance

Both {w,,} and {o} usually have only one nonzero component. The point-wise normal
displacement is related to the nodal displacements by:

wn} = [Ny {u} (B.3.7)
where:
[N,.] = matrix of shape functions for normal motions at the surface
The stress, {0}, is
{o} = k{wn} (B.3.8)
where:
k = the foundation stiffness in units of force per length per unit area

Combining Equation-B.3.6 through Equation-B.3.8, assuming that k is constant over
the area,

areaf

S5U, = {Su}T"f [N,]T[N,]d(area){u} (B.3.9)
0

Next, the external virtual work is considered. The inertial effect is studied first:

vol a
{F°}
SV; = —f {ow3’ d(vol) (B.3.10)
0 vol
where:
{w} = vector of displacement of a general point
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{F*} = acceleration (D’Alembert) force vector

According to Newton’s second law:

{F*} 0*
=p— B.3.11
vol 'Datz w ( )
where:
p = density
t = time

The displacements within the element are related to the nodal displacements by:
{w} = [N]{u} (B.3.12)

where

[N] = matrix of shape functions

Combining Equation-B.3.10 through Equation-B.3.12, and assuming that p is
constant over the volume,

vol 62
S5V, = —{Su}Tpf NT[N]d(vol)m{u} (B.3.13)
0
The pressure force vector formulation starts with:
areap
8V, = f {6w,}" {P}d(area,) (B.3.14)
0
where:
{P} = the applied pressure vector (normally contains only one nonzero
component)
area, = areaover which pressure acts

Combining equations Equation-B.3.12 and Equation-B.3.14,

area,
SV, = {6u}TJO [N,]"{P}d(area,) (B.3.15)
Nodal forces applied to the element can be accounted for by:
6Vs = {Su}T{F1} (B.3.16)
where:
{F*} = nodal forces applied to the element

Finally, Equation-B.3.1, Equation-B.3.5, Equation-B.3.9, Equation-B.3.13, Equation-
B.3.15 and Equation-B.3.16 may be combined to give:
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vol vol
oy fo (B]"[D][Bld(vol){u} — (5u)” fo [B]"[D][]d (vol)
+ {su}T* farea [Nn]T[Nn]d(areaf){u}
ol ) (B.3.17)
Vo a
——w'p [ NTINId(woD 5 ()

0
areap

+ {Su}TJ [N,]"{P}d(area,) + {6u}T{F,}

0

Noting that the {6u}” vector is a set of arbitrary virtual displacements common in all
of the above terms, the condition required to satisfy the Equation-B.3.17 reduces to:

([Ke + KDt = (£ = (MG + (B} + (B (B.3.18)

where:
[Ke] = [ Ov Ol[B]T [D][B]d(vol) = element stiffness matrix
[K ef ] = kJ Oareaf [Nn]T[Nn]d(areaf) = element foundation stiffness matrix
"y = ) Ov OZ[B]T [D][et"]d (vol) = element thermal load vector
[M,] = p f(;ml NT[N]d(vol) = element mass matrix

. _ 2
(i} B ;? {u} = acceleration vector (such as gravity effects)
{EF"} = | Oarea” [N,]7{P}d(area,) = element pressure vector

Equation-B.3.18 represents the equilibrium equation on a one element basis.
B.4 Structural Strain and Stress Evaluation

B.4.1 Integration point strain and stresses

The element integration point strain and stresses are computed by combining
equations Equation-B.2.1 and Equation-B.3.4 to get:

{e°} = [Bl{u} — {¢™} (B.4.1)
{0} = [D]{e*}} (B.4.2)
where:
{e*1} = strains that causes stresses
[B] = strain-displacement matrix evaluated at integration point
{u} = nodal displacement vector
{et"} = thermal strain vector
{o} = stress vector
[D] = elasticity matrix
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B.4.2 Surface stresses

Surface stress output on “free” faces (“free” means not connected to other elements as
well as not having any imposed displacements or nodal forces normal to the surface)
can be calculated using the following steps.

Computation of in-plain strains of the surface at an integration point using:
{¢} = [B]{i} — (e} (B.4.3)

Hence, &, €, and &, are known. The prime (') represents the surface coordinate
system, with z being normal to the surface. At each point, assuming

{6,}=-P (B.4.4)
{6z} =0 (B.4.5)
{6y} =0 (B.4.6)

where P is the applied pressure.
At each point, the six material property equations are formed as:
{6} =[D]{&} (B.4.7)

to compute the strain and stress components (€, &z, &y, Ox, Oy and dy,) at all

integration points.

B.4.3 Shell element output

For elastic shell elements, the forces and moments per unit length are as:

t/2
T, =f o,dz (B.4.8)
-t/2
t/2
T, =] oydz (B.4.9)
—-t/2
t/2
Tyy = f Oxydz (B.4.10)
t/2
t/2
=f Z0,dz (B.4.11)
t/2
=j zoy,dz (B.4.12)
t/2
t/2
=J Z0y,dz (B.4.13)
t/2
t/2
=J- Oy,dz (B.4.14)
t/2
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t/2
N, = f 0y,dz (B.4.15)

-t/2
where:
Ty, Ty, Tyy = in-plane forces per unit length
My, My, My, = bending moments per unit length
Ny, N, = transverse shear forces per unit length
t = thickness at midpoint of element
Oy, etc. = direct stress
Oyxy, €tC. = shear stress

For shell elements with linearly elastic material, Equation-B.4.8 to Equation-B.4.15
reduce to:

_ t(o-x,top + 4'O-x,mid + O-x,bot)

B.4.16
X 6 ( )
I = t(0y,cop + 4036/,mid + 0y,bot) (B.4.17)
Txy _ t(axy,top + 40x631,mid + ny,DOf) (B.4.18)
t2(0x.top — O.
M, = ( x,to;;~2 x,bot) (B.4.19)
_ tz(o-y'top - Uy,bot) (B.4.20)
y 12
M _ tz(o-xy,top - O-xy,bOt) (B 4 21)
xy o 12 N
= t(o-xz,top + 405z,mia + Oxzbot) (B.4.22)
6
- t(Oyztop T 40'y6z,mid + Oyzpot) (B.4.23)

B.5 Combined Stresses and Strains

When a model has only one functional direction of strains and stress, comparison with
an allowable value is straightforward. But when there is more than one component,
the components are normally combined into one number to allow a comparison with
an allowable.

B.5.1 Combined strains

The principal strains are calculated from the strain components by the cubic equation:
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1 1
Ex — &o E Exy E Exz
1 1
S&y &y TE &y =0 (B.5.1)
1 1
E Exz E Eyz €z — &
where:
o = principal strain (3 values)

The three principal strains are labeled &, €, and €5. The principal strains are ordered
so that &, is the most positive and &5 is the most negative.

The strain intensity &; is the largest of the absolute values of & — &, €, — &5 and
&3 — &. That is:

g = MAX(ley — &|, 16, — &3], [e5 — &) (B.5.2)

The von Mises or equivalent strain &, is computed as:

1 1 1
Ee = 1+ (E [(e1 — €)% + (&1 — €2)* + (&1 — £2)%])2 (B.5.3)
where:
A = effective Poisson’s ratio

B.5.2 Combined stresses

The principal stresses (g, 0,, g3) are calculated from the stress components by the
cubic equation:

Ox — Op Oxy Oxz
Oxy 0y — 0 Oyz =0 (B.5.4)
Oxz Oy, 0; — Op
where:
0o = principal stress (3 values)

The three principal stresses are labeled g;, 0, and og3. The principal stresses are
ordered so that o; is the most positive (tensile) and og; is the most negative
(compressive).

The stress intensity o; is the largest of the absolute values of oy — g,, 0, — g3 and
03 — ;. That is:

o = MAX(loy — 03|, lo; — 03|, los — a4]) (B.5.5)
The von Mises or equivalent strain &, is computed as:
1 2 2 21\3
O = (E [(01 — 02)° + (01 — 02)° + (01 — 02)°])2 (B.5.6)
or:
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ae=(l[(a —0,)%+ (0, — 0,)* + (0, — 0,)* + 6(0%, + 0
2 x y y z z x xy yz (B.5.7)

+ a2

when v’ = v, the equivalent stress is related to the equivalent strain through

o, =E¢, (B.5.8)
where:
E = Young’s modulus
B.6 Concrete

The concrete material model predicts the failure of brittle materials. The criterion for
failure of concrete due to a multi-axial stress state can be expressed in the form:

F
——=5=0 (B.6.1)
c
where:
F = a function of the principal stress state (g, yp, 0p)
S = failure surface expressed in terms of principal stresses and five input
parameters f;, f., fcp, f1 and f;
fi = ultimate uniaxial tensile strength
fc = ultimate uniaxial compressive strength
feb = ultimate biaxial compressive strength
fi = ultimate compressive strength for a state of biaxial compression
superimposed on hydrostatic stress state o5
fo = ultimate compressive strength for a state of uniaxial compression
superimposed on hydrostatic stress state oy
oF = ambient hydrostatic stress state
Oxp» Oyp, Ozp = Principal stresses in principal directions

If Equation-B.6.1 is satisfied, the material will crack or crush. However, the failure
surface can be specified with a minimum of two constants f; and f.. The other three
constants default to Willam et. al. [23]:

fer = 1.2f; (B.6.2)
fi = 1.45f. (B.6.3)
f, = 1.725f, (B.6.4)

However, these default values are valid only for stress states where these conditions
are satisfied:

oy = %(o‘xp + oy + azp) = hydrostatic stress state (B.6.6)
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Thus condition (Equation-B.6.5) applies to stress situations with a low hydrostatic
stress component. All five failure parameters should be specified when a large
hydrostatic stress component is expected. If condition Equation-B.6.5 is not satisfied
and the default values shown in Equation-B.6.2 thru Equation-B.6.4 are assumed, the
strength of the concrete material may be incorrectly evaluated.

When the crushing capability is suppressed with f. = -1.0, the material cracks
whenever a principal stress component exceeds f;.

Both the function F and the failure surface S are expressed in terms of principal
stresses denoted as gy, g,, and o3 where:

01 = Max(0Oyp, Oyp, Ozp) (B.6.7)
03 = Min(0yy, Oyp, Ozp) (B.6.8)
and g, = g, = o03. The failure of concrete is categorized into four domains:

1. 0 = 07 = 0, = 03 (compression-compression-compression)

2. 04 =2 0 = 0, = 03 (tension-compression-compression)

3. 04 =2 0, = 0 = 03 (tension-tension-compression)

4. 0, = 0, = 03 = 0 (tension-tension-tension)
In each domain, independent functions describe F and the failure surface S. The four
functions describing the general function F are denoted as F;, F,, F; and F, while the
functions describing S are denoted as S;,S,, S5 and S,. The functions S; (i = 1,4)
have the properties that the surface they describe is continuous while the surface

gradients are not continuous when any one of the principal stresses changes sign. The
surface will be shown in Figure-B.6.1 and Figure-B.6.3.

B.6.1 The failure domain (compression-compression-compression)

The characteristics equation for this domain is: 0 = gy = 0, = 03. In this case, F
takes the form

F=F= (01— 02)* + (0, — 03)* + (03 — 01)2]% (B.6.8)

1
—|
V15
and S is defined as

S:.Sl

1
_2r,(rF —rd)cosn + 1,21y — 1) [4(rf — r)cos?n + 51 — 4ryry]2 (B.6.9)
B 4(r} — r2)cos?n + (ry, — 217)?

Terms used to define S are:

20-1 _0-2 _0-3

cosn = T (B.6.10)
V2[(01 = 63)% + (0, — 03)% + (03 — 01)?]2

r]_ ES aO + alf + azgz (B6.1 1)

T, = bO + blf + bzfz (B612)
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f—ﬁ B.6.13
=7 (B.6.13)

oy, 1s defined by Equation-2.6.6 and the undermined coefficients ay, a4, a,, by, b; and
b, are discussed below.

This failure surface is shown as Figure-B.6.1. The angle of similarity 7 describes the
relative magnitudes of the principal stresses. From Equation-B.6.10, n = 0° refers to
any stress state such that g; = g, > 0; (e.g. uniaxial compression, biaxial tension)
while & = 60° for any stress state where g3 > 0, = 03 (e.g. uniaxial tension, biaxial
compression). All other multiaxial stress states have angles of similarity such that
0° <n <60° When n=0° S; (Equation-2.6.9) equals r; while if n = 60°, §;
equals r,. Therefore, the function r; represents the failure surface of all stress states
with n = 0°. The functions ry, 1y and the angle n are depicted on Figure B.2.

G Octahedral Plane

Figure-B.2: 3-D Failure Surface in Principal Stress Space

It may be seen that the cross-section of the failure plane has cyclic symmetry about
each 120° sector of the octahedral plane due to the range 0° < 1 < 60° of the angle of
similitude. The function r; is determined by adjusting a,, a;, and a, such that f;, f;,
and f; all lie on the failure surface. The proper values for these coefficients are
determined through solution of the simultaneous equations:

F.
( _1(0-1:ft'0-2:03:0) )
FC 1 & & Qo
{ Z(o1=00,=05=—f,) p=|1 &, & {al} (B.6.14)
F, : 1 & §\%
kz(ﬂ:_o'f?ﬁz:%:—oﬁ—fﬂj
with
S R )
Et—3—fc,€cb— 3/[6,61— AT (B.6.15)

The function r;, is calculated by adjusting by, b;, and b, to satisfy the conditions:
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( Fl 3\

_(0-120-2:0'0-3:_f;') 1 1
Fo -3 5|
{7 (01 =0, =—0y,05=—05 —f1) p = 1 ¢ 2 {bl} (B.6.16)
c 2 2
g b
E(O) 1 & $o
\ A J
&, 1s defined by:
on [
E=————= (B.6.17)
O 3%
and & is the positive root of the equation:
12(§0) = ag + a1 + a6 = 0 (B.6.18)

where ay, a,, and a, are evaluated by Equation-B.6.14.
Since the failure surface must remain convex, the ratio ry /1 is restricted to the range

0.5 <n/r, <125 (B.6.19)

although the upper bound is not considered to be restrictive since r; /1, < 1 for most
materials. Also, the coefficients ay, a;, a,, by, b; and b, must satisfy the conditions:

ap>0,a,<0,a,<0 (B.6.20)

by >0,b, <0,b, <0 (B.6.21)
Therefore, the failure surface is closed and predicts failure under high hydrostatic
pressure (& > &,). This closure of the failure surface has not been verified
experimentally and it has been suggested that a von Mises type cylinder is a more
valid failure surface for large compressive g, values.

f:
n=60° _¢ 2 ta
' f '
' c
&2% Eéc \ -3
1 Ecb! ﬂ_,.‘f&-"’""&o l
: t
n = D° M

Figure-B.3: A profile of the failure surface

Consequently, it is recommended that values of f; and f, are selected at a hydrostatic
stress level (g7) in the vicinity of or above the expected maximum hydrostatic stress
encountered in the structure. Equation-B.6.18 expresses the condition that the failure
surface has an apex at £ = &,. A profile of r; and r, as a function of § is shown in
Figure B.3. The lower curve represents all stress states such that n = 0° while the
upper curve represents stress states such that n = 60°. If the failure criterion is
satisfied, the material is assumed to crush.
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B.6.2 The failure domain (tension-compression-compression)

The characteristics equation for this domain is: ; = 0 = 0, = 03. In the regime, F
takes the form:

1 1
F=F, =—|[(0,—03)%* + % + d2]2 B.6.22
2 \/E [( 2 3) 2 3] ( )
and S is defined as:
S = Sz
o
-(1%)
fi (B.6.23)
. 2P (p5 — pi)cosn + p,(2p; — p2)[4(p5 — p)cos®n + 5p? — 4p1p,]
2(pZ — p2)cos?n + (py — 291)°
where cosn is defined by Equation-B.6.10 and
p1=0apt+ax+ az)(z (B.6.24)
pz == bO + le + bz){z (B625)

The coefficients ay, a;, a,, by, b; and b, are defined by Equation-B.6.14 and
Equation-B.6.16 while
_ (02 + 03)
3fc

If the failure criterion is satisfied, cracking occurs in the plane perpendicular to

(B.6.26)

principal stress o;.

B.6.3 The failure domain (tension-tension-compression)

The characteristics equation for this domain is: g; = g, = 0 = g3. In the tension-
tension-compression regime, F takes the form:

F=F,=0;i=1,2 (B.6.27)
If the failure criterion for both i = 1,2 is satisfied, cracking occurs in the planes
perpendicular to principal stresses g; and o,. If the failure criterion is satisfied only
for i = 1, cracking occurs only in the plane perpendicular to principal stress g .

B.6.4 The failure domain (tension-tension-tension)
The characteristics equation for this domain is: g; = g, = 03 = 0. In the tension-
tension-tension regime, F takes the form:
F=F,=0;i=1,2,3 (B.6.28)
and the S is defined as
ki
fe

If the failure criterion is satisfied in directions 1, 2, and 3, cracking occurs in the

S=S, (B.6.29)

planes perpendicular to principal stresses g, o, and o3. If the failure criterion is
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satisfied in directions 1 and 2, cracking occurs in the plane perpendicular to principal
stresses gy and o,. If the failure criterion is satisfied only in direction 1, cracking
occurs in the plane perpendicular to principal stress o;.

fe Cracking Cracking

- Sy

Cracking

O2p @ 0 (Cracking or Crushing}

920 = 0 (Crushing)

gzp < 0 (Crushing)

Figure-B.4: Failure Surface in Principal Stress Space with Nearly Biaxial Stress

Figure B.4 represents the 3-D failure surface for states of stress that are biaxial or
nearly biaxial. If the most significant nonzero principal stresses are in the oy, and gy,
directions, the three surfaces presented are for g, slightly greater than zero, 0, equal
to zero and oy, slightly less than zero. Although the three surfaces, shown as
projections on the oy, — gy, plane, are nearly equivalent and the 3-D failure surface
is continuous, the mode of material failure is a function of the sign of a,,. For
example, if o, and 0,,, are both negative and gy, is slightly positive, cracking would
be predicted in a direction perpendicular to the o, direction. However, if g, is zero
or slightly negative, the material is assumed to crush.

B.7 Reinforcing Steel

The model assumes isotropic elastic behavior, and the elastic behavior is assumed to
be the same in tension and compression. The plastic yielding and hardening in tension
may be different from that in compression. The plastic behavior is assumed to harden
isotropically and that restricts the model to monotonic loading only.

A composite yield surface is used to describe the different behavior in tension and
compression. The tension behavior is pressure dependent and the Rankine maximum
stress criterion is used. The compression behavior is pressure independent and the von
Mises yield criterion is used. The yield surface is a cylinder with a tension cutoff

(cap).
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Rankine Trange

Yon Mizez Circle

Figure-B.5: Cross-Section of Yield Surface (viewed along the hydrostatic
pressure axis)

Bz
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361

W]

8 = 60 [comprezzion)

Figure-B.6: Meridian Section of Yield Surface (von Mises cylinder with tension
cutoff)

Figure B.5 shows a cross section of the yield surface on principal deviatoric-stress
space and Figure B.6 shows a meridional section of the yield surface for two different
stress states, compression (6 = 60) and tension (6 = 0).

The yield function for the tension cap is:

2

fe = §cos(0) o, +p—0,=0 (B.7.1)

and the yield function for the compression regime is:
fe=0.—0.=0 (B.7.2)

where:
p = 1,/3 = tr(o)/3 = hydrostatic pressure

1
Oe = (SS :S )2 = von Mises equivalent stress
S = deviatoric stress tensor
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1
_ 1 3v3J5\2
6 = =-arccos (\/_T/]j) = Lode angle
3 2]
1 . . . .
15 = ES : S = second invariant of deviatoric stress tensor
J3 = det(S) = third invariant of deviatoric stress tensor
ot = tension yield stress
o. = compression yield stress

The plastic strain increments are defined as:

_d
&pl = ;L_Q (B.7.3)
do
where Q is the so-called plastic flow potential, which consists of the von Mises
cylinder in compression and modified to account for the plastic Poisson's ratio in

tension, and takes the form:

Q =0,—0,forp<—a,/3 (B.7.4)
_ 2
2" 462 =90 forp = —7./3 (B.7.5)
where:
C =
yP! = plastic Poisson’s ratio

When vP! = 0.5, the equation reduces to the von Mises cylinder. This is shown
below:

Figure-B.7: Flow Potential for Cast Iron

As the flow potential is different from the yield function, nonassociated flow rule, the
resulting material Jacobian is unsymmetric.
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The yield stress in uniaxial tension, g;, depends on the equivalent uniaxial plastic

strain in tension, s_f l, and the temperature T. Also the yield stress in uniaxial

. . . . . . . _pl
compression, g, depends on the equivalent uniaxial plastic strain in compression, & ,

and the temperature 7.

To calculate the change in the equivalent plastic strain in tension, the plastic work
expression in the uniaxial tension case is equated to general plastic work expression
as:

o AP = {5)T{AePY} (B.7.6)
where:
{AeP!} = plastic strain vector increment
Equation-B.7.3 leads to:

At = O_l{a}T{Aepl} (B.7.7)

t
In contrast, the change in the equivalent plastic strain in compression is defined as:
AP = APt (B.7.8)

where:
A&t = equivalent plastic strain increment
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Appendix - C
RESULTS

C.1 Temperature Profiles of Beams

C.1.1 Beam size: 300mmx400mm, cover=50mm
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Figure-C.1: Temperature profiles for beam for applied temperature of 600°C
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Figure-C.2: Temperature profiles for beam for applied temperature of 900°C



C.1.2 Beam size: 300mmx400mm, cover=75mm
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Figure-C.3: Temperature profiles for beam for applied temperature of 300°C
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Figure-C.4: Temperature profiles for beam for applied temperature of 600°C
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Figure-C.5: Temperature profiles for beam for applied temperature of 900°C
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C.2.3 Beam size: 300mmx600mm, cover=50mm
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Figure-C.6: Temperature profiles for beam for applied temperature of 300°C
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Figure-C.7: Temperature profiles for beam for applied temperature of 600°C
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Figure-C.8: Temperature profiles for beam for applied temperature of 900°C
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C.2 Lateral Sway of Portals

1-JODAL SOLUTION

‘ 479E-03 957E-03 001436 001915
239E-03 718E-03 001197 001675 002154

Figure-C.9: Lateral sway (mm) for 300°C with burning duration of 0 min

LODAL SOLUTION

Figure-C.10: Lateral sway (mm) for 300°C with burning duration of 60 min
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LODAL SOLUTION
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Figure-C.11: Lateral sway (mm) for 300°C with burning duration of 120 min

1-JODAL SOLUTION
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Figure-C.12: Lateral sway (mm) for 600°C with burning duration of 0 min
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LODAL SOLUTION

Figure-C.13: Lateral sway (mm) for 600°C with burning duration of 60 min

LODAL SOLUTION
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Figure-C.14: Lateral sway (mm) for 600°C with burning duration of 120 min
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LODAL SOLUTION

Figure-C.15: Lateral sway (mm) for 900°C with burning duration of 0 min

1-JODAL SOLUTION

196E-03

Figure-C.16: Lateral sway (mm) for 900°C with burning duration of 60 min
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LODAL SOLUTION

Figure-C.17: Lateral sway (mm) for 900°C with burning duration of 120 min
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