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‘ ABSTRACT \l

. A lot of information about the properties of concrete and steel after
exposure to high temperatures are available. However, information about the
effect of direct exposure to fire flames on properties of concrete is limited. In
this study, some mechanical properties of concrete and load—deflection behavior
of rectangular reinforced concrete beams under the effect of fire flame exposure
IS presented. Two concrete mixes were used with target compressive strength
(Y- and ¢+ MPa) and named series A and series B respectively. The properties
investigated were density, compressive strength, splitting tensile strength,
flexural strength, and modulus of elasticity. Two non-destructive tests, the
ultrasonic pulse velocity and rebound hammer were used. The concrete
specimens were subjected to fire flame temperatures ranging from (Ye-Y.+ °C)
at different ages of ¥+, 1+, and %+ days Three temperature levels of ¢++°C,
©««°Cand Y+ ° C were chosen with four different exposure duration of -.°,
Y.+, Y. and Y. hours. Twelve rectangular reinforced concrete beams
(Y++xYe.x)+++mm) were cast from each batch of concrete and subjected to
fire flame at temperature levels of ¢++°C and Y-+ "C. Two ages of ¥+ and 4+
days and Y.+ hour period of exposure were used.

Based on the results of this work, the properties of concrete were very
sensitive to fire flame and they deteriorated, when the fire flame intensity was
increased, for all ages and periods of exposure. The reduction in density ranged
between ().3-V.YZ) at ¢++°C, (¢-AZ) at ©++°C and (A-)).YZ) at V++°C.The
residual compressive strength ranged between (V:-Ae7Z) at ¢+« °C, (°4-YAZ) at
o+« °Cand (¢§Y-1Y%) at v+ +°C.Cooling by water caused further reduction in the
compressive strength, compared with specimens cooled in air, the percentage
reduction in compressive strength of the specimens cooled in water was (Y-A%)

more than the specimens cooled in air. The compressive strength test results of



this study together with results obtained by other investigators were compared
with CEB strength reduction curve and that of CEN. It was noticed that the test
results agreed with CEN design curve rather than with that of CEB.

For the splitting tensile strength, the residual tensile strength was (1V-YAZ)
at £++°C, (¢+- 1V/) at ++°C and (Y:-¢¢%) at v+ +°C. But the reduction in
splitting tensile strength specimens cooled in water showed more reduction than
specimens cooled in air by (¥-)£%). The residual flexural strength was in the
range of (YY-Va7%), (§Y-2AZ) and (YY-¢V7) and the residual modulus of elasticity
ranged between (¢°-Ve7), (Y¢-2V/) and (\1-Y¢/)at €++°C, ©++°C,and Y+ +°C
respectively. The ultrasonic pulse velocity and rebound hammer tests also
showed more reduction in the test results after burning the if compared with
control specimens. Mathematical models for the prediction of some properties
before and after exposure to fire flame were developed in this study. These
models used non-linear regression equations to evaluate good coefficient
correlation with fewer variables introduced in them.

For the load-deflection behavior, the control beams deflection was
measured and compared with the values obtained by using equations of different
Codes (ACI-YYA-40 and CPY)+-Y4VYY). When the beams were exposed to fire
flame (¢:+-V++°C) for one hour, it was noticed that the deflection that
corresponds to the yield and ultimate load is greater than that for the control
beams. On the other hand, the yield and ultimate loads are less than that before

fire flame exposure.
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Notations

‘ Notations \l

Most of commonly used symbols are listed below, these and others are
defined where they appear in the research

Area of tension reinforcement.

Area of compression reinforcement

The age of the specimens at time of exposure to fire flame.
Width of the beam.

Euro-Code —) 499,

Euro-Code-14av-1aa¢,

Effective depth of the beam.

Distance from tension bar center to the tension face.

Depth from compression face to centered of compression steel.
Modulus of elasticity of the concrete after exposure to fire flame
temperature.

Modulus of elasticity of the concrete before exposure to fire flame
temperature

Modulus of elasticity of the steel.

Yield stress of steel reinforcing bar.

Ultimate strength of steel reinforcing bar.

Compressive strength of concrete before exposure to fire flame
temperature.

Compressive strength of concrete after exposure to fire flame
temperature.

Splitting tensile strength before exposure to fire flame temperature.
Splitting tensile strength after exposure to fire flame temperature.
Flexural strength before exposure to fire flame temperature.
Flexural strength after exposure to fire flame temperature.

Depth of the beam.

High strength concrete

High performance concrete.

Second moment of area of cracked transformed section.
Strength-reduction factor.




Notations

Fracture coefficient dependent on load or reaction type and on the support
condition.

Clear span

Modulus of rupture.

Cracking moment.

Nominal ultimate moment.

Ultimate moment

Reduced moment of resistance.

Ultimate load.

Period of exposure.

Rebound number test after exposure to fire flame temperature.

Rebound number test before exposure to fire flame temperature.

Ultrasonic pulse velocity test after exposure to fire flame temperature.
Ultrasonic pulse velocity test before exposure to fire flame temperature.

Ultimate load deflection.

Yield load deflection.
Compressive strength reduction.

Steel stress reduction.
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Chapter One ‘

INTRODUCTION

\-\ General

Concrete is widely used in building construction because all the contents or
the basic material of it (except cement) are natural materials and they are available
in enough amount at low cost, the process of bringing them to the location of the
building is easy and simple. Concrete has good stiffness and durability when it
compounds with steel reinforcement. The concrete building construction could be
exposed to the effect of fire. Human safety is one of the considerations in the
design of residential, public and industrial buildings. Unlike wood and plastics,
concrete is incombustible and does not emit toxic fumes on exposure to fire. On
the contrary of steel, when subjected to temperature between (V+::-A++)°C,
concrete is able to retain an adequate strength for reasonably long periods, thus

permitting rescue operations by reducing the risk of structural collapse (109,

There are many instances of exposing concrete structural members to
elevated temperatures. One of the most common instances of exposure is by
accidental fire in buildings. Another instance of heat exposure may be found in
some industrial equipments when concrete is used in places exposed to sustained
elevated temperatures. Long exposure to elevated temperature is imposed on
foundations for blast furnaces and coke batteries, furnace walls and dampers,
industrial chimneys and flues, floors on which metal parts are heat-treated, floors

below boilers and kilns and nuclear- reactor pressure vessels ®) When a

reinforced concrete structure has been involved in a fire, it is often possible to

remain standing because of the good fire resisting properties of the concrete. This
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means that in dealing with such a situation, a choice can be made between
reconstruction and reinstatement. Reinstatement can be often quicker and cheaper
alternative. However, before a decision can be made, it is necessary to establish

whether or not the damaged structure is suitable for such treatment. To do this, its
residual capacity for structural performance must be assessed )

In the structural design of buildings, in addition to the normal gravity and
lateral loads, it is in many cases necessary to design the structure to safely resist
exposure to fire. However it is usually necessary to guard against structural

collapse for a given period of time ™

V-¥ Research Significance

A lot of research on concrete subjected to high temperatures were carried
out. The object of those investigations was to determine the strength and
deformation properties of concrete at elevated temperatures and to find out the
causes of the changes that the material suffers in consequence of heat. The
researchers exposed the concrete and mortar specimens to high temperatures in
special furnaces.

There are indeed little research about temperature gradient and exposure
time of concrete in direct contact with fire flames.

In the present work, there is an attempt to investigate the effect of exposure
of concrete to fire flame on some mechanical properties of concrete.

Two concrete mixes properties and twelve reinforced concrete beams were
investigated at different ages, different temperature levels and different exposure
periods. There are many variables considered in this investigation, these cover the
following aspects: -

Y. Studying the fire effect on the mechanical properties of concrete, such as
compressive strength, splitting tensile strength when cooled in air or in water,

density, modulus of rupture (M.O.R), modulus of elasticity.
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Introduction

Y. Studying the fire flame effect on the immediate deflection of the
reinforced concrete beams and comparing the results with control  beams.
Y. Studying the fire flame effect on the specimens by using non-
destructive tests, such as ultrasonic pulse velocity and Schmidt

rebound hammer to estimate the degree of damage.

\-¥ Research Layout

In this research there are five chapters: -

Chapter one provides a general introduction.

Chapter two presents a review of both early and recent studies, including
the effect of fire endurance on the mechanical properties of concrete and
reinforced concrete beams under immediate load.

Chapter three deals with materials and experimental work, which include
the program of testing.

Chapter four includes analysis of test results and their discussion.

Chapter five contains conclusions obtained from the test results and some

possible recommendations for further work.
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Chapter Two ‘

LITERATURE REVIEW

Y-\ Effect of Fire on Concrete

v-v=\ Introduction

Several factors control the response of concrete to high temperatures.
Ingredients of concrete are important because both the cement paste and the
aggregate consist of components that decompose through heating. It has already
been stated that the type of aggregate and moisture content play important roles
in the manner that concrete is affected. However, size and shape of aggregate,
type of cement, admixture and water-cement ratio also influence the results

during heating “ " A number of research dealt with the effect of fire on concrete,

steel and reinforced members. It is clearly stated that both concrete and steel are
affected by exposure to fire.
Some of the investigations, which tended to establish the effect of

exposure of concrete to high temperature, are discussed here.

v-1-v Fire Effect on The Mechanical Properties of Concrete

Malhotra ) in (Y4e1) studied the effect of high temperature on
compressive strength of concrete by using cylinders of (¢ mm) in diameter
and (V- Ymm) long. Three mixes of aggregate / cement ratios (¥, ¢.¢, 1) and four
water- cement ratios (+.¢+, «.¢¢, «.o+ « 1) with ordinary Portland cement, river
sand and gravel aggregate were used. There were three conditions when the

specimens were heated to a given temperature in an electric furnace. The first
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group was tested in the hot state, the second group was tested under a constant
stress, and the third group was allowed to cool gradually and tested to find the
residual strength after cooling. The test results showed that the effect of
temperature on compressive strength of concrete is independent of the water-
cement ratio within the range of (+.¢-+.%¢). He observed that the reduction in the
compressive strength for lean mixes is smaller than for rich mixes. He also
found that concrete under a compressive stress of the order of its design value
has a smaller proportional decrease in strength than if the stress was absent.
Finally the residual strength of heated concrete shows still further reduction in
strength on cooling, being approximately ¥:7 less than the corresponding hot
strength in temperature range ¥+« to ¢¢.°C for Y:¢.¢ and Y:1 concrete mix.

(v

Abrams"in (y4vy) investigated the effect of high temperature on the

compressive strength of concrete by using ( v.ex‘Yecm ) cylindrical specimens
heated for short duration to temperature of (4v-Av1°C). The included variables
were aggregate types (carbonate, siliceous and lightweight). The test specimens
were heated without load then tested hot, heated with load and tested hot, and
tested cool after heating. The original strength of concrete was (Y¥-¢e.e N/mm’).
He found that carbonate aggregate concrete and lightweight aggregate concrete
retained about ve7 of their original strength at a temperature up to 1¢4°C when
heated without load and tested hot, while the corresponding temperature for the
siliceous aggregate concrete was about ¢Yv°C.He also found that the test
procedure has a significant effect, where the strength of the specimens stressed
in compression during heating, was generally higher than the specimens that
were not stressed during heating. Moreover, the unstressed residual strength
(specimens heated, cooled and tested) were lower than the strength of the
companion hot tested specimens. Fig [Y-1] shows the effect of the test procedure

on the strength of siliceous aggregate. He also concluded that the original
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strength of concrete has a little effect on the percentage strength retained at test

temperature.
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Noriaki et al. " in (vavy) studied the influence of elevated temperatures on the
properties of concrete (compressive strength, modulus of elasticity and
Poisson’s ratio). Cylinders ()¢ +X¥++mm) were used. After YA days of curing the
specimens were stored in sealed containers, at (¢, v+, 4.°C) for a period of ['-
yrweek], the test results showed that the compressive strength for sealed
specimens decreased with rising temperature. If the heating were continued for a
long period of time (one year), the compressive strength would greatly be
reduced. They found that the modulus of elasticity for sealed specimens at
exposure to high temperatures depends on the compressive strength. Poisson’s
ratio was not affected under the storage temperature but stayed in the range of
(CACITR )

Harada et al. "

in (Y4vY) published a research about the thermal

properties of concrete subjected to elevated temperatures. The investigated
properties were, concrete compressive and tensile strengths. Concrete cylinders
of (e+xY++mm) were subjected to a slow rate of heating (1.2°C/min) for one-
hour exposure duration (short duration) and cooled gradually in the air and
tested after the exposure to high temperature ranging between (Y« «-A+ :°C). They
found that the reduction in compressive strength was %7 at ¢+« C for all types
of concrete. The same reduction took place in the tensile strength. Other
concrete cylinders of (Y« +xY«+mm) were subjected to a long duration exposure.
These specimens were heated at slow rate of heating (+.>"C/min) for v¥ hours
inside the electrical furnace and gradually cooled for ¢A hours. They noticed a
linear reduction in compressive strength with increase of temperature. They
found that the percentage residual strength was A.,ve 1.7 at temperatures of
Voo, Yoo and €0.°C respectively.

Nasser and Marzauk " in (yavs) carried out an experimental study on

the effect of high temperature on properties of mass concrete containing fly ash.
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Tests were made on (v.exYr.ecm) concrete cylinders by using ordinary
Portland cement. A Yo’ replacement of cement by fly ash was used. After YA
days of moist curing, the specimens were transferred to an electric oven. The
specimens were heated for * months at five different temperatures of (v, V¥»,
¢4, \ve and Y¥Y'C). At each temperature minimum of three specimens were
tested after being exposed for (v, v, V¢, YA, % 4y and YA« days). All specimens
were gradually cooled and tested at the room temperature. The test results
showed that the strength and elasticity at (¥V'C) were almost equal to those at
(v1.£'C) at all exposure times. They found that the increase in the strength and
modulus of elasticity after * months of exposure at (Y.t and v1'C) was about
v.7 of those at YA days. They also noticed that at temperature range of (VY to
1¢4°C), the compressive strength was greater than that at (¥1.¢'C). Furthermore,
they observed that after exposure to temperatures of (Yvv and Y*¥'C) for %
months the strength reduced to about ¢* and ¥V’ respectively while the modulus
of elasticity was reduced to ¢ and Ye7 of the corresponding value.

Finally they found that the deterioration of the structural properties at (YVvv
and Yr¥'C) was attributed to the transformation of most of tobermorite into
crystalline alpha dicalcium silicates, which has poor binding qualities.

Carette et al. " in (Y4AY) published a research on the sustained high
temperature effect on concrete made with normal Portland cement, normal
Portland cement and slag, or normal Portland cement and fly ash. For each type
of concrete, compressive and splitting tensile strengths were determined after YA
days of moist curing, before and after periods of temperature exposure, also,
changes in weight, pulse velocity and resonant frequency of the specimens were
determined. For each condition of exposure, small samples of mortar obtained
from specimens broken in compression were examined, the temperature range
was from ve to 1+.'C. Cylinders ():¥xY.-*mm) were cast. After YA days of

curing, the specimens were stored in a normal room temperature for Y3 weeks
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before heating. The exposure temperatures were ve, vo., *«. ¢s. and %+ C.
The periods of exposure were Y, ¢, and A months. The test results showed that
the compressive and splitting tensile strength decreased with the increase of
temperature up to ve'C. Their decrease was ‘-7 with respect to the reference
concrete strengths. At Yo, ¥++ o+ and 1++'C the reduction in strengths was (" -
Yo7), (ve-vaZ), (vA-eaZ) and (e--veZ) respectively. They found that the
incorporation of fly ash and slag in the concrete did not improve the mechanical
properties of concrete after exposure to sustained high temperatures. This was
true regardless of the exposure temperature and water-cement ratio. They also
observed that the significant changes in the mechanical properties of the
concrete under long-term exposure occurred within the first month.

(ve)

Nuri in (Y4Ar) studied the effect of high temperature on some

properties of concrete. Cylindrical specimens (Y+Y X Y.¥mm) were used for
compressive and splitting tensile strengths. The temperature levels ranged
between (Y- 1+ +'C) and the periods of exposure of heating were (¥+, %+ and 4.
minutes) at different ages of concrete (¥, v, YA and %+ days). The test results
showed that the compressive and splitting tensile strengths decrease with the
increasing temperature. He found that the compressive strength increased for
early age. He also noticed that when concrete is heated at age (*, v, and YA days)
from (ve.-r..'C), considerable recovery of concrete compressive strength
occurred, whereas the splitting tensile strength suffered further losses. After
¥..'C exposure, concrete retained from (e4-v+¥7) and (¢¢-V+.7) from the
original compressive and tensile strengths respectively. Finally he observed that
after ©+."C, concrete retained (YA-1¢7) and (¥:-3v%) from original compressive
and splitting tensile strengths respectively.

Al-Ausi and Faiyadh 0+ jn (Y4Ae) carried out an investigation to study

the effect of heating to high temperatures and cooling in the air and in the water

on the compressive strength of concrete. Concrete cubes (Yo+-x Ye«-xVe+ mm)
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were used. The specimens were exposed to different levels of heat up to v++'C
for different periods up to constant weight. The specimens were tested hot,
others were tested after cooling in the air the third group was tested after cooling
in the water for two hours. Figure [¥-Y] shows the compressive strength for
different water-cement ratios after cooling in the air. They noticed that the
compressive strength was not affected significantly after heating to Y+ :°C. They
found that there was an increase in the compressive strength of air-cooled
specimens which were heated to Y.-'C when compared with hot tested
specimens They noticed further reduction in compressive strength when the
specimens were heated beyond ¥.+°C , the reduction was AA-317 at v+ +'C.They
also noticed that the effect of water-cement ratio on the compressive strength at
a high temperature was very little.
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Fig.[ - 7]: Relation between temperature and compressive
strength , heated for 9+ minutes , Ref : ¢'”
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Mohamedbhai ¥ in (y4A%) studied the effect of exposure time and rates
of heating and cooling on residual strength of heated concrete. The included
variables were exposure time at maximum temperature V, ¥, ¥ and ¢ hours and
four temperature levels Y.+, ¢+« 1.+ and A.+."C. He used two methods for
heating and cooling, slow and quick. The test results showed that the exposure
time beyond one hour has a significant effect on the residual strength of
concrete, but the effect diminishes on the level of exposure temperature
increases. The bulk of strength loss occurs within the first two hours of
temperature exposure. He found that the residual strength of concrete after one
hour of exposure at Y++, ¢++, %+« and A+ +"C approximately was A+, v+, %+ and
v .7, respectively of its unheated strength. As for the case of two or more hours
of exposure, the residual strength was v+, 1+, ¢, and Ye’. He also found that the
rate of heating and cooling had no effect on the residual strength of concrete
heated to - +'C and beyond. The pulse velocity measurements appear to give
better indication of the level of temperature to which concrete has been exposed
rather than the residual strength of that concrete.

(va)

Elizzi et al. in (Y4AY) investigated the influence of different

temperatures on the compressive strength and density of concrete. They used
(Y¢++ X Yoo X VYoo mm) cubes heated for a short duration (one hour) to
temperatures ranging from Y.-V+..°C and the ages of concrete at heating were
(v¢, YA, 8. days). The test results showed that the compressive strength
decreased 17 from the original strength up to ¢++'C and at . 'C the strength
reduction was ¢ 7 from the original. They noticed that there was a large strength
reduction when heated to temperatures above ¢« 'C. They also mentioned that
the small reduction in density up to ¥+'C was a result to the loss of the free
water from concrete specimens. At temperature above ¥+ 'C, large reduction in
density took place because of loss of the reaction water in concrete.

Kumar et al.*Vin (Y4A38) studied the effect of temperature on the
properties of superplasticized concrete such as compressive strength, modulus of

elasticity and Poisson’s ratio. The test specimens were (Y¢+-mm cubes) and

R
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(Y++xVeexe«mm) prisms. The specimens were exposed to temperatures of Ve,
v.., te. and %.+'C for ¥ and % hour in an electrical furnace. The test results
showed that the residual strength of superplasticized concrete increased at *++'C
while conventional concrete decreased. At t¢.'C the residual strength in
superplasticized concrete decreased more than conventional concrete. They also
noticed a slight increase in compressive strength for both concrete below ¥+ +°C,
while there was a rapid drop beyond *-.°C. They found that the modulus of
rupture decreased as the temperature increased, but the reduction in
superplasticized was more than in conventional Concrete. They also observed
that the superplasticized concrete possessed better fire resistance than the

conventional concrete.

Castillo and Durrani " in (v44+) studied the effect of transient high
temperature on high strength concrete. The concrete compressive strength varied
between (*1.)- A1) MPa and the temperature exposure was in the range of (Y-
A++"C). Cylindrical specimens (2'x":Ymm) were used. The specimens were
tested under both stressed and unstressed conditions. They concluded that high
strength concrete showed ( Ye-Y-%) loss of compressive strength at temperature
range of V+.-¥.."C, and they found that after an initial loss of strength, high
strength concrete recovered its strength between *+. and ¢ 'C reaching the
maximum value of (A-Vv7) above the room temperature strength. They noticed
that the strength dropped about 7 of the room temperature strength at A« C.
They also observed that the modulus of elasticity of high strength concrete
decreased by ¢ to Yo % when exposed to temperature in the range of V.- to
¥..'C and at (*++-A++'C) the modulus of elasticity was only Y+ to YeZ of the
value at the room temperature.

Valiasis and Papayianni AT (v4s.) studied the effect of high
temperature on the mechanical properties of concrete in which Portland cement
Concrete cylinder specimens (Yo +x*++« mm) were used. After YA days of curing
and six months of drying, the specimens were exposed to four temperature

VY
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levels, Y+, ¢++, %+ and A.+"C without any imposed load. Groups of three
specimens each were crushed at Y day, vdays and ¥months after heating. The
included variables were compressive strength, splitting tensile strength and
modulus of elasticity. The test results showed that the concrete with Portland
cement only had a reduction in strength about Ye’Z. While the concrete with
pozzolanic material showed a reduction from *AZ to ¢+7 at ¥+ +"C. They observed
that at a temperature over ¢-.'C all tested concrete suffered deterioration and
lost v.-A+7 of their initial strength. Also, they found that the thermal behavior of
concrete with lignite fly ash (high lime) is closer to those of concrete with

Portland cement of Greek-type.

(vv)

Phan and Carino in (Y44A) provided a systematic comparison of

results conducted by various researchers, about the effect of high temperature
exposure on the mechanical properties of both normal strength concrete (NSC)
and high strength concrete (HSC). Various types of specimens (prisms and
cylinders) were used. The specimens, some were conventional with Portland
cement, others included additives such as silica fume, fly ash and steel fiber.
Two types of aggregate normal weight (NWA) and lightweight aggregate, were
used. The compressive strengths of the specimens at testing ranged between (¥ -
s« MPa). Three conditions of testing were used, which were; stressed,
unstressed and unstressed residual strength. They compared the test data with
the design recommendations, prescribed by the CEN Euro Codes (CEN ‘sar
() yaas (9 and CEB 14410 Table [¥-1] showed the strength reduction
factors according to CEN (Y44 and ‘Y44¢), They noticed that the material
properties of HSC vary with temperature differently from those of NSC. The
difference is more pronounced in the temperature range between Ye-¢+.’C. They
also noticed that the recommended design curves of fire exposure of concrete
are more relevant to NSC than HSC. The modulus of elasticity of all types of

concrete suffers higher rate of decrease beyond . 'C.
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Table[ - 1]:Strength- reduction factors K¢ g for NSC
according to CEN ('44rand 144¢) ENV{"")

Kc,e= fc,e/ fc,v. ‘C
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Chan and Sun “in (v..) carried out an experimental program to
study the mechanical properties and pore structure of high performance concrete
(HPC) and normal-strength concrete after exposure to high temperature. After
the concrete specimens were subjected to a temperature of A« 'C, their residual
compressive strength was measured. The porosity and pore size distribution of
the concrete were investigated by using mercury intrusion porosimetry. The test
result showed that (HPC) had higher residual strength, although the strength of
(HPC) degenerated more sharply than the normal-strength concrete after
exposure to high temperature. They found that the changes in pore structure
could be used to indicate the degradation of mechanical property of (HPC)

subjected to high temperature. Another paper published by the same authors
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in (Y.++) investigated the effect of heating and cooling regimes on residual
strength and microstructure of normal strength and high performance concrete
after they were exposed to high temperatures, A++'C and )+ +'C and two cooling
regimes. The test results obtained showed that the residual strength of both
(HPC) and (NSC) dropped sharply after exposure to high temperatures. They
observed that water cooling which resulted in a significant thermal shock,
caused a bit more severe deterioration in strength compared to furnace cooling.
They found that the thermal shock was not necessarily the primary cause for
spalling in (HPC). They used mercury intrusion porosimetery to measure
variation in the pore structure of concrete. They also noticed the significant
changes in the cumulative pore volume curves before and after high
temperatures in both (NSC) and (HPC). Moreover, they found that the

cumulative pore volume of (HPC) increased more remarkably than of (NSC).
Habeeb ) in (v+++) investigated the effect of high temperatures on

the mechanical properties of high strength concrete (HSC). The specimens were
subjected to elevated temperature ranging between (V::-A+«:'C). Five
temperature levels of (Y+«, ¥++, e+, %+« and A.."C) were chosen with three
different exposure duration of Y, ¥ and ¢ hours without any imposed loads
during heating. The specimens were heated and cooled under the same regime
and tested either one day or one month after heating. Compressive strength of
Yy« «mm cubes and flexural strength (Y++x Y+« X ¢+ +mm) prisms were measured.
Ultrasonic pulse velocity (U.P.V) and dynamic modulus of elasticity (Ed) were
tested also. He observed that (HSC) was more sensitive to high temperature
exposure than normal strength concrete (NSC). He found that the residual
compressive strength ranged between (8:-1++7) at v++'C, (Y¥-V+*7) at *+.'C,
(es-AVZ) at o++'C and (Y¥-11%) between 3+ .-A.."C. The flexural strength was
found to be more sensitive to high temperature exposure than the compressive

strength. The residual flexural strength was in the range of (3Y-3A%), (e¥-2A7%)
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and (Y4-¢vZ) at V++'C, ¥+.'C and - 'C respectively and (Y-*+7) at 1++-A+."C.
He also found that ultrasonic pulse velocity (U.P.V) and dynamic modulus of
elasticity (Ed) were more sensitive to elevated temperatures than the
compressive strength. He also noticed that exposure time after one hour has a

significant effect on residual compressive strength of concrete.

v=-1=r Fire Flame Effect on Non-destructive Test.

¥- 1= =1 Ultrasonic Pulse Velocity (U. P. V)

The ultrasonic test is a useful tool for assessing the uniformity of concrete
and detecting cracks, voids, or honeycombing. It gives useful information about
the size of micro- cracked zone and on crack growth and the interior structure of
the concrete element, (™ 7 )

The pulse velocity of concrete is affected by variety of factors; the
composition and maturity of concrete, the geometry of section being tested, and

conditions at test time all affect the measured pulse velocity of Portland cement

(Y‘Y‘y v, rﬁ)

concrete,

v= 1= v- ¥ Rebound Method

The surface hardness of concrete members is tested by the “Schmidt
Rebound hammer”. This testing by hammer estimates the surface hardness by

the rebound number which can be taken as a measure of the concrete strength

(V’"\, YV, Y’A)

and percentage of voids.

A considerable number of research work had dealt with the effect of fire
on the non-destructive testing of the concrete.

Logothetis and Economou ™ in (va) investigated the influence of high
temperatures on the properties of concrete by using non-destructive methods
such as the rebound hammer and pulse velocity. Two series of concrete
specimens (¥-X v- X y-cm) cubes were tested; the first series (A) consisted of rv

V1
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specimens of different mixes and subjected to different curing conditions. These
were submitted to various oven temperatures (1-, Y-+, v, ¢.+, s. and .. C) for
three periods (v, ¥ and r hours). The second series (B) consisted of r. specimens
cast in v groups of ». specimens each., These series were exposed to four oven
temperature (1--v-+, -+, A.- C ) for a period of ¥ hours. They noticed that the
pulse velocity has a constant decrease with increasing temperature. They also
found that mixing proportions and heating time proved to have small influence
on the results. Moreover, they observed that the rebound measurements showed
no significant changes in the range up to around .- C.

() jn (YaAr) tested the fire damage of concrete by

Chung and Law
ultrasonic pulse velocity. The test specimens were (Yo« X Yo+ X Ye.mm) prisms
made from concrete of different composition by using granite aggregate. The
specimens were heated to different temperatures not exceeding ¢« +'C at age YA
or 4+ days. Two types of cooling, some cooled in the air, others quenched in the
water. The test results showed that the reduction in pulse velocity was less than
¥« percent corresponding to practically no change in compressive strength when
the concrete is air cooled after heating, but when the concrete is quenched, the
same reduction in pulse velocity is accompanied by Y. percent reduction in
strength. They noticed that the reduction in pulse velocity beyond ¥« percent is
accompanied by reduction in strength at faster rate both under air-cooled and
guenched conditions. Also, they observed that ultrasonic testing could be used to
assess the fire damage of concrete. The assessment is approximate and the
compressive strength of concrete varies mainly with the type of the aggregate.

The same authors published in (Y44¢) another paper (“), to assess the
fire damage on concrete. The test specimens were concrete prisms Yo «xye«xve.,
The test specimens were allowed to dry in the air for about a month and the
initial pulse velocity was measured by the surface transmission method. The
concrete prisms were burned with kerosene stoves placed underneath. The bare

flame was intended to simulate the heating condition in an actual fire. The
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intensity of the flame was adjusted to raise the specimen temperatures. After the
target temperature was reached, burning was continued for a short period to
ensure a constant surface temperature. After burning the concrete prisms were
allowed to cool to the room temperature. At temperature of heating in the range
between (3 ++-A++'C) with a maximum duration of Yve minutes.They found that
the reduction in pulse velocity was between ( r¥-e¢7 ) from the initial pulse

velocity.
Mahmoud " in (Y44¢) published a research on the strength of

prestressed concrete girders of a hall roof exposed to three hours fire. The roof
consisted of a grid of prestressed secondary girders forming a dome like roof.
This dome was supported on four peripheral main prestressed concrete large
girders, he made visual inspection and concrete testing. The concrete tests were
ultrasonic pulse velocity (U.P.V) and core test. From the colours of concrete
surface, spalling at various locations and conditions of debris on the floor, he
concluded that the temperature inside the hall reached about %+:'C. From
ultrasonic pulse velocity and core test, he found that the concrete compressive
strength was equivalent to Yv.e MPa. While the original strength from project
document was about ¢4.7"MPa. He also found that the ratio of concrete strength
after and before fire was -.e%. He used a graph from BS-AY. part ¥, YdAe (er)
which is titled “ Design curves of concrete strength with temperature ”, with
reduction ratio -.e%, the corresponding temperature for dense concrete is ¢4+ C.
Due to the reduction of load, the carrying capacity of four main girders were
calculated. He suggested a new type of roof with new supports and the girders

were lightly loaded after being repaired.
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Fig[ - ]:Design curves for variation of concrete strength with
temperature, Ref: ()

Katwan and Abdul-Hammed “ in (v+++) presented an evaluation

study of a fire, which took place at Al-Nahda intersection on the army canal in
Baghdad city. The fire resulted from collision of a benzene tanker with tunnel
deck slab and continued for more than three hours. They estimated the retained
strength of concrete at fire exposed area by using semidestructive tests, such as
concrete cores or non-destructive tests and such as ultrasonic pulse velocity and
Schmidt hammer. It was found that the concrete compressive strength was
equivalent toY* MPa. They found that the actual compressive strength of
concrete as obtained from the project document was more than ¢ MPa, it was
estimated that the ratio between strength after and before fire was less than «.31.

They found the attained temperature from BS-AYy. part Y. The corresponding
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temperature was estimated at ¢¥+ °C, which evidently in good agreement with
the temperature assessment made from visual inspection. They found that the
structure was still capable of sustaining the loads recommended by the
specifications of State Organization for Roads and Bridges after carrying out

loading test before putting the intersection back into service.
Essa “” in (v++1) studied the effect of burning by fire flame on the

properties of concrete. The investigated properties were concrete compressive
strength and density. Ultrasonic pulse velocity (U. P.V) and rebound hammer
(R) were used also. The tested specimens were heated to two temperature levels
s.."C (achieved by subjecting the cubes to direct fire flame from petroleum gas
burner) and A-+'C (achieved by using a special oven). The heating durations
were Y and ¥ hours for the specimens exposed to e+ «'C, while it was ' hour for
the specimens exposed to A+ 'C. The author concluded that the reduction in
compressive strength ranged between (Yr-v17Z) and 87 at ¢+.'C, when the
periods of burning were Y and ¥ hours respectively. At A+ .°C the reduction at
hour was Vv’ from the original strength. He also found that the reduction in
density ranged between (1 +-V¢7) and (Y¥- Y¢%) at .+ +«'C, when the periods were
v and ¥ hours respectively. Moreover, the ultrasonic pulse velocity (U. P. V) and
rebound number (R) reduced at ¢+ 'C to (\%-*¥7%) and (*4-¢.%) and to about
(YY-VYZ) and (v1-v1Z) for exposure periods Y and Y hours respectively. At
exposure to A+« C for v hour duration the reduction in (U. P. V) was 7 while

that in rebound number was about YA.e7.

Y-1-¢ Fire Effect on Reinforced Concrete.

The behavior of reinforced concrete structures exposed to fire depends on
the thermal properties of steel and concrete, strength and stiffness properties of
the concrete and steel at elevated temperatures, and on the ability of the structure

to redistribute internal forces during the course of the fire. (e2)
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Gustaffero et al " in (vavy) studied the structural behavior of
prestressed and reinforced concrete beams exposed to standard fire (ASTM-
Evie) (Y) The test included '* beams with 1 Y. m length loaded uniformly with

design load. The beams were divided in two groups, the first group was pre-
tensioned concrete beams, the second was post-tensioned concrete beams. Each
group reinforced by prestressing steel or ordinary deformed steel bars of grade
¢+ or 1+, Both normal and lightweight concretes were used. They found that the
beams reinforced with ordinary deformed bars were superior to the prestressed
concrete beams in fire resistance. They also noticed that the behavior of the
beams was not affected significantly by the type of steel strength, but due to the
low value of the elastic modulus of the lightweight concrete. Moreover, the
initial deflection of the lightweight concrete beams was greater than that of
normal weight beams, but after a period of one to two hours of standard fire
exposure, the opposite was noticed.

(¢4)

Ellingwood and Shaver in  (Y4vv) investigated the effect of some

factors such as the fire temperature and yield stress of reinforcing steel and the
average decrease in resistance of reinforcing steel and the concrete cover of
reinforced concrete on the behavior of a simply supported beam exposed to
standard fire.The analysis method includes finding the coefficients of the
amount of suspect in the yield stress, available information accuracy about
temperature and yield stress and the depth of the reinforcing bar and the
reduction in yield stress to the original stress, which affect the amount of the
maximum strength of the section . Relations of suspect coefficient of these
variances were derived. By using these coefficients, the maximum resistance of
the section at any temperature degree could be assessed. A relation was also
derived to count the beam resistance period of fire. They have concluded the

followings:
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V- The beam resistance to fire increased when the thickness of the concrete
cover of the reinforced concrete beam increased because the bar
temperature keeps low.

Y- The coincidence between the theoretical calculations and practical results
when compared was acceptable.

¥-  The main factors, which affect determining the beam behavior, are the
accuracy of assessing the bar temperature and the changes of its properties
by heat.

Khan and Royles(°')in (y4A%) studied the behavior of reinforced concrete

beams after subjecting them to elevated temperatures. They investigated the
load-deflection relationship, cracks pattern and steel to concrete bond. Prismatic
concrete beams (4%.x Y¢.x 1% or Y.Ymm) were used. A-mm plain bars and
vimm torbars were used to reinforce them. The specimens were heated to
temperature ranges from Y.-A.."C at a slow rate of heating (Y'C/min) for one
hour exposure duration. They found that the effect of temperature is
insignificant at temperatures ranging from Y.+ to Y..'C, but the strength
decreases significantly between ¥¢ . to ¢« .°C. Compared with ambient condition,
the flexural strength characteristics weakened by o7 of the original strength.
They also noticed that the thermal cracks appeared in a honeycomb fashion all
over the surface and they seemed to originate from the top to the bottom edge
and terminate near the mid-depth of beam, moreover, they also found that the
deflection cracks were more prominent in the shear zone of the smaller section
beams, whereas for larger beams, flexural tensile cracking developed in the mid-
span region. They also found that the deflection cracking initially followed some

of the thermally induced cracks.
Asa’ad " in (Y4AY) studied the behavior of structural reinforced

concrete specimens subjected to elevated temperature. Four types of reinforced

concrete samples were used. Singly and doubly reinforced concrete beams
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having the dimension of (Y« +x Y+ +x YY++mm) were used. The doubly reinforced
concrete beams reinforced with both tension and compression steel, while the
singly reinforced beams with tension steel only. Continuous beams (Y« X Yo +X
y¥+.+.mm) and structural frame with outer dimensions of (4+:x Ye.mm) were
used. The frame had a cross-section of (V:«x ‘Ye.mm) for the beam and
(Y« +xY++mm) for the column. The specimens were subjected to temperatures of
ye. ¥vu %.vve. and 4:.+'C at the age of ¥+ or . days and tested in flexure
after cooling. The researcher found that both flexural strength and stiffness
decreased with the temperature increase. He also noticed that the use of top
reinforcement had limited this decrease. Moreover, he observed that the increase
in temperature led an increase in the magnitude of moment redistribution in
continuous beams.

Fahmi and Khalil ¥ in (y44Y) studied the effect of high temperature

exposure on the behavior of prestressed concrete beams. The specimens used
were unbounded post-tensioned beams having the dimensions of
A+X)Y x4« mm. They were heated to a temperature ranging between Ye-A«.’C
and at age of YA and 4. days to the specified temperatures for periods ‘,* and @
hours. The beams were reinforced with Y+mm diameter prestressed deformed
bars and * and ¢mm bars for longitudinal and stirrups respectively. Cylindrical
concrete specimens with dimension (Ye:x*+.mm) were used for compressive
and modulus of elasticity determination. Prisms of (V«:X Y«+X ¢+«+mm) were
used for flexural strength. The test results showed that there is a slight increase
in compressive strength at temperature up to ¥+ «'C at YA days age. At 1++C and
A++'C the compressive strength reduction was ¢Y7 and AYZ in comparison with
original strength respectively. They also found that the flexural capacity of all
prestressed concrete beams had decreased with the increase of the temperature.
They noticed that the reduction in modulus of elasticity and flexural strength at

A+ +"C exposure were 4¥7 and 417 from the original values respectively.
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Sanjayan and Stocks ™ in (144v) carried out an investigation to study
spalling of concrete in fire. They observed that the high strength concrete might
be more prone to spalling in the fire than the normal strength concrete.
Moreover, they noticed that the reason for spalling could not be attributed
entirely to the large cover because a similar cover at web did not cause any
spalling. No spalling occurred in the web, possibly because in the web the
concrete was exposed to three sides and therefore the distance for the moisture
to escape was much shorter and also because of the existence of wider flexural
cracks in the web.

(o¢) i

Al-Owasiy n (¥+«+) studied the effect of temperatures on bond in

reinforced concrete. Single concrete mix Y: ‘.e: ¥ with two water-cement ratios
of (-.¢e and :.1+). The concrete specimens were heated in electrical furnace for
' hour period of exposure at four temperature levels , Yo« , Yo« ¢..and ¢+ 'C.
The test variables were bond strength by pull-out test , compressive strength and
splitting tensile strength . Two types of cooling were used, cooling in the air and
in the water. The test results revealed that the reduction in compressive and
splitting tensile strength for concrete specimens of water-cement ratio of «.%.
and cooled in air were VY7, ¥¥Z, v¢Z and V¢7Z, YAZ and “¢Z at ve., ¢+ and e+« 'C
respectively. For concrete of water-cement ratio of :.te, the reduction in
compressive and splitting tensile strengths at ¢+« and e+ +'C were Y¢Z, ¥* and
vAZ, nv7/ respectively. He found that the reduction in bond strength for pull-out
with YYmm and Y+ mm reinforcing bar diameters at Yo+, Yo, ¢+« and ¢+« 'C was
about v¢7Z, V7, YAZ | vaZ and about YAZ V7, Ye/ and €Y7 respectively. The
percentage reduction in compressive and bond strengths cooled in water
compared to the air cooled specimens at Ye., ¢+« and e« C was about A%, \+7,
VY7 and about 17, V7 and 7 respectively. He observed also that the splitting
tensile strength reduction for water cooled specimens was about V47, ¥.7, ¢t/

and v+ 7 after exposure to Ve, Ye. ¢.. and e+ ."C respectively.
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Chapter Three ‘

MATERIALS AND EXPERIMENTAL WORK

¥-\ Introduction

In this chapter, the detail of the experimental program of the present work
is presented. It includes details of materials used, specimen preparation and tests
procedure. Two mixes with design compressive strength of v+ and ¢+ MPa were
used. Experimental variables were:

V. Density.

Y. Compressive strength.
¥. Splitting tensile strength.
¢, Modulus of rapture.

o, Modulus of elasticity.

1. Load-deflection.

The specimens were cast, moist cured for YA days, air-dried in the
laboratory. They were tested for each mix at each of the ages v+, 1+ and 4+ days
before and after exposure to fire flame at three temperature levels, ¢+, e+« and
v.."C and for four exposure periods of «.c, ).+, v. and Y. hours. Two types of
tests, destructive and non-destructive tests were used.

v —v Materials

r-v-»  Cement
Ordinary Portland cement (O.P.C) manufactured by the New Cement
Plant of Kufa was used throughout this investigation. This cement complied

with the Iragi specification No.o/ Y 4A¢.©*) The cement was stored in a dry place
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to avoid the exposure to the atmosphere. The physical properties and chemical

compositions are presented in Tables [A-)] and [A-Y].

r-v-¢ Fine Aggregate (Sand)

AL-Akhaidur well-graded natural silica sand was used. The results of
physical and chemical properties of the sand are listed in Table [A-v]. Its

grading conformed to the Iragi specification No. ¢/ ‘\M(“), Zone (¥).

r-v-r Coarse Aggregate ( gravel )

The coarse aggregate was AL-Nibaee gravel with a maximum size of
YAmm. The coarse aggregate was washed, then stored in air to dry. The coarse
aggregate used conforms to the lraqgi specification No.¢e/Y3A¢ Table [A-¢]
shows the grading and properties of the coarse aggregate.
r-v-¢: Water

Tap water was used throughout this work for both making and curing the
specimens.

r-v-o Reinforcing Steel.

Deformed bars of diameters A and Y+ mm were used for longitudinal
reinforcement and plain bars of diameter * mm were used for stirrups. Table [¥-
V] gives the results of testing.

Table [ - 1]: Properties of reinforcement.

Approximate Measured Yield stress | Ultimate Modulus of
Diameter Diameter Strength Elasticity
(mm) (mm) Fu (MPa) (GPa)

' . 4.0 YV
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r-v Mix Preparations

r-r-» Mix Design
Two target design strengths of ¥+ and ¢ MPa were denoted as series A
and B respectively. They were designed according to British mix design method

BS erYA: party: 144 y () specifications.

r-r=-Y Mix proportions

The proportions of the concrete mixes are summarized in Table [*-¥]

Table [ 1]: Mixes proportions

Mix Proportions (kg/m")

W/c-ratio

X V40 Yve 04 V144 Ao

Series

A
B 0 Vae gve eye YYVe e

Water | Cement Sand Gravel Slump(mm)

-+ Fresh Concrete

r-¢-y Mixing of Concrete

The concrete was mixed in a horizontal drum laboratory mixer, with a
capacity of +.ym". The interior surface of the mixer was cleaned and moistened
before placing the materials. The gravel, sand and cement were weighed and
added in accordance with the provisions of ASTM C 14 (+n), They were dry

mixed in the mixer for about one minute before the required water was added to
the mixture. The constituents were mixed wet for about two minutes until a

homogeneous concrete was obtained and the slump was measured according to
ASTM C v¢v- Adg: 1aas ) immediately after mixing.
r-¢-v Compaction

After mixing, the concrete was poured into the moulds with two layers,

each layer was compacted by using a vibrating table for about ¥« second until no
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air bubbles emerged from the surface of the concrete. The moulds were leveled

by hand trawling and covered with polyethylene sheet in the laboratory for about

Y¢ hours.

r-> Testing of Hardened Concrete
r-o-) Destructive Tests

r-o-y-y Compressive Strength Test

Compressive strength was carried out and tested according to BS YAAY:
part Yy vaar(®) A total number of ¢s- standard cubes (Ye+mm) were tested
by using a digital universal testing machine of ¥+« kN maximum capacity. The
load was applied gradually and increased continuously at a constant rate. Each
cube was weighed at a test before and after heating to determine its density.

Each compressive strength value was the average of strength of three cubes.

r-o-1=v Splitting Tensile Strength Test

The splitting tensile strength was determined according to the procedures
outlined in ASTM C-¢41 ) A total number of ¢s- cylinders (Y ++X¥++mm)
were tested. Cylinders were cast, demolded and cured in a similar way as the
cubes. Each splitting tensile strength value was the average of strength of three

specimens.

r-o-1=y Flexural Strength Test

Concrete prisms of dimensions (Y« +X ¥+ +X%++mm) were cast according to
ASTM CVA-Ag: vans (Y procedure. A total number of Y¥¢ prisms were tested.
The prisms were cast, demolded and cured in a similar manner as the cubes.
Modulus of rupture tests were performed according to ASTM CVA-A¢: Y4A4
procedure using two-point load as shown in Plate [*-V]. Each value of the

modulus of rupture was the average of the test results of three prisms.
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Plate[ 7~ ']: Set-up modulus of rupture test

r-c-1-¢ Static Modulus of Elasticity Test

The static modulus of elasticity was determined according to ASTM C-
1407 specifications. A total number of et cylinders (Ye+x *--mm) were

tested. They were cast, demolded and cured as for the cubes. The top surface of
the cylinders was well finished from irregularities and capped with cement paste
to avoid any loss of strength. The load was applied gradually and increased
continuously at constant rate of Y.Yvmm/min until ¢-7 of the ultimate load. The
compressometer used has a gauge length of Y« mm and gauge with an accuracy
of «..«¥Ymm as shown in Plate [*-¥]. The recorded results were the average

readings of two cylinders.
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Plate[ 7 1]: Set-up modulus of elasticity test

r-o=y = Non-Destructive Tests

v-c-v-) Ultrasonic Pulse Velocity Test (U.P.V)

Ultrasonic pulse velocity was used to monitor the variations in
compressive strength, quality and the intensity of microcracking of concrete
before and after heating. The ultrasonic pulse velocity was measured by an
ultrasonic concrete tester (CS»Y), type CC-¢ as shown in Plate [*-*]. The test

method is prescribed by BS- YAAY: part ¥ ¥: yaart) specifications.
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Plate[ . Ultrasonic pulse transit time

v-c=¥=Y Rebound Hammer Test.

Schmidt hammers were used to estimate the surface hardness of concrete
specimens by recording the rebound number, which could be as a measure of the
concrete strength and percentage of voids. Schmidt hammer type (Proceq) was
used as shown in Plate [¥-¢]. The test method is prescribed by BS-¢¢.A: part

tvavy () specifications.

r-x Heating and Cooling
The concrete specimens were burnt with direct fire flame from a net of

methane burners inside a brick stove with dimensions of (ve:« X 4++-x\Y++« mm)
as shown in Plate [*-¢]. The bare flame was intended to simulate the heating
condition in an actual fire. The intensity of the flame was adjusted to raise the
specimens to different temperatures. When the target temperature was reached,
the temperatures were continuously recorded by two digital thermometers, one
of them was positioned in flame contact with the bottom, while the other was at
the top of the specimen as shown in Plate [*-3]. After burning, part of the
concrete specimens was allowed to cool inside the stove for * hours and stored
in the laboratory environment about Y. hours. The other specimens were
quenched immediately in water for ¥ hours and then stored in laboratory
environment about ¥+ hours also before testing.
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Plate[ - ¢]:Rebound hammer test

Plate[ - ¢]: Brick stove of net methane burners
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Plate[ - 7]. Digital thermometer

r-v Testing Reinforced Concrete Beams

r-v-) Beam Specimens Preparation

The reinforcing bars were cut to the desired length, and ¢ +-degree hooks
were formed at the ends of each bar dimensioned according to sections (v-1) and
(v-¥) of ACI ¥\ A- o0 code, stirrups made from *mm diameter plain bars were
provided to prevent the shear failure. The total number of beams cast from each
mix was twelve. Four beams were retained as reference beams for ¥+ and ¢
days of age, eight were exposed to fire flame with different ages, different
periods of exposure and different temperature levels of exposure. A steel cage
was fixed in the steel mould to prevent its movement during casting and

vibration. The control specimens including cubes, cylinders and prisms were
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cast from each batch of concrete in addition to the beam specimens as

mentioned before. The beams and control specimens were covered with
polyethylene sheet in the laboratory for about ¥¢ hours, and then demolded for

curing in water for YA days.

r-v-Y Beam Specimens Details

The beams were simply supported. All beams were Y+« +mm length,

ve.mm height and Y-+ mm width as shown in Fig [¥-1]

C e,

Yo

Stirrup-dﬂ mm

X

T« mm C-C

A

Fig. [ ™~ ']: Reinforced concrete beam
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Chapter Four ‘

RESULTS AND DISCUSSIONS

¢\ Introduction

Experimental results are presented in this chapter showing the effect of
the fire flame on some mechanical properties of concrete, such as density,
compressive strength, splitting tensile strength, flexural strength and modulus of
elasticity. The test results of the load-deflection relationship of reinforced

concrete beams are presented also.

£€-Y The Density

Tables [¢-1] and [£-Y] show the effect of the exposure to fire flame on
the density of concrete, while Figures [¢-)] to [£-Y] and [¢-£] to [£-A] show the
relations between fire flame temperature and the density for series A and B
respectively. It can be seen from these Tables and Figures that the density
behaved as follows:-

‘- At ¢..9C fire flame temperature and for all ages and all periods of
exposure, the reduction in density ranged between (£.A — V.V %) and ().
— £, %) for series A and B respectively if compared with the initial
density before exposure to fire.
Y- The reduction was (.4 -A%Z) and (¢ — Y.) %) for series A and B
respectively at ¢+ +°C fire flame temperature.
Y- More reduction in density took place when the fire flame temperatures
increased.AtY + «°C,the reduction in density was (A-)).Y7), and (A-9.7 %) for

series A and B respectively. The loss in density of series A was .17 more
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than that in density of series B.It can be observed that series B lose less
weight than series A, which can be attributed to the less water- cement ratio
and less evaporation of adsorbed water on interface of the gel crystals of

hardened cement paste, also to less amount of pores and voids in series

B.These results confirmed with that of Al-Elizzi¢" . Habeeb™ and Essa *°

Table [ ¢- 1]: Test values of the density of concrete specimens of
series-A- after exposure to fire flame temperatures.

Age at | Period of
Exposure | Exposure
(days) (hours)

Density ( kg/ m")

Temperature °C

Ratios

pa/pb

€ o

(")

O

(")

¥

()

« 0

V.o

YY.Y

yyiy

.

LAYy

).

YYAA

yyay

.

LAY

yyay

Yyo¥

.

Aava

YYEA

ARRR

.

LAY

YY.v

Yiva

Yyie

YYoA

Yyt

YYAD

YYo¢

Pa = The density of concrete after exposure to fire flame.
Pp = The density of concrete before exposure to fire flame

yyiy

YYoA

1
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Table [ ¢- 1]: Test values of the density of concrete
specimens of series-B-after exposure
to fire flame temperatures.

Density ( kg/ m’) Ratios
Temperature °C 2.1 py
[ -2 "/\
(M) | (%) (1)

.o YY.v | oYY ALY

Age at Period of
Exposure Exposure
(days) (hours)

Y. YYdo | YYYA . L ary

Y. YYAY | YYYA . . aro

YYVY | YY.Q

Yy

YYLY

Yva.

Yyay

YYYY

YYY.

YYVY

AR

P = The density of concrete after exposure to fire flame.
P, = The density of concrete before exposure to fire flame.
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Fig.(4-3) The effect of fire flame on the
density of series-A at 1.5 hours
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Fig.(4-4) The effect of fire flame on the
density of series-A at 2.0 hours
period of exposure.
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£.Y Compressive Strength

The compressive strength results are summarized in Tables [£-Y] and [£-
¢] for both series A and B respectively, while Figures [£-4] to [£-) 1] show the
relation between compressive strengths and fire flame temperatures for both

series A and B respectively.

Table [ #- ] Test values of compressive strength of concrete
specimens of series -A- after exposure to fire flame
temperatures.

Compressive Strength (MPa) Ratios
Temperature °C feua/fub
1300 R Voo Y/
M | O | () (1)
YY OV [Y. £¥ VIV Y
YYXO [YAAY [ Ve Y] o, Y
YY OV [VYANY Ve X¥E ]| o, Y
YYXO AV [VYY A | o, . oA
AN [IAY | YYY ] M
YOOA¥ [V EV Y AA]| ot
YY AN YA [ AYAY | 09
YV o[ YO AT Ve Y| o, oY
Y90 Y YV [VYAVY] ) V)
Yooq |[YY AT[VYV .| W) Ay
Yoay|[YYoeY[yV eu| o, A
YEXY[Y A [Yoma] o) 0
YYX Y o[ VYAl . Ay
Yo Yo [yava[yeav] .. oA
YAYV[Y.ev][Yoxvol| o) R
YEYY[VA LY VYo o, ot
YoAav[YvaAa[YY Y¥a| o Vo
Ya Ao [ YT NY YooY ]| o, V.
Ya Ao |[Yove[Ye ol o) RE
YAXT[YY oy [V Ay | o, Ay
YA [ Y AN YA RY
YVAY Yy ae[yival . oA
Yasv|yyvifyvas] . 0
YVYe[Yoyo[ve v o) ot

Age at Period of
Exposure | Exposure
(days) (hours)

feua = Compressive strength (cube) after exposure to fire flame.
feur = Compressive strength (cube) before exposure to fire flame.
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Table [ ¢ ¢] :Test values of compressive strength of concrete
specimens of series- B- after exposure to fire
flame temperatures.

Compressive Strength (MPa) Ratios

Temperature °C feua /feub
€ v Qe Yoo Y/\ T’/\
(") M [ &) )]

YA4) | YAl [YY Ao | V.| ¢ 14

Age at Period of
Exposure | Exposure
(days) (hours)

YVAY | YU AG | Y)Y EA[aV] e

YY. VY Y1 A0 (Yo, Mo

Yo ah | Yo ) VAV Ay

Yo A | YT oY (Y9 0|, Y

Yool | YEYY (Yo 14|, 09

¥y YA | Yo a [yvvi.. ER

YAFY | YYVY [V oo

vRoV | FY E) YV .t

YEVY [ PV ) [Ye YA

Yo, ¥YaY | yy.ay

YYoey [ Yav. [Yyav

ve Y4 ¥o |YY oA

vy YV o4 [ Y. ¥y

Yo YVA3 [ V4 AY

ve AREHENAR

£y, EVEERYS

Y. Yiye | Y144

¥a, Yo [YV &Y

YV YEXY Yo o0

YV, Yo .1

Yo YYoe

A\

feua = Compressive strength (cube) after exposure to fire flame.
feun = Compressive strength (cube) before exposure to fire flame.
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£.Y-\ Air- Cooling

The residual compressive strength values were found for the two series
exposed to ¢-+°C-fire flame temperature and for ages ¥+, 1+,and 4+ days and
for all periods of exposure. The percentage of the residual compressive strengths
was (V+ — AY %) for series A and (V+ — Ae %) for series B, for all periods of
exposure. Surface cracks of about (Ymm) width took place on the concrete

specimens. These results agreed with that obtained by other investigators,

. . R v .
Neville and Brooks ™ result was A¢7, Collet and Tavernier ¢ obtained Yo %,

while Abram’s ' result was A% %. Logothetis and Economou ™ result was Y'Y
%. Al-Ausi and Faiyadh ) result was (¥4—4+7), while Al-Owaisy ©*) obtained
(Y1-YA %). The test specimens showed a further loss in compressive strength
ranging from (¢4 — Yo %) and (")— YA %) for mix A and B respectively at
©+«+0C fire flame temperature for all ages and all periods of exposure. It is
observed that the colour of the concrete specimens changed to pink and
increased in intensity. This may be due to hydration conditions of iron oxide

. . . e, 9,
component and other mineral constituents of the fine and coarse aggregates

) The surface — cracks increased in number, length and depth due to
temperature rise. These results of the residual compressive strength at ¢+ +°C
were similar to the results obtained by others (1WA T 2 25) DAL Ve voC of
fire flame exposure and for all ages of specimens and periods of exposure, the
percentage of the retaining compressive strengths was (¢ — 1+ %) for series A
and (£ — 1Y %) for series B, while Logothetis and Economou’s " result was
¢Y % at vV++°C . The difference can be partly explained by the factor which
affects the residual strength of heated concrete and this is the amount of
moisture driven off during heating, the greater the amount of moisture lost, the
lower strength ™. Moreover the decrease in compressive strength of concrete
is attributed to the break-down of interfacial bond due to incompatible volume

change between cement paste and aggregate during heating and cooling .
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*and the formation of relatively week hydration products ( dehydration of the

calcium — silica hydrate in cement paste ).

£.Y-Y Water- Cooling

From previous tables and figures, it can be observed that the water —
cooled concrete specimens suffer more reduction in strength than the air —
cooled specimens. The residual compressive strength after exposure to fire
flame and cooling in water was as follows:-

At ¢.+9C the residual compressive strengths compared to the original
strength before exposure to fire flame were (11 — A+ %) for series A and (1Y —
AY %) for series B . These results conformed to Al — Ausi and Faiyadh result
which was (7« — V) %) and Al — Owaisy result that was V) %. Raising the
temperature to ¢+ +°C caused concrete strength retaining (Y- V+ %) from the
original strength before burning for series A and (°° — Y° %) for series B. These
results were similar to that obtained by Al- Ausi and Faiyadh and Al- Owaisy
which were (Yo — oY %), and A/ respectively. Further loss in compressive
strength took place in specimens burnt to V- +°C and then cooled in water. The
residual compressive strength ranged between (Y'Y — ©© %) for series A and (¥°
— 27 %) for series B. The concrete specimens cooled in water exhibited more
deterioration than the air—cooled specimens, the further reduction in strength
was ranging from (Y-°7%), (¢-Y%) and (°-)+7) for series A and (Y-°7%), (-1 %)
and (°-A%) for series B compared with the strength of companion air-cooled
specimens. This is because of the destructive thermal shock produced when

(v

quenching the hot specimens in water ) and the penetration of the water into

the concrete pores and cracks .The penetration of water into dry concrete pores

is known to result in the dilation of the cement gel thereby decreasing the
cohesive forces between the cement particles and reducing the strength. ) Also,
decomposition of the calcium hydroxide occurs, so that the lime is left behind in

consequence of drying. If , however , after cooling, water ingress into

¢y
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Compressive strength (MPa)

Compressive strength (MPa)
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()

concrete takes place the rehydration of the lime can be disruptive .

The test results show that large proportion of the decrease in

compressive strength occurs at the first +.©-hour period of exposure. It can be

seen that the adverse effect of fire is pronounced on series A more than on series

B, while the effect is equal when the period of fire exposure reaches two hours.
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£.Y.Y The effect of the age of concrete at exposure to fire
The test results show that the residual compressive strength after exposure

to fire, the reduction at ¥+ days age was more than the reduction at 1+ and 9 *

¢o
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days. This may be attributed to the fact that hydration of cement paste is more

complete at later ages.

£.Y.£ Comparison between residual compressive strength results and
recommended design curves (CEB & CEN)

Euro-Code Nos.Y and ¢ [Committee European de Normalization] (CEN)
(Y24Y,V343¢), specified rules for strength and deformation properties of
uniaxially stressed, normal weight aggregate (NWA) (siliceous and calcareous)
concrete at temperatures up to YY::°C.The CEB Bulletin D’ Information
No.Y+A (CEB) (Y44 \),(”)recommended design curves for compressive strength
of siliceous (NWA) concrete based on the work of many investigators.The
residual compressive strength results obtained from tests carried out by many
researchers in addition to the present study are plotted with the CEN and CEB
design curves as shown in Fig.[£-)V].It can be seen that the temperature range
between (Y::-Y++°C)was characterized by a maximum residual
strength(Malhotra®™ Abrams ) ,Collet et al®™ Al-Ausi and Faiyhad”™ and Al-
Owasiy©" ). Improvement in compressive strength was observed to a maximum
value in a temperature ranged between () ++-Y¢+°C) ( Fahmi and Asa’ad , Al-
Ausi and Faiyhad and Habeeb). This behavior was attributed to the cement paste
response due to causing weakening of bond between (°+-)Y¢+°C), thereafter,
densification due to thermal drying contributed to the increase of strength..
Beyond Y. +°C there was a further reduction in compressive strength. In the
present study some of test results of residual compressive strength were found to
lie between CEB and CEN curves, while other results were far away from the
CEB curve and near the CEN curve especially at ¢++°C and ©++°C of fire
exposure. At V- +°C the test results were found to be near the CEN curve only.
From the figure, it can be concluded that the test results of the current study

have better agreement with CEN design curve than with CEB curve.
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¢-¢  Splitting Tensile Strength.

The values of splitting tensile strength of the specimens considered in
the present investigation are abstracted in Tables [£-°] and [¢-1]. The relation
between the splitting tensile strength and fire flame exposure temperature is
shown in Figures [£-YA] to [£-Y )] for series A and (Y-YY) to (¢-Y©) for series B.
It is clear from the test results that the splitting tensile strength is more sensitive
to the exposure to high temperatures than the concrete compressive strength. It
can be observed that concrete deteriorates at a faster rate when tested in tension
rather than in compression. This observation confirms the results obtained by

other investigators (210,

¢A
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Table [ #- 9]: Test values of splitting tensile strengths of concrete
specimens of series- A-after exposure to fire flame
temperatures.

Age at Period of Splitting Tensile Strength (MPa) Ratios
Temperature °C fsa /fsb Type of
Exposure | Exposure )
(days) (hours) | '° | freof ere | Ve YN T TEN Cooling
O) | () (") (6 ) [ MO
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fsa = Splitting tensile strength after exposure to fire flame.
fsp = Splitting tensile strength before exposure to fire flame.
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Table[ ¢- 7]:Test values of splitting tensile strengths of
concrete specimens of series- B-after exposure
to fire flame temperatures.

Splitting Tensile Strength

Age at | Period of (MPa) %?:I/Z: Type of

Exposure | Exposure Temperature °C
(days) (hours) | Yo | ¢vv |00 u | Vo ¥/
OIRVEEWING ()
\AENAREIREY Y
YAY [Y.o£] « QA , CEA
Yoo [Y oA VYo : €4
Y AN [V VAl o ¥R , £y
Ye [V AY] Ay , &Y
Yooy [Yov] YA , YV
YAY [VV.] v A0 . x
YAV [V e kY , Xy
YUYV YAy , R
IAEAEEE _ oY
¥ [Y o] Vo¥ , X
Y VA [Y Yo Vv VY _ o,
¥y ¢y Yo . o¢
YYOlY XYY L an , 44
YXE (Y YO[ YA _ o
Y Y [YAA] A0 , g¢
LA IEREE . Ay
You [YVY¥[ YA, _ X
Yova [Y.vy| oy as _ o
Y00 EA| Y 08 i oY
Y[ Yer| VA _ oY
Yo [Y.YA] V.6 _ tY
Yoo [Y YAl Y e _ 44
AR _ iy

Cooling

-

-

| | —| —| —

-

—

-

—| | | | «| | | 4] —| | | | | | | ] —| —-| —| —-| —| | <] =«

| | | | —| —| —| =

fsa = Splitting tensile strength after exposure to fire flame.
fsp =Splitting tensile strength before exposure to fire flame.
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¢-¢.) Cooling by Air

At £+ +9C fire flame exposure temperature, for all ages and for all periods of
exposure, the residual splitting tensile strengths were in order of (V- Y1%) for
series A and (1% — V1 %) for series B. The test carried out by Al-Ausi and

Faiyadh ™) showed that the residual splitting tensile strength was 1V %,

whereas Al —Owaisy % investigation was 1Y % ,also Takeuchi’s""™ result was
107, These results were obtained at the same temperature and the same type of
cooling

Further decrease in splitting tensile strength ranged between (£Y — ©A %) for
series Aand ( €+ — 1V % ) for series B at ©+ +°C.These results agreed with Al-
Ausi and Faiyadh, Carrete and Painter 9 and Hidayet’s"" results obtained at the
same temperature and the same cooling regime.

At V++°C fire flame temperature the effect on splitting tensile strength was
more severe than on the compressive strength. The residual tensile strengths
were (Y« — £07) for series A and (Y- ¢° %) for series B .The reduction in the
splitting tensile strength can be attributed to the formation of tensile stresses
during the contraction of the hardened cement paste upon cooling, which, when
superimposed onto the already existing tensile stresses formed during heating

would cause an increase in the amount and rate of crack formation( ) .

¢-£.Y Cooling by Water

Cooling by water causes further reduction in the strength. The residual
splitting tensile strengths after exposure to fire flame and quenched in water
ranged between (¢ — VY %) for series Aand (Y — VY %) for seriesB at ¢+ +:°C
fire flame temperature.

At ©..°C fire flame caused an extra reduction in the splitting tensile
strengths ranging from (YV — @Y %) for series A and (Y'Y — ©7 %) for series B.At

v+ +°C for all ages of specimens and periods of exposure, the residual splitting

o)
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tensile strength was (Y+ — YV %) for series A and (3- Y% %) for mix B
compared with the original tensile strength before exposure to fire. Cooling in
water caused further reduction in splitting strength compared with companion
specimens cooled in air and the difference ranged from (¢-A%), (3-Y+7%) and (1-
VYY) for series A and (¥-1 %), (£¢-V7) and (°-)¢7) for series B at ¢+ +°C, ©++°C
and Y+ +°C respectively. The reduction in the strength was mainly due to fast
penetration of water into the pores and microcracks of concrete. The penetration
of water into the dry concrete pores is known as a result of dilation of cement

gel thereby decreasing the cohesive forces between the cement particles and
reducing strength " Y1t is also possible that the different rate of cooling
between the surface and the inner part of the specimens causes an increase in the
amount and volume of cracks thus lowering the tensile strength ),

Similar trend was obtained for the splitting tensile strength effect by fire
flame as in the compressive strength but a slight decrease in series B than series

A was observed at exposure period of Y.+ hours.

¢-¢.Y Effect of the age at heating

As in compressive strength the effect of the fire flame at ¥+ days of age
was more than at 1+ and %+ days of ages. This is also due to further completion

of hydration of the cement at later age.

oy
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¢-4  Mathematical models for prediction of mechanical
properties of concrete after exposure to fire flame

In order to obtain useful mathematical relationships, that yield good

prediction accuracy, nonlinear regression is used for this purpose, due to its

efficiency in derivation of exponential equations, which are extremely useful for

fitting experimental data with more than one independent variable ¢ ™" ", The

exponential equation used was of the following general form:

al a2 a3 n
Y =85 X; - X537+ X357 e Xy ~— mmmmmmmmmmm—e—ee- (¢-Y)
where:
Y = Dependent variable.

D G X, =Independent variables.

Ay ,8y,8y e a,, =Constants.

The mechanical properties of concrete are assumed to be known before
exposure to fire flame, such as initial compressive strength , temperature of fire
flame , flexural strength , ultrasonic pulse velocity , rebound number, ages,
period of exposure and density . Independent variables were ranged in these

equations according to their descending degree of significance.

£-4-1 Models for prediction of compressive strength (fcua)
To find the regression for prediction of (f,.) .Equation (£-)) can be

written as follows :

fon = 80( o) (T)* (U - P-V)®(Ry )™ ()" (Pe)** (Age)™  -------- (¢-7)
where
f.ua = Compressive strength of the specimens after exposure to fire flame
temperature (MPa).
f.n = Compressive strength of the specimens before exposure to fire flame

temperature (MPa).

Yy
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T = Temperature of fire flame (°C).

U.P.V = Ultrasonic pulse velocity (km/sec)

Ry = Rebound number after exposure to fire flame.

P = Density of concrete after exposure to fire flame (kg/m") .
P = The period of exposure to fire flame (hour).

Age = The age of the specimens at the time of exposure (days)

£-4.Y Models for prediction of splitting tensile strength fsa .

The regression for prediction of fs; can be written in form as follow:

foo =a0( g )™ (T )™ (Pe)™ (Age)™ (foyp )™ —(:-7)
where :
fsa = Splitting tensile strength of specimens after exposure
to fire flame (MPa) .
T = Temperature of fire flame (°C).
P. = Period of fire flame exposure (hours).
Age = The age of the specimens at the time of exposure (days)
fo.uw = Compressive strength of the specimens before exposure to fire
flames (MPa).

£-4-¥ Models for prediction of flexural strength (fra).

The regression for prediction of f,, can be written in form as follows:
fra =@0( Fp ) (T)*(Pe)™ (Age)™ ( foup )™ ~ornee(e-)

where:
fra = Modulus of rupture of specimens after exposure to fire flame

(MPa).
fr, = Modulus of rupture of specimens before exposure to fire

flame(MPa).
T = Temperature of fire flame (°C).

\Ax
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Pe = The period of exposure to fire flame (hour).

Age = The age of the specimen at exposure to fire flame (days).

f.uw = Compressive strength of specimens before exposure to fire
flame (MPa) .

¢-4.¢  Models for prediction of static modulus of elasticity ( E ).

The regression for prediction of ( E.) can be written as follows:

Eca = ao( Ecb )al(T )aZ( Pe )a3( Age)a4( fcub )a5 """" -(i"’)
where:

E .. = Static modulus of elasticity after exposure to fire flame (GPa).

E ., = Static modulus of elasticity before exposure to fire flame (GPa).

T = Temperature of fire flame (°C).

P. = The period of exposure to fire flame (hours)

Age = The age of specimen at the time of exposure to fire flame .

foun = Compressive strength of concrete specimens before exposure to fire
flame (MPa) .

Table (¢-)°) gives the values of the constants (a., a,, ar.. ap for the
regressions for fo,a , fsa, fra and Eg, . This table also gives the values of the
coefficients of correlation. From the values of the coefficients of correlation
obtained, it can be concluded that these regressions are statically significant, for

the size of data investigated of VY, each with £-Y independent variables.

V¢
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Table [ £- 1 2] : Coefficient of exponential regressions for the prediction of:

\ 'fcua

Regr.| a. ay av ar as ae c.Cc*
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* C.C ... Coefficient of Correlation.
From Table [£-)¢], the following equations could be used to estimate the

corresponding values with good coefficient correlation and fewer variables

introduced in them.

fow =2.394(F ) (T) P (U.PV)¥® e (£-0)
fo =1974.32(f )" ™ (T) ™" (Age)*™® e (£-V)
f _=5980.05(f )2 (T)™*™ (£-A)
E. =6975.02(E )™ (T)™** . (£-9)

¢-\Y+ Load - Deflection Behavior

€-\ +-\ Introduction

The deflection which occurs immediately upon application of the load is
called short-term deflection or instantaneous deflection. The principal factors
that influence this type of deflection are the magnitude and distribution of the

load, span and conditions of end restraint, section properties including steel

percentage and material properties. ()

\a%
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To study the influence of fire flame on the immediate deflection, twelve
rectangular beams of ) * *-mm width, Y©*-mm depth and ) * * *-mm length

were tested in flexure. Two series of beams were cast with same mix proportion

of series A and B. Two control beams were tested for each series without

exposure to fire, the others were subjected to fire flame at the age of ¥ * and 4

days with temperature level of ©++°C and Y* +*°C for ) hour period of

exposure. The properties of the reinforced concrete beams are shown in Table
[€-)7].

Ultimate Moment Strength

One-point load on simply supported beams gives only one section of

maximum stresses, this occurs under the point load as shown in Plate [£-)].

[
o it

Plate [ ¢ /]. Beam under testing

&
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The theoretical ultimate strengths of beams which were calculated

according to ACI-Code " by using Equation (£-Y V) and according to CP) ) »

") by using Equation (€- 1) are shown in Table (£-) V).

The ACI- Code nominal moment equation is:-

f
M, =pfybd2(l—0.59pf—yj ................. (8-)4)

c

The ultimate moment M, (for design) is :

M,= ¢M, , ¢=0.90

M, =¢,d3d2[1—0.59p%] ----------------- (-

c

where f, =085f
The CP-) Y * ultimate moment equations are: -

M,=087fAZ e (¢-YY)

1.1f,As
L= I_l_ o0 ba }j ----------------- (£-)Y)

By eliminating the safety factors,

fyAs

Z=d-——2"— e (8-) %)
1.34f,b
M,=f,AsZ e (¢-10)
M, =O.87fyAs{d— ,As } ----------------- (£-17)
134f.b

Table [+ 1v]: Measured and calculated ultimate moment strengths

Series | Beam [Temp| Age |Experimental| Calculated _ :
No. [("C) | (days) M. M, Ratio Ratio

(kN.m) (kN.m) | ON(v) | (V)I(v)

A
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It can be noticed that the ACI Code method predicts the values of ultimate
moment strengths very close to CPY) + method. But both methods underestimate
the actual ultimate moment strength of beam (for conservative design). The ratio
of experimental to calculated ultimate moment of the beam ranged from ().719)
to (1.2)) with an average value of ().YA) when the calculations were based on
ACI- Code equations and ranged from ().VA) to (1.9%) with an average value of
(Y.A°) when the calculations were based on CP))+ equations. The calculated
theoretical values are lower than the experimental values due to the considerable

residual capacity of the section beyond reaching concrete and steel to yielding,
¢-1.-¥ Deflection

Single load was applied at midspan because of the limitation of the
machine available, which did not permit the application of two-point load to get
pure constant moment region. The deflection were recorded at each stage of

loading, the load at the first visible crack and at failure were recorded.

¢-1.-¥-\ Deflection before exposure to fire flame

The failure load of the reference beams (AY, A€, B) and B¢) was divided

by (1.1) to calculate the service load. A comparison of the measured and

A
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computed midspan deflection of the beams at service load according to ACI
Code and BS code are shown in Table [£-YA]. An example of the calculation of

deflection is given in Appendix B.

Table [ - 14]: Measured and calculated service load deflection
at mid-span of the beam.

Experimental| Calculated : _
deflection | deflection | Ratio | Ratio
(mm) (mm) (%) | (2)I()

(") ACI [CP1.
(v) | (v)
V.4 Y. AY 2
VLAY Y.q) Y A
).v4 VAL | VYA
A Yo | Vag

The ratio of the measured deflection to the calculated service load
deflection of the beams ranged from ().:¢) to (+.A¢) with an average value of
(+.4v) when the calculations were based on ACI- Code and ranged from (¥.VY) to
(+.A%) with an average value of ().:) when the calculations were based on
CPY'.—Code. It can be concluded that CPYY: procedure gives comparable
results to the measured values for all beams. This behavior was due to the fact
that as the load increases, the section of the beam become closer to the partially
cracked section used in CP1 . calculations.

¢-1.=v=y The effect of fire flame on the reinforcing steel bars

A
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The effect of fire flame on the properties of reinforcing steel bar was
summarized in Table [¢-Y4]. At ¢+ .°C, both burning and subsequent cooling did
not affect the mechanical properties of the reinforcing steel bars, but the effect
was observed at v++°C. The residual in the yield stress was (A*%) and in the
ultimate stress (2 ¢.vZ%) for the bar of A mm diameter .But for the bar of Y+ mm
diameter the residual in yield stress was (A¢.e%) and the ultimate stress was
(Ae.A%). The modulus of elasticity was not affected by burning and cooling at all

range of temperatures. Similar behavior was observed by others ‘"' .

Table [ £- 1 9): The effect of fire flame on properties of steel bars

&
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Voo [¥AY [ At o [0aY | AOA | YV. | V.o

¢-1.-v-r Deflection after burning by fire flame

The test results were summarized in Table [¢-Y+] and the relation between
the load and deflection were illustrated in figures from (¢-oA) to (¢-1Y). After the
beams were subjected to fire flame, two types of cracks developed, the first was
thermal cracks appearing in a honeycomb fashion all over the surface. They
originated from top or bottoms edges and terminated near the mid-depth of the
beam. The crack width was about ("-mm). The patterns of fine cracks were
consistent with the release of moisture being greater in the outer layers than in
the interior resulting in differential shrinkage. The second cracks were flexural
tensile cracking due to loading developed in the mid-span region.

At e.. °C, (a)- for v+ days age and ‘.- hour period of exposure, first crack
and yield stress in steel were observed at load (1).V%) and (A1.0%) from the
ultimate load respectively for beam AY and (1.1%) and (Av.1%) from the ultimate
load for beam BY. (b)- for 4+ days age and ‘.- hour period of exposure, first
crack and yield stress in steel were observed at load ( Y°.¢%) and (AY.£%) from the
ultimate load for beam Ae and (V).+%) and (AA.£%) for the beam Be.

At v.. °C, (a)- for v days age and .- hour period of exposure, first crack
and yield stress in steel were noticed at load (A.e%) and (Av.V%) from the ultimate
load for beam Ar and (3.eY%) and (AA.¥%) from the ultimate load for beam B,

(b)- for 2+ days age and Y.+ hour period of exposure, first crack and yield stress

&
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in steel were observed at load ( 2.evZ) and (Av.v%) from the ultimate load for

beam A and (A.vYZ) and (A4.%) for the beam B*.

&



Chapter Four Results and
Discussions

55

r
50 A

45
40 AY
35
Al
30

25

Load KN

20
Beam T (°c)

15 Yo

AY O

AY Voo

10

ol

o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Deflection (mm)

Fig [ ¢ °/] : Load-deflection behavior for the beams of series A-
I+ days after exposure to fire flame at . + hour

(o)
(&)

A £
50

45 A®
40
35
30

25

Load KN

20 Beam T (°C)

At Yo
AD O

15
10

al

o

0 1. 2 3 4 5 6 7 8 9 10 11 12 13 14
Deflection (mm)

Fig [ ¢- ¢ 9. Load-deflection behavior for the beams of series A- 7+

days after exposure to fire flame at . - hour

&



Chapter Four Results and
Discussions

60
55
50
45
40
35
30
25
20
15
10

Br

Load KN

Beam TCC)
B\ Yo
By Oun
By Voo

o

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Deflection (mm)

Fig [ 4 7] : load-deflection behavior for the beams of series B-
. days after exposure to fire flame at !. - hour

B¢

B

Load KN
w
[6)]

Beam T(°C)
B¢ Yo
Be O
B- Vi

0 |III|III|III|III|III|III|III|III|III|III|III|III|III|III

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Deflection (mm)

Fig [ ¢ 7']: Load-deflection behavior for the beams of series B-
7. days after exposure to fire flame at !. - hour

&



Chapter Four Results and
Discussions

The ability to predict the residual strength of a member following a fire is
essential in the process of establishing whether and to what extent a fire
damaged structure could be reinstated . A procedure for this purpose was
applied to the beams tested in this work and the results are given in Table [ -
¥1]. This procedure is similar to that proposed by Malhotra ™) and used by Khan
and Royles®" for fire resistance computations.

On the basis of a limiting deflection an experimental value for the
reduced moment of resistance of a test beam after a particular fire exposure was
determined from the load-deflection data, Figures (¢-°A) to (¢-1Y) as now
explained.

The ultimate load, Pu and its associated deflection , A, for the

unexposed condition , T; =Ye °C were found.

Using the curve appropriate to the fire exposure, a load, P',

corresponding to A, was established.

Y- The reduced moment of resistance , M’, was evaluated from,

A typical calculation is given in an example in Appendix C. The
experimental and predicted values for the reduced moment resistance are

compared in Table [¢-Y)] .The results of the unexposed beams to fire agreed

with the results of Khan and Royles but differed when the beams exposed to

high temperatures because they used different reduction factors

&
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Table [ ¢ r1]: Comparison of experimental and theoretical
reduced moment of resistance'*”

Moment (kN. m)

Series
Experimental Theoretical
V) oY 4. £A
AR ALY

o & oot
YY.4. y.ay
AYY ALY
£ YA TAS
ERE VY A
Yo ve A VA
q.v¢ TAA
V¥V V¥ oYY
YY 14 YaVY
V) Yo AY.

A
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£-© Modulus of Rupture

The test results of flexural strength of the two series are gives in Tables
[¢-Y] and [£-A]. Figures [¢-Y1] to [£-Yd] and [¢-Y+] to [¢-YY] show the
relationship between residual flexural strength and the fire flame temperatures
for series A and B respectively. The residual flexural strength (f.,) after burning
at different temperatures is expressed as a ratio f,, / f;, where f,y, is the flexural

strength of concrete at the same age without burning.

Table [ #+Y]: Test values of the modulus of rupture of concrete
specimens of series-A- after exposure to fire flame
temperatures.

Modulus of Rupture (MPa) Ratios
Temperature °C fra/fio
$ e O Vo Y/
M L m]e ()
Y Vo Y AY AR 89
Y.y ASR Yo . Y
Y VA Y V) EX , 41
Yy y.o Ao . CEY
¥ YY) oY . Y
¥y Y..9 Yo , o)
T‘_~/\ Y_~\ Vo . ~_iq
Y.A4 Y Ao Y , £0

Y

Y

)

y

Age at Period of
Exposure | Exposure
(days) (hours)

¥ Y. EA Ay , oA
Y Yo
YV
YA

13 VV .. ..D'l

Q0 Xy , EA
R £ . LY

fra = Modulus of rupture after exposure to fire flame
fo, = Modulus of rupture before exposure to fire flame

00
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Table [ f A]:Test values of the modulus of rupture of concrete

specimens of series-B- after exposure to fire flame
temperatures.

Modulus of Rupture (MPa)

Temperature °C

€ O Voo
() ] () | (9
YYE | Y Ye y oV
YAA] YY) Yoo
YU YA Y Y¢
AR Y. 4. Ay
YUY [ oYvY 4A
Y.y AR Ay
¥.v1 Y oY KA
YOy | Y.YA Y¢
£V | Yo Yo
Vo | ¥.o A4
Y44 | YVA oY
YA YAy A

Age at Period of
Exposure | Exposure
(days) (hours)

-

| | | ] | = | =] —

fra = Modulus of Rupture after exposure to fire flame

f, = Modulus of Rupture before exposure to fire flame

At ¢+ +°C the residual flexural strengths were in the range of (V) — VV %)
for series A, while series B showed a residual flexural strength of order
(VV-Y3 %)

At @+ +9C the specimens exhibited a loss of flexural strength, the residual
flexural strengths were (£Y — ©A %) for series A and (¢A- 1+ %) for series B.
Hair-cracks and pink color were observed in the prisms. This trend is similar to
that obtained by Habeeb. ™ A closer result was found by Purkiss, " that was
¢+ 7/ from the original value.

At Y+ +°Cthe residual flexural strengths were (YY — YA %) and (YY — £) %)
for series A and series B respectively. The effect of the fire was seen to be in a

range less than that obtained by Asa’ad ©" and Purkiss “? . These results may

o1
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are attributed to less homogeneity of the heat in stoves than the heat in the

furnace especially at temperature more than ¢« +°C.
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Fig.(4-26) The effect of fire flame on the
modulus of rupture of series-A
at 0.5 hour period of exposure.
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Fig (4-28) The effect of fire flame on the
modulus of rupture of series -A
at 1.5 hours period of exposure.
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Fig.(4-27) The effect of fire flame on the
modulusof rupture of series -A
at 1.0 hour period of exposure
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Fig.(4-29) The effect of fire flame on the
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at 2.0 hours period of exposure.
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£-1 Modulus of Elasticity

Test results of the modulus of elasticity are summarized in Tables [¢-9]
and [£-) +] for mix A and mix B respectively. Figures [¢-Y¢] to [£-YV] and [¢-
YAl to [£-£V] illustrate the relationship between the residual modulus of
elasticity and fire flame exposure temperatures for series A and series B
respectively.

From the figures, it can be seen that the test results for Ec somewhat is
similar to the pattern of compressive strength and flexural strength, but with
reduction values which is more than the compressive and flexural strength at fire

flame temperatures.

Table [ ¢ 1]: Test values of the modulus of elasticity of concrete
specimens of series-A- after exposure to fire flame

temperatures.

Modulus of elasticity(GPa) Ratios

Temperature °C Eca/Ech |
Yo € (- Vo Y'/\ i/\

Age at Period of
exposure Exposure

(days) | thowrs) | ) | 0 | ¢ | (o () | ()
Y1.v1 Yo &) LY ) AR
VWYY [ VoY | oA | . CEY | XY
YoYé | 970 | «foV |« VYA A
YWAY | AAY | c£n | .. Yo «on

YAEY [ VY 00 | WTAA | ., &Y Yo
YAYT [ VY YA | Y | . . f0o XY
WYY Y vy | vovA | ., ¥a RE
Yyod1 | a¥o [ ved0 | . VY AA
Yo £ [ YY.¥T [ DAY | . L EY AR
YA AE [ YEYA | sy v ., to YV
YA e [ VYoo [ aayy | . E XY
YWos [ Yo ¥o | vove | o, k& X

Ec.a = Modulus of elasticity after exposure to fire flame.
Ec.», = Modulus of elasticity before exposure to fire flame.
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Table [ ¢- 1 +]: Test values of the modulus of elasticity of concrete
specimens of series-B- after exposure to fire flame.

Modulus of elasticity(GPa) Ratios

Temperature °C Eca/Ecp
Yo €0 O Voo Y‘/\

Age at | Period of
exposure | exposure

(days) | thowrs) | () | 0 | ) | (0 o)
YY VA Ve &y A YT v €0
Yyot | \Yo. | «1vo . £y
YA ET | YTOA | T , £
YAYY | VY4, | cone ] Y

Y6 0q | AT | Ve ¥ ] oo EA
YYVo | Yorva | «avv | .. €
YYA | YE.o | VvV, . €Y
YANVE | Y NY | onY , YA
Yo Xl | YV.YY [ V) AN . o)
Y1 | V1YY [ Yvoed . £y
YYOoA | Y¢od | AYE ] €Y
YOAf | VYoo | VY. . ¥4

Eca = Modulus of elasticity after exposure to fire flame.
Ec, = Modulus of elasticity before exposure to fire flame.

At ¢+ +9C, there was a significant reduction in the modulus of elasticity
due to the effect of fire flame. The residual modulus of elasticity was
(°® — Y)Y %) and (°Y — Ve %) for series A and B respectively. Similar results
were obtained by Schenider,"Fahmi and Ibrahim™". At ¢+ :°C, there was a
sharp reduction in Ec values for both series and the residual of modulus of
elasticity was (¥¢ — ¢ %) for series A and (YV — ©17) for series B. These results
confirmed with Lankard et al ", Schneider ¢, Fahmi and Ibrahim .

At V.+°C, the residual modulus of elasticity was (1 — Y+ %) and
(Y1 — Y€ %) for series A and series B respectively. Similar results were reported
by Castello and Durani (' and Schneider .
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¢.V Ultrasonic pulse velocity results (U.P.V).

The ultrasonic pulse velocity test results are presented in Tables [¢-YY]

and [¢-)Y] for series A and series B respectively.

Table [ #~11]: Test values of the ultrasonic pulse velocity of
concrete specimens of series -A- after exposure
to fire flame .

(U.P.V) km/sec Ratios

Temperature °C (UP.V)./(U.P.V)y
e O Y/ Y/ £/
(°)
L VY
. Vo
g
Y
AN
V¢
Y
2
VY
AN
Yo
Y

Age at | Period of
Exposure | exposure

(days) (hours) o) |

[~
=
[N—

Y.Yo
YYe
YT
Y.Yo
Y.t
Y
Y.V
YA
Y 44
Y.£)
YYV
Y.YA

XY
YV
AY
YY
Ne
Y.
av
$Y
YA
X
v

—«| | | <] —| | | ] —| | | =
| | | ) | | | = —-| —| —| —

(U.P.V), = Ultrasonic pulse velocity after exposure to fire flame .
(U.P.V), = Ultrasonic pulse velocity before exposure to fire flame .
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Table [ #- 1 1]: Test values of the ultrasonic pulse velocity of
concrete specimens of series-B- after exposure
to fire flame temperatures.

(U.P.V) km/sec Ratios

Temperature °C (UP.V)./(UP.V)p
€ O Y/ Y/ £/

Age at Period of
exposure | exposure

(days) | (hours) | ) | (v) | CHEVERY
Y Yo Y.YA K A e . g0
V.O\/ \".'1~ . ~.V\/ ~.°'K ~_i\
vye Y Yy ) % oy | YA
AR Y. VY . VY €9 Yy

Y.vY YAa. A Ay ¢4
Yoy A YA oV ¢
Y Yo A . A o¢ kX
Y ¢9 ) . Yo o AR
Y AY a¢ . AY Ay o)
A E4 A X YA e &Y
Y oo Ay . A o1 e
Y A . RAY% oV Yo

(U.P.V), = Ultrasonic pulse velocity after exposure to fire flame .
(U.P.V), = Ultrasonic pulse velocity before exposure to fire flame .

Figures [£-£Y] to [¢-¢°] and [¢-€7] to [£-€4] show the relationship
between the residual ultrasonic pulse velocity and the fire flame temperatures.
It can be seen from figures that the reductions in the ultrasonic pulse velocity
after exposure to fire flame were as follow: -

At £+ +°C, the reduction in (U.P.V) was (YY — Y% %) for series A and
(YA — YA %) for series B. Similar results were observed by Logothetis and
Economou ™

At ©+ +°C the reduction was (£7 — ©2 %) for series A and (YV — ©) %)
for series B . These results agreed with the results found by Habeeb"", which
were (£+ — £0 %) . Essa‘" result showed that the reduction in (U.P.V) at the

same temperature was (¥4 — o1 9%). At V- +°C, the reduction in (U.P.V) was

¢
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(°¢ — YV %) for series A and (£9 — A %) for series B. Purkiss ‘" reported that

the reduction in (U.P.V) at this temperature was v+ 7.
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Fig.(4-42) The effect of fire flame on the
ultrasonic pulse velosity of series
A -at 0.5 hour period of exposure.
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Fig.(4-44) The effect of fire flame on the
ultrasonic pulse velocity of series
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Fig.(4-43) The effect of fire flame on the
ultrasonic pulse velocity of series
A-at 1.0 hour period of exposure.
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ultrasonic pulse velocity of series
A at 2.0 hours period of exposure.
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¢ -A Surface Hardness Results

Surface hardness of the concrete cubes was assessed by the “ Schmidt
rebound hammer . Tables [£-)Y] and [£-) ¢] show the results of the rebound
number for the concrete specimens of the two series before and after exposure

to fire flame.

Table [ ¢ 1 1]: Test values of the rebound number of concrete
specimens of series-A-after exposure to fire flame
temperatures.

Rebound number Ratios

Temperature °C Rna/ Rup
FS Qv Voo T'/\

Period of
exposure

(hours) M e ()
Y Yoo Yoo VLAY
YV, Yi . Yy ¢ , « VA
YV, Yo YA A _ AY
Y. YY. Y4.» i vy

YA, YV Yy ] A$
YV, Yo YY. _ YA
YA, Yo Yy ] A
Y Y& Yy . ] Yo
Y. YV YV A . A
Y. YV Yy . _ A
Y. YA Y¥ o ] AY
Y4, YT YY o ] i

Rna = Rebound number after exposure to fire flame.
Rn b= Rebound number before exposure to fire flame
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Table[ ¢-1£]: Test values of the rebound number of concrete
specimens of series -B- after exposure to fire
flame temperatures.

Rebound number Ratios
Temperature °C Rna/ Rup

Age at Period of
exposure | Exposure o | ovy T Vot ¥/
(ays) | thowrsl 1) || ¢ | @ ()
Yool YA. | Yeo A
YAY | YYA ) < AY
YA | YY.. . A
YV, Yy ) YV
Y4 Yo . ) A
Yoo [ YU AY
Y4 YY ¢ ) AY
YA YYV . va
Yy YV ) AY
Yyl At
Yy | Y| .. AY
YWy AY

Rn a = Rebound number after exposure to fire flame.
Rn b= Rebound number before exposure to fire flame.

The effect of the burning by fire flame on rebound number is shown in
Figures [¢€-©+] to [¢-eY] and [¢-2£] to [£-°V]. It can be seen that subjecting the
concrete surface to fire causes to decrease the rebound number significantly as
follows: -

At ¢++°C the reduction in the rebound number was (Y« — Y %) and
(¥ — Y)Y %) for the series A and B respectively. The tests carried out by
Logothetis and Economou’™ show that the reduction in the rebound number
was Y7,

At ©++°C the reduction in the rebound number was (Y% — YV %) and

() — Y¥ %) for series A and B respectively. Essa > showed that the reduction
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in rebound number was (Y — Y)7) at this temperature, while Logothetis and
Economou"" showed that the reduction in rebound number was Y + %.

At Y++°C the reduction in rebound number was (Y% — YA %) and
(Ye- €+ 0p) for series A and B respectively, while Logothetis and
Economou' ’showed that the reduction was ¢ -7 at the same temperature. The
decrease in the rebound number with increase in temperature can be attributed
to the fact that fire causes damage to the surface of concrete rather than to

concrete in the core of the member.
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¢.V Ultrasonic pulse velocity results (U.P.V).

The ultrasonic pulse velocity test results are presented in Tables [¢-YY]

and [¢-)Y] for series A and series B respectively.

Table [ #~11]: Test values of the ultrasonic pulse velocity of
concrete specimens of series -A- after exposure
to fire flame .

(U.P.V) km/sec Ratios

Temperature °C (UP.V)./(U.P.V)y
e O Y/ Y/ £/
(°)
L VY
. Vo
g
Y
AN
V¢
Y
2
VY
AN
Yo
Y

Age at | Period of
Exposure | exposure

(days) (hours) o) |

[~
=
[N—

Y.Yo
YYe
YT
Y.Yo
Y.t
Y
Y.V
YA
Y 44
Y.£)
YYV
Y.YA

XY
YV
AY
YY
Ne
Y.
av
$Y
YA
X
v

—«| | | <] —| | | ] —| | | =
| | | ) | | | = —-| —| —| —

(U.P.V), = Ultrasonic pulse velocity after exposure to fire flame .
(U.P.V), = Ultrasonic pulse velocity before exposure to fire flame .
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Table [ #- 1 1]: Test values of the ultrasonic pulse velocity of
concrete specimens of series-B- after exposure
to fire flame temperatures.

(U.P.V) km/sec Ratios

Temperature °C (UP.V)./(UP.V)p
€ O Y/ Y/ £/

Age at Period of
exposure | exposure

(days) | (hours) | ) | (v) | CHEVERY
Y Yo Y.YA K A e . g0
V.O\/ \".'1~ . ~.V\/ ~.°'K ~_i\
vye Y Yy ) % oy | YA
AR Y. VY . VY €9 Yy

Y.vY YAa. A Ay ¢4
Yoy A YA oV ¢
Y Yo A . A o¢ kX
Y ¢9 ) . Yo o AR
Y AY a¢ . AY Ay o)
A E4 A X YA e &Y
Y oo Ay . A o1 e
Y A . RAY% oV Yo

(U.P.V), = Ultrasonic pulse velocity after exposure to fire flame .
(U.P.V), = Ultrasonic pulse velocity before exposure to fire flame .

Figures [£-£Y] to [¢-¢°] and [¢-€7] to [£-€4] show the relationship
between the residual ultrasonic pulse velocity and the fire flame temperatures.
It can be seen from figures that the reductions in the ultrasonic pulse velocity
after exposure to fire flame were as follow: -

At £+ +°C, the reduction in (U.P.V) was (YY — Y% %) for series A and
(YA — YA %) for series B. Similar results were observed by Logothetis and
Economou ™

At ©+ +°C the reduction was (£7 — ©2 %) for series A and (YV — ©) %)
for series B . These results agreed with the results found by Habeeb"", which
were (£+ — £0 %) . Essa‘" result showed that the reduction in (U.P.V) at the

same temperature was (¥4 — o1 9%). At V- +°C, the reduction in (U.P.V) was

¢
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(°¢ — YV %) for series A and (£9 — A %) for series B. Purkiss ‘" reported that

the reduction in (U.P.V) at this temperature was v+ 7.
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Fig.(4-42) The effect of fire flame on the
ultrasonic pulse velosity of series
A -at 0.5 hour period of exposure.
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Fig.(4-43) The effect of fire flame on the
ultrasonic pulse velocity of series
A-at 1.0 hour period of exposure.
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ultrasonic pulse velocity of series
A at 2.0 hours period of exposure.
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¢ -A Surface Hardness Results

Surface hardness of the concrete cubes was assessed by the “ Schmidt
rebound hammer . Tables [£-)Y] and [£-) ¢] show the results of the rebound
number for the concrete specimens of the two series before and after exposure

to fire flame.

Table [ ¢ 1 1]: Test values of the rebound number of concrete
specimens of series-A-after exposure to fire flame
temperatures.

Rebound number Ratios

Temperature °C Rna/ Rup
FS Qv Voo T'/\

Period of
exposure

(hours) M e ()
Y Yoo Yoo VLAY
YV, Yi . Yy ¢ , « VA
YV, Yo YA A _ AY
Y. YY. Y4.» i vy

YA, YV Yy ] A$
YV, Yo YY. _ YA
YA, Yo Yy ] A
Y Y& Yy . ] Yo
Y. YV YV A . A
Y. YV Yy . _ A
Y. YA Y¥ o ] AY
Y4, YT YY o ] i

Rna = Rebound number after exposure to fire flame.
Rn b= Rebound number before exposure to fire flame

1y
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Table[ ¢-1£]: Test values of the rebound number of concrete
specimens of series -B- after exposure to fire
flame temperatures.

Rebound number Ratios
Temperature °C Rna/ Rup

Age at Period of
exposure | Exposure o | ovy T Vot ¥/
(ays) | thowrsl 1) || ¢ | @ ()
Yool YA. | Yeo A
YAY | YYA ) < AY
YA | YY.. . A
YV, Yy ) YV
Y4 Yo . ) A
Yoo [ YU AY
Y4 YY ¢ ) AY
YA YYV . va
Yy YV ) AY
Yyl At
Yy | Y| .. AY
YWy AY

Rn a = Rebound number after exposure to fire flame.
Rn b= Rebound number before exposure to fire flame.

The effect of the burning by fire flame on rebound number is shown in
Figures [¢€-©+] to [¢-eY] and [¢-2£] to [£-°V]. It can be seen that subjecting the
concrete surface to fire causes to decrease the rebound number significantly as
follows: -

At ¢++°C the reduction in the rebound number was (Y« — Y %) and
(¥ — Y)Y %) for the series A and B respectively. The tests carried out by
Logothetis and Economou’™ show that the reduction in the rebound number
was Y7,

At ©++°C the reduction in the rebound number was (Y% — YV %) and

() — Y¥ %) for series A and B respectively. Essa > showed that the reduction

TA
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in rebound number was (Y — Y)7) at this temperature, while Logothetis and
Economou"" showed that the reduction in rebound number was Y + %.

At Y++°C the reduction in rebound number was (Y% — YA %) and
(Ye- €+ 0p) for series A and B respectively, while Logothetis and
Economou' ’showed that the reduction was ¢ -7 at the same temperature. The
decrease in the rebound number with increase in temperature can be attributed
to the fact that fire causes damage to the surface of concrete rather than to

concrete in the core of the member.
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—— 9%
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@
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Chapter Four ‘

RESULTS AND DISCUSSIONS

¢\ Introduction

Experimental results are presented in this chapter showing the effect of
the fire flame on some mechanical properties of concrete, such as density,
compressive strength, splitting tensile strength, flexural strength and modulus of
elasticity. The test results of the load-deflection relationship of reinforced

concrete beams are presented also.

£€-Y The Density

Tables [¢-1] and [£-Y] show the effect of the exposure to fire flame on
the density of concrete, while Figures [¢-)] to [£-Y] and [¢-£] to [£-A] show the
relations between fire flame temperature and the density for series A and B
respectively. It can be seen from these Tables and Figures that the density
behaved as follows:-

‘- At ¢..9C fire flame temperature and for all ages and all periods of
exposure, the reduction in density ranged between (£.A — V.V %) and ().
— £, %) for series A and B respectively if compared with the initial
density before exposure to fire.
Y- The reduction was (.4 -A%Z) and (¢ — Y.) %) for series A and B
respectively at ¢+ +°C fire flame temperature.
Y- More reduction in density took place when the fire flame temperatures
increased.AtY + «°C,the reduction in density was (A-)).Y7), and (A-9.7 %) for

series A and B respectively. The loss in density of series A was .17 more

Yo
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than that in density of series B.It can be observed that series B lose less
weight than series A, which can be attributed to the less water- cement ratio
and less evaporation of adsorbed water on interface of the gel crystals of

hardened cement paste, also to less amount of pores and voids in series

B.These results confirmed with that of Al-Elizzi¢" . Habeeb™ and Essa *°

Table [ ¢- 1]: Test values of the density of concrete specimens of
series-A- after exposure to fire flame temperatures.

Age at | Period of
Exposure | Exposure
(days) (hours)

Density ( kg/ m")

Temperature °C

Ratios

pa/pb

€ o

(")

O

(")

¥

()

« 0

V.o

YY.Y

yyiy

.

LAYy

).

YYAA

yyay

.

LAY

yyay

Yyo¥

.

Aava

YYEA

ARRR

.

LAY

YY.v

Yiva

Yyie

YYoA

Yyt

YYAD

YYo¢

Pa = The density of concrete after exposure to fire flame.
Pp = The density of concrete before exposure to fire flame

yyiy

YYoA

1
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Table [ ¢- 1]: Test values of the density of concrete
specimens of series-B-after exposure
to fire flame temperatures.

Density ( kg/ m’) Ratios
Temperature °C 2.1 py
[ -2 "/\
(M) | (%) (1)

.o YY.v | oYY ALY

Age at Period of
Exposure Exposure
(days) (hours)

Y. YYdo | YYYA . L ary

Y. YYAY | YYYA . . aro

YYVY | YY.Q

Yy

YYLY

Yva.

Yyay

YYYY

YYY.

YYVY

AR

P = The density of concrete after exposure to fire flame.
P, = The density of concrete before exposure to fire flame.
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Fig.(4-3) The effect of fire flame on the
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Fig.(4-4) The effect of fire flame on the
density of series-A at 2.0 hours
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£.Y Compressive Strength

The compressive strength results are summarized in Tables [£-Y] and [£-
¢] for both series A and B respectively, while Figures [£-4] to [£-) 1] show the
relation between compressive strengths and fire flame temperatures for both

series A and B respectively.

Table [ #- ] Test values of compressive strength of concrete
specimens of series -A- after exposure to fire flame
temperatures.

Compressive Strength (MPa) Ratios
Temperature °C feua/fub
1300 R Voo Y/
M | O | () (1)
YY OV [Y. £¥ VIV Y
YYXO [YAAY [ Ve Y] o, Y
YY OV [VYANY Ve X¥E ]| o, Y
YYXO AV [VYY A | o, . oA
AN [IAY | YYY ] M
YOOA¥ [V EV Y AA]| ot
YY AN YA [ AYAY | 09
YV o[ YO AT Ve Y| o, oY
Y90 Y YV [VYAVY] ) V)
Yooq |[YY AT[VYV .| W) Ay
Yoay|[YYoeY[yV eu| o, A
YEXY[Y A [Yoma] o) 0
YYX Y o[ VYAl . Ay
Yo Yo [yava[yeav] .. oA
YAYV[Y.ev][Yoxvol| o) R
YEYY[VA LY VYo o, ot
YoAav[YvaAa[YY Y¥a| o Vo
Ya Ao [ YT NY YooY ]| o, V.
Ya Ao |[Yove[Ye ol o) RE
YAXT[YY oy [V Ay | o, Ay
YA [ Y AN YA RY
YVAY Yy ae[yival . oA
Yasv|yyvifyvas] . 0
YVYe[Yoyo[ve v o) ot

Age at Period of
Exposure | Exposure
(days) (hours)

feua = Compressive strength (cube) after exposure to fire flame.
feur = Compressive strength (cube) before exposure to fire flame.
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Table [ ¢ ¢] :Test values of compressive strength of concrete
specimens of series- B- after exposure to fire
flame temperatures.

Compressive Strength (MPa) Ratios

Temperature °C feua /feub
€ v Qe Yoo Y/\ T’/\
(") M [ &) )]

YA4) | YAl [YY Ao | V.| ¢ 14

Age at Period of
Exposure | Exposure
(days) (hours)

YVAY | YU AG | Y)Y EA[aV] e

YY. VY Y1 A0 (Yo, Mo

Yo ah | Yo ) VAV Ay

Yo A | YT oY (Y9 0|, Y

Yool | YEYY (Yo 14|, 09

¥y YA | Yo a [yvvi.. ER

YAFY | YYVY [V oo

vRoV | FY E) YV .t

YEVY [ PV ) [Ye YA

Yo, ¥YaY | yy.ay

YYoey [ Yav. [Yyav

ve Y4 ¥o |YY oA

vy YV o4 [ Y. ¥y

Yo YVA3 [ V4 AY

ve AREHENAR

£y, EVEERYS

Y. Yiye | Y144

¥a, Yo [YV &Y

YV YEXY Yo o0

YV, Yo .1

Yo YYoe

A\

feua = Compressive strength (cube) after exposure to fire flame.
feun = Compressive strength (cube) before exposure to fire flame.
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£.Y-\ Air- Cooling

The residual compressive strength values were found for the two series
exposed to ¢-+°C-fire flame temperature and for ages ¥+, 1+,and 4+ days and
for all periods of exposure. The percentage of the residual compressive strengths
was (V+ — AY %) for series A and (V+ — Ae %) for series B, for all periods of
exposure. Surface cracks of about (Ymm) width took place on the concrete

specimens. These results agreed with that obtained by other investigators,

. . R v .
Neville and Brooks ™ result was A¢7, Collet and Tavernier ¢ obtained Yo %,

while Abram’s ' result was A% %. Logothetis and Economou ™ result was Y'Y
%. Al-Ausi and Faiyadh ) result was (¥4—4+7), while Al-Owaisy ©*) obtained
(Y1-YA %). The test specimens showed a further loss in compressive strength
ranging from (¢4 — Yo %) and (")— YA %) for mix A and B respectively at
©+«+0C fire flame temperature for all ages and all periods of exposure. It is
observed that the colour of the concrete specimens changed to pink and
increased in intensity. This may be due to hydration conditions of iron oxide

. . . e, 9,
component and other mineral constituents of the fine and coarse aggregates

) The surface — cracks increased in number, length and depth due to
temperature rise. These results of the residual compressive strength at ¢+ +°C
were similar to the results obtained by others (1WA T 2 25) DAL Ve voC of
fire flame exposure and for all ages of specimens and periods of exposure, the
percentage of the retaining compressive strengths was (¢ — 1+ %) for series A
and (£ — 1Y %) for series B, while Logothetis and Economou’s " result was
¢Y % at vV++°C . The difference can be partly explained by the factor which
affects the residual strength of heated concrete and this is the amount of
moisture driven off during heating, the greater the amount of moisture lost, the
lower strength ™. Moreover the decrease in compressive strength of concrete
is attributed to the break-down of interfacial bond due to incompatible volume

change between cement paste and aggregate during heating and cooling .

¢y
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*and the formation of relatively week hydration products ( dehydration of the

calcium — silica hydrate in cement paste ).

£.Y-Y Water- Cooling

From previous tables and figures, it can be observed that the water —
cooled concrete specimens suffer more reduction in strength than the air —
cooled specimens. The residual compressive strength after exposure to fire
flame and cooling in water was as follows:-

At ¢.+9C the residual compressive strengths compared to the original
strength before exposure to fire flame were (11 — A+ %) for series A and (1Y —
AY %) for series B . These results conformed to Al — Ausi and Faiyadh result
which was (7« — V) %) and Al — Owaisy result that was V) %. Raising the
temperature to ¢+ +°C caused concrete strength retaining (Y- V+ %) from the
original strength before burning for series A and (°° — Y° %) for series B. These
results were similar to that obtained by Al- Ausi and Faiyadh and Al- Owaisy
which were (Yo — oY %), and A/ respectively. Further loss in compressive
strength took place in specimens burnt to V- +°C and then cooled in water. The
residual compressive strength ranged between (Y'Y — ©© %) for series A and (¥°
— 27 %) for series B. The concrete specimens cooled in water exhibited more
deterioration than the air—cooled specimens, the further reduction in strength
was ranging from (Y-°7%), (¢-Y%) and (°-)+7) for series A and (Y-°7%), (-1 %)
and (°-A%) for series B compared with the strength of companion air-cooled
specimens. This is because of the destructive thermal shock produced when

(v

quenching the hot specimens in water ) and the penetration of the water into

the concrete pores and cracks .The penetration of water into dry concrete pores

is known to result in the dilation of the cement gel thereby decreasing the
cohesive forces between the cement particles and reducing the strength. ) Also,
decomposition of the calcium hydroxide occurs, so that the lime is left behind in

consequence of drying. If , however , after cooling, water ingress into

¢y
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()

concrete takes place the rehydration of the lime can be disruptive .

The test results show that large proportion of the decrease in

compressive strength occurs at the first +.©-hour period of exposure. It can be

seen that the adverse effect of fire is pronounced on series A more than on series

B, while the effect is equal when the period of fire exposure reaches two hours.
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£.Y.Y The effect of the age of concrete at exposure to fire
The test results show that the residual compressive strength after exposure

to fire, the reduction at ¥+ days age was more than the reduction at 1+ and 9 *
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days. This may be attributed to the fact that hydration of cement paste is more

complete at later ages.

£.Y.£ Comparison between residual compressive strength results and
recommended design curves (CEB & CEN)

Euro-Code Nos.Y and ¢ [Committee European de Normalization] (CEN)
(Y24Y,V343¢), specified rules for strength and deformation properties of
uniaxially stressed, normal weight aggregate (NWA) (siliceous and calcareous)
concrete at temperatures up to YY::°C.The CEB Bulletin D’ Information
No.Y+A (CEB) (Y44 \),(”)recommended design curves for compressive strength
of siliceous (NWA) concrete based on the work of many investigators.The
residual compressive strength results obtained from tests carried out by many
researchers in addition to the present study are plotted with the CEN and CEB
design curves as shown in Fig.[£-)V].It can be seen that the temperature range
between (Y::-Y++°C)was characterized by a maximum residual
strength(Malhotra®™ Abrams ) ,Collet et al®™ Al-Ausi and Faiyhad”™ and Al-
Owasiy©" ). Improvement in compressive strength was observed to a maximum
value in a temperature ranged between () ++-Y¢+°C) ( Fahmi and Asa’ad , Al-
Ausi and Faiyhad and Habeeb). This behavior was attributed to the cement paste
response due to causing weakening of bond between (°+-)Y¢+°C), thereafter,
densification due to thermal drying contributed to the increase of strength..
Beyond Y. +°C there was a further reduction in compressive strength. In the
present study some of test results of residual compressive strength were found to
lie between CEB and CEN curves, while other results were far away from the
CEB curve and near the CEN curve especially at ¢++°C and ©++°C of fire
exposure. At V- +°C the test results were found to be near the CEN curve only.
From the figure, it can be concluded that the test results of the current study

have better agreement with CEN design curve than with CEB curve.
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Residual Compressive Strength (%)
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Fig.[ ¢ 'Y]: Comparison of residual compressive strength
results and the recommended design curves of
CEB and CEN.
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¢-¢  Splitting Tensile Strength.

The values of splitting tensile strength of the specimens considered in
the present investigation are abstracted in Tables [£-°] and [¢-1]. The relation
between the splitting tensile strength and fire flame exposure temperature is
shown in Figures [£-YA] to [£-Y )] for series A and (Y-YY) to (¢-Y©) for series B.
It is clear from the test results that the splitting tensile strength is more sensitive
to the exposure to high temperatures than the concrete compressive strength. It
can be observed that concrete deteriorates at a faster rate when tested in tension
rather than in compression. This observation confirms the results obtained by

other investigators (210,

¢A
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Table [ #- 9]: Test values of splitting tensile strengths of concrete
specimens of series- A-after exposure to fire flame
temperatures.

Age at Period of Splitting Tensile Strength (MPa) Ratios
Temperature °C fsa /fsb Type of
Exposure | Exposure )
(days) (hours) | '° | freof ere | Ve YN T TEN Cooling
O) | () (") (6 ) [ MO
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fsa = Splitting tensile strength after exposure to fire flame.
fsp = Splitting tensile strength before exposure to fire flame.
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Table[ ¢- 7]:Test values of splitting tensile strengths of
concrete specimens of series- B-after exposure
to fire flame temperatures.

Splitting Tensile Strength

Age at | Period of (MPa) %?:I/Z: Type of

Exposure | Exposure Temperature °C
(days) (hours) | Yo | ¢vv |00 u | Vo ¥/
OIRVEEWING ()
\AENAREIREY Y
YAY [Y.o£] « QA , CEA
Yoo [Y oA VYo : €4
Y AN [V VAl o ¥R , £y
Ye [V AY] Ay , &Y
Yooy [Yov] YA , YV
YAY [VV.] v A0 . x
YAV [V e kY , Xy
YUYV YAy , R
IAEAEEE _ oY
¥ [Y o] Vo¥ , X
Y VA [Y Yo Vv VY _ o,
¥y ¢y Yo . o¢
YYOlY XYY L an , 44
YXE (Y YO[ YA _ o
Y Y [YAA] A0 , g¢
LA IEREE . Ay
You [YVY¥[ YA, _ X
Yova [Y.vy| oy as _ o
Y00 EA| Y 08 i oY
Y[ Yer| VA _ oY
Yo [Y.YA] V.6 _ tY
Yoo [Y YAl Y e _ 44
AR _ iy

Cooling

-

-

| | —| —| —

-

—

-

—| | | | «| | | 4] —| | | | | | | ] —| —-| —| —-| —| | <] =«

| | | | —| —| —| =

fsa = Splitting tensile strength after exposure to fire flame.
fsp =Splitting tensile strength before exposure to fire flame.
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¢-¢.) Cooling by Air

At £+ +9C fire flame exposure temperature, for all ages and for all periods of
exposure, the residual splitting tensile strengths were in order of (V- Y1%) for
series A and (1% — V1 %) for series B. The test carried out by Al-Ausi and

Faiyadh ™) showed that the residual splitting tensile strength was 1V %,

whereas Al —Owaisy % investigation was 1Y % ,also Takeuchi’s""™ result was
107, These results were obtained at the same temperature and the same type of
cooling

Further decrease in splitting tensile strength ranged between (£Y — ©A %) for
series Aand ( €+ — 1V % ) for series B at ©+ +°C.These results agreed with Al-
Ausi and Faiyadh, Carrete and Painter 9 and Hidayet’s"" results obtained at the
same temperature and the same cooling regime.

At V++°C fire flame temperature the effect on splitting tensile strength was
more severe than on the compressive strength. The residual tensile strengths
were (Y« — £07) for series A and (Y- ¢° %) for series B .The reduction in the
splitting tensile strength can be attributed to the formation of tensile stresses
during the contraction of the hardened cement paste upon cooling, which, when
superimposed onto the already existing tensile stresses formed during heating

would cause an increase in the amount and rate of crack formation( ) .

¢-£.Y Cooling by Water

Cooling by water causes further reduction in the strength. The residual
splitting tensile strengths after exposure to fire flame and quenched in water
ranged between (¢ — VY %) for series Aand (Y — VY %) for seriesB at ¢+ +:°C
fire flame temperature.

At ©..°C fire flame caused an extra reduction in the splitting tensile
strengths ranging from (YV — @Y %) for series A and (Y'Y — ©7 %) for series B.At

v+ +°C for all ages of specimens and periods of exposure, the residual splitting

o)
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tensile strength was (Y+ — YV %) for series A and (3- Y% %) for mix B
compared with the original tensile strength before exposure to fire. Cooling in
water caused further reduction in splitting strength compared with companion
specimens cooled in air and the difference ranged from (¢-A%), (3-Y+7%) and (1-
VYY) for series A and (¥-1 %), (£¢-V7) and (°-)¢7) for series B at ¢+ +°C, ©++°C
and Y+ +°C respectively. The reduction in the strength was mainly due to fast
penetration of water into the pores and microcracks of concrete. The penetration
of water into the dry concrete pores is known as a result of dilation of cement

gel thereby decreasing the cohesive forces between the cement particles and
reducing strength " Y1t is also possible that the different rate of cooling
between the surface and the inner part of the specimens causes an increase in the
amount and volume of cracks thus lowering the tensile strength ),

Similar trend was obtained for the splitting tensile strength effect by fire
flame as in the compressive strength but a slight decrease in series B than series

A was observed at exposure period of Y.+ hours.

¢-¢.Y Effect of the age at heating

As in compressive strength the effect of the fire flame at ¥+ days of age
was more than at 1+ and %+ days of ages. This is also due to further completion

of hydration of the cement at later age.

oy
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¢-4  Mathematical models for prediction of mechanical
properties of concrete after exposure to fire flame

In order to obtain useful mathematical relationships, that yield good

prediction accuracy, nonlinear regression is used for this purpose, due to its

efficiency in derivation of exponential equations, which are extremely useful for

fitting experimental data with more than one independent variable ¢ ™" ", The

exponential equation used was of the following general form:

al a2 a3 n
Y =85 X; - X537+ X357 e Xy ~— mmmmmmmmmmm—e—ee- (¢-Y)
where:
Y = Dependent variable.

D G X, =Independent variables.

Ay ,8y,8y e a,, =Constants.

The mechanical properties of concrete are assumed to be known before
exposure to fire flame, such as initial compressive strength , temperature of fire
flame , flexural strength , ultrasonic pulse velocity , rebound number, ages,
period of exposure and density . Independent variables were ranged in these

equations according to their descending degree of significance.

£-4-1 Models for prediction of compressive strength (fcua)
To find the regression for prediction of (f,.) .Equation (£-)) can be

written as follows :

fon = 80( o) (T)* (U - P-V)®(Ry )™ ()" (Pe)** (Age)™  -------- (¢-7)
where
f.ua = Compressive strength of the specimens after exposure to fire flame
temperature (MPa).
f.n = Compressive strength of the specimens before exposure to fire flame

temperature (MPa).

Yy
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T = Temperature of fire flame (°C).

U.P.V = Ultrasonic pulse velocity (km/sec)

Ry = Rebound number after exposure to fire flame.

P = Density of concrete after exposure to fire flame (kg/m") .
P = The period of exposure to fire flame (hour).

Age = The age of the specimens at the time of exposure (days)

£-4.Y Models for prediction of splitting tensile strength fsa .

The regression for prediction of fs; can be written in form as follow:

foo =a0( g )™ (T )™ (Pe)™ (Age)™ (foyp )™ —(:-7)
where :
fsa = Splitting tensile strength of specimens after exposure
to fire flame (MPa) .
T = Temperature of fire flame (°C).
P. = Period of fire flame exposure (hours).
Age = The age of the specimens at the time of exposure (days)
fo.uw = Compressive strength of the specimens before exposure to fire
flames (MPa).

£-4-¥ Models for prediction of flexural strength (fra).

The regression for prediction of f,, can be written in form as follows:
fra =@0( Fp ) (T)*(Pe)™ (Age)™ ( foup )™ ~ornee(e-)

where:
fra = Modulus of rupture of specimens after exposure to fire flame

(MPa).
fr, = Modulus of rupture of specimens before exposure to fire

flame(MPa).
T = Temperature of fire flame (°C).

\Ax
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Pe = The period of exposure to fire flame (hour).

Age = The age of the specimen at exposure to fire flame (days).

f.uw = Compressive strength of specimens before exposure to fire
flame (MPa) .

¢-4.¢  Models for prediction of static modulus of elasticity ( E ).

The regression for prediction of ( E.) can be written as follows:

Eca = ao( Ecb )al(T )aZ( Pe )a3( Age)a4( fcub )a5 """" -(i"’)
where:

E .. = Static modulus of elasticity after exposure to fire flame (GPa).

E ., = Static modulus of elasticity before exposure to fire flame (GPa).

T = Temperature of fire flame (°C).

P. = The period of exposure to fire flame (hours)

Age = The age of specimen at the time of exposure to fire flame .

foun = Compressive strength of concrete specimens before exposure to fire
flame (MPa) .

Table (¢-)°) gives the values of the constants (a., a,, ar.. ap for the
regressions for fo,a , fsa, fra and Eg, . This table also gives the values of the
coefficients of correlation. From the values of the coefficients of correlation
obtained, it can be concluded that these regressions are statically significant, for

the size of data investigated of VY, each with £-Y independent variables.

V¢
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Table [ £- 1 2] : Coefficient of exponential regressions for the prediction of:

\ 'fcua

Regr.| a. ay av ar as ae c.Cc*

Yo



Chapter Four Results and

DISCUSSIOI1

£1.7 Y

02“\‘)1

OTYY A

STVY A

Oﬂ/\n.uc

Regr. a, av ar a: a. .
a. c.C
No. (Ecn) (T) (Pe) (Age) (feub)
ALY vagVo | v VEo | . qov
’ Y AN |V AYY [ ooV g
9 ) A
AEVYY YA NEYYY,
\ Y¥T [SYAYE o Ve -
. q

A



Chapter Four Results and

DISCUSSIOI1

* C.C ... Coefficient of Correlation.
From Table [£-)¢], the following equations could be used to estimate the

corresponding values with good coefficient correlation and fewer variables

introduced in them.

fow =2.394(F ) (T) P (U.PV)¥® e (£-0)
fo =1974.32(f )" ™ (T) ™" (Age)*™® e (£-V)
f _=5980.05(f )2 (T)™*™ (£-A)
E. =6975.02(E )™ (T)™** . (£-9)

¢-\Y+ Load - Deflection Behavior

€-\ +-\ Introduction

The deflection which occurs immediately upon application of the load is
called short-term deflection or instantaneous deflection. The principal factors
that influence this type of deflection are the magnitude and distribution of the

load, span and conditions of end restraint, section properties including steel

percentage and material properties. ()

\a%
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To study the influence of fire flame on the immediate deflection, twelve
rectangular beams of ) * *-mm width, Y©*-mm depth and ) * * *-mm length

were tested in flexure. Two series of beams were cast with same mix proportion

of series A and B. Two control beams were tested for each series without

exposure to fire, the others were subjected to fire flame at the age of ¥ * and 4

days with temperature level of ©++°C and Y* +*°C for ) hour period of

exposure. The properties of the reinforced concrete beams are shown in Table
[€-)7].

Ultimate Moment Strength

One-point load on simply supported beams gives only one section of

maximum stresses, this occurs under the point load as shown in Plate [£-)].

[
o it

Plate [ ¢ /]. Beam under testing

&
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The theoretical ultimate strengths of beams which were calculated

according to ACI-Code " by using Equation (£-Y V) and according to CP) ) »

") by using Equation (€- 1) are shown in Table (£-) V).

The ACI- Code nominal moment equation is:-

f
M, =pfybd2(l—0.59pf—yj ................. (8-)4)

c

The ultimate moment M, (for design) is :

M,= ¢M, , ¢=0.90

M, =¢,d3d2[1—0.59p%] ----------------- (-

c

where f, =085f
The CP-) Y * ultimate moment equations are: -

M,=087fAZ e (¢-YY)

1.1f,As
L= I_l_ o0 ba }j ----------------- (£-)Y)

By eliminating the safety factors,

fyAs

Z=d-——2"— e (8-) %)
1.34f,b
M,=f,AsZ e (¢-10)
M, =O.87fyAs{d— ,As } ----------------- (£-17)
134f.b

Table [+ 1v]: Measured and calculated ultimate moment strengths

Series | Beam [Temp| Age |Experimental| Calculated _ :
No. [("C) | (days) M. M, Ratio Ratio

(kN.m) (kN.m) | ON(v) | (V)I(v)

A
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It can be noticed that the ACI Code method predicts the values of ultimate
moment strengths very close to CPY) + method. But both methods underestimate
the actual ultimate moment strength of beam (for conservative design). The ratio
of experimental to calculated ultimate moment of the beam ranged from ().719)
to (1.2)) with an average value of ().YA) when the calculations were based on
ACI- Code equations and ranged from ().VA) to (1.9%) with an average value of
(Y.A°) when the calculations were based on CP))+ equations. The calculated
theoretical values are lower than the experimental values due to the considerable

residual capacity of the section beyond reaching concrete and steel to yielding,
¢-1.-¥ Deflection

Single load was applied at midspan because of the limitation of the
machine available, which did not permit the application of two-point load to get
pure constant moment region. The deflection were recorded at each stage of

loading, the load at the first visible crack and at failure were recorded.

¢-1.-¥-\ Deflection before exposure to fire flame

The failure load of the reference beams (AY, A€, B) and B¢) was divided

by (1.1) to calculate the service load. A comparison of the measured and

A
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computed midspan deflection of the beams at service load according to ACI
Code and BS code are shown in Table [£-YA]. An example of the calculation of

deflection is given in Appendix B.

Table [ - 14]: Measured and calculated service load deflection
at mid-span of the beam.

Experimental| Calculated : _
deflection | deflection | Ratio | Ratio
(mm) (mm) (%) | (2)I()

(") ACI [CP1.
(v) | (v)
V.4 Y. AY 2
VLAY Y.q) Y A
).v4 VAL | VYA
A Yo | Vag

The ratio of the measured deflection to the calculated service load
deflection of the beams ranged from ().:¢) to (+.A¢) with an average value of
(+.4v) when the calculations were based on ACI- Code and ranged from (¥.VY) to
(+.A%) with an average value of ().:) when the calculations were based on
CPY'.—Code. It can be concluded that CPYY: procedure gives comparable
results to the measured values for all beams. This behavior was due to the fact
that as the load increases, the section of the beam become closer to the partially
cracked section used in CP1 . calculations.

¢-1.=v=y The effect of fire flame on the reinforcing steel bars

A
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The effect of fire flame on the properties of reinforcing steel bar was
summarized in Table [¢-Y4]. At ¢+ .°C, both burning and subsequent cooling did
not affect the mechanical properties of the reinforcing steel bars, but the effect
was observed at v++°C. The residual in the yield stress was (A*%) and in the
ultimate stress (2 ¢.vZ%) for the bar of A mm diameter .But for the bar of Y+ mm
diameter the residual in yield stress was (A¢.e%) and the ultimate stress was
(Ae.A%). The modulus of elasticity was not affected by burning and cooling at all

range of temperatures. Similar behavior was observed by others ‘"' .

Table [ £- 1 9): The effect of fire flame on properties of steel bars

&
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Voo [¥AY [ At o [0aY | AOA | YV. | V.o

¢-1.-v-r Deflection after burning by fire flame

The test results were summarized in Table [¢-Y+] and the relation between
the load and deflection were illustrated in figures from (¢-oA) to (¢-1Y). After the
beams were subjected to fire flame, two types of cracks developed, the first was
thermal cracks appearing in a honeycomb fashion all over the surface. They
originated from top or bottoms edges and terminated near the mid-depth of the
beam. The crack width was about ("-mm). The patterns of fine cracks were
consistent with the release of moisture being greater in the outer layers than in
the interior resulting in differential shrinkage. The second cracks were flexural
tensile cracking due to loading developed in the mid-span region.

At e.. °C, (a)- for v+ days age and ‘.- hour period of exposure, first crack
and yield stress in steel were observed at load (1).V%) and (A1.0%) from the
ultimate load respectively for beam AY and (1.1%) and (Av.1%) from the ultimate
load for beam BY. (b)- for 4+ days age and ‘.- hour period of exposure, first
crack and yield stress in steel were observed at load ( Y°.¢%) and (AY.£%) from the
ultimate load for beam Ae and (V).+%) and (AA.£%) for the beam Be.

At v.. °C, (a)- for v days age and .- hour period of exposure, first crack
and yield stress in steel were noticed at load (A.e%) and (Av.V%) from the ultimate
load for beam Ar and (3.eY%) and (AA.¥%) from the ultimate load for beam B,

(b)- for 2+ days age and Y.+ hour period of exposure, first crack and yield stress

&
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in steel were observed at load ( 2.evZ) and (Av.v%) from the ultimate load for

beam A and (A.vYZ) and (A4.%) for the beam B*.
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Fig [ ¢ °/] : Load-deflection behavior for the beams of series A-
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The ability to predict the residual strength of a member following a fire is
essential in the process of establishing whether and to what extent a fire
damaged structure could be reinstated . A procedure for this purpose was
applied to the beams tested in this work and the results are given in Table [ -
¥1]. This procedure is similar to that proposed by Malhotra ™) and used by Khan
and Royles®" for fire resistance computations.

On the basis of a limiting deflection an experimental value for the
reduced moment of resistance of a test beam after a particular fire exposure was
determined from the load-deflection data, Figures (¢-°A) to (¢-1Y) as now
explained.

The ultimate load, Pu and its associated deflection , A, for the

unexposed condition , T; =Ye °C were found.

Using the curve appropriate to the fire exposure, a load, P',

corresponding to A, was established.

Y- The reduced moment of resistance , M’, was evaluated from,

A typical calculation is given in an example in Appendix C. The
experimental and predicted values for the reduced moment resistance are

compared in Table [¢-Y)] .The results of the unexposed beams to fire agreed

with the results of Khan and Royles but differed when the beams exposed to

high temperatures because they used different reduction factors

&
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Table [ ¢ r1]: Comparison of experimental and theoretical
reduced moment of resistance'*”

Moment (kN. m)

Series
Experimental Theoretical
V) oY 4. £A
AR ALY

o & oot
YY.4. y.ay
AYY ALY
£ YA TAS
ERE VY A
Yo ve A VA
q.v¢ TAA
V¥V V¥ oYY
YY 14 YaVY
V) Yo AY.
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£-© Modulus of Rupture

The test results of flexural strength of the two series are gives in Tables
[¢-Y] and [£-A]. Figures [¢-Y1] to [£-Yd] and [¢-Y+] to [¢-YY] show the
relationship between residual flexural strength and the fire flame temperatures
for series A and B respectively. The residual flexural strength (f.,) after burning
at different temperatures is expressed as a ratio f,, / f;, where f,y, is the flexural

strength of concrete at the same age without burning.

Table [ #+Y]: Test values of the modulus of rupture of concrete
specimens of series-A- after exposure to fire flame
temperatures.

Modulus of Rupture (MPa) Ratios
Temperature °C fra/fio
$ e O Vo Y/
M L m]e ()
Y Vo Y AY AR 89
Y.y ASR Yo . Y
Y VA Y V) EX , 41
Yy y.o Ao . CEY
¥ YY) oY . Y
¥y Y..9 Yo , o)
T‘_~/\ Y_~\ Vo . ~_iq
Y.A4 Y Ao Y , £0

Y

Y

)

y

Age at Period of
Exposure | Exposure
(days) (hours)

¥ Y. EA Ay , oA
Y Yo
YV
YA

13 VV .. ..D'l

Q0 Xy , EA
R £ . LY
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Table [ f A]:Test values of the modulus of rupture of concrete

specimens of series-B- after exposure to fire flame
temperatures.

Modulus of Rupture (MPa)

Temperature °C

€ O Voo
() ] () | (9
YYE | Y Ye y oV
YAA] YY) Yoo
YU YA Y Y¢
AR Y. 4. Ay
YUY [ oYvY 4A
Y.y AR Ay
¥.v1 Y oY KA
YOy | Y.YA Y¢
£V | Yo Yo
Vo | ¥.o A4
Y44 | YVA oY
YA YAy A

Age at Period of
Exposure | Exposure
(days) (hours)

-

| | | ] | = | =] —

fra = Modulus of Rupture after exposure to fire flame

f, = Modulus of Rupture before exposure to fire flame

At ¢+ +°C the residual flexural strengths were in the range of (V) — VV %)
for series A, while series B showed a residual flexural strength of order
(VV-Y3 %)

At @+ +9C the specimens exhibited a loss of flexural strength, the residual
flexural strengths were (£Y — ©A %) for series A and (¢A- 1+ %) for series B.
Hair-cracks and pink color were observed in the prisms. This trend is similar to
that obtained by Habeeb. ™ A closer result was found by Purkiss, " that was
¢+ 7/ from the original value.

At Y+ +°Cthe residual flexural strengths were (YY — YA %) and (YY — £) %)
for series A and series B respectively. The effect of the fire was seen to be in a

range less than that obtained by Asa’ad ©" and Purkiss “? . These results may
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are attributed to less homogeneity of the heat in stoves than the heat in the

furnace especially at temperature more than ¢« +°C.
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Fig.(4-26) The effect of fire flame on the
modulus of rupture of series-A
at 0.5 hour period of exposure.
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Fig (4-28) The effect of fire flame on the
modulus of rupture of series -A
at 1.5 hours period of exposure.
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£-1 Modulus of Elasticity

Test results of the modulus of elasticity are summarized in Tables [¢-9]
and [£-) +] for mix A and mix B respectively. Figures [¢-Y¢] to [£-YV] and [¢-
YAl to [£-£V] illustrate the relationship between the residual modulus of
elasticity and fire flame exposure temperatures for series A and series B
respectively.

From the figures, it can be seen that the test results for Ec somewhat is
similar to the pattern of compressive strength and flexural strength, but with
reduction values which is more than the compressive and flexural strength at fire

flame temperatures.

Table [ ¢ 1]: Test values of the modulus of elasticity of concrete
specimens of series-A- after exposure to fire flame

temperatures.

Modulus of elasticity(GPa) Ratios

Temperature °C Eca/Ech |
Yo € (- Vo Y'/\ i/\

Age at Period of
exposure Exposure

(days) | thowrs) | ) | 0 | ¢ | (o () | ()
Y1.v1 Yo &) LY ) AR
VWYY [ VoY | oA | . CEY | XY
YoYé | 970 | «foV |« VYA A
YWAY | AAY | c£n | .. Yo «on

YAEY [ VY 00 | WTAA | ., &Y Yo
YAYT [ VY YA | Y | . . f0o XY
WYY Y vy | vovA | ., ¥a RE
Yyod1 | a¥o [ ved0 | . VY AA
Yo £ [ YY.¥T [ DAY | . L EY AR
YA AE [ YEYA | sy v ., to YV
YA e [ VYoo [ aayy | . E XY
YWos [ Yo ¥o | vove | o, k& X

Ec.a = Modulus of elasticity after exposure to fire flame.
Ec.», = Modulus of elasticity before exposure to fire flame.
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Table [ ¢- 1 +]: Test values of the modulus of elasticity of concrete
specimens of series-B- after exposure to fire flame.

Modulus of elasticity(GPa) Ratios

Temperature °C Eca/Ecp
Yo €0 O Voo Y‘/\

Age at | Period of
exposure | exposure

(days) | thowrs) | () | 0 | ) | (0 o)
YY VA Ve &y A YT v €0
Yyot | \Yo. | «1vo . £y
YA ET | YTOA | T , £
YAYY | VY4, | cone ] Y

Y6 0q | AT | Ve ¥ ] oo EA
YYVo | Yorva | «avv | .. €
YYA | YE.o | VvV, . €Y
YANVE | Y NY | onY , YA
Yo Xl | YV.YY [ V) AN . o)
Y1 | V1YY [ Yvoed . £y
YYOoA | Y¢od | AYE ] €Y
YOAf | VYoo | VY. . ¥4

Eca = Modulus of elasticity after exposure to fire flame.
Ec, = Modulus of elasticity before exposure to fire flame.

At ¢+ +9C, there was a significant reduction in the modulus of elasticity
due to the effect of fire flame. The residual modulus of elasticity was
(°® — Y)Y %) and (°Y — Ve %) for series A and B respectively. Similar results
were obtained by Schenider,"Fahmi and Ibrahim™". At ¢+ :°C, there was a
sharp reduction in Ec values for both series and the residual of modulus of
elasticity was (¥¢ — ¢ %) for series A and (YV — ©17) for series B. These results
confirmed with Lankard et al ", Schneider ¢, Fahmi and Ibrahim .

At V.+°C, the residual modulus of elasticity was (1 — Y+ %) and
(Y1 — Y€ %) for series A and series B respectively. Similar results were reported
by Castello and Durani (' and Schneider .
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Fig.(4- 38) The effect of fire flame on the Fig.(4- 39) The effect of fire flame on the

modulus of elasticity of Series- B modulus of elasticity of Series- B
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Chapter Five ‘

‘ CONCLUSIONS AND FUTURE WORK \l

¢-\ Conclusions

Based on the test results and theoretical analysis of the present
work, the following conclusions can be drawn: -

V- The density of concrete decreases with increasing fire flame temperature.
The reduction in density all ranged between (V.4-v.vZ) at ¢+« °C, (¢-A%) at o+«
*Cand (A-)).¥Z) at v+ °C.
Y- The residual compressive strength ranged between (v«-Ae %) at ¢+« °C, (°9-
vA%)ate.. "Cand (¢v-1Y %) at v+ °C.
¥- Large proportion of drop in compressive strength occurs at the first «.c hour
period of exposure and the adverse effect of fire is pronounced on series A
more than on series B.
¢- Beyond ¢+ °C the effect of the fire flame on the compressive strength was
equal for both series when the period of fire exposure reached two hours.
- Cooling in water causes further reduction in compressive strength for both
series, the residual compressive strengths were (11-AY %) at ¢+« °C, (eY-Ye %)
ate-+ °Cand (vv-11 %) at v+« °C of fire exposure temperature.
- The percentage reduction in compressive strength of water cooled specimens
as compared with air cooled specimens at ¢+« °C, ¢+« *Cand v-+ °C was (*-°
%), (¢-Y %) and (°-A %) for series A and (Y-° %), (¥-1 %) and (°-A %) for
series B respectively.

A4
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V- For the studied temperature range in this study, the compressive strength-
reduction curve, recommended by the Euro codes CEN (Y4a¥,V44¢) isin
better agreement with the test results rather than CEB (Y%%)) strength-
reduction curve.
A- The splitting tensile strength was more sensitive to fire flame than the
compressive strength. The residual splitting tensile strength for both series
ranged between ("V-vi %) at ¢+« °C, (¢--1vZ) at e+ “C and (Y-t %) at v+ -
°C.
- Extra reduction in splitting tensile strength took place for both series when
the specimens were quenched in water, the reduction for both series were
ranging from (e3-yv %) at ¢+« °C, (¥*v-°19%)ate.. “Cand (3-v4 %) at v+« °C.
V.- Specimens cooled by water showed more reduction in splitting tensile
strength compared to that cooled in air, the percentage of reduction ranged
between (¢-A%), (3- Y+ %) and (3-VY7%) for series A and (*-1 %) , (¢-Y %) and
(e-V¢ %) for seriesBat ¢+« °C, e+« °Cand v+ °C respectively.
VY- The flexural strength was very sensitive to fire flame temperatures. The
residual flexural strengths ranged between (V1-YVvZ). (¢Y-¢A%) and (YY-vAZ)
for the series A and (YY-v4Z%), (¢v-1.%) and (¥Y-¢1%) for seriesB at ¢+« °C, o+«
‘Cand v-+ °C respectively.
VY- Modulus of elasticity is most affected by fire flame temperature than
compressive strength and flexural strength. The physico-chemical
transformation in concrete constituents during burning will yield strength
loss. The residual modulus of elasticity ranged between (¢o-v17), (ve-
¢o/) and (V1-v+7) for series A and (ev-veZ), (¥v-¢1Z) and (V1-v¢7) for series
Bat¢ . °C,o.+ "Cand V.. °C respectively.
\¥- The ultrasonic pulse velocity test showed a response to the effect of fire
flame, the reduction in (U.P.V) was (Y¥-v47%), (¢1-047%) and (e¢-vVvZ) for series
A, while the reduction was (YA-YAZ), (YV-217) and (¢3-1A%) for series B at ¢« -

°C, e+« “Cand v+ °C respectively. It appears that this non-destructive method
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gives better-predicted values for the residual strength when it is used in the

mathematical models if compared with other destructive tests.

Vé- The reduction in rebound number was () +-VV%), (V1-YvZ) and (va-
vAZ) for series A and (3-)7%), (\1-Y¥Z) and (Ye-¢-%) for seriesBat ¢+ °C, o+
°C and V.. °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 rather than to concrete in the core of the

member.

ve-  Mathematical models based on the statistical regression analysis were
developed in this study. These models obtained to obtain reliable predicted
values for the mechanical properties of concrete. The maximum difference

between predicted and measured values was + 17 for the data in this study.

V1-  For the reinforced concrete beams before burning, the ACI-v)A-2e-Code
method predicts values of ultimate moment strength very close to CPY)«-1avY
method, but both methods underestimate the actual ultimate strengths of the
beams. The ratio of experimental to calculated ranged from ().14) to ().2))
with an average value of ().vA) and ranged from ().vA) to ().4%) with an
average value (Y.A¢) when calculations were based on ACI — ¥'A Code and

CP))+ respectively.

VY- The ratio of measured to calculated service load deflection of the beams
ranged from ().-¢) to (:.A¢) with an average value of (-.3¥) when the
calculations were based on ACI-Code and ranged from ().1Y) to (+.A%) with
average value of (.+) when the calculations were based on CP)):-Code . It
can be concluded that CP»)+- Code procedure gives comparable results to the

measured values for all beams.
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YA-  After the beams were subjected to fire flame, two types of cracks
developed. The first was thermal cracks, which appeared in honeycomb
fashion all over the surface. The second cracks originated at mid-span region

due to bending from the applied load and called flexural cracks.

Va-  Ate..°C, for ¥+ days age and ).+ hour period of exposure, the first and
yield stress in steel were observed at a load of (VV.)%) and (A1%) from the
ultimate load respectively for beam AY and ()).1%), (AY,1 %) from the ultimate
load for the beam BY. For the same period and at 2+ days age, the first cracks
in concrete and yield stress in steel were obtained at a load of (Ye.¢%) and

(Av.¢%) from the ultimate load for Ae and (V).-7) ,(AA.¢7%)for the beam Be.

Y- At v..°C,for v+ days of age and .. hour period of exposure, the first
crack in concrete and yield stress in steel were noticed at a load of (A.¢%) and
(Av.7Z) from the ultimate load respectively for the beam AY and (3.0Y7%), (MY
%) from the ultimate load for the beam BY¥. For the same period and at 4+ days
of age, the first crack in concrete and yield stress in steel were obtained at a
load of (4.ev%) and (Av.¥%) from the ultimate load respectively for the beam A
and (A.vY%) and (A4..7%) for the beam B,

Y- At ¢..°C, both burning and subsequent cooling did not affect the
mechanical properties of reinforced bars, but the effect was observed at v- - °C.
The residual yield stress was (Av.+%) and ultimate stress was  (A¢.Y%Z ) for A-
mm bar diameter . For the bars of .-mm diameter, the residual yield stress

was (A¢.07) and the ultimate stress was (Ae.A%).

Y¥-  The modulus of elasticity of the reinforcing steel bar was not affected by

burning and subsequent cooling at all ranges of temperature.

Y¥- It was noticed that the load-deflection relations to specimens exposed to

fire flames are flat, representing softer load- deflection behavior than that of

Y
o-Y Recommendations and Future Works
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the control beams. This can be attributed to the early cracking and lower

modulus of elasticity.

The following recommendations are subjected to further researches.

V- Studying the effect of fire flame on high strength concrete properties.

¥- Studying the effect of fire flame on lightweight concrete properties.

¥- Studying the effect of fire flame on mechanical properties of concrete
for long period of exposure more than two hours and at ages more

than three months.

¢- Investigating the effect of high level of fire flame temperature on the

behavior of reinforced concrete slabs.

- Studying the effect of the fire flame on carrying moment capacity and
load —deflection behavior on reinforced concrete beams with different

steel ratios.
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