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ABSTRACT

PERFORMANCE CHARACTERIZATION OF HIGH PERFORMANCE CONCRES
UNDER FIRE CONDITIONS

By

Wasim Khaliq

In recent years, high performance concretes (HPC) are dintiareasing applications in
buildings and infrastructure due to numerous advantages, such as highgthsand durability,
these HPC offer over conventional concretes. Structural membeies ohddPC, when used in
buildings, have to satisfy the fire resistance requiremengsifsgd in building codes and
standards. Although conventional concrete members have good fitanmesjssame may not be
true for HPC members due to faster degradation of strendthtevitperature and occurrence of
fire induced spalling. Spalling in HPC columns can be overcome eittargh the addition of
fibers in the concrete mix or through the provision of 135° bent tieseValuating the fire
resistance of HPC columns, as well as to account for the biahefifects of fibers and 135° tie
configuration on spalling mitigation, high temperature propertigdRE and numerical models
that can take in to account the effect of tie configuration is reduit present, there is lack of
data on high temperature properties specific to different typ&t>@f (plain and with fibers).
Also, there is no methodology to account for the effect of tie gordtion on fire resistance of
RC columns. To overcome these knowledge gaps, an experimental andcaurserdy is
undertaken as part of this thesis.

Performance characterization of high performance concretes uraleomditions is carried out

at both material and structural level (specifically columAs)part of material characterization,



thermal and mechanical property tests were carried out in 20-8@dAQetature range on
different HPC mixes (plain and with different combinations of rBpeData from measured
property tests was utilized to develop empirical relations fdr tegiperature properties. As part
of structural characterization, fire resistance tests wemged out on two fly ash concrete (FAC)
and two high strength concrete (HSC) columns with different fiber combnsati

As part of numerical study, a macroscopic finite element (MB&&del, originally developed to
evaluate fire resistance of RC columns, was extended to inttiedeffect of tie configuration.
The proposed tie sub-model is based on the approach used in seismic atekiinvolves
calculation of force acting on ties by evaluating stresssdting from pore pressure, mechanical
loading and thermal effects in RC columns under fire exposure. drbe &cting on ties is
compared against temperature (time) dependent bond strengtbn¢iete interface) to evaluate
the failure of ties. The model is validated by comparing response predictiong éestidsta and
the model was applied to carry out parametric studies to quantify the influgHB&qroperties
and tie configuration on fire response of HPC columns.

Results from high temperature material property tests shawHt@ exhibit thermal properties
similar to that in conventional concrete. However, mechanical prepesfi HPC degrade at
faster rate (much severe) than that in conventional concretadisRiesm fire resistance tests
show that plain HPC columns exhibit lower fire resistance duectorrence of fire induced
spalling and faster degradation of strength. However, preserttevént fiber combinations in
HPC columns can significantly enhance the fire resistandeeoddlumns. In addition, presence
of 135° bent ties in HPC columns can significantly enhance theesistance of these columns

through confinement action.
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CHAPTER 1

1 INTRODUCTION

1.1 General

Concrete is one of the most widely used construction material idirmysl due to its excellent
strength, durability, ease of fabrication, and fire resistance piegeOver the last three decades
there has been significant research and development activit@manete technology and this
has led to improved concrete mixes often referred to as hifiirp@nce concretes (HPC). HPC
which include high strength concrete (HSC), self-consolidatingreta¢SCC), fiber reinforced
concrete (FRC), and high strength fly ash concrete (FAC), aff@rsor strength, durability and
cost advantages, and thus finding wide range of applications in budstinfcture. In recent
years the use of HPC, which was mainly used in bridges, off-shmreures, and infrastructure
projects, has been extended to columns and beams in reinforced concrete (RC) buildings.
Fire represents one of the most severe hazard to which stsictiary be subjected during their
life time and hence the provision of appropriate fire resistanesunes is an important aspect of
building design. This is to enhance safety of occupants, control thadspf fire, and minimize
damage to property and environment in the event of a fire in the lguilire safety design can
be achieved through active and passive fire protection measutege Aystems generally get
self-activated once the fire is triggered and they includedigtectors, smoke control systems,
and sprinklers. Passive systems are built into the structure (buildindgjpanot require specific
operation to control the fire. The need for passive fire protesiistems or what is commonly
referred to as fire resistance, can be attributed to théhf@icstructural integrity is the last line of

defense when other measures for containing the fire fail. Fire ressstadefined as the duration
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during which a structural member (system) exhibits resistartberespect to structural integrity,
stability, and temperature transmission when exposed to fire (Buchanan, 200g5,RA007).
Conventional normal strength concrete (NSC) members generallgitegbod fire resistance
properties. However, recent studies have shown that structuralber&nmade of high
performance concrete (similar to HSC, SCC and FAC) haverldivee resistance properties
(Bamonte and Gambarova, 2010; Kodur, 2000; Tang and Lo, 2009). This has beerattobut
differences in thermo-mechanical properties of HPC and alsleet occurrence of fire induced
spalling (Castillo and Durrani, 1990; Fu et al., 2005; Kodur and Sultan, T29®%; and Lo,
2009). It has also been shown that the spalling in HPC members acaericeme through the
addition of fibers (steel, propylene, and hybrid) in the concrete Whilst most of the high
temperature properties are available for NSC, no data islateafor new types of HPC such as

HSC, SCC, and FAC (plain and with different fiber combinations).
1.2 High Temperature Properties of Concrete

Evaluating fire resistance of a structural system requkme®swledge of high temperature
properties of constituent materials (Buchanan, 2002; SFPE, 2008). Thetipeopé concrete

that are needed for fire resistance analysis are therneghanical, deformation, and special
properties such as fire induced spalling. Thermal propertiesidacthermal conductivity,

specific heat, thermal diffusivity, thermal expansion, and mass eformation properties such
as creep and mechanical properties such as strength, stagssestives, and elastic modulus
significantly influence the fire response of a structuralesystin addition, fire induced spalling
which occurs in concrete under certain fire conditions can alteregmonse of a reinforced

concrete structural system. All these properties vary witipégature and are influenced by the



mix proportions, type of aggregate, presence of fibers, and minerathemdical admixtures
(Bazant and Kaplan, 1996; Buchanan, 2002; Phan, 1996; SFPE, 2008).

HPC are typically made through addition of binders such as $ilioa, fly ash, blast furnace
slag, and other smaller amounts of mineral and chemical adnsx{linese binders introduce
specific properties to HPC such as flow ability and workabifityresh form and high strength
and dense microstructure in the hardened form. Thus thermal andmeatipaoperties of HPC
can be different from that of conventional concrete (Kodur and Sultan, 1998). WhehlB@'se
are subjected to high temperatures, their performanceedstedf by changes in its thermal and
mechanical behavior. Understanding the behavior of these HPClse anhaterial level and
characterizing their high temperature properties is importanpredicting the fire response of
HPC structural members. However, at present there is veryedimnformation on high

temperature thermal and mechanical properties for these new types of HPC
1.3 Response of HPC Columns under Fire Conditions

1.3.1 General Fire Behavior

One of the major applications for high performance concreteaslumns of high rise buildings
since high compressive strength can effectively be utilizbd. Behavior of RC columns under
fire is quite different from that at room temperature maitle to the fact that under fire
conditions, the strength and stiffness of the column deteriorateemmbetrature. Columns made
of conventional NSC generally exhibit good fire resistance and dan ®fto 4 hours of fire
resistance rating without any additional measures. Howevehast been shown through
numerous experimental and numerical studies that HPC columns mayhilat the same level
fire resistance as that of NSC (Kodur, 2003; Kodur and Sultan, 1998)efidat of various
parameters such as cross sectional size, cover thickness, enmdotcratio, aggregate type,
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load, and load eccentricity on fire resistance was investigamdously through series of fire
experiments (Kodur and McGrath, 2003).

Data from reported fire tests can be used to illustrate theatybehavior of an RC column under
fire. Figure 1.1shows the elevation and cross-section of a typicalad8 HSC column tested in
the laboratory under ASTM E119 (ASTM Standard E119, 2007) standard ifwe€F..2), and
Figure 1.3 shows the variation of axial deformation of a NSC M8E column with fire
exposure time (Kodur and Sultan, 1998; Lie and Woolerton, 1988). Concrete essimer
strength for the HSC and NSC columns was 97 MPa and 36 MPatreslyedhe HSC column
was loaded with 2000 kN or 60% of the ultimate resistance whBig@scolumn was subjected
to a load of 1067 kN or 60% of its ultimate resistance. HSC columfolbiaavhile NSC column
had eight 20 mm longitudinal rebars as main reinforcement. The colwenesprovided with
135° bent ties. The NSC column had 8 mm at 305 mm spacing, wheré#S@heolumn had 10
mm ties at a spacing of 225 mm.

When a concrete column is exposed to fire, the cross-sectionaérares increase with time
as shown in Figure 1.2. At the beginning of fire exposure conandtstael expand due to rising
cross-sectional temperatures, as shown in Figure 1.3. The expansieninitial stages of fire
exposure is mainly due to the thermal expansion occurring in both coacetsteel. With the
increase in temperature, concrete and steel rebars stadetstrength. Since the reinforcing
rebars are in the outer core of the column, the temperaturemisgs faster in rebars than the
inner core of concrete as shown in Figure 1.2. When the steel,yadda result of rising
temperatures, the concrete carries a progressively incrgasitign of the load. The strength of
the concrete also decreases with temperature due to detegopatiperties of concrete, and

ultimately as it can no longer support the load, failure of the column occurs.



The difference between temperature progression in NSC and EiS®ecseen in Figure 1.2.
Since HSC has higher thermal conductivity, it displays highepé¢eature development at
quarter depth and mid depth to that of NSC. Both NSC and HSC colurordisgtay different
deformation patterns, and these differences can be attributed tite dwehavior of NSC and
differences in thermal expansion and elastic modulus propertieS©fadd HSC (Kodur, 1999).
The lower deformation (expansion and contraction) in HSC columnbeaattributed to the
lower thermal expansion and high stiffness properties of HSCfallbee time for HSC column
in the fire test was reported as 225 minutes as compared to 3@desnifor NSC column,
indicating HSC columns has much lower fire resistance in comparison to NSC columns

The above comparative illustration clearly indicates that NRCHSC columns have significant
difference in fire behavior. This difference in fire responsBR@fcolumns of two concrete types
is attributed to difference in their high temperature thermdlraechanical properties. Although
conventional NSC members have good fire resistance as ileagstthove, same may not be true
for HSC columns due to faster degradation of strength and occuotfice induced spalling.
HPC columns having concrete properties identical to that of H&@hars are also assumed to
have lower fire performance. Therefore there is a need to thazacthe high temperature
properties specific to HPC. There is substantial amount datteiatlire on high temperature
thermal and mechanical properties of NSC and to some extent @mabl®ell. However, in the
case of new types of HPC such as FAC, SCC (both plain andilbatis)f this high temperature

property data is very limited.
1.3.2 Fire induced Spalling

An RC column can be exposed to different fire scenarios (other taaestl fire) during the life

time of a structure as shown in Figure 1.4. Once exposed to sothesef fire scenarios the



cross-section of RC columns can experience high thermal gradmemth in turn can
significantly influence the fire behavior of structural mensbdhese thermal gradients can be
moderate to severe, depending on thermal properties, cross-sectienalnsi microstructure of
concrete. The high thermal gradients resulting from rising teatyres in the cross-section lead
to rapidly increasing pore pressure that cause fire induced gpdine induced spalling that is
caused by pore pressure buildup in concrete, is not a problem w@hcbl8mns and is mostly
associated to HSC columns due to low permeability (Ali, 2002aAd Nadjai, 2008; Kodur,
1999; Kodur, 2000).

Figure 1.5 shows a comparison of post fire status of NSC and Blafdres and extent of fire
induced spalling in HSC. If the cross-sectional temperaturesitifaster rate, high pore pressure
will build up due to moisture converting to vapors. This fire induced pogssure in concrete
increases with temperature while the tensile strength of etendegrades with temperature.
Since tensile strength of concrete is inherent resistanggalbng, when pore pressure exceeds
the tensile strength of concrete spalling occurs. Spallingrdipon a number of factors such as
heating rate, permeability, moisture content, configuration ofdaige) reinforcement, and
strength of concrete. Depending on all these factors the columysunakergo fire induced
spalling thus hampering their strength and stiffness propertie€. $tich as FAC, SCC which

are characterized by dense microstructure similar to HSC are alsa@rfmeenduced spalling.
1.3.3 Spalling Mitigation

To mitigate fire induced spalling in HSC, researchers have steghaddition of different fiber
combinations, such as polypropylene fibers (Ali et al., 2004; Behnoodshaddehari, 2009;
Bilodeau et al., 2004), steel fibers (Kodur, 1999; Rossi, 1994) and hilieid {Ali and Nadjali,

2008). Polypropylene fibers melt at relatively low temperat@@bsut 167-170°C) thus leaving



micro and macro channels randomly oriented inside the concrete tpatlifiesion of pore

pressure (Bilodeau et al., 2004) resulting in spalling mitigaticzel Sibers enhance the tensile
strength of concrete which provides resistance against poreupgemsd thus helps mitigate
spalling. Hybrid fibers take advantage of both types of fibersitigate spalling, by increase in
porosity of concrete with melting of propylene fibers ahkigtemperatures and improvement in

tensile strength with use of steel fibers.

Tests have also shown that modifying the tie configuration in E8@nns from conventional
90° to 135° is beneficial to reduce the effect of spalling (Kodur anGriath, 2003). It was
experimentally established that, (1) spalling occurs throughwitctoss-section of columns
when the ties are bent in a conventional pattern at 90° and (dnhgpaily occurs in the outer
layer of steel cage when ties are bent at 135° into the cermoet (Kodur and McGrath, 2006;
Kodur et al., 2002). Figure 1.6 shows arrangements of conventional 90° anaechd35° ties
and Figure 1.7 shows the failure modes of HSC columns with 90° and 185édpectively. It
can be seen that extent of spalling has been reduced in colummyrtved tie configuration.
For this reason, ACI 216.1 (2007) specifies that for fire desigssdies in the column shall be
anchored through 135° end hooks which turn around longitudinal bars and addethbethe
concrete core. Though based on experimental studies, the prescriptive approaehn laaopied
by ACI 216.1 to take into account the effect of tie configuration;dvan there is lack of
understanding of fundamental principles as to how it contributes in eshant of fire

resistance of RC columns.
1.4 Research Objectives

The difference in fire behavior of NSC and HSC columns resuts flifferent thermal and
mechanical properties at high temperature. One of the major pllen affects the fire
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behavior in HSC members is fire induced spalling. With the incdease of new types of HPC
in RC columns, there is a need to characterize its’ thernthln@chanical properties both at
material and structural level. For evaluating the firestasce of HPC columns, as well as to
account for beneficial effects of fibers and 135° tie configuratiorspalling mitigation, high
temperature material properties of HPC (plain and with diffefds@r combinations) and
including the effect of tie configuration is required. However, theréack of data on high
temperature properties specific to different HPC (plain and fibgrs) as well as established
mechanism with which fire resistance in RC columns is enhandédpvovision of modified
135° tie configuration. To overcome the current knowledge gaps, this aessaaimed at

addressing the following objectives:

= Undertake a detailed state-of-the-art review on the high teryerproperties of present day
concrete mixes. The comprehensive review will compile the custam¢ of experimental
and numerical studies on HSC columns and code provisions on thermal, roaGhani
deformation and special properties like fire induced spalling and itgehriio overcome
problem of spalling in HSC.

= Undertake material property tests to generate database ortennglerature thermal and
mechanical properties of new types of HPC namely HSC, FAC, @l (Blain and with
different fiber combinations). Data from these tests will bhbzetl to develop empirical
thermal and mechanical property relationships.

= Undertake fire resistance tests on two fly ash concret€)BAd two high strength concrete
(HSC) columns with different fiber combinations as part of stmattcharacterization of

HPC structural members. Extensive data will be collected irfaim of axial and lateral



deformations, cross-sectional temperatures and strains irredtees Data from fire resistance
tests was utilized to validate the numerical model for firestasce predictions of HPC columns.

Develop an approach for modeling the effect of tie configurationirerrdsistance of HPC
columns. This will include evaluation of the mechanics involved in opemidgfailing of
ties by taking into account the forces acting on ties reguftom high temperature thermo-
mechanical stresses and fire induced pore pressure. Effect of icatolif of tie
configuration on spalling mitigation and enhancement of fire resistaf RC columns will
be studied.

Incorporate the high temperature properties of HPC and tie sub-nmotielmacroscopic
finite element (MFE) model. Validate the extended MFE model efaluating the fire
response of HPC columns tested earlier by computing thermal andusdl response
predictions for HPC columns under different tie configurations.

Carry out parametric studies to quantify the significant factors thaemdk the fire response

of HPC columns with 90° and 135° bent ties.

1.5 Scope

The research proposed here involves experimental and numericakstndcharacterization of

fire performance of HPC both at material and structural leyegpart of experimental research,

extensive high temperature experiments on small specimenscareied out for characterizing

thermal and mechanical properties of FAC, SCC, and HSC (plain ahddffierent fiber

combinations) at material level. At structural level, four fddle RC columns made of FAC and

HSC were fabricated and tested under design fire to evaluasérticeural fire response of FAC

columns with and without fibers to that with HSC columns. To develojpindamental

understanding on the effect of tie configuration on fire responB&Cofolumns a numerical ‘tie



sub-model’ was developed and incorporated into a macroscopicdiaiteent model. The effect

of tie configuration on fire resistance is modeled through mechhasmd principles, similar to

the approach used in seismic analysis of structures. Data i@mesistance tests is utilized to

validate the fire resistance model. The validated MFE model thhes applied to carry out

parametric studies to quantify influence of various factors on fire responge@®télumns.

The thesis is organized into eight chapters:

Chapter 1 provides background information on fire resistance of atidGigh temperature
properties needed for fire resistance evaluation of HPC columns.

Chapter 2 provides a review of the literature on the high tempethtmaal and mechanical
material properties of conventional NSC and HSC, the variahilityxisting data and also
highlights limitations of available methods for fire resistaeealuation of HPC columns. A
review of recent experimental and analytical studies on fisestece evaluation of RC
columns is also provided.

Chapter 3 presents experimental studies on high temperature th@opatties of HSC,
SCC, and FAC (plain and with different fiber combinations) and the oewent of
empirical relationships for high temperature material properties.

In Chapter 4 experimental studies on high temperature mechanigarties of HSC, SCC,
and FAC (plain and with different fiber combinations) are presented. chapter also
provides empirical relationships developed for high temperature meahamoperties of
HPC.

In Chapter 5 details on fire resistance experiments on two&aiawo HSC columns (with

different fiber combinations) under non-standard fire scenarios aserged. Results from
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the fire tests are used to discuss the comparative response€adrtAHSC columns under
fire conditions.

In Chapter 6 covers the details on macroscopic finite elemengneahmodel and analysis
details for fire resistance predictions of RC columns. Developofesubroutines based on
high temperature material properties of HPC and tie configurasub-model is also
presented. Incorporation of these subroutines into macroscopic fimtergldMFE) model
and validation of the extended MFE model are covered in this chapter.

Chapter 7 presents results from parametric studies showingnoduef the significant
factors such as high temperature thermal and mechanical pespant effect of different tie
configurations on fire response of HPC columns.

Chapter 8 summarizes the key findings, recommendations for future amorkresearch

impact based on this study.
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Figure 1.5 - Comparison of extent of fire induced spalling in NSCH8@columns
(For interpretation of the references to color in this and all other figures atther i
referred to the electronic version of this dissertation)
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Figure 1.6 - Conventional and improved tie configuration in RC columns
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Figure 1.7 - Effect of ties on spalling in RC columns with 90° and 135° bent ties
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CHAPTER 2

2 STATE-OF-THE-ART REVIEW

Part of this chapter is based on the following journal papers:

e Kodur, V., and Khalig, W. (2011). "Effect of Temperature on Thermal Ptiepeof
Different Types of High Strength Concrete.” Journal of Material<ivil Engineering,
ASCE, 23(6), 793-801.

e Khalig, W., and Kodur, V. (2011). "High temperature properties of fikerfarced high
strength concrete." Innovations in Fire Design of Concrete Structur€és SR 279, 3-1-42.

e Khalig, W., and Kodur, V. (2011). "Thermal and mechanical properties af fdneforced
high performance self-consolidating concrete at elevated tatopes.” Cement and

Concrete Research, 41(11), 1112-1122.

2.1 General

Concrete generally exhibits good fire resistance propertiesharsdfinds wide applications in
buildings and other built infrastructure, where fire safety is ohthe primary considerations.
However, recent studies show that structural members made afamenete types (HSC, SCC
and FAC) known as HPC, may not have same level of fire resisiBgaamnventional concrete
(NSC) (Bamonte and Gambarova, 2010; Kodur, 2000; Tang and Lo, 2009). Typieallyypes

of HPC have lots of applications in columns of building because of thentadeaof higher

strength which is utilized to reduce size (cross-section) of ewuriihe fire resistance of

concrete structural members is governed by high temperatkmaahand mechanical properties

16



of constituent concrete. For predicting fire resistance of ctesteuctural members, knowledge
of high temperature material properties is very critical Wwhiccludes thermal, mechanical and
deformation properties. In addition to that, fire induced spalling mightfeantly influence the
fire resistance of HSC, therefore properties related tdirspare also important and should be
known.

In this chapter previous studies related to the high temperaturerfpespof concrete are
reviewed. The phenomenon of fire induced spalling and methods for miggialling are also
presented. Moreover, previous experimental and numerical studiesdcaut to evaluate fire

resistant of RC columns are also reviewed.
2.2 Thermal Properties of Concrete

2.2.1 General

For evaluating fire resistance of concrete structural mesrthertemperature distribution within
the member is to be established. This temperature distributdependent on high temperature
thermal properties of concrete. The thermal properties thatmohe temperature distribution
are thermal conductivity and specific heat (or heat capaddther thermal properties that
influence the fire behavior of RC structural members are thegrpnsion and mass loss that
have an effect on development of thermal stresses and specific heatvegpecti

Thermal conductivity is defined as the ratio of rate of heat flo temperature gradient, and
represents the uniform flow of heat through concrete of unit thickowessa unit area subjected
to a unit temperature difference between the two opposits.f@mncrete contains moisture in
different forms and, type and amount of moisture has significardt effethermal conductivity.
Thermal conductivity is usually measured by means of 'stetadg’ or 'transient’ test methods
(Bazant and Kaplan, 1996). Transient methods are preferred to méesunal conductivity of
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moist concrete over steady-state methods (Shin et al., 2002),ysisquhemical changes of
concrete at higher temperatures cause intermittent direction of heat flow.

Specific heat is the amount of heat per unit mass, required to ctiamgemperature of a
material by one degree and is generally expressed in tertherafal (heat) capacity which is
the product of specific heat and density. Specific heat is higHlyenced by moisture content,
aggregate type, and density of concrete (Kodur and Sultan, 1998; Phan, 3886jic heat
represents the energy absorbed by the concrete and accountssibleskeat and latent heat
involved during temperature change. Sensible heat ascribes to theinkelted in
thermodynamic reaction during temperature change. Latehtdfeses to the energy absorbed or
released by the material during phase transition. The maadsalbs considerable amount of
energy during physiochemical changes and hence specifivdleats are highly influenced by
the phase transition in materials.

The coefficient of thermal expansion is defined as the percertagge in length of a specimen
per degree temperature rise. Linear thermal expansion is thmathstrain resulting from
increased temperature. Thermal expansion of concrete is dgneflalenced by cement type,
water content, aggregate type, temperature and age (Lie, 1992). Thepawasion of concrete is
further complicated by other contributing factors such as additiamiame changes caused by
changes in moisture content, by chemical reactions (dehyaratiange of composition), and by
creep and micro-cracks resulting from non-uniform thermal sse@azant and Kaplan, 1996).
In some cases thermal shrinkage can also result from losatef due to heating, along with
thermal expansion, and this might lead to overall volume change tedagive, i.e. shrinkage

rather than expansion.
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Mass is a property that enables concrete to absorb and stofeamamounts of heat. Mass
loss can affect the enthalpy and amount of latent heat whichlgiedtects all the thermal
properties of concrete. Higher mass in concrete acts as hkabgiabsorbing and holding heat
for longer time. This delays the heat transfer through matereth RC member, thus mass loss
influences thermal properties of the concrete as well as dtrang stiffness properties of RC
members. Mass loss of conventional NSC and HSC has been investigdiedwith most of

the information pertaining to NSC.
2.2.2 Test Methods for High Temperature Thermal Properties

There are many ways to measure the thermal conductivitgiokea material and the results can
vary depending on the test method used (Flynn, 1999). The genesabdéthind these testing
techniques is to monitor the difference of temperature betweenetwds of the material

specimen. Among various methods, hot wire method (ASTM C1113, 2009) ardedueeat

flow meter method (ASTM E1530, 2011) are commonly used for measuringnahe
conductivity of concrete. Hot wire method is used to measurehienél conductivity of

"refractories” such as insulating bricks, concrete and powder ou§hmaterials. Because it is
basically a transient radial flow technique, isotropic specimens areaegirguarded heat flow
meter method a small sample of the material to be testbdldsunder a compressive load
between two polished metal surfaces, each controlled at aediffeemperature. The lower
surface is part of a calibrated heat flux transducer. Asflozes from the upper surface through
the sample to the lower surface, an axial temperature gradiastablished in the stack. By
measuring the temperature difference across the sampleveitbnipe output from the heat flux

transducer, thermal conductivity of the sample can be determirteckmown thickness. These
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test methods for measuring thermal conductivity can also be dgpfidigher temperatures up
to 850°C and above, but measuring at higher temperatures becomes cumbersome and costly.
Many techniques are available to measure the specific heainafete at room temperature;
however, these methods can be used at elevated temperatures budtilielgagome costly and
time-consuming. Of these methods differential scanning calorinl@®Z) is most common to
measure specific heat of concrete (ASTM C1269, 2011). This techisidpased on measuring
the energy necessary to establish a nearly zero temped#terence between a substance and
an inert reference material, as the two specimens are ®dbjecidentical temperature regimes
in an environment heated or cooled at a controlled rate. DSC hence aaado® establish the
heat energy required to raise a certain amount of materiacéotan temperature, which can
lead to the determination of the specific heat of that material.

Among various techniques to measure linear thermal expansion, dilatoteehnique and
thermomechanical analysis technique (ASTM E831, 2006) are most comrodmn.thigese
thermal expansion measurement techniques are similar where dimehange in specimens is
measured as a function of temperature and percentage chaadmiiated. The mass loss with
temperature is usually measured by means of thermogravinaet@iyzer techniqgue (ASTM
E1868, 2010). A specimen of known mass is heated at a constant tempghaleiies mass is
continuously measured as a function of time. At the end of a prevdessl time interval or

temperature, the mass loss of the specimen is calculated as a percent girthenoaiss.
2.2.3 Previous Studies on Thermal Properties

There have been quite a few test programs for characterigjhddmperature thermal properties
of concrete. Harmathy (1970), Harmathy and Allen (1973), Lie and Kd®%6), VanGeem et

al. (1997), Shin et al. (2002) and Kodur and Sultan (2003) have evaluatbértinal properties
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of NSC concrete. Based on the test data, empirical formuldkeiomal properties of NSC have

been developed (ASCE, 1992; Eurocode 2, 2004; Kodur and Sultan, 2003; Lie and Kodur,

1996). Some of the notable studies are reviewed here:

Harmathy and Allen (1973) studied the effect of temperature amé#heproperties of NSC
through thermogravimetry and dilatometry tests. In these tlesteemperature of the specimen
was raised form room temperature to 1000°C at a rate of 5°C/min and thermatigsapsamely,
thermal conductivity, specific heat, thermal diffusivity, and mlass were measured. It was
concluded by the authors that heat flow in concrete at elevatedragarps cannot be accurately
predicted unless latent heat effects associated with the praeegsoperly considered. It was
found that variation in apparent specific heat due to elevated tetupes was difficult to obtain
and supplemental theoretical considerations were suggested. It seasoacluded that the
spalling of concrete in fire is not caused by the presence dzqunahe aggregate, but it is due
to high moisture content in concrete.

Lie and Kodur (1996) measured high temperature thermal propert&eadffiber reinforced
concrete in 0-1000°C range. These thermal properties comprised rafatheonductivity,
specific heat, thermal expansion, and mass loss. They also proposadamglations for these
properties as a function of temperature. It was concluded bauthers that thermal properties
of steel fiber reinforced concrete are similar to conventionalnpNSC. They proposed
mathematical relations that can be used as input data inieaklytodels for fire resistance
calculations of structural members.

Van Geem et al. (1997) experimentally investigated thermal pgrepeof HSC at elevated
temperatures. The HSC used in this study ranged from 69-138 MPavater to cement ratio

ranging from 0.26 to 0.32. Mineral admixtures such as silica fumelyadh were also used in
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the concrete mixes. They tested thermal conductivity, speuodat, thermal diffusivity and
drying rates at 30, 150, and 370°C. They used different test methodaltate the thermal
properties and found that these properties differed depending upon the test method used. Ther
conductivity using hot plate method, hot wire method and graduated hotaplsaeatus was
found to be similar and was within 1.7 to 2.6 W/m.K range. It was found tktggmal
conductivity of HSC decreases with increasing temperature. spéefic heat values of HSC
were also reported to be similar to those conventional NSC. Thdiffuslivity of HSC reduced
with increasing temperature and was found to decrease sagtifiat 540°C and was attributed
to increase rate of mass loss near this temperature. Mssl HSC was also found to be
similar to that of NSC at elevated temperatures.

Shin el al. (2002) experimentally studied the thermal behavior ofé@ndigs Korean concrete
mixes (similar to US basaltic concrete) exposed to high teahpe conditions. They tested
density, thermal conductivity, thermal diffusivity and specific heaR0-1100°C temperature
range. It was found that most thermal properties except foifisgezat decrease with increasing
temperature. The thermal properties of concrete were found to beglgtrtemperature
dependent. The density, thermal conductivity, and thermal diffusieityease with temperature,
and particularly the conductivity and the diffusivity which have a S(#¥é&rease at 900°C as
compared to room temperature values. The specific heat was foundrdasmaintil 500°C,
decrease in 700 to 900°C temperature range, and then increasebay&ir®@0°C. It was also
concluded that the measurement beyond 1100°C is not accurate enough bHezaserete
decomposes to a liquid phase from a solid phase at that temperature.

Kodur and Sultan (2003) also carried out tests to measure thermal tabguspecific heat,

thermal expansion, and mass loss of plain HSC and steel fibesroeidfHSC made of siliceous
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and carbonate aggregate. Based on the measured property data,abmglaitons were
proposed for thermal properties as a function of temperature tertierature range of 0 and
1000°C. It was concluded in this study that the type of aggregata $igsificant influence on
the thermal properties of HSC at elevated temperatures. €asumed results showed that the
presence of carbonate aggregate in HSC increases fireamesisiThe authors also concluded
that the thermal properties, at elevated temperatures, exHilyitetéel fiber-reinforced HSC are
similar to those of plain HSC.

Hu et al. (1993) investigated the thermal properties of constructiaterials commonly
available in China. In this study mass loss was measuredfiasct#on of temperature up to
1000°C. It was found in this study that mass loss in carbonate atggoegarete was only up to
97% for temperature up to 650°C, but mass loss was rapid in 650-900°@r@spied to 75% in
this range. It was reported that mass loss in siliceous aggregacrete was not high and it
dropped to only 97% at 1000°C.

Lie and Kodur (Lie and Kodur, 1996) investigated the mass loss df fgtee reinforced
conventional NSC made of siliceous and carbonate aggregatevateléemperatures. Mass
loss was measured using thermogravimetric analyzer in reampetrature to 1000°C. It was
found in this study that mass loss in concrete was small up t&€600B&re only 3% mass was
lost. However, mass was lost considerably up to about 30% of in 600-800c@rbonate
aggregate concrete, which was attributed to dissociation of dolomitarbonate aggregate.
However, in siliceous aggregate concrete on 3-4% of mass was kstire temperature range
of 20-1000°C. It was also found that mass loss of concrete is noficagtly affected by

presence of steel fiber reinforcement in concrete in entire temperatgee ran
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Kodur and Sultan (2003) measured the mass loss in plain and stedlefitferced HSC in
temperature range of 0-1000°C. Mass loss was measured usingpdh@rimetric analyzer
(TGA) up to 1000°C. The mass loss for both siliceous and carbonateetsom@s very small
until about 600°C, where it was about 3% of the original mass. Beté@@ and 700°C, the
mass of carbonate aggregate concrete dropped considerably wimgherature. Above 750°C,
the mass loss again decreased slowly with temperature. Thargigdshass loss and decrease in
density for carbonate aggregate concrete was attributed wishaciation of dolomite in the

concrete.
2.2.4 Effect of Temperature on Thermal Properties of Concrete

The review of previous studies presented above is utilized to draremaes on effect of
temperature on thermal properties namely thermal conductivityifisgezat, thermal expansion
and mass loss of concrete. The presented data shows that thgrefisast variation on test
procedures, measurement techniques, range of measured tempeaatuitest results. Also it

helped identify the drawbacks in state-of-the-art and availability of these fpesder HPC.

2.2.4.1 Thermal Conductivity

Figure 2.1 illustrates variation of thermal conductivity of NSC as a funofitemperature based
on test data and empirical relations. The test data is compileddifferent studies (Harada et
al., 1972; Harmathy, 1970; Harmathy and Allen, 1973; Kodur and Sultan, R@0&nd Kodur,
1996; Shin et al., 2002) and standards (ASCE, 1992; Eurocode 2, 2004). It can Heaséere
is large variation in available data in literature as showrufper and lower bounds of the
plotted. These variations in reported data can be attributed tcediffmeasurement techniques,
test conditions, and environmental conditions adopted by various ressa(&aant and

Kaplan, 1996; Harada et al., 1972; Kodur et al., 2008; Phan, 1996). It shoulcebdhadtthere
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are very few standardized methods available for measuringngh@roperties. On average, the
thermal conductivity of conventional NSC, at room temperature, raogmgeen 1.4 and 3.6
W/m°C (Bazant and Kaplan, 1996). However, the thermal conductivityeases graduallyS
with temperature and this decrease is dependent on the conaxefeomerties, specifically
moisture content and permeability. It can be noted that as HRGaale of low w/c ratio and use
of different binders, therefore thermal conductivity of FAC, SC@] BRC will be different

from that of NSC.

2.2.4.2 Specific Heat

Figure 2.2 illustrates the variation of specific heat for NSt vemperature as reported by test
data and different standards. The data is compiled based on expdroa¢ai@diarmathy, 1970;
Harmathy and Allen, 1973; Kodur and Sultan, 1998; Shin et al., 2002)napidical relations
given in different standards (ASCE, 1992; Eurocode 2, 2004). The variatiotaimsd#epicted
by upper and lower bounds and this variation is mainly attributed taureisontent, type of
aggregate, test conditions and measurement techniques used in exgefitentathy and
Allen, 1973; Kodur and Sultan, 2003; Lie, 1992; Phan, 1996). The specifiqptogarty is
sensitive to various physical and chemical transformationdakatplace in concrete at elevated

temperatures. This includes the vaporization of free water at 4604C, the dissociation of

Ca(OH) into CaO and KO between 400-500°C and the quartz transformation of some

aggregates above 600°C. Specific heat is therefore highly dependawistore content and

considerably increases with higher w/c ratio.
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2.2.4.3 Thermal Expansion

Figure 2.3 illustrates the variation of thermal expansion in cdiored concrete with
temperature (ASCE, 1992; Eurocode 2, 2004), where upper and lower bounde itiéigainge
of values reported by different researchers. The thermal expansieases from zero at room
temperature to about 1.3% at 700°C and then generally remains comhstarght 1000°C.
Thermal expansion of concrete is complicated by other contribudictgrs such as additional
volume changes caused by changes in moisture content, by chesaicibns (dehydration,
change of composition), and by creep and micro-cracks resulting foswuniform thermal
stresses (Bazant and Kaplan 1996). In some cases thermal shaakageo result from loss of
water due to heating, along with thermal expansion, and this migtittte overall volume

change to be negative, i.e. shrinkage rather than expansion.

2.2.4.4 Mass Loss

Figure 2.4 illustrates the variation in mass of concrete aaciion of temperature for concretes
made with carbonate and siliceous aggregates. It can behs¢dhdre is significant difference
for mass loss in concretes made with two types of aggredatidee case of siliceous aggregate
concrete, the mass loss remained insignificant even above 600°C. $tdosmfor steel fiber-
reinforced HSC was found to be similar to plain HSC up to about 8003@&¢eA800°C, in the
case of the carbonate aggregate mix, the mass loss inibaeleinforced HSC was slightly
lower than that of plain HSC. Figure 2.5 shows variation in massdosonventional NSC and
HSC at elevated temperatures. It is evident that significariation exists between the mass loss
of two types of concretes.

Mass loss of concrete at elevated temperatures is highly noidewith the type of aggregate
(Kodur and Sultan, 1998; Lie and Kodur, 1996). The mass loss is minimal for both carbonate and
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siliceous aggregate concretes up to about 600°C. However, in beyond 600°C, tearbona
aggregate concrete experiences larger percentage of mass lospaseddmsiliceous aggregate
concrete. This higher percentage of mass loss in carbonate aggregetete is attributed to

dissociation of dolomite in carbonate aggregate around 700°C (Kodur and Harmathy, 2008).
2.2.5 Summary

Thermal conductivity, specific heat, thermal expansion, and massaidessnportant thermal
properties which are desired for predicting the temperature ggofis well as spalling in
concrete structures under fire exposure. As indicated by thewetiere have been quite a few
studies on NSC that show the influence of thermal properties emrefsistance of structural
members. However, there is lack of data on these propertiesviotypes of HPC (HSC, SCC
and FAC). In order to predict the temperature rise in concretebers as well as fire induced
forces, high temperature thermal properties specific to etatype are to be determined which

is one of the main objectives of this research.
2.3 Mechanical Properties

2.3.1 General

The mechanical properties that are of primary interestenrésistance design are compressive
strength, tensile strength, elastic modulus, and stress-s#sponse in compression. Mechanical
properties of concrete at elevated temperatures have been stadiedively in literature in
comparison to thermal properties. High temperature mechanicatrpegpat small level are
generally carried out on concrete specimens that are typicdilyders or cubes of different
sizes. Unlike room temperature property measurements, whereatbespecified specimen sizes

as per standards, the high temperature mechanical propertiesuatly carried out on a wide
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range of specimen sizes due to lack of test standardsdlotemperature testing. The cylinder
specimens of size 75x150, 100x200, and 150x300 mm whereas cube specimani@si00,
150x150 and prism specimens of size 100x300 are usually used for high temperature.

The primary difference between HSC and NSC relates toaitmpressive strength that refers to
the maximum resistance of a concrete sample to applied preésthiugh there is no precise
point of separation between HSC and NSC, these days HSC is dafinedncrete with a
compressive strength greater than 70 MPa (Kodur et al., 2008).

Compressive strength of concrete depends upon water-cementgafiegated-paste interface
transition zone, curing conditions, aggregated type and size, admigheie dnd type of stress
(Mehta and Monteiro, 2006). The tensile strength of concrete is mu@n than compressive
strength, due to ease with which cracks can propagate undee teasis (Mindess et al., 2003).
It is normal practice to neglect the tensile strength of camenestrength calculations at room
and elevated temperature. However, under fire conditions tenwlegt of concrete can be
crucial in cases where fire induced spalling occurs in a EtB@tural member. Also tensile
strength is an important property, because cracking in concrezaasaljy due to tensile stresses
and the structural damage of the member in tension is oftenagetheny progression in
microcracking (Mindess et al., 2003).

Another property that influences fire resistance is the moduletasficity of concrete which
decreases with temperature. At high temperature disintegratihydrated cement products and
breakage of bonds in microstructure of cement paste reduces atastillus and the extent of
reduction depends on moisture loss, high temperature creep and type of aggregate.

The high temperature compressive stress-strain behavior oketemgiof significant importance

in the fire resistance analysis of RC structural membdiesd high temperature stress-strain
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curves are helpful to trace the structural response of R@twtal members under fire
conditions. The high temperature stress-strain response of coscdefeendent on factors such
as aggregate-paste interface transition zone, curing conditionsgaiggraéype and size. The
aggregate type has a significant effect on the ultimaaenstttained in HSC exposed to elevated
temperatures; carbonate aggregate HSC attains higher peials stsacompared to siliceous

aggregate HSC (Cheng et al., 2004).
2.3.2 Testing Methods for High Temperature Mechanical Properties

Three steady-state test methods (conditions) are utilizedeardee high temperature strength
properties namely, stressed, unstressed and residual test meth@isalf- 2004; Phan, 1996).
Figure 2.6 illustrates the general arrangements for heatnth loading to measure high
temperature mechanical properties. Figures 2.7, 2.8 and 2.9 graplilicstirate the main
difference in three test methods to evaluate the high temperatachanical properties of
concrete. In the case of stressed test method, specimens assl@detlo a certain load usually
30-60% of room temperature ultimate compressive strength of ¢en8pecimens are then
exposed to the desired temperature and further loaded to failure.

In unstressed test method, specimens are heated to targetaame without and preload. Once
equilibrium conditions are met, and the target temperature is ckatihe specimens are
subjected to loading (leading to failure). In the case of resigsalmethod, test specimen is
heated to a target temperature till reaching steady-stadethen allowed to cool down to room
temperature. Specimen is then loaded to failure at ambient temeeta obtain the residual
strength of concrete. Residual strength, representative ofifgoskposure behavior of concrete,

is less applicable for predicting high temperature mechanical prapefto®ncrete.
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2.3.3 Previous Studies

There have been significant test programs for characterizigly tamperature mechanical
properties of concrete. In the high temperature property testseghense is measured while
specimens are hot at a target temperature. Such high temeerasts (both stressed and
unstressed) were carried out by limited researchers to neeigumechanical response (Castillo
and Durrani, 1990; Khoury, 1992 ; Khoury, 2008; Khoury et al., 1985; Lie, 1992; Lie and Kodur,
1996). However, research on high temperature properties was mosththidongh residual
property tests after exposure to high temperatures (Chen and Liu; Pe@detti and
Gambarova, 1998; Felicetti et al., 1996; Fu et al., 2005; Fu et al., Dé#al., 2004; Li and
Guo, 1993; Xiao and Konig, 2004). Some of the notable studies on high temperathenial

properties are presented in the following section.

2.3.3.1 Compressive Strength

Compressive strength of concrete is influenced by water-cemgmt aggregate-paste interface
transition zone, curing conditions, aggregate type and size, adenbyppgs and type of stress
(Mehta and Monteiro, 2006). Good amount of data is available on compressingtls of
concrete at elevated temperatures for both NSC and HSC (&€asiill Durrani, 1990; Fu et al.,
2005; Poon et al.,, 2001; Tang and Lo, 2009; Xu et al., 2001). Few of the ndtabés s
presented here generate information on high temperature compressivé sif@agicrete.
Carette et al. (1982) did an important study on use of pozzolans iratNS&vated temperatures.
They reported that addition of fly ash and slag in NSC did not impgh®/eesidual compressive
strength of concrete after exposure to high temperatures. Evegecimawater-cement ratio of
NSC with these pozzolans did not show any effect on high temperatakeanical properties
behavior of concrete.
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Lie and Kodur (1996) investigated high temperature strength propeftdSC with and without
steel fibers. They reported that compressive strength dveelr&inforced concrete degrades at a
much higher rate with temperature than similar concrete witlstegl fibers. They also
concluded that effect of aggregate type on the compressive strength is natasignif

Chan et al. (1999) investigated the residual compressive strengtitroNSC and HSC after
exposure to high temperatures. He identified three distinct tetoperanges having an effect
on loss of compressive strength of concrete namely, 20-400°C, 400-80@°80@1200°C. He
reported that only small part of strength was lost in 20-400°@0%-for HSC and 15% for
NSC), however severe loss occurred in 400-800°C range. This severe #i¥3800°C range
was attributed to deterioration of calcium silicate hydrat&{B) gel and cementing ability due
to dehydration in concrete. They suggested the temperature sbdg6-800°C be regarded as
critical strength-loss range for concrete. Above 800°C thdualsstrength was reported as only
a small part of original strength.

Li et al. (2004) experimentally studied the residual mechapicgerties of NSC and HSC at
elevated temperatures. They investigated the influence of tetmgeravater content, specimen
size, strength grade and temperature profiles on mechanicaltmspauthors reported that the
compressive strength of HSC drops with temperature after 200°GtiEmgith loss in HSC was
higher (36.8%) in 20-400°C as compared to NSC (28.8%), and this higherdssstributed to
dense microstructure and impermeability of HSC. It was adported that water content had
minimum effect on high temperature strength loss of concretefoAspecimen size, it was
concluded that compressive strength loss of larger concrete gpscinas lower than that in

smaller size specimens.
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Noumowé (2005) investigated the behavior of high temperature mechpropairties of plain
HSC and polypropylene fiber reinforced HSC up to 200°C. He reportethth&lSC containing
polypropylene fibers has higher compressive strength loss as comparaith td $C.

Sideris (2007) investigated the compressive strength characgeasiSCC exposed to elevated
temperatures up to 700°C. For comparison, he also tested and comparesulte with
conventional concretes. Residual strength properties were testedxaosure to 100, 200, 500,
and 700°C. He reported that the residual strength loss trend of both rRCComventional
concretes was similar in 20-700°C. Both SCC and HSC suffered esmplegalling at
temperatures beyond 380°C.

Kim et al. (2009) recently investigated the compressive strarmgttacteristics of HSC exposed
to elevated temperatures up to 700°C through stressed test method. Deaitgg, the
specimens were subjected to a pre-load of 25% of the ultimatpressive strength at room
temperature, and then loaded to failure at target temperatwas ktoncluded by the researchers
that with increase in strength of concrete, the loss of strengttochigh temperature exposure
also increase. It was also concluded from this researchi8@tloses minimum strength in 100-
400°C temperature but the rate of strength loss is significant beyond 400°C.

The review of compressive strength properties above shows that gmaohtaof research has
taken place for high temperature behavior of both NSC and HSC. Howtesan, be observed
that the strength trends for both NSC and HSC are not consistgrthare are significant
variations in strength loss, as reported by various authors. Moreoverjghery limited data in
literature on high temperature strength properties of new typesnafete such as SCC, FAC

and fiber reinforced HPC. Therefore data on strength propertiesvoftypes of concretes as a
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function of temperature is needed for evaluating fire responseuatistal members made of

HPC.

2.3.3.2 Tensile Strength

Tensile strength of concrete at ambient temperatures cavadleated through three methods
namely, flexural tensile, direct tension, and splitting tensitength tests. Flexure tensile
strength is obtained through subjecting a concrete beam to thirdff@xural loading (ASTM
C78, 2009). The direct tensile strength is measured by testimgleylor prism specimens by
applying axial tensile load in a suitable test machine upgtisnen breaks in direct tension
(ASTM C1583, 2004). Direct tension test is less reliable aspbairmen holding devices (grips)
introduce secondary stresses leading to unreliable strength Idatplitting tensile test a
compressive load is applied on the generatrices of the specimemavhidiametrically opposite
(ASTM C496, 2004). The load is increased until failure occurs by splitting of thersgrealong
the vertical diameter. At ambient temperature, splitting kessiength is usually 50-70% greater
than direct tension strength, where as it is 40-50% lower than élégansile strength (Popovics,

1998).

Tensile strength of concrete is dependent on compressivaytbtreh concrete, water/cement
ratio, aggregate-paste interface transition zone, presence dfamrsy and microstructure of
concrete (Neville, 2004). A review of the literature indicaked there have been limited studies
on high temperature tensile strength of concrete. It is also wotihg that all previous studies
on high temperature tensile strength of concrete are based doatesirength tests that are
applicable for concrete members cooled after fire exposure. €kidual tensile strength

property cannot represent the tensile strength behavior of hotet®r{during fire exposure)
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which is required for predicting spalling. Some of the notable fyaiesented here generate

information on high temperature tensile strength behavior of concrete.

Carette et al. (1982) investigated the temperature effect dartbige strength of NSC. He tested
concrete cylinders in 75-600°C temperature range through residealtsirtechnique. He
reported 65-70% reduction in splitting tensile strength at 600°C. Heuttattthat water cement

ratio and type of aggregate has significant influence on the splitting tetrsihgith of NSC.

Felicetti et al. (1996) investigated the residual tensilengtheof two types of HSC from room
temperature to 600°C by testing through direct tension method. Thegchotiduction in tensile
strength to zero at about 600°C. It was also observed in this studyoti@ete softens at high

temperature and that temperature has a marked effect on its tensilthstreng

Recently, Bahnood and Ghandehari (2009) reported residual splitting tstneitgth of plain

and polypropylene fiber reinforced HSC up to 600°C. The authors inféra¢dhie decrease in
splitting tensile strength is due to decomposition of hydrated mepr@ducts and thermal
incompatibility between aggregates and cement paste. Theyladsoved that there was no
noticeable difference in the splitting tensile strength of polygene fiber reinforced HSC up to

600°C in comparison to plain HSC.

Li et al. (2004) conducted tests for residual splitting tensiength of HSC in 200-1000°C
temperature range. HSC batch mix contained 27 per cent fly asimast replacement. 100 mm
concrete cubes were used to measure splitting tensile for H200a 400, 800 and 1000°C
temperatures. A retained splitting tensile strength of 51.980@fC and 16.9% at 1000°C was
reported which is significant at these temperatures. Appearancprapagation of cracks was

observed to be more obvious in tensile strength as compared toessip strength tests.
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Reduction in splitting tensile strength with temperature was attributedrtoghstresses induced

in dense microstructure of HSC that resulted in micro and macro cracks.

Chen and Liu (2004) experimentally studied the residpétting tensile strength of HSC and
hybrid fiber reinforced concrete at various temperatures in 20-8G@0tges. The authors found
that higher residual splitting tensile strength was obtaindaybyid fiber reinforced HSC. Steel
fibers in concrete were observed to provide restriction againsatioiti and expansion of
cracking, while polypropylene fibers provided micro-channels regulti reduction of thermal

stresses.

Anagnostopoulos et al. (2009) investigated the residual splitting teststiegth properties of
SCC with different fillers at 20, 300, and 600°C temperatures regpigctSharp loss in tensile
strength was observed and was attributed to micro and macks gracluced in specimens due
to thermal incompatibility. SCC with limestone filler was rdpdrto have displayed better
performance at high temperature by preserving splitting &easiéngth. In this study, explosive

spalling was also reported in high strength SCC at 600°C temperature.

Eurocode (2004) fire provisions recommend accounting for tensile d$tremgperties of

concrete in fire resistance calculations. It treats both M8 HSC alike for temperature
dependent tensile strength of concrete by provision of a simpkgoredhip for representation of
tensile strength of concrete with temperature. On the other hand? 26”1 (2007) does not

provide any guideline or relationship for tensile strength of concretes.

2.3.3.3 Elastic Modulus

Another property that influences fire response of concrete strudtutbe elastic modulus of

concrete which decreases with temperature. Elastic modulus rafrete degrades with
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temperature and thus influences the fire resistance of smboh@mbers. At high temperature,
disintegration of hydrated cement products and breakage of bondsrwsticture of cement
paste reduces the elastic modulus and the extent of reduction d@mendssture loss, high
temperature creep and type of aggregate (Bazant and Kaplan, 1996).

Some of the prominent studies undertaken on high temperature etastidus are discussed
below:

Castillo and Durrani (1990) experimentally studied the effectrap&Fature on elastic modulus
of both NSC and HSC in 20-800°C temperature range. Modulus was measmgdlosed-loop
servo-controlled hydraulic testing machine integrated with a&ctéd furnace. The authors
reported that both NSC and HSC have similar loss of modulus under elevated tempdigltire. S
loss was recorded up to 400°C and faster loss was observed betwd0400T he higher loss
above 400°C was attributed to progressive dehydration and loss of bond between materials.
Bamonte and Gambarova (2010) tested HSC and SCC cylinders up to 9@oM®&astic
modulus at 20, 200, 400, and 600°C. They reported that the elastic modulus iswardn hot
state than residual which was attributed to thermal affdotgad also concluded that there is no
difference in the elastic modulus of HSC and SCC.

Perrson (2004) did extensive experimental investigation on thacetasdulus of SCC at
elevated temperatures and as residual property. Tested temgerEnsisted of 20, 200, 400,
600 and 800°C. He observed a lower elastic modulus for SCC, as congp#&$8a tthroughout

the temperature range in both hot state and as residual property.

2.3.3.4 Stress-Strain Curves

Limited information is available on the compressive stresgsttarves of HSC exposed to

elevated temperatures. The main reason for limited data iothplexity involved to generate
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high temperature stress-strain curves through stressed wessesl test methods. However,
researchers have carried out investigation on stress-strain afrgescrete under all three test
conditions (stressed, unstressed and residual) to study the dffeletvated temperatures on
stress-strain behavior. Some of the previous studies are discussed here te gg¢asration on
high temperature stress-strain response of concrete:

Castillo and Durrani (1990) studied the effect of transient highpéeature on stress-strain
response of HSC and NSC under both stressed and unstressed testnsomd8-800°C range.
It was found in this study that effect of temperature on stas: curves is same for HSC and
NSC in entire temperature range. For both NSC and HSC thm sit peak stress did not
significantly vary in 100-200°C range. There was a slight incneasteain at peak stress in 300-
400°C range. However, there was a significant increase in strgiealt stress in 500-800°C
range. At 800°C the recorded strain was measured to be four tomém strain at room
temperature.

Furumura et al. (1995) tested cylinders to generate straegs-stirves for NSC and HSC, during
heating and after heating. The test data indicated that #ss-irain curves for HSC are quite
different from NSC. For HSC stress-strain curves showed ebnmgsponse below 500°C.
However the stress-strain curves above 500°C showed more ductile respodsg was
attributed to internal microcracks developed due to thermal stre&ssised by contraction of
cement paste, expansion of aggregates and thermal gradients. FoSkb#antl HSC the strains
at maximum strength during heating and after heating inedeaapidly with increasing
temperature above 300-400°C temperature. It was concluded in thystilsatidconcrete strength

has only a little effect on the strain at maximum strength.
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Felicetti et al. (Felicetti et al., 1996) studied residual maatcal properties, including stress-
strain curves, for HSC after heating to 105, 250, 400 and 500°C temperdtwas.shown by
stress-strain curves that there was significant decieabe peak stress after exposure to high
temperature. The peak stress decreased by 2.5% at 105°C, 25% at 250°&, 4@8¥«, and
94% at 500°C. Above 500°C, residual strength was so small (10%) $tawds considered to

be unsuitable for bearing any loads.
2.3.4 Effect of Temperature on Mechanical Properties of Concrete

The review of previous studies presented above is utilized to draremaes on effect of
temperature on mechanical properties. The presented data shawthettea is significant

variation in reported mechanical properties which is attributedesd procedures and test
techniques. Presented state-of-the-art also indicated that ithdagk of high temperature

propertied data on HPC.

2.3.4.1 Compressive Strength

Figure 2.10 and 2.11 illustrate the variation of compressive streagthaf NSC and HSC
concrete at elevated temperatures respectively with upper aed bounds showing limit of
variation in reported data.

In the case of NSC, the compressive strength of concreterginally affected by elevated
temperatures up to 400°C. NSC is usually highly permeable andsadlasy diffusion of pore
pressure as a result of water vapors. This shows that NS@Go$ suited for concrete
infrastructure exposed to fire hazards. On the other hand, use efediffbinders in HPC
produce a superior and dense microstructure with less amount aincahgidroxide which
ensures a beneficial effect on compressive strength. Binderasude of slag and silica fume

gives best results to improve compressive strength whichrisuééid to dense microstructure.
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However, as mentioned earlier, the compact microstructure isyhigigermeable and under
high temperature becomes detrimental as it does not allowtur@ito escape resulting in
buildup of pore pressure and rapid development of microcracks in ld&fding to its

deterioration and spalling.

2.3.4.2 Tensile Strength

Figure 2.12 illustrates the variation of splitting tensile stifermgtio of NSC and HSC as a
function of temperature as reported in previous studies and recommegnBedobode standard
(Behnood and Ghandehari, 2009; Carette et al., 1982; Eurocode 2, 200dttiFatlial., 1996).
The ratio of tensile strength at given temperature, to thatcah temperature is plotted. The
upper and lower bounds shown in Figure 2.$RBows range of variation in splitting tensile
strength obtained by various researchers for NSC with conveniggeg¢gates. The decrease in
tensile strength of NSC with temperature can be attributed &k wacrostructure of NSC
allowing initial microcracks. At 300°C concrete loses about 20% ahitsl tensile strength.
Above 300°C temperature, the tensile strength in NSC drops at artsteThis is due to more

pronounced thermal damage in the form of microcracks.

2.3.4.3 Elastic Modulus
Figure 2.13 illustrates variation of ratio of elastic modulutagaget temperature (Eto that at

room temperature @ for HSC (Castillo and Durrani, 1990; Phan, 1996). It can be seen from the
figure that the trend of loss of elastic modulus of both concretbstevnperature is similar, but
there is significant variation in the reported data. Figure 2sk8ibustrates the ratio of elastic

modulus for SCC as reported in two studies (Bamonte and GambarovaP2ed€on, 2004). It

can be observed that loss of elastic modulus in SCC is simild6€. This lower modulus in
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both HSC and SCC can be attributed to the excessive thermagésteesd physical and chemical

changes in concrete microstructure.

2.3.4.4 Stress-Strain Curves

Figure 2.14 and 2.15 illustrate the load-deformation response of NSEIS@drespectively
(Castillo and Durrani, 1990). In general, it is established th& H& steeper and more linear
stress-strain curves in comparison to NSC in 20-800°C. High terapetas significant effect
on the stress-strain response of both NSC and HSC, as withehe tésnperature, the strain at
peak stress starts to increase, especially abovC500s increase is significant and the strain at
peak stress can reach four times to strain at room teraper&étSC specimens exhibit brittle

response as indicated by post peak behavior of stress-strain curves showrei2 BEigur
2.3.5 Summary

Compressive strength, tensile strength, elastic modulus and st@ss-curves are central
mechanical properties that are required for predicting fireopeegnce of RC structural
members. The above review illustrates that good amount of data fexidiggh temperature
mechanical properties for NSC and also limited data exisk$S@h But this data is not available
for HPC such as FAC and SCC with and without fibers. This datasirable especially for high
temperature tensile strength, elastic modulus and stress-airaies for these HPC. Thus one of
the major objectives of this research is to evaluate higipeéeature mechanical properties for
these new types of concrete. The generated test data candéoudevelop mathematical

relations for various properties as a function of temperature.

2.4 Deformation Properties
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2.4.1 General

Deformation properties of concrete include creep and transiamssand are mainly influenced
by strength, aggregate type, sustained stress and chemical anchpleactions that take place
in concrete under fire conditions (Schneider, 1988). Creep is defindae asme-dependent
plastic strain under constant stress and temperature. At rooper@nre sustained external
stress becomes the driving force for the movement of the physatsbrbed water and water
held in small capillaries (Mehta and Monteiro, 2006). Due to limitedsture movement in
concrete at room temperature, creep deformations are slow to étmwmever, at elevated
temperatures, moisture movement is usually significant in conttratdeads to higher creep
strains. High temperature creep strains are thus largélyemted by concrete temperature
(Dwaikat, 2009). Because high temperature creep affects straifisctidas, and stress
redistribution at elevated temperatures, it plays an important al¢he fire resistance of
structural members.

Transient strain on the other hand occurs during the first timtenged concrete, but it does not
occur upon repeated heating (Khoury et al., 1985). Transient stramhejgendent of time and is
essentially caused by the thermal incompatibilities betwleeraggregate and the cement paste
(Purkiss, 2007). Exposure of concrete to high temperature induces goaiaeges in the
moisture content and chemical composition of the cement paste. Mordwre exists a
mismatch in thermal expansion between the cement paste and thgadggTherefore factors
such as changes in chemical composition of concrete and mismist¢hesmal expansion lead
to internal stresses and micro-cracking in the concrete amrsist (aggregate and cement paste)

and results in transient strain in the concrete (Schneider, 1988).
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2.4.2 Previous Studies

Literature review shows that there is very limited informatoncreep and transient strain of
concrete at elevated temperature (Kodur et al., 2008). Anderberd haldndersson (1976)
carried out tests to evaluate transient and creep strains uadatedl temperatures. Figure 2.16
shows influence of initial moisture content on deformations under é&r@nsonditions. They
found that pre-dried specimens at 45 and 67.5% of load level wer@aldsesto deformation in
‘positive direction’ (expansion) under load. At 22.5% pre-load, specimenagepl no
significant difference for strains. They also found that theignfte of water saturation was not
very significant except for free thermal expansion (0% prelagoizh was found to be smaller
for water saturated specimens.

Khoury (1985) studied creep strain of initially moist concretefoat load levels measured
during first heating at 1°C/min as shown in Figure 2.17. An impoftature of these results
was that considerable contraction under load was observed as corpdred (unloaded)
thermal strains. This contraction is referred to as the-llwduced thermal strain' and the actual
thermal strain is considered to consist of total thermal stramus the load-induced thermal
strain.

Schneider (1988) also investigated the effect of transient ang m@staint on deformation of
concrete. He concluded that the transient test for measuringdeftamation or restraint of
concrete have the strongest relation to building fires and are sugpagigd most realistic data
with direct relevance to fire. The important conclusions from thdyswere (1) w/c ratio and
original strength are of little importance on creep deformatirger transient conditions. (2)
Aggregate cement ratio has a great influence on the straingiical temperatures, the harder

the aggregate the lower the thermal expansion therefore &dtahthtion in transient state will
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be lower. (3) Curing conditions are of great importance in 20-300°@2rair cured and oven-

dried specimens have lower transient and creep strains than water cunespec

Anderberg and Thelandersson (1976) developed constitutive models for atréeppansient

strain in concrete at elevated temperatures. These equationeeémr and transient strain at

elevated temperatures as suggested by Anderberg and Thelandersson are:

d(T-293)
e =p 2 \te (2.1)
cr 1 f
c, T
k O
tr ~ 2  ‘th (2.2)
c,20

. . . -6 -0.5 -3 -1
where: & = creep straing, = transient strainf; = 6.2&10 s ,d =2.65&10" K, T =
concrete temperaturéK) at timet (s), fc 7= concrete strength at temperatlir@ndo = stress in
the concrete at the current temperatlge= a constant ranges between 1.8 and 2g3b7=

thermal strain, anf} o= concrete strength at room temperature.

2.4.3 Effect of Temperature on Deformation Properties

Time dependent deformations in concrete such as creep, get highlgceahat elevated
temperatures under compressive strains (Bazant and Kaplan, 199§).iitCcencrete under high
temperatures increases due to moisture movement out of concrete fitas phenomenon is
further intensified by moisture dispersion and loss of bond in cenee(€CeS-H). Therefore the
process of creep is caused and accelerated mainly by twepesc€l) moisture movement and
dehydration of concrete due to high temperatures and (2) atambeof the process of bond

breaking.
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2.4.4 Summary

High temperature creep and transient strain of concrete arpleorphenomenon and are
influenced by factors such as temperature, strength, moisturentofgading, and mix
proportions. The creep deformation generally increases with temgeratith low-modulus
aggregates (Schneider, 1988) and also with increasing load ld¢velsvated temperatures.
Transient strain is independent of time and does not recur asefitc@untered only in first

heating of concrete.
2.5 Fire Induced Spalling

Spalling occurs when concrete member is exposed to rapidig tesmperatures as encountered
in a fire and is one of the major concerns with HSC. Low permigasarnd dense microstructure
in HSC prevent easy dissipation of pore pressure that is gehetseo moisture converting to
vapors under elevated temperatures leading to buildup of high pore préathen this pore
pressure exceeds the tensile strength of concrete, which alsmdelegemperature, spalling
occurs. Previous studies have shown that spalling in HSC is affegtencrete strength,
permeability, concrete density, moisture content, fire intgngiesence of fibers and specimen

dimensions (Ali, 2002; Kodur and McGrath, 2003; Kodur and Sultan, 1998; Phan, 1996).
2.5.1 Causes of Spalling

A review of literature presents a conflicting data on the pralbabii occurrence of fire induced
spalling and also on the exact mechanism for spalling. While sSowsstigators reported
explosive spalling in concrete structural members under fire conslifew others reported little
or no significant spalling at all. One explanation to this configctirend of observations is

possibly the large number of factors and their inter-dependencynthagnice the fire induced
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spalling in concrete. However, it has been established and agyerdy most researchers that
the major causes for fire induced spalling in concrete are éymegmrbility of concrete and high
moisture migration at elevated temperatures.

There are two general theories on which the spalling phenomenon caxplaeed (Kodur,

2003):

2.5.1.1 Pore pressure build-up

High strength concrete has low permeability as compared to (NB@less et al., 2003) and
therefore this low permeability is believed to be more detricth@miaore pressure built-up. The
extremely high vapor pressure, generated during moisture converting to wager fire

exposure, cannot escape due to the low permeability of HSC. Thisulpudéipore pressure is
believed to be the major cause of spalling during heatinghégore pressure builds up with
temperature, tensile strength of concrete offers resistanamsagoore pressure which is
degrading with temperature as shown in Figure 2.18. When the pore p@sserds the tensile
strength of concrete, pieces/fragments of concrete break &wawy the structural member
(Figure 2.18) and thus spalling occurs. This breaking off can ofteqpisséve depending on the

fire and concrete characteristics (Harmathy, 1993).

2.5.1.2 Brittle Fracture

Bazant (1997) presented a different hypotheses for fire inducithgpAccording to him, high
pore pressure develops at a certain distance inside heatee safréancrete and creates a crack
as shown in Figure 2.19. However, as the crack starts to open up, theapateand liquid flow
into the crack and increase in volume. Once no additional wateriiskdgdo fill into the crack

from surrounding concrete, the pore pressure drops while crack &taspen up and spalling
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occurs. This shows that pore pressure plays a secondary notgyey & crack but does not cause
the explosion or cause the crack to open widely. Therefore, thengpallassumed to be caused
by another source of energy, which is basically present in tine dbrpotential energy from

thermal stresses. This hypothesis is consistent with high mdgrof pore pressure and spalling

in wet concretes, and less spalling observation in pre-dried concrete specimens.
2.5.2 Previous Studies

A number of experimental studies have been performed to investigaiaduced spalling in
high strength concrete specimens which include both large sicatural members and small
scale laboratory specimens such as cubes and cylinders. R&liFa)( Hertz (2003), and Phan
(2007) have conducted some noteworthy studies on small scale sped{ioems(2003), Kodur
and McGrath (2003), and Bilodeau et al. (2004) have conducted studiesrgen skzale
specimens. It has been well established through all thesearegptal studies that HSC is more
susceptible to fire induced spalling compared to NSC.

Kalifa et al. (2001) investigated 120-mm thick RC slabs by eargdeem to rapid heating from
one side (underneath) to study fire induced spalling in HSC condnete types of HSC mix
with and without polypropylene fibers were considered. A heatitggafa3C/sec was used for
the first two minutes and then the temperature was kept &C6U0ithin the depth of slab, pore
pressure and temperatures were measured at different locatias. doncluded from the study
that polypropylene fibers significantly facilitate the in@ean permeability of HSC and thus
decrease the pore pressure at elevated temperature. Adt®fressinduced spalling is mitigated
due to lower pore pressure in concrete.

Hertz (2003) conducted tests on concrete prisms to investigatefltience of thermal stresses

on fire induced spalling in dense concrete. Ten 600x600x20 mm pristense concrete were
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heated at a limited area of 200x200 mm at the center of one fsiglaclo specimen. These
specimens were exposed to constant high temperature from a holevara He concluded that
susceptibility of concrete to spall is less if it does not l@zzolans like silica fume and that if
moisture content is below 3%. He also concluded that spalling mastlyrs at about 374°C
which is the critical temperature of water when water besowspor. He also found that
polypropylene fibers were effective in mitigating spalling in lessneable concrete.

Kodur (2003) investigated the fire resistance RC columns by conddiglivsgale fire tests. The
parameters that were investigated in this study were denstrength, column dimensions, type
of aggregate, tie configuration, use of fibers and their typeloaadintensity. The columns were
of 3810 mm long and were of square cross-section 305x305 mm. The compstassigén of
NSC was 34 MPa and that of HSC was 110 MPa. It was concludeti#ta columns have
lower fire endurance and are susceptible to spalling as comma8C columns. This study
(Kodur, 2003) also showed that type of aggregate, concrete btresggtcrete density, load
intensity, fire intensity and tie configuration have an influencehenfire performance (both
spalling and fire endurance) of HSC columns.

In another study, Kodur and McGrath (2003) experimentally investightefire endurance of
HSC by testing six columns designated as HSC1 to HSC6. Thefawors varied in the test
included cross-sectional size, quantity of longitudinal reinforcemeéntcdnfiguration, and
aggregate type. This study also established that HSC waspmre to fire induced spalling
than NSC. It was also concluded that carbonate aggregate canquetesnces less fire induced
spalling than siliceous aggregate HSC. HSC columns exhibitest Bet endurance by closer tie

spacing and better detailing. Once ties were bent 135° back intmotbeof the column and
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amount of lateral reinforcement was increased, it also redineeghdtential for fire induced
spalling in HSC columns.

From these experimental studies it is clear that spallingoofcrete is a very complex
phenomenon that depends on many factors, namely strength, moistieet,cdensity, heating
rate, and specimen size. Strength of concrete is one of the yproaases as HSC is more
susceptible to spalling, similarly higher moisture content in @aalso increases the potential
of spalling. Concrete density is another factor that influencaltirgp as lightweight aggregate
concrete is more susceptible to spalling. Heating rate #isctethe fire induced spalling as
higher heating rate increases the occurrence of fire inducdohgpa concrete. An increase in
specimen size also increases the risk of explosive. Type ofgaggrean reduce the occurrence
of spalling e.g. use of carbonate aggregate concrete is effégtminimizing the fire induced

spalling in concrete than siliceous aggregate.
2.5.3 Spalling Mitigation

To minimize the occurrence of fire induced spalling in HSC,arebers have recommended
addition of polypropylene fibers to concrete (Ali et al., 2004; BehnoadGhandehari, 2009;
Bilodeau et al., 2004; Kodur, 2000). Polypropylene fibers melt ativela low temperatures
(about 167-170°C) and create randomly oriented micro and macro channeés goacrete.
These channels facilitate dispersion of high vapor pressure. Angipeyagh to overcome the
spalling is through enhancing tensile strength of concrete by @ddifi steel fibers (Kodur,
1999; Rossi, 1994). Ali and Nadjai (2008) recently carried out invéistigaon spalling
mitigation through use of hybrid fibers (mix of polypropylene atekl fibers) in the concrete

and found it very useful in minimizing the fire induced spalling in HSC columns.
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Alongside use of fibers, bending of ties in columns similar toithakeismic region have been
found to be useful and attractive to reduce the fire induced spatlithgoaenhance the fire
resistance of columns (Kodur and McGrath 2003). In this technique,sitexperimentally

established that bending the ties at 135° as compared to conventiohan®@ies, spalling can
be minimized. These two tie configurations are shown in Figure A/Bén ties are bent at 135°
in to the core of concrete column, these provide additional confinememic¢oete thus keeping

the section intact in case of exposure to fire.
2.5.4 Summary

The moisture transformation and mass transport in concrete have a urflgeace on its
temperature profile and development of pore pressure. HPC due tomegglity and low
porosity can experience significant pore pressure build-up and thusoaeesusceptible to fire
induced spalling. Spalling in HPC is therefore a major concernhidmtto be overcome to

enhance the fire resistance of structural members made of these concretes

2.6 Fire Performance of Reinforced Concrete Columns

Concrete has generally good performance and it is well establishe up to 6 hours of fire
resistance rating can easily be obtained by provision of conventit8t@alcolumns (Ali et al.,
2004; Kodur, 2003; Lie and Woolerton, 1988). HSC due to high compressive streagth a
preferred in columns of high rise buildings. However, columns madéS& have lower fire
resistance due to deterioration of material properties and occarcd fire induced spalling.
There are a number of studies on high temperature performanceaolli®@hs that are available

in literature, only limited review on effect of tie configuratiom fire response of RC columns is

presented in this section.
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2.6.1 Experimental Studies

A detailed review has recently been done by Kodur and Raut (2010) amnd2Ra1) on fire
performance of RC columns. In the state-of-the-art, experimamthnalytical studies related to
fire performance of RC columns is elaborated along with awewidire resistance provisions in
various codes and standards. It is evident from the review th& ihdack of data on fire
performance of RC columns made of new types of HPC. Theabaatutely no studies on HPC
columns made of FAC and SCC.

Since fire resistance of HSC columns is seriously hamperdidebywduced spalling, fibers are
often added to the mix to mitigate spalling. The fire perfoceasf HSC columns with steel and
with polypropylene fibers have been experimentally well studiedreégfAli, 2002; Ali et al.,
2004; Kodur, 2003). However, there is only one study done by Ali and N2@@8) in which
effect of hybrid fibers is investigated on fire response of HSC columns.

Alongside use of fibers, bending of ties in columns similar toithakeismic region have been
found to be useful and attractive to reduce the fire induced spatlithgoaenhance the fire
resistance of columns (Kodur and McGrath 2003). However, there is nanhandal
understanding as to how the tie configuration helps improve theefsistance. Further, the
numerical models do not account for effect of tie configuration enrisistance predictions of
columns which is an important factor.

It can be inferred from the review that, the fire resistasiceolumns changes with type of
concrete, mix design, use of different combination of fibers antbhéguration. Although, the
tests have generated valuable data for understanding the behavior aalidftion of computer

models, the types of concrete investigated are only NSC and HSC.
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2.6.2 Numerical Studies

A fair number of analytical studies have also been conducted to stedye behavior of RC
columns. The main objective in many of these studies is to thecesponse and fire resistance
of RC columns under fire conditions. Few of these studies were doktSGncolumns and
important factors such as high temperature material propertggseoific concrete type, spalling,
addition fibers and tie configuration were not fully incorporatedh@ a&nalysis. A detailed
review of studies for numerical modeling of fire response of columalso done by Kodur and
Raut (2010) and Raut (2011).

Review of numerical studies illustrates that numerical modeld tespredict the fire response of
RC structural members simplify the calculations by makingesaeal assumptions. These
models do not incorporate the factors that are critical forratedire resistance calculations.
Factors such as high temperature properties of new types qf étfe€t of different fibers and
tie configuration have not been considered and need to be included in calmeodels for

realistic fire resistance predictions.

2.7 Codes and Standards

The specifications for fire resistant design are included in Imgildodes and national standards
of various countries. These provisions are usually prescriptive inenadsrthe codes and
standards provide tabulated values of fire resistance which ae bastandard fire tests. These
tabulated fire resistance values are mostly dependent on cooavetethickness and minimum
dimensions of structural members.

In the USA, concrete structures are designed in accordatitéghwiAmerican Concrete Institute
(ACI-318) (2008) standard. While ACI-318 does not contain any fire pamssit refers to ACI
216.1 (2007) standard which gives prescriptive based specificationsefateign of concrete
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and masonry structures. ACI 216.1 standard specifies concrete thmkeress and minimum
sectional dimensions required for achieving a desired fire aesistrating in RC columns.
Similarly, Eurocode 2, Part 1-2 (2004) gives simplified approachddtermining fire resistance
of RC columns based on tables and advanced methods. For example, tofiredunchiced
spalling; Eurocode suggests a reinforcement mesh with a nominat ob\l5 mm to HSC
columns.

It can be seen that these provisions provide prescriptive approaated bn experimental
studies. Tables, which are based on this approach, provide the fasteostrdiract method for
determining the minimum dimensions and cover thickness in RC columnssimipdéfied
equations may give more economical fire resistant designs, abpéar small columns and/or
high fire resistance periods. However, the important factors ssicHPL, use of different
combination of fibers and effect of tie configuration are not cohgmsively taken into account

by these standards.
2.8 Summary

Based on information presented in this chapter, it is evident tght temperature material
properties are crucial for modeling the fire response of RC mamBeod amount of data exists
on high temperature thermal, mechanical and strength propettiesling elastic modulus of
NSC and to some extent for HSC as well. However, there vaitetd property data on HPC
(HSC, SCC, FAC) is available at elevated temperatures also established that mostly the fire
resistance tests were conducted on RC columns made of NSC anditSkese tests are not
existent for HPC columns such as FAC and SCC. Moreover, limitaddavailable on effect of
hybrid fibers on spalling mitigation in HPC columns. Further, dh&lelines put forward by

experimental studies have not been fully incorporated in numerigdéls) Important factors
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such as high temperature material properties of HPC, useboidhiybers, and effect of tie

configuration are not fully incorporated in numerical models.
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Figure 2.20 - Conventional 90° hook versus modified 135° hook configuration
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CHAPTER 3

3 THERMAL PROPERTIES CHARACTERIZATION

This chapter is mainly based on the following journal papers:

e Kodur, V., and Khalig, W. (2011). "Effect of Temperature on Thermal Ptiepeof
Different Types of High Strength Concrete.” Journal of Materal<ivil Engineering,
ASCE, 23(6), 793-801.

e Khalig, W., and Kodur, V. (2011). "High temperature properties of fikeerfarced high
strength concrete." Innovations in Fire Design of Concrete Structur€és SR 279, 3-1-42.

e Khalig, W., and Kodur, V. (2011). "Thermal and mechanical properties af fdneforced
high performance self-consolidating concrete at elevated tatopes.” Cement and
Concrete Research, 41(11), 1112-1122.

e Khalig, W., and Kodur, V. K. R. (2011). "Effect of high temperature onileesgrength of

different types of high-strength concrete.” ACI Materials Journal, 10894)402.

3.1 General

Thermal properties of concrete are critical for evahgatemperature rise in concrete members,
which are needed for determining strength and stiffness degradatidnultimately fire
resistance of concrete structural members. These theroprpes vary with temperatures and
thus accurate predictions of temperatures in concrete mendsgnser temperature dependent
thermal property relations. As discussed in Chapter 2, thereksoladata specific to high

temperature thermal properties of new types of high performemcerete. To develop such

67



information characterization of high temperature thermal propexiessarious HPC is
undertaken and is presented in this Chapter.

The main thermal properties that influence the temperatueecans fire induced forces in
concrete structural members are thermal conductivity, spéaét, thermal expansion and mass
loss. At present, some codes and design standards provide thermalyprefaitns as a
function of temperature (ASCE, 1992; Eurocode 2, 2004). These relatmmsaanly derived
from the experimental studies on conventional NSC and in some feasgmventional HSC.
However, thermal properties of HPC, especially at high temperadre influenced by factors
such as presence of fibers, fly ash or silica fume, mix prams:itiw/c ratio and permeability. To
guantify influence of some of these factors, a series of tilguroperty tests were conducted on
different type of HPC specimens and the effect of some oé tlaesors on thermal properties of
HPC is quantified. Based on the test data obtained from thesealhproperty tests, simple
empirical relations for high temperature thermal properties aso presented. A detailed

description of the tests and discussion of test results on thermal properticsegqudiere.
3.2 Design of Thermal Property Tests

A comprehensive test program was designed to undertake higlertgome thermal property
tests on four types of concrete namely HSC, SCC, and FAC andT¢Squiantify the effect of

fibers on thermal properties three types of fibers namely, stelypropylene and hybrid fibers
were added to some of these mixes. This led to a total ofrelewe designs for measuring
thermal properties. The effect of steel, polypropylene and dhyimers was studied in HSC and
SCC, whereas to reduce the number of total tests (effort) delst ef polypropylene fibers was
studied in FAC. Thermal properties namely specific heat, thlerconductivity, thermal

expansion, and mass loss are measured for these concretes.| Goeoativity and specific
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heat measurements were made in the temperature range 8020D- (due to equipment
limitations), while thermal expansion measurements were maithe itemperature range of 20-
1000°C. Mass loss measurements were done in the temperature rarife880°C at 100°C
increments. The test matrix for evaluating thermal properties is giverbla 34.

Thermal conductivity and specific heat measurements were donethsistpte-of-the-art test
equipment namely ‘Hot Disk’. Hot Disk is relatively new equipmend it combines the
measurement of three heat transfer properties (thermal condycthermal diffusivity, and
specific heat) in a single test unlike other existing test rapgm which require separate
equipment for measuring thermal conductivity, thermal diffusivity, getific heat. In the case
of Hot Disk thermal conductivity and thermal diffusivity are meadutirectly and specific heat
is internally calculated based on the measured thermal conducatythermal diffusivity.
Description of the Hot Disk equipment together with the principtediun evaluating thermal
properties is explained in Appendix A.

Thermal expansion is also measured using state-of-the-art dgatpment namely
thermomechanical analyzer (TMA). This equipment measuresmeathiermal expansion of the
sample as a function of temperature through linear variable despéat transducer. Equipment
details and the principles used in the measurement of thermal sexpasre described in
Appendix A.

Mass loss measurements were relatively simple in which thengdions of a cylinder specimen
was first accurately measured using a precise vernigoecaior volume calculations and a
sensitive balance was used to calculate room temperature wighghtylinder was exposed to a

target high temperature in an electric furnace, and then weidgtgated cylinder was recorded.
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Mass loss was then evaluated using room temperature and high temgpenseight

measurements of cylinder.
3.3 Thermal Property Tests

Thermal property tests namely thermal conductivity, specifat, tbermal expansion and mass
loss were carried out on HSC, SCC, FAC and NSC specimeng @agggn matrix given in

Table 3.1. This section covers details on all thermal property tests.
3.3.1 Mix Proportions

Four concretes namely HSC, SCC, FAC, and NSC were used toatalthe test specimens for
measuring thermal properties. In addition, three types of fibemsglgasteel, polypropylene and
hybrid fibers were added to these mixes. The specimens agaatesi as HSC, HSC-S, HSC-P,
and HSC-H for HSC, and SCC, SCC-S, SCC-P, and SCC-H for S@&AD, and FAC-P for
FAC where S, P and H designations indicate the presence bfsibgropylene and hybrid
(steel + polypropylene) fibers respectively. In addition to thdéB€, a conventional NSC mix,
designated as NSC was also included in the program for gegesabench mark data. These
mixes had ordinary Portland cement (Type 1), limestone (carbobased coarse aggregate of
maximum size 10 mm, and natural source sand fine aggregate. In tharfAEAC-P batch
mixes, 25% fly ash (Type C) was used as replacement of cefeeatchieve desired strength
and workability properties, optimum amount of mineral admixtures, ssislliea fume and slag
(Grade 120), were added to batch mix. Silica fume, fly ash, aul ek the industrial by-
products having cementitious properties used to produce HPC.

Silica fume is an industrial by-product of the induction arc foesain the silicon metal and

ferrosilicon alloy industries (Mehta and Monteiro, 2006). Reduction oftzjuar silicon at
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temperatures up to 2000°C produces SiO vapors, which oxidize and condemhge lanvt
temperature zone of the furnace to tiny spherical particlegstimgsof non-crystalline silica.

The material removed by filtering the outgoing gases in bag filters possesagerage diameter

on the order of 0.1m and surface areas in the range 15 to Eﬂg;rwhich is extremely fine as

compared to normal portland cement. Silica fume is highly pozzolanidt is hard to handle
and it increases the water requirement in concrete signifycaniiéss water-reducing admixtures
are used. Fly ash has cementitious and pozzolanic properties anddicqat during the
combustion of powdered coal in thermal power plants. As coal paseeglihtigh-temperature
zone in the furnace the volatile matter and carbon are burned oifigDnombustion most of the
fine particles fly out with the chimney gas stream and atedcliy ash. This ash is subsequently
removed from the gas by special filtration techniques. Blast dars¢éag is produced in the
production of cast iron when the slag is cooled slowly in air; timerai components are usually
present as crystalline melilites that do not react wittemnait ordinary temperature. When ground
to very fine particles, we get blast furnace slag, a natehich is cementitious and pozzolanic
(Mehta and Monteiro, 2006).

For fiber reinforced HSC, SCC, and FAC mixes, commerciallylaa fibers, NOVOCON XR
type steel fibers and MONOFILAMENT (multi-plus) type polyprtame fibers were added.
Figure 3.1 shows the steel and polypropylene fibers used intullig. Steel fibers were 38 mm
in length and 1.14 mm equivalent diameter and had a specified tstisigth of 966 MPa.
Polypropylene fibers are non-absorbent type with 20 mm lengthspedific gravity and 162°C
melting point. Steel fibers in HSC-S and SCC-S were 42 kg culac meter of concrete

representing 0.54% by volume. Polypropylene fibers in HSC-P, SC@ePFAC-P were 1

kg/m3 representing 0.11% by volume. In the case of HSC-H and SCC+tdpertion of steel
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and polypropylene fibers were 42 kgq’/rﬂteel, and 1 kg/FQ’nponproperne, representing 0.54%

and 0.11% by volume respectively.

Details of the mix proportions, laboratory conditions at time ofirogstf plain HSC, SCC, FAC,
and NSC are given in Table 3.2, and details of fiber reinforced BSC, and FAC are given in
Table 3.3, 3.4, and 3.5 respectively. After casting, the test specimeeaured in curing room
with controlled environment of 22°C temperature and 98% relative hum&ligcimens were
pored with one mix at a time. The tests were completed overiadpefr 18 months with
concretes casted first were tested first. Thermal propestg tfor a particular concrete were
carried out over a period of 6 months to 10 months after casting ofrspes. The 28 day
compressive strength measured on specimens and for differenttesmareged from 16-81 MPa
for plain HSC, SCC, FAC, and NSC as given in Table 3.6. The 28 days essivar strength of
fiber reinforced HSC, SCC, and FAC ranged between 56-89 MPa as mivé&able 3.7.
Chemical admixtures such as superplasticizer, retarder, aed reducer were added to batch
mixes to achieve desired concrete properties in HSC, SCC, RREAC. For SCC, result for
VSl was ‘1.0’ and it was observed that mix was even with very degmns of segregation. Very
little poppying of air was observed in slump patty in SCC. FA@laygd significantly high
strength as compared to other types of concrete. HSC and S&%3 mwere supplied by
commercial concrete plants while FAC and FAC-P were mixddharatory under controlled
conditions. This could be the main reason for FAC to achieve higlegrggtras compared to

HSC and SCC.
3.3.2 Test Specimens

From each batch of concrete two 100x100x300 mm size prism speciragngabricated. The
specimens were demolded one day after casting and cured under abroliitions of 90%
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humidity and 20°C temperature. Test specimens of 60x60x25 mm sizenaehene cut from
100x100%300 mm prisms and prepared for determining thermal propertiete\atted
temperatures. Thermal property tests were carried out over hsnpeatiod after 6 months of
concrete pour.

Square specimens of size 60 mm on sides and 25 mm in height asistégure 3.2(a) were
used for carrying out thermal conductivity and specific heas.tést the accuracy of test result
greatly depends on the specimen-to-sensor contact, these specime ground smooth to
ensure uniformity of the surface and enhance specimen-to-sensactcéor thermal expansion
tests, specimens of 10x10x18 mm size machine cut from same pasorgbed above. Sides of
these specimens were smoothened carefully to have a balanced fitthewheal expansion
probe as shown in Figure 3.2b. For mass loss measurements, 75x150 mmscylerdeused at
different temperatures. The details and number of specimensefondl properties are given in

Table 3.8.
3.3.3 Test Apparatus

The thermal properties were measured using commercialljablainstruments. The specific

heat, and thermal conductivity were measured using “Hot Disk Z300S” thermal constant

analyzer as shown in Figure 3.3a. This procedure follows ISO/DIS22008) test standards

for measurement of thermal conductivity and specific heat preperiihis equipment is

connected to a furnace in which a specimen can be exposed to desired high tenmgsesdtome

in Figure 3.2(b). This state-of-the-art equipment utilizes trahgikane source (TPS) technique
to measure thermal properties of materials from room temypertt 800°C. A flat source sensor
is placed between two halves of the specimens and it actsHié@ter (constant effect generator)

and as detector (resistance thermometer) at the sam@A@hgarrabi et al., 2006). This sensor
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is either insulated with mica or kapton layers and accordindlgdcanica or kapton sensor as
shown in Figure 3.4. Kapton sensor can be used for measurements up to 200°Caasahsor
can be used for measurements in 100-800°C temperature range (AditZaral., 2006). When
a constant heat source is applied, the temperature in sensoantdweat flow starts in the
specimen being tested. The test specimen must have uniform temgeiatribution throughout
the specimen at the time of measurement.

For thermal expansion measurements, thermo-mechanical andiyéfs @pparatus (Q-400
EM) was used as per ASTM E831-06 (2006) test procedure. TMA @-igia) utilizes a
movable-core linear variable differential transducer (LVDThoh generates an output signal
directly proportional to specimen dimension change. TMA can be @sedneasuring
dimensional changes in concrete specimens from room tempetati@O0°C. For thermal
expansion tests, a flat-tipped standard expansion probe (Figure 3@agesl on the concrete
specimen with a small static force is applied to it so thalbeistays steadily on the specimen.
The specimen is subjected to temperature increase regimewiagcm user defined ramp and
probe movement records the sample expansion or contraction. The YA tein through
computer program while the input parameters such as heatmgstatic load and maximum
temperature are provided by the user.

The test equipment for mass loss calculations consisted of ancaleturnace and weight
balance. The mass loss measurements, both at room and high tarepera¢re carried out by
utilizing a highly sensitive balance that has accuracy up to 0.001 @tsconcrete specimens
were exposed to target temperatures of 100, 200, 400, 600, and 800°C in anfalecice at a

heating rate of 2°C/minute and were kept for two hours at the tamgeerature till steady state
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conditions were attained. Heated specimens were then quickly ¢aitefwithout much heat

loss) and weighed.

3.3.4 Test Procedure

3.1.1.1.Thermal Conductivity and Specific Heat

For thermal conductivity and specific heat measurements \aered out using Hot Disk (TPS
2500S) apparatus on 60x60x25 mm test specimens. The specimens wlessl and surfaces
were ground smooth for ensuring good sensor contact. Thermal conduct/gpecific heat of
concrete were measured at thirteen temperature points namé@@®00, 300, 400, 450, 500,
550, 600, 650, 700, 750, and 800°C. The smaller increments towards higher tempemteires w
to capture effect of phase changes in concrete on thermal pespéitie age of concrete at the

time of thermal property measurements tests was 6 months or older.

Kapton sensor was used to undertake tests at room temperatot@. (BBis Kapton sensor is

sandwiched between two halves of concrete test specimens and istedrineldot Disk. The
specimen and sensor assembly rests on a platform of room teimpeécimen holder (Figure.
3.6). A small pressure is applied to ensure good contact betweepettimen and the sensor.
The equipment sends and receives signal through the sensor conndote@RS& 2500S (Figure
3.3a), and is monitored with a computer program. The measuremeatsratemperature with
kapton sensor are important to figure out the best test paranstereasonable test results
obtained at room temperature provide suitable parameters to be used for hightte pests.

For high temperature tests, mica sensor was sandwiched betweesp&wimens and the
assembly was subjected to high temperatures in a furnace cahtethe Hot Disk apparatus.

Figure 3.7 illustrates mica sensor being placed between twarsgesiof concrete in the holder
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assembly. This holder assembly is further placed inside the &fRagure 3.3b) for exposure to
high temperature. The computer program controls the temperaturesioiapead furnace. The
concrete specimens are exposed to high temperature in a furoacected to Hot Disk
apparatus as per defined test conditions. The test condition paramammely, probing depth,
sensor type, initial thermal coefficient of resistance (T.CRJId time at steady state,
measurement power, and measurement times are to be progransmepu¢a in to Hot Disk
apparatus by user. For these tests, initial TCR of 0.004693 /K, probirty @fep® mm, sensor
measurement power of 0.9 W, hold time of 60 minutes and measurememf#0 seconds was
used. For high temperature measurements, a built-in value ofat @Rch temperature as per
sensor type was used. At each target temperature, once thealtfeguilibrium is attained,
thermal conductivity and specific heat are recorded. Then the tetupe in the furnace is
increased to next target temperature and this procedure is continued till 8@62&.an average
of 25 minutes to reach a target temperature with 100°C incremenéawtrage of 17 minutes
to attain a target temperature with 50°C increments. Averapdizing time to obtain uniform
temperature throughout the specimens was 300 minutes for 100°C increandntgas 210
minutes for 50°C increments. This resulted in average time of ruanammplete test on each
specimen to approximately 52 hours. Figure 3.8 illustrates timpeieture increments and
stabilizing times at different target temperatures.

In order to verify reliability of measurements, thermal proptsys were repeated on additional
specimens from the same batch of concrete. For this, three S@@-fo HSC samples were
selected and Hot Disk tests were repeated in the entire ta@tm@erange. The variability in the

thermal conductivity and specific heat was with in 5% indicatgood reliability of the
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measurements. To keep the results consistent with other conatatasfrom one batch of
measurements is presented here.

For thermal expansion measurement, samples were prepared aSTdr A 831-06 (2006).
Since concrete is a heterogeneous material, the specimenselerted from concrete prisms in
a manner that they contained aggregate and cement matrix inregresentative amount. After
carefully placing the specimen on expansion probe (Figure 3.5chk Isad of 0.02 N was
applied to the specimen through expansion probe to maintain staticctctetaveen the
specimen and the probe. The test equipment was first calibmadedesoed to make the TMA
ready for new test. The initial length of the specimen and ambient teomesratere recorded by
the TMA before start of test. Three TMA tests were perémnfior each type of concrete
throughout the temperature range of 20-1000°C. The temperature iniretsmal expansion
depends on the temperature ramp (heating rate) set by théoudkat particular test. Once
specimen is placed in position, inside TMA furnace, the testnsand controlled by software
that records dimensional change with increasing temperaturecdfarete specimens, the
selected ramp was 5°C per minute. It took three hours and twentyesifor each specimen to
reach target temperature of 1000°C. Figure 3.9 illustrates riipgetature ramp used in thermal
expansion tests. To ensure repeatability of the test results, 3 testsomeveted for each type of
concrete and average value was considered as final results.

Mass loss of all concretes was measured at various tempsraging 75 mm dia and 150 mm
height concrete cylinders. Mass loss measurement procedure involighingehe cylinder at
room temperature before it was exposed to high temperatures. Cylmele taken out form the
curing room and then air dried at room temperature for one hour before taking meadsiizm

testing. The dimensions of the cylinder were measured using @eramnier caliper at three
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places along length and diameter and average of the dimensienes used for volume
calculations. Room temperature density and mass calculatioesthegr based on weight of the

cylinders measured at ambient temperature.

Following room temperature density and mass calculations, the agingge then exposed to
higher temperatures in an electric furnace at a heatin@f&¥C/minute to target temperature.
Specimens were then allowed to stabilize for two hours to reteadys state conditions

throughout the specimen. Then the heated specimens were quicklyrteghstea sensitive

balance (with accuracy of 10t800f a gram) and weighed to record change in weight at that

target temperature. Mass loss was then evaluated at high &uomparsing both recorded room
temperature and high temperature weights. This procedure \paated for various target

temperatures.

3.4 Results and Discussion

The measured thermal conductivit&t)( specific heat @), thermal expansiorgg,) and mass

loss properties for plain and fiber reinforced HSC, SCC, and FAQ@rassented in this section.
Results of thermal property tests on NSC are utilized to camtee thermal properties of
different concrete types. Data from these tests is also tesaliscuss the effect of various

parameters on high temperature thermal properties.
3.4.1 Thermal Conductivity

The measured thermal conductivity of HSC, SCC, FAC, and NS@l@tted in Figure 3.10 as a
function of temperature. Thermal conductivity of these three contyés is between 2.4 and
3.3 W/m°K at room temperature range. For all three concretesnaheonductivity initially

decreases with temperature up to 400°C, then it remains almosardobstween 400 and
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500°C, and finally decreases again up to 800°C. This trend in thermal deitgduzdan be
attributed to variation of moisture content with increase in teryergBazant and Kaplan,
1996). The initial steep slope of thermal conductivity up to 400°C cattheuted to moisture
loss at a faster pace resulting from the evaporation obfrdgore water in concrete with rise in
temperature. The minor variation in thermal conductivity between 4008C5@0°C is due to
dissociation of small amounts of physically bound water presertriorete as a result of phase
change. Beyond 500°C, there is slow decrease in thermal condudtieit liberation of small

amount of strongly held moisture left within calcium silicate hydrate (G&}¢rs.

Thermal conductivity for FAC follows quite similar trend and lieser to that of HSC and NSC,
therefore it is deduced that there is not much differencleeinmal conductivity values of HSC,
NSC and FAC. Thermal conductivity of NSC follows trend close toetlvesicretes till 600°C,
however, after the thermal conductivity of NSC seems to stayaansthe main reason for
constant thermal conductivity of NSC beyond 600°C is that maximum delymiof NSC has
already taken place and there is not much physically or chéynound water left to lose. This
is not the case with other concretes, as high permeability saltetaining some chemically
bound water till higher temperature range and therefore causeerfuthermal conductivity

variation.

Thermal conductivity of SCC also follows a similar trend to H&xZept that it is slightly higher
as compared to other concrete types within 600°C temperature rdmg@eight be attributed to
the fact that SCC is produced by excessive use of chemicattades, and thus it has increased
amount dissolved chemical ions in mixed water. This higher condentrat chemical ions

slightly increases thermal conductivity of SCC (Ganguli et al., 2008).
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Figures 3.11 and 3.12 and 3.13 show the effect of fibers on the thermal candoe¢tHSC,
SCC, and FAC as a function of temperature respectively. For H&Cirends indicate that
addition of steel, polypropylene, and hybrid fibers to concrete doesigmficantly alter the
thermal conductivity up to 600°C. However, beyond 600°C fibers have mhangiluence on
thermal conductivity of fiber reinforced HSC. This minor influenan de attributed to
dehydration of the CSH, and also due to contribution of higher thermal d¢omgyucf steel
fibers present in the concrete mix.

For SCC the presence of fibers does have an effect as themalaictivity is higher for SCC-S
and SCC-H as compared to SCC-P. This modification might havedueeto contribution from
higher thermal conductivity of steel fibers as compared to polyfpeoe fibers. However, it can
be observed form Figure 3.12 that reduction in thermal conductivity Gf &G three types of
fibers follow similar trend throughout the temperature range tested.

In case of FAC, polypropylene fibers do not affect the thermadlactivity, as it is almost same
for both FAC and FAC-P concretes. Thermal conductivity of FA@ain temperature was a
little higher as compared to FAC-P, this can be attributed tpdhgropylene fiber matrix that
hinders flow of heat at room temperature, however, as the polypropyiememelt at about
169°C, the thermal conductivity of both concretes follow similar trémdughout the tested

temperature.
3.4.2 Specific Heat

The variation of specific heat for HSC, SCC, FAC, and NSC witip&ature is illustrated in
Figure 3.14. The specific heat for all the concrete typesinsnamost constant up to 400°C,
then increases up to about 650°C and then remains constant betwe0850ange. SCC and

FAC exhibit slightly higher values of specific heat throughouttémeperature range. This could
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be attributed to varying permeability characteristics of caacréhe permeability coefficients
for different concrete types as reported in literature dmaelaéed in Table 3.9. It can be observed
that SCC and FAC are less permeable than that of HSC and N®€.eXtra heat is absorbed
for releasing bound water in less permeable concretes, SCC and FAC dispxyspecific heat
values. Kodur and Sultan (2003) observed that the specific heat of H&@edcsed by
physiochemical processes that occur in the cement pasteggrebate above 600°C. This is
generally true with FAC and SCC as well. Above 600°C enormous amobatabfs required to
raise the temperature of the carbonate aggregate concreteulddtansial increase in specific
heat of SCC and FAC between 600 and 700°C, as compared to HSC, caribbéatto
presence of mineral and chemical admixtures in SCC and FAC haS@e specific heat closer
to HSC between 600-800°C, porosity and dehydration resulting fromofosster at early

temperatures is the cause of these decreasing values of NSC towards payatiee.

The effect of fibers on specific heat of HSC, SCC, and FAG dunction of temperature is
illustrated in Figures 3.15, 3.16 and 3.17 respectively. Addition of steelprpplylene, and

hybrid fibers to HSC and SCC has marginal influence on thefspkeat of concrete. Specific
heat up to 400°C is constant for three types of fiber reinforcedah8GCC, but beyond 400°C
there is slight influence of fibers. Influence of steel and klybbers on specific heat is similar
as compared to polypropylene fibers concrete up to 600°C; howeveedre®00 and 800°C,
polypropylene fiber reinforced concrete experiences drop in spbeifit Steel fibers present in
HSC-S and HSC-H help to control cracking and its propagation at higher temnee@d hence
density of the concrete does not get reduced resulting in higher specifielbwatver, in case of

HSC-P, polypropylene fibers decompose (after burning) leading tease in porosity of

concrete. As a result HSC-P becomes more permeable with tagk density, which gives
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lower specific heat for HSC-P in higher temperature ra8gurilar observations of crack control
and preserved density (in the case of steel fibers) are not&CforS and SCC-H concrete as

compared to SCC-P and are illustrated in Figure 3.16.

In the case of FAC and FAC-P, the specific heat remains congidant400°C; however there is
a marginal difference between the two concretes beyond 400§ketspecific heat in FAC can
be attributed to the dense microstructure that does not allowesappration of chemically
bound water and thus requires extra heat. On the other hand easygwa@ord dehydration in
the case of FAC-P is facilitated by enhanced porosity due twnguof polypropylene fibers.

Over all there is significant difference in the specific heat of the FRICFAC-P beyond 400°C.
3.4.3 Thermal Expansion

The variation of thermal expansion of HSC, SCC, FAC, and NSC isglag a function of
temperature in Figure 3.18. Thermal expansion generally incregbeemperature for all three
concrete types. This increase is substantial in 20-600°C temperatges and is mainly due to
high thermal expansion resulting from constituent aggregates arahtpaste in concrete. The
expansion rate subsidizes between 600-800°C for all three concretes, as lossaaigheound
water in hydrates causes shrinkage. Thermal expansion agarsuigstantially after 800°C and
this can be attributed to decarbonation of limestone based aggreghtss, macro crack
development is observed (Fu et al., 2004). Since calcium hydroxide, wshiahind in concrete
matrix, dehydrates above 800°C, maximum thermal expansion occurehe@@ and 1000°C.
At this point, the physically bound water held by limestone aggeswould also evaporate and
lead to this higher thermal expansion in concrete. In case ofth&S€xpansion follows a trend

similar to HSC and FAC, however expansion remains consister800ItC with significant
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changes (contraction or degradation). It can be attributed to @mgisbperties associated with

less damaged microstructure of NSC as compared to HSC or FAC.

It can be seen in Figure 3.18 that SCC has slightly higher géhexxpansion as compared to
other two concretes throughout the temperature range. This camilhetedtto higher chemical
and mineral admixtures present in SCC mix and also due to loweealitity of SCC. Thermal
shrinkage, instead of expansion, is observed in FAC between 800 and 1000°C aad ties c
attributed to presence of fly ash (25%) in the mix. This has also dstablished by Shehata et
al. (2000), who inferred that use of fly ash in concrete reducexplams&on of concrete and this

reduction is dependent on the volume of fly ash in concrete mix.

The effect of fibers on thermal expansion of HSC, SCC, and FAlQgFated in Figures 3.19,
3.20 and 3.21 respectively. The presence of fibers influences thexpaaision all three types of
HPC. In case of HSC, the addition of fibers reduces thermahsixpa Generally this effect of
fibers is much pronounced in 400-1000°C temperature range. This canribateatt to
differential thermal expansion of steel and also due to crack caftemt facilitated by steel
fibers. The addition of fibers shows an increased trend in thexpahsion in case of SCC. The
addition of polypropylene fibers has the least expansion in HSC a@ Serall, SCC
displayed 0.4% higher values of thermal expansion as compared to HSGheventire

temperature range.

In the case of FAC and FAC-P, the thermal expansion is high@éfAC; especially it is
significant beyond 400°C. Higher thermal expansion in FAC can alsatthbuted to the
impermeable and dense microstructure that does not allow easiraledry and therefore causes

extensive micro and macro cracks resulting from thermalssise$Vhereas this is not the case
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with FAC-P, as the thermal expansion is quite gradual and smbodnghout 20-800°C

temperature range.
3.4.4 Mass Loss

The variation in mass loss (ratio of mass at a specifieghbemature 1) to mass at room

temperatureNlg)), as obtained from tests, is plotted in Figure 3.22 as a funofitemperature

for plain HSC, SCC, FAC, and NSC. It can be seen that no sigrifroass loss occurs till
600°C in all concrete types; however moderate mass loss thmdus B0% of room temperature
mass takes place in 600-800°C in the case of SCC and FAC. Higissrlass takes place in
HSC in 600-800°C (about 20% at 800°C), which can be attributed to thevebladasy

dehydration in HSC which has comparatively less dense micraggudhe main reason for
sudden higher mass loss beyond 600°C is the loss of the hidden moissenat precarbonate
aggregate that vaporizes at temperatures above 600°C due to desafiamlomite. This is an

endothermic reaction which absorbs lots of heat. All these conavetesmade of carbonate
aggregate; the mass loss in these concretes follows almalsir shends throughout 20-800°C.
Compared to HPC, mass loss in conventional NSC is higher and thistdossfrom the early

stages of heating. This higher and early mass loss is atttitutsasy loss of moister form NSC
due to its permeable microstructure. However, ultimate massifoBSC at 800°C is quite

similar to other types of concrete, therefore it can be deduceedHar moisture retention in
HPC is due to low permeability and therefore higher thermal pgiepeas compared to NSC.
This is the reason that conventional NSC behaves entirely diffecentHPC under elevated

temperatures and suffers less from the detrimental effects of posenerésat builds up in HPC.
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The effect of fibers on mass loss of HSC, SCC, and FACustridited in Figures 3.23, 3.24 and
3.25 respectively. It can be seen that there is no significant efféibers on mass loss of these
HPC at elevated temperatures. This is explained by the pttatadFigures 3.23, 3.24 and 3.25)
which shows that fiber reinforced HSC, SCC, and FAC have alnmogarstrend of mass loss as

compared to plain form of the concrete.
3.4.5 Repeatability of Thermal Property Tests

Thermal conductivity and specific heat measurements wereedantit by testing one pair of
specimens for each test. Since high temperature measuremeatéowse carried out at 12
temperatures (100, 200, 300, 400, 450, 500, 550, 600, 650, 700, 750, and 800°C) on each
specimen type. Three measurements were carried out atteargedrature in a single test with a
time difference of 60 minutes at each temperature with Hd& &gsiipment. However, the tests
were not repeated for thermal conductivity and specific heatvido @a time and resources. It
should be noted that the sensors used for the high temperature theypsatypmeasurements
get destroyed after the test and these sensors are ypaysare. Moreover, a single test on Hot
Disk equipment took an average of 52 hours (about 3 work days). Howevensure the
repeatability of measurements and thermal conductivity and gpbkedt tests were repeated by
conducting three tests for SCC-P and two tests for HSC specimenghout the 20-800°C
temperature range. The variability was with in £5% and thus the@uare quite confident on

the reliability of the measurements.

Thermal expansion measurements were carried out by testeg shmples of each type of
concrete throughout the temperature range. For statisticakanadhe y-error bars are shown on
the TMA test on four types of concrete in Figure 3.26. These errsrshawn in the line graph

represent a description of confidence on mean representing the true expansios adlueaon
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of temperature. The more the original data values range above andlbelm&an, the wider the
error bars and less confident you are in a particular valuenmixémum standard deviation is
depicted by HSC values that are within 10% of the measured range; valuéstioeratoncretes

are much lower than 10%. Mass loss measurements were alsasiogeone sample at each
temperature. Like thermal conductivity and specific heat, massda@dso time consuming test
with each temperature test taking a day to complete. Thesenest therefore only repeated to

confirm results once mass loss property at a given temperature wadiaagigoutlier.
3.4.6 Summary

Temperature has significant influence on thermal properties of, HC, and SCC. The
thermal conductivity of all three concrete types generallyedsas with temperature, while the
thermal expansion increases with temperature up to 800°C. Converselficdpeat of all three
concrete types remains constant up to about 400°C, and then increasebayt €60°C before
following a constant trend in 650-800°C range. Results show that SGEsges higher thermal
conductivity and thermal expansion as compared to HSC and FAC iantipetature range of
20-800°C. However, specific heat of SCC lie in-between that o lH8d FAC in 20-800°C
temperature range. Compared to HSC and SCC, FAC has higher tlegpaalsion in 550-
850°C, and it shrinks in 850-1000°C. No significant mass loss occurs in$3C;,and FAC up

to 600°C, and moderate mass loss occurs in 600-800°C.

The addition of steel, polypropylene, and hybrid fibers to HSC, S@@G, FAC does not
significantly alter the thermal conductivity. However addition béfs increases specific heat of
SCC and HSC in 400-800°C, while in case of FAC the specific tesis in 400-800°C
temperature range. In the case of thermal expansion additidneas fo SCC increases thermal

expansion in 400-800°C, while in case of HSC and FAC the addition of fileergases the
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thermal expansion in 20-800°C temperature range. Fibers do not hagéewtyn mass loss in

HSC, SCC and FAC in the entire 20-800°C temperature range.
3.5 Relations for Thermal Properties

Data generated from the thermal property measurementdizeditio develop thermal property
relations for plain and fiber reinforced HSC, SCC and FAC. Thesgepies are expressed in
the form of empirical relations over temperature range of 20-8@0FEhermal conductivity,

specific heat and mass loss, and in 20-1000°C for thermal expansion. &hpsical relations

were arrived at based on linear regression. For the regressadysia, measured thermal
properties were used as response parameter with temperathes gsedictor parameter. Three
data points based on three measurements taken at a target terapgese used for regression

analysis.

For regression analysis, linear regression was selected bagée fact that thermal properties
are measured as a function of temperature and therefore helaipn of property verses
temperature is simple and more suitable. The procedure foraéisgthe parameters of any
linear model (linear fitting), the method of least squares carsbé simply by fitting a straight
line to a set of data points (Wackerly et al., 2008 ). The leastesypeocedure is used for fitting
a line through a set of ‘n’ data points where it is desired tthatdifferences between the
observed values and corresponding points on the fitted line to be minimual.c&&onvenient
way to accomplish this, and one that yields estimators with goodrpiesgpes to minimize the
sum of squares of the standard deviations from the fitted line. Teesa&ions in the response
value (thermal property) given by the predicted value (tenyoenais called the error and to
reduce these deviations in response values, sum of squares of deeabons/utilized. This
guantity is referred to as sum of squares of error (SSE).
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If the simple linear regression model fits the data welldifferences between the observed and
predicted values are small, leading to a smaller for SSEth®rother hand if the regression

model fits poorly, SSE will be large leading to a quantity knowooadficient of determination

R2 (Wackerly et al., 2008 ). Thl§2 can be interpreted as the proportion of the total variation in
the response that is explained by the variable prediction in@esimear regression model. The
accuracy of the statistical model is represented by coaiti of determination RZ’, that
represents proportion of the sum of squares of deviations of the respalnes about their

predictor (Mendenhall and Sincich, 2007). The vaIudeﬁ always between 0 and 1, where 1 is

the perfect fit of the equation to underlying data. For this stadynercially available statistical

software (Minitab) was used to find a linear fit through regoessnalysis. TheR2 value

obtained for the proposed equations lies between 0.84-0.9 that represeasom@albly high
confidence level in light of high variability in thermal properti€since fibers do not
significantly influence the thermal properties, the relationsgmtesl here are also applicable for
fiber reinforced HSC, SCC and FAC unless stated otherwise.t&ligited line plots for HSC,
SCC and FAC obtained by regression analysis are illustratagures 3.27 to 3.30 against their
measured data for thermal conductivity, specific heat, thermpansion, and mass loss
respectively. In these figures, the fitted lines obtained by ssigne analysis show least deviation
and thus provide a near perfect fit for the measured data.cQueperty variations in different

temperature ranges, the proposed equations give either linear or bi-lineafiaedrtrelations.
3.5.1 Relations for Thermal Conductivity

The test data clearly indicate that thermal conductivity isi@niced mainly by the type of high
strength concrete, moisture retention in concrete and temperahge. rTo capture this trend
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separate expressions are developed for thermal conductivity of 3G, &d FAC. For each
concrete type, thermal conductivity relations are presented antémperature ranges i.e.

between 20-400°C and 400-800°C. These relations are presented in Eqs 3.1 to 3.6.

HSC

k= 2.5-0.0033T 20°€ T <400°C (3.1)
ki = 2.3-0.002T 400°€ T < 800°C (3.2)
scc

ki = 3.12-0.0045T 20°€ T <400°C (3.3)
k; = 3-0.0028T 400°@ T < 800°C (3.4)
FAC

ki = 3-0.0045T 20°@ T <400°C (3.5)
ki = 2.6-0.0025T 400°€ T < 800°C (3.6)

3.5.2 Relations for Specific Heat

The specific heat is mainly influenced by type of concrete (HSC, FAC, SCC) and
temperature range. The effect of steel and hybrid fibersimmal throughout the range of
temperature specified. However, polypropylene fibers have somenofuan specific heat of
HSC and SCC in 650-800°C temperature range. To capture this treachteeequations are
proposed for polypropylene fiber reinforced HSC and SCC in 400-800°C raiumge range.

These relations are presented in Egs 3.7 to 3.21.
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HSC

Cp = 2.4+0.0002T

Cp = 2.4+0.0006T

For HSC-P only:

Cp = 2.4+0.0002T
cp = 1.0+0.0043T

Cp = 9.1+0.009T

SCC

Cp = 2.4+0.0001T

Cp = 0.6+0.006T

For SCC-P only:

Cp = 2.4+0.0001T
cp = 0.6+0.006T

Cp = 10.6-0.01T

FAC

Cp = 2.7+0.0004T

Cp = 0.3+0.0065T

20°€ T<400°C

400°€ T <800°C

20°€ T<400°C

400°€ T<650°C

650°€ T < 800°C

20°€ T<400°C

400°€ T < 800°C

20°€ T<400°C

400°€ T <650°C

650°€ T <800°C

20°€ T<400°C

400°€ T<600°C
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(3.13)
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(3.16)

(3.17)
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Cp = 3.6+0.0014T 600°€ T <800°C (3.19)

FAC-P
Cp = 2.63+0.00074T 20°€ T < 400°C (3.20)
Cp = 0.34+0.0021T 400°€ T < 800°C (3.21)

3.5.3 Relations for Thermal Expansion

The expression for thermal expansion of HSC, SCC and FAC arenfmeésa Eqgs 3.22-3.28.
Since thermal expansion of HSC has a direct correlation witpaeature, a single equation is
developed over entire temperature range. However, as it is obskatddw permeability and
presence of mineral and chemical admixtures of SCC and FAC difigeent influence at
different temperature range; three different thermal expangilations are presented to capture
the trend. As fibers have no pronounced effect on thermal expansiofB®foH SCC, same

relations can be used for fiber reinforced HSC and SCC.

HSC
&= -0.5+0.001T 20°@& T < 1000°C (3.22)
scc

&= -0.03+0.001T 20°€@ T <200°C (3.23)
&= -0.2+0.0017T 200°€ T < 700°C (3.24)
€= -0.5+0.002T 700°@ T < 1000°C (3.25)
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FAC

€ih= -0.03+0.001T 20°@ T < 200°C (3.26)
€= -0.17+0.0013T 200°€ T < 600°C (3.27)
€th= -0.5+0.0005T 600°€ T < 1000°C (3.28)

3.5.4 Relations for Mass Loss

Mass of HSC, SCC and FAC are presented in Eqgs 3.29-3.37. Sincdosgmskes not vary
significantly throughout temperature range, a single equation velagped over entire
temperature range for all these concretes. As fibers have no poedoefiect on mass loss of

HSC, SCC and FAC, same relations can be used for fiber reinforced HSC, SCBCand F

HSC

M/Mg=1 20°C (3.29)
M/M g = 1.01-0.0002T 20°€ T < 600°C (3.30)
M/Mg= 1.25-0.00055T 600°€ T < 800°C (3.31)
scc

M/Mg=1 20°C (3.32)
M/Mg = 1.01-.00014T 20°€ T < 600°C (3.33)
M/Mg= 1.01-.00016T 600°€ T < 800°C (3.34)
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FAC

M/Mg=1 20°C (3.35)
M/Mg=1.004-.00016T 20°€ T<600°C (3.36)
M/M = 1.004-.00019T 600°C <3800°C (3.37)

3.6 Summary

Tests were performed to measure high temperature thermaltmepd different types of high
performance concrete. For all three HPC (HSC, FAC and S@E)mal conductivity was
observed to have very little variation, however; specific heat digwificant variation with
temperature. Thermal expansion of three HPC increased with t&iomgeand followed almost
similar trend with slight variation for SCC. Similarly, thess loss did not show any significant
variation as a function of temperature. The presence of fibehese tHPC has an influence on
the specific heat and thermal expansion, but has no effect onath@nductivity and mass loss
property. Data from tests is utilized to develop high temperatla&ons for thermal properties
as a function of temperature. The proposed relations for the dhproperties can be used as
input data in computer programs for validations and evaluating the respbh8>C structures

exposed to fire.
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Table 3.1 - Test Matrix for evaluation of thermal properties

Temperature Number of Total
range (and : Concrete types (mixes) ) number of
S/No Property . Test equipment specimens
interval) tested tested tests
°C) carried out
(
20 to 400°C HSC, HSC-S, HSC-P,
1 Thermal @100°C interval Hot Disk HSC-H, SCC, SCC-S, ogx 14 (11 + 3
conductivity and 400 to 800°C SCC-P, SCC-H, FAC, repetitions)
@50°C interval FAC-P, NSC
20 to 400°C HSC, HSC-S, HSC-P,
e @100°C interval : HSC-H, SCC, SCC-S, 28* 14 (11 + 3
2 | Specificheat | 4 400 to 8oo°g MOt Disk SCC-P, SCC-H, FAC, repetitions)
@50°C interval FAC-P, NSC
2@());?&%%? c HSC, HSC-S, HSC-P,
Thermal : . HSC-H, SCC, SCC-S, .
3| expansion g'tg”te heating | TMA SCC-P, SCC-H, FAC, 33 33
FAC-P, NSC
Sensitive HSC, HSC-S, HSC-P
20, 100, 200 : ’ ’ ’
’ ’ ’ balance, calipers HSC-H, SCC, SCC-S, *
4 Mass loss 300, 400, 500, and electric SCC-P. SCC-H. FAC, 99 99

600, 700, 800°C

heating furnace

FAC-P, NSC

* All types of concrete had 20% extra specimens prepared for testing
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Table 3.2 - Mix proportions of plain HSC, SCC, FAC, and NSC batches

Components HSC SCC FAC NSC
Cement Type | ASTM C-150, ngm 560 327 420 390
Fine aggregate ASTM C-33, kg?m 630 735 708 831
Course aggregate ASTM C-33 (max
size 10 mm), kg/ 1090 904 1040 1038
Silica Fume, kg/r% 42 - 42 -
Fly Ash (Class C) ASTM C-618 -
(25% replacement of cement), kg3/m ) ) 140
Slag St Lawrence, kg/gm - 76 - -
Water, kgt 140 143 105 157
Water cement ratio (w/c) 0.25 0.44 0.25 0.4
Water to cementitious ratio (w/cm) 0.23 0.28 0.18
Air entraining admixture ASTM C- -
260, kg/nt ] 3 ]
Superplastizer , kg/?n 24 - .80 -
Retarding Admixture, kg/reh 1.63 - .45 -
High range water reducer ASTM C -
494 (Type F), kg/fh ) 81 )
Slump, mm 230 440 100 150
VSI index - 1.0 - -
Humidity, % 44 45 42 42
Ambient temperature, °C 23 23 24 22
Concrete mix temperature, °C 20 20 20 21
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Table 3.3 - Mix proportions for fiber reinforced HSC

Components HSC HSC-S HSC-P HSC-H
Cement Type | ASTM C-150, kg/m 560 560 560 560
Fine aggregate ASTM C-33, kgim 630 630 630 630
Course aggregate ASTM C-33 (max size 10
mm/0.4 inch), kg/ngl 1090 1090 1090 1090
Silica fume, kg/m 42 42 42 42
Polypropylene fibers, kg/?n - - 1 1
Steel fibers, kg/ i 42 i 42
Water, kg/m 140 140 140 140
Water cement ratio (w/c) 0.25 0.25 0.25 0.25
Retarding admixture, ASTM C494, mL?m 3403 3403 3403 3403
Slump, mm 230 200 100 50
Ambient humidity at casting (%) 44 45 44 44
Ambient temperature, °C 23 23 24 24
Concrete mix temperature at casting, °C 20 2@ 2( 2
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Table 3.4 - Mix proportions for fiber reinforced SCC

Components SCC SCC-§ SCC-R SCC-H
Cement type-l ASTM C-150, kg/i 327 | 327 | 327 | 327
Fine aggregate ASTM C-33, kg?m 735 735 735 735
Course aggregate ASTM C-33
. : /3 904 904 904 904
(maximum size 10 mm), kg/m
Slag St Lawrence ASTM C-989, (Grade -6 -6 -6 -6
120), kg/nt
water, kg/m 143 | 143 | 143 | 143
Water cement ratio (w/c) 0.44 0.44 0.44 0.44
Water to cementitious ratio (w/cm) 0.35 0.3b 0.35 0. 85
Air entraining admixture, ASTM C-260Q,
3 3 3 3 3
kg/m
High range water reducer & plasticizer,
3 81 81 81 81
ASTM C-494 (Type F), kg/m
Slump flow/spread, mm 440 410 420 410
VSl index 1.0 1.0 1.0 1.0
Humidity at casting, % 45 45 45 45
Ambient temperature at casting, °C 23 23 23 23
Concrete mix temperature at casting, fC 2( 20 20 20
Steel fibers, kg/r% - 42 - 42
Polypropylene fibers, kg/?n - - 1 1
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Table 3.5 - Mix proportions for FAC and FAC-P

Components FAC FAC-P
Cement (Type I), kg/rer’l 420 420
Fine aggregate, kgﬁm 708 708
Course aggregate (max size 10mm), ksg/m 1040 1040
Silica fume, kg/rr% 42 42
Fly ash - Class C (25% replacement of
cement), kg/m 140 140
Slag - Grade 120), kg/gm 76 76
Polypropylene fibers, kg/?n - 1
Water, kg/rr? 135 135
Water cement ratio (w/c) 0.32 0.32
Retarding admixture, mL/in 3403 3403
Superplasticizer - Type F, kg?m 27 27
Slump, mm 100 100
Ambient humidity at casting (%) a7 a7
Ambient temperature at casting, °C 24 24
Concrete mix temperature at casting, °C 20 20

Table 3.6 - Compressive strength of plain HSC, SCC and FAC mixtures

Age of concrete Compressive strength (MPa)
(days) HSC sce EAC NSC
7 71 46 53 20
28 81 61 72 41
90 90 72 36 50
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Table 3.7 - Compressive strength of fiber reinforced HSC, SCC and FAC mixtures

Age of concrete

(days)

Compressive strength (MPa)

HSC-S| HSC-P| HSC-H SCC-5 SCCiP SCC- FACQ
7 80 72 74 48 45 46 50
28 89 71 67 57 56 57 68
90 90 82 86 70 68 72 74
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Table 3.8 - Details of specimens for thermal properties for different bai€kesacrete.

Casted Extracted samples thermal properties

samples for — ~ Mass 0SS
S | Type of thermgl Thermal conductivity and specific Thermgl
No | concrete| —Properties heat expansion

100x100x300 60x60x25 mm prisms 10x18 mm 75x150 mm

mm prisms prisms cylinders
1 HSC 2 4 4 12
2 HSC-P 2 4 4 12
3 HSC-S 2 4 4 12
4 HSC-H 2 4 4 12
5 SCC 2 4 4 12
6 SCC-P 2 4 4 12
7 SCC-S 2 4 4 12
8 SCC-H 2 4 4 12
9 FAC 2 4 4 12
10 FAC-P 2 4 4 12
11 NSC 2 4 4 12
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Table 3.9 - Permeability coefficients for different types of concretes

Permeability .
S No | Concrete type coefficient Permeability measurement type
1 SCC 2,1><1o'17 m2 Gas permeability (Boel et al., 2008)
2 FAC 1.8x10'16 m? Gas permeability (Shi et al., 2008)
3 HSC 1,5><1o'16 m2 Gas permeability (Noumowé et al., 2009)
4 NSC 2.4-6.8><1012 m/s Liquid and gas permeability procedures

(Mindess et al., 2003)
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(@) (b)

Figure 3.2 -Typical test specimens for undertaking thermal cetidity and specific heat te:
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(a) Hot Disk TPS 2500S thermrconstants analyzer (b) Furnace

Figure 3.3 -Test setup and apparatus for room temperature ighddmperature therm
conductivity and specific heat te

BRI

(a) Mica sens( (b) Kapton sensor
Figure 3.4 -Two types of sensors used with Hot Disk TPS 250@8nal constants analyz
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(b) (€)

Figure 3.5 -TMA setup for measurement of thermérain as a function of temperat
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Figure 3.6 - Room temperature sample holder

(a) Hot disk sensor being placed (b) Concrete specimens ready
between two concrete specimens for thermal property tests
with sensor placed inside

Figure 3.7 - Hot Disk (TPS) mica sensor being used between two specimens efeconcr
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Figure 3.8 - Time-temperature graph showing heating rate and staptiizie for Hot Disk tests
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Figure 3.9 - Time-Temperature graph showing heating rate for therpehgrn tests
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Figure 3.13 - Measured thermal conductivity as a function of temperature forreACAL-P
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Figure 3.17 - Measured specific heat as a function of temperature forACAL-P
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Figure 3.18 - Measured thermal expansion as a function of temperature for HSGACand
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Figure 3.19 - Measured thermal expansion as a function of temperature for plaimeand fi
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Figure 3.20 - Measured thermal expansion as a function of temperature for plaimeand fi
reinforced SCC
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Figure 3.21 - Measured thermal expansion as a function of temperature for FABGuRI F
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Figure 3.23 - Measured mass loss as a function of temperature for plain amdififeeced HSC
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Figure 3.26 - Thermal expansion plot showing error bars for standard deviatioBGoISECC,
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Figure 3.27 - Thermal conductivity data verses fitted lines for HSC, SGFAC
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Figure 3.28 - Specific heat data verses fitted lines for HSC, SCC, and FAC
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CHAPTER 4

4 MECHANICAL PROPERTIES CHARACTERIZATION

This chapter is mainly based on the following journal papers:

Khalig, W., and Kodur, V. K. R. (2010). "Effect of high temperature onileesgrength of
different types of high-strength concrete.” Conference Pratsemt ACI Spring Convention,
Chicago, IL.

Khalig, W., and Kodur, V. K. R. (2011). "Effect of high temperature onileesrength of
different types of high-strength concrete.” ACI Mater Journal, 108(4), 394-402.

Khalig, W., and Kodur, V. (2011). "High temperature properties of fiearfarced high
strength concrete." Innovations in Fire Design of Concrete Structur€és SR 279, 3-1-42.
Khalig, W., and Kodur, V. (2011). "Thermal and mechanical properties af rgdeforced
high performance self-consolidating concrete at elevated tatopes.” Cement and
Concrete Research, 41(11), 1112-1122.

Khalig, W., and Kodur, V. K. R. (2012). "High temperature mechanical piepesf high
strength fly ash concrete with and without fibers." ACI Mater Jdalrsubmitted and

reviewed.

4.1 General

For evaluating fire response of concrete structural memberdyamieal properties of high

performance concretes (HPC) are required. These propertladarstrength, elastic modulus,

stress-strain curves which vary with temperature. As discussbe literature review Chapter,

there is lack of data on high temperature mechanical prepeasti HPC. Availability of high
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temperature mechanical property relations for HPC is drifica evaluating the strength
degradation of structural members made of such concrete types.

In order to evaluate the effect of temperature on mechanical pespefr HPC, high temperature
property tests on compressive strength, tensile strength, elastitlus and stress-strain
behavior were carried out. The generated property data was dutibzdevelop relations for
various mechanical properties as a function of temperature in 20-8D@télls of experimental

design, test equipment, test procedures and obtained results are discussed in énis chapt
4.2 Design of Mechanical Property Experiments

The test program was designed to undertake high temperatohameal property tests on three
types of high performance concrete mixes namely HSC, SCC, &AGd Fo further study the
effect of fibers on mechanical properties, three types ofsfihamely steel, polypropylene and
hybrid fibers were added to HSC, SCC, and FAC concrete mixegh&dests, a number of
cylinders were fabricated from each batch of concrete. Thdiseler specimens were tested at
various temperature points in 20-800°C temperature range to evalechanical properties. For
comparison purpose NSC specimens were also tested for compreassngthsand splitting
tensile strength behavior at elevated temperatures. As suoffttaga is available for stress-strain
curves and elastic modulus in literature on HSC and NSC mixesfdiesrthese tests were not
carried out for NSC, HSC and fiber reinforced HSC to reduce time and effort.

In the absence of standardized test methods for high temperangtls tests on concrete in
ASTM standards, RILEM (2000; 1995) test procedures were mostly dldw evaluate the
mechanical properties of concrete. Special handling techniquesdeeetoped as part of this
study to transfer heated cylinders from furnace to strengthnmechine. For this purpose a

thermal jacket was used to transfer the specimens for cesigestrength and stress-strain tests

119



and insulated steel bracket frame was used to transfer spedonesgitting tensile strength
tests. The strength test machine was also upgraded to acdoriglis temperature tests on

concrete (HPC) cylinders.
4.3 Mechanical Property Tests

Mechanical property tests, namely compressive strength, rgplitensile strength, elastic
modulus and stress-strain curves were carried out on HSC, SGT aRé NSC as per test
matrix given in Table 4.1. Details on specimen fabrication, test equipment sapdaeedure are

presented in this Section.
4.3.1 Mix Proportions

For mechanical property tests, cylinders were prepared fr@same concrete batch mixes
(HSC, SCC, FAC and NSC) as those used for thermal propertiegbeglinders were cast at
the same time under similar conditions. The details of the mix gropsylaboratory conditions
at time of casting of these concretes are given in Chapter Tables 3.1 to 3.4. Room
temperature compressive strength details of for plain and fildoreed HSC, SCC, FAC, and
NSC at 7, 28, and 90 days are given in Chapter 3 in Tables 3.5 andp@&ivety. The 28 day
compressive strength of different concretes ranged from 52-81fddRéain NSC, HSC, SCC,
and FAC as given in Table 3.6. The 28 days compressive strengikrafeinforced HSC, SCC,

and FAC ranged between 56-89 MPa as given in Table 3.7.
4.3.2 Test Specimens

From each batch of HSC, SCC, FAC, and NSC, two sizes of ciingere fabricated; 100x200
mm cylinders for room temperature compressive strength tedt¥%x150 mm cylinders for

high temperature compressive strength, stress-strain curvesplahdgstensile strength tests.
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The use of smaller cylinders for high temperature propentgsdue to limitations on heating
chamber of the electrical furnace. The heating chamber is of 150m&08ize and specimen
smaller than the furnace chamber can fit inside for exposumghaemperature. RILEM (2000;
1995) test standards do not impose a limitation on size of specifmemsgh temperature
mechanical properties; therefore a specimen size of 75x150 tmderywas selected for this
study.

The details on size and number of cylinders for high temperatechanical properties are given
in Table 4.2. In this table the difference in quantities of cylinféaréigh temperature strength
tests is due to number of target temperatures tested fquattagular concrete type. Two type K
thermocouples (TCs) were embedded in cylinders one in the middle and one on the stinkace of
cylinder. Figure 4.1 illustrates these locations of thermocouplea cylinder. For calibration
purpose, 25% of test cylinders were instrumented with TCs to neesitemperature rise and
stabilization times in the cylinder's cross-section during hgatnd also to measure the
temperature drop during the testing process. The age of concrete taheéhef mechanical

property tests was 6 months or older.
4.3.3 Test Apparatus

The test setup for measuring mechanical properties consistedebtécaric furnace (see Figure
4.2) to heat the concrete cylinders and Forney strength testrmaachtcarry out compressive
strength (including elastic modulus and stress-strain custe)tand splitting tensile strength
tests. In evaluating strength property at elevated tempesatappropriate heating conditions
have to be simulated. The electric furnace used to expose cglitadreating was specially
designed for simulating high temperature conditions and could produceirmumatemperature

up to 927°C. It is equipped with internal heating electric elements, avramp and hold
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temperature controller, capable of generating different heatgs. The furnace heating
chamber, with 150x200 mm internal dimensions, is lined with stekkfao withstand any

possible spalling in concrete cylinders.

Forney strength test machine as shown in Figure 4.3, is a loawlmxhtest machine which
allows to manually control rate of loading during testing. Thiengjth test machine that was
utilized to undertake compressive and splitting tensile strengtis ie an 1800 kN load

controlled compressive test machine which is capable of loading cylinders up to Bit&onet

For stress stain response tests, modifications were done tortiey trength test machine by
introducing a 900 kN load cell and two linear variable displacemaméducers (LVDTSs). These
instruments were connected to a state-of-the-art data acquisytstem for recording load-
displacement response. This data acquisition equipment is based orlEM#&bMeasurement
software, which helps in real-time data recording by autompageveral measurements from
multiple instruments. Load-displacement measurements weredeecat a frequency of 100

readings/sec and were averaged out to 10 readings/sec as final results.

For handling (transporting) and loading the heated cylinders ipm@ssion and splitting tensile

strength tests, special arrangements were made. A theriketl ye&es used for moving the heated
cylinders from the furnace to the Forney strength test machine for compretsength tests (see
Figure 4.4). This thermal jacket composed of 50 mm thick ‘fiberfriagh temperature

insulation blanket sheet material (made of refractory cerfibecs) and was designed to wrap
tightly around heated cylinders. Use of thermal jacket allowfedasad easy transfer of cylinders
for carrying out the compressive strength and stress-stist fta temperatures up to 800°C.

The thermal jacket also helped to minimize heat loss in thedeyl during testing and it was
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noted through observations on instrumented cylinders that from sthg tést to the end of the

test an average temperature drop of only 10°C was recorded in cylinder’s temgoerat

Splitting tensile strength test is more complicated agyitires placing of cylinders in a precise
manner under test machine to apply a diametral compressivea®mer ASTM C 496 (2011).
This gets further challenging under elevated temperatures eyti@der is heated (up to 800°C)
and it becomes cumbersome to position (align) the cylinder preekeig its diametral lines.
To overcome this problem, a specially designed and insulated stekétbfiiame was used to
transfer the heated cylinders from furnace to tensile strength tesinmas shown in Figure 4.5.
This frame had an opening of 45x172 mm at the bottom and was designet & manner that
the cylinder could be placed on side extending out of this opening. Als88twon wide and 19
mm deep rectangular notches were made on vertical sidesn#f §@that a steel loading strip of
38x25 mm cross-section would precisely run along and align on top of cilmeetral side of
cylinder (opposite side of bottom opening in frame) as shown in FgbreTo preserve the
temperature in the cylinder, this frame was insulated withrffdoe material. Alignment lines
were marked on bracket, as well as on platens of strengtmgedtine, to facilitate aligned
placement. The frame thus helped carrying out splitting terstriength tests at elevated

temperatures with safe transfer and precise positioning of cylindersigsee £.6).

4.3.4 Test Procedure

4.3.4.1 General Procedure

The mechanical property tests were carried out at various tatape points using unstressed
test method as describe in Section 2.3.2. Figure 4.7 shows the twe fetaf@s test; first the
cylinders are heated without preload to the target temperatureh@manoved to strength test

machine for loading. The test parameters, such as age of casicreséing, loading and heating
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conditions, were followed as per RILEM (2000; 1995). A heating rataf) of 2°C/minute was
selected based on the cylinder size and type of tests &dlfe¥ test procedure (2000; 1995).
The time-temperature graph shown in Figure 4.8 illustrates then¢peamp used to heat and
hold times required to achieve steady state temperature inylimelets at a given target
temperature.

Figure 4.9 illustrates the temperature progression in the ®iroacthe surface and at the center
of 75x150 mm test cylinder for the case of 600°C target temperalimee type K
thermocouples (TC), two on the cylinder and one in the furnace (seeHi@(a)) were used to
record temperatures in the furnace, at the surface andepiti-of the cylinder. As expected, the
rise in temperature at the center of the cylinder was mueteslthan the surface and furnace
temperature and this is due to low thermal conductivity of condfatpire 4.9(b)). It was
observed that a hold time of two hours was required to reach they s&sid (uniform
temperature distribution) in the cylinder at all the target temperatures.

To further confirm effect of hold time required for reaching therewilibrium, additional
calibration tests were repeated at 100°C with different hold toh€&®, 90 and 120 mins. The
effect of different hold times on moisture loss is plotted in EEgud0. It can be seen in Figure
4.10 that at 100°C, the core (mid-depth of cylinder) temperature w&3 68nd 100°C at 60, 90
and 120 mins hold time respectively. The corresponding moisture Idsselgcted hold times
was 0.65, 0.6, and 0.4% respectively. These results illustrate thatl airhel of 120 mins (2
hours) ensures complete thermal equilibrium to be attained adressrass-section of the

cylinder at a target temperature.
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4.3.4.2 Compressive Strength

After achieving steady state condition, the heated cylingders covered in thermal jacket and
transferred to strength test machine to undertake compresgngthtand stress-strain tests. The
cylinders were then moved to strength test machine and ghathesded at a loading rate of 0.5
MPa per second with a precision of +1 % (as per RILEM tesepoe) till failure occurred and
the failure load was recorded. Figure 4.11(a) shows the cylinder poi undertaking
compression (and stress-strain) test and Figure 4.11(b) showsdacidinder after compression
test. For high temperature compressive strength, one cylinder ested tat each target
temperature. Test was repeated to confirm results at sefeperatures where recorded result
was unusual or lied outside the tolerance range. Compressive Isttesigt for NSC and HSC
(plain and with fibers) were carried out at temperatures 20, 100, 200480, 500, 600, and
800°C. For SCC (plain and with fibers) these tests were carrie@Oput00, 200, 400, 600, and
800°C. For FAC and FAC-P the compressive strength tests were dadde24t0, 400, 600, and
800°C temperatures. The details on the tested temperaturestemnhls for compressive
strength are given in Table 4.1.

4.3.4.3 Tensile Strength

After heating, the cylinders were carried in steel braflkahe and transferred to strength test
machine for undertaking splitting tensile strength tests. Thedss were then gradually loaded
at a loading rate of 0.25 MPa per second till failure occurredrenéiailure load was recorded.
Figure 4.12(a) illustrates the cylinder prior to undertakingtsp tensile strength test, whereas
Figure 4.12(b) shows a failed cylinder after failure. For higmgerature splitting tensile
strength tests, one cylinder was tested at each target sgorpeiSimilar to compressive strength

tests, some tests were repeated only at temperatures védoerded data were unusual or lied
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outside the tolerance range. Splitting tensile strength testSC and HSC (plain and with
fibers) were carried out at temperatures 20, 100, 200, 300, 400, 500, 600, and 800CC For S
(plain and with fibers) these tests were carried out 20, 200, 3006@00and 800°C. For FAC
and FAC-P the splitting tensile strength tests were don20at200, 400, 600, and 800°C
temperatures. The details on the tested temperatures and infengalktting tensile strength are

also given in Table 4.1.

4.3.4.4 Stress-Strain Curves and Elastic Modulus

Stress-strain curve tests were carried out on SCC and FA@lers both with and without
fibers. Figure 4.13 illustrates a cylinder prior to undertaking ss@sin curve test. Test
procedure similar to one for compressive strength test was ddigptstress-strain curve tests.
Load-deformation data was recorded with data acquisition sysyelmading the cylinders at a
rate of 0.5 MPa per second till failure of the cylinders. Wbdeying out the tests for stress-
strain curves, the failure load was also recorded through contrdl glaRerney test machine.
This failure load was used to counter check the failure loads fompressive strength tests.
Collected load-deformation data was used to evaluate stress-@iraes for tested concretes.
Elastic modulus for SCC and FAC was calculated from the megstnress-strain curves. Elastic
modulus at room temperature is generally evaluated as the dlamenpressive stress-strain
curve corresponding to 40% of stress (ASTM C39, 2009). This approach weaslexk to
evaluate the modulus at high temperatures. For SCC (plain and lvatk)fistress strain curves
and elastic modulus was evaluated 20, 100, 200, 400, 600, and 800°C temperatures favhereas
FAC and FAC-P, these properties were evaluated at 20, 200, 400, 600, andeBfpégatures.
The details on the tested temperatures and intervals of thesg-sirain tests are given in Table

4.1.
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4.4 Results and Discussion

Results from above tests are utilized to discuss the efféetnpferature on strength and modulus
properties of plain and fiber reinforced HSC, SCC, and FAC ingbetion. To compare the
strength loss with temperature, compressive and tensile streisgits of conventional NSC are
also discussed included with plain HSC. Effect of fibers on highpéeature strength for

particular type of concrete is also discussed in separate sub-sections.

4.4.1 Compressive Strength

The recorded applied load at which the heated cylinder failed irpresgion was used to
compute compressive strength at each temperature and these aralydotted as a function of
temperature for NSC, HSC, SCC and FAC in Figure 4.14. For all fmoretes, compressive
strength decreases with temperature which can be attributed/sicgdhand chemical changes
that occur in concrete at higher temperatures. This losgym#fiscant in HSC and FAC as
compared to NSC and SCC especially at temperatures beyond 300CCGx8Dits minimum
strength loss throughout 20-800°C temperature range. The higher drop of ssiwgstrength
at 100°C in SCC can be attributed to excessive moisture Id30&C as SCC has the higher
amount of initial moisture content (higher w/c ratio). Of difféareoncretes, FAC exhibits

maximum compressive strength loss especially in 20-400°C temperature range.

The relative compressive strength loss in NSC, HSC, SCC a@dfélfows similar trend to its

absolute strength as shown in Figure 4.15. NSC displays the leasif losmpressive strength
ratio as compared to HSC. It can be seen that both SCC and M8t better compressive
strength ratio with about 35% of retention of compressive stren@B0AC as compared to HSC

and FAC. Moisture content in concrete plays a significant rolestention of compressive
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strength in high performance concretes. As in the case of HSEA®@dIow moisture content

caused early desiccation leading to higher strength loss as compared to SC&Cand N

4.4.1.1 High Strength Concrete

The compressive strength evaluated at each temperature isl @steefunction of temperature
for HSC with and without fibers in Figure 4.16. In all types of cete& physical and chemical
changes that occur at elevated temperatures lead to aaghifeduction of compressive strength.
HSC (plain and with fibers) gradually lose strength with temuoee in 20-800°C range in a
similar trend. This loss is slightly higher in 20-400°C and canabiebuted to dense
microstructure of HSC that undergoes more thermal stressasefraporation of moisture up to
400°C and does not let water vapors to escape easily. This effdtdrasstablished by Castillo
and Durrani (Castillo and Durrani, 1990) that moisture in concretelé@imental effect on high
temperature compressive strength of HSC. It can be seernbirat do not have much effect on
high temperature compressive strength of HSC. Beyond 400°C, alH®Gs exhibit similar
trend of slower strength loss. This degradation in strength cattribeited to slow disintegration

of microstructure due slower loss of chemically bound water in 400-800°C temrpenaatge.

The ratio of recorded compressive strendith 1/’ ¢ for HSC with and without fibers is shown

in Figure 4.17. The strength loss is higher in 20-400°C range and lowé89-800°C range.
This can be attributed to higher loss of physically bound moistureriarete up to 400°C as
explained above. Fibers do not have much pronounced effect on the compressigth of

HSC both at room temperature and at higher temperature.
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4.4.1.2 Self-Consolidating Concrete

Measured compressive strength of SCC and fiber reinforced S@tied as a function of
temperature in Figure 4.18. For SCC, there is an initial reduaticzompressive strength at
100°C and then strength regain at 200°C. SCC is produced with higher cgatent ratio;

therefore the strength loss at 100°C can be attributed to mdesture loss which is higher in
case of SCC. The increase in strength in 100-200°C temperahge can be attributed to

rehydration and moisture migration (Dias et al., 1990; Fares et al., 2010).

It has been established that moisture in concrete has signigffaet on high temperature
compressive strength of concrete (Castillo and Durrani, 1990). F@ imoisture loss up to
100°C, due to evaporation of free water, the strength drops sharply; pweheexcess loss of
free water (SCC is produced with higher w/c ratio), compressivength stabilizes at
temperatures between 100 and 400°C. Beyond 400°C the strength loss becaualsvgth

increase in temperature for SCC and fiber reinforced SCC. Téikigl degradation of strength
(without substantial drop) can be attributed to slow loss of chéyibaund water due to
dehydration and disintegration of C-S-H in concrete (FIB Bull@8n2007). In the case of fiber
reinforced SCC the loss of compressive strength with temperausbout same for SCC-S,
SCC-P and SCC-H throughout temperature range. This can be dedatcd thddition of fibers

does not have much effect on the variation of compressive strength of SCC with tereperat

The ratio of recorded compressive strength at target tempef’eggr to compressive strength at

room temperaturf . for SCC and fiber reinforced SCC is shown in Figure 4.19. Thavesla

strength loss in all concretes follow similar trend to itsollie strength. The initial strength

reduction at 100°C temperature is attributed to excess moisturaddSCC (plain and with
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fibers) is produced with higher w/c ratio. There is noticeabéngth retention in SCC (with and
without fibers) even at 800°C and this range from 30 to 44%. This déatength retention is
much higher than conventional HSC, which has less than 20% relativeessmprstrength at
800°C (Chen and Liu, 2004; Felicetti and Gambarova, 1998). This observatiormesotifat
high strength SCC has superior microstructure and thereforeydig@tter compressive strength

even at higher temperatures.

4.4.1.3 Fly-ash Concrete

The compressive strength of FAC and FAC-P, which is plotted iar&ig.20, decreases with
temperature in 20-800°C. In the case of FAC, which has a compressngth of 86 MPa at
room temperature, there is high reduction in compressive gtrahg800°C initially, followed by
gradual loss in 200-600°C and then again rapid decrease in 600-800&CTaagnitial strength
loss up to 200°C can be attributed to damage caused by thernsakestfeom pore pressure.
After the moisture is driven out and pore pressure reducesirémgth loss becomes gradual in
200-600°C and this is mainly due to spreading of microcracks. The higtadaion of
compressive strength of FAC above 600°C can be attributed to botrcgdhgsid chemical
transformation of concrete that takes place between 600 and 800°Gngesuttecomposition,

softening and loss of binder property in concrete (Khoury et al., 1985).

Unlike FAC, FAC-P experiences gradual loss in compressivegstrahroughout 20-800°C
range. Despite lower initial compressive strength at roorpéesture (than FAC), FAC-P shows
significant retention in tensile strength throughout 20-800°C. The moisture iret®hams in to
vapors above 100°C and induces pore pressure resulting in thermalostnessrostructure of
concrete. This pore pressure gets alleviated due to increased typdogsimelting of

polypropylene fibers around 162°C temperature and reduces thernsakstrevhich is a reason
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for low degradation of compressive strength in FAC-P. In compats@onventional HSC,
FAC follows almost similar trend of strength loss in the ent@mperature range. This shows

that compressive strength variation of FAC is almost similar to that of coonahtSC.

The ratio of recorded compressive strength at target tempmrﬁtc,-r) to that at room

temperaturef{c) for FAC, FAC-P is shown in Figure 4.21. The relative strength loss in FAC and

FAC-P follows similar trend to absolute strength variation, howekFAC-P shows much
improvement in strength retention in 200-600°C range as compared FAQ:ahhe attributed
to less damage to microstructure of FAC-P, facilitated throngleased porosity resulting from

melting of polypropylene fibers.
4.4.2 Splitting Tensile Strength

The recorded applied load at which the cylinders failed wereé ttseompute splitting tensile

strength (T) as per ASTM C496 (2004), using formtd2P/zld, where P) is the failure load,

() is the length anddj is the diameter of the tested cylinder. Measured splitéingile strength

of NSC, HSC, SCC and FAC is plotted as a function of temperatufeggure 4.22. It can be
seen that all concrete types experience loss in temilggth with temperature. Loss in splitting
tensile strength is dependent on the physical and chemical shange occur at higher
temperatures. Except SCC, other concrete types exhibit sim@tad in loss of splitting tensile
strength throughout 20-800°C temperature range; however in SC teinsilgth was degrade
less in 20-400°C temperature range. FAC exhibited lower splittmgiléestrength among tested
HPC. Beyond 400°C all concretes significantly lose splitting kerssiength mainly because of

excessive thermal stresses and thermal incompatibility wittenconcrete matrix. Moreover
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development and spread of micro and macro cracks effect loss s testrength more as

compared to compressive strength as these expedited the splitting of cylindezxampeession.

The relative splitting tensile strength loss in NSC, HSC, $@€ FAC is illustrated in Figure
4.23. Loss of splitting tensile strength in HSC and FAC is amtib conventional NSC. In
comparison, SCC exhibits higher tensile strength ratio, espetd ratio is significant and
noteworthy in 20-400°C temperature range. This increase inlgessength is of much
advantage in mitigating the fire induced spalling in SCC and trerefan enhance the fire

resistance rating of RC members made of SCC.

4.4.2.1 High Strength Concrete

Figure 4.24 illustrates the splitting tensile strength as aitmof temperature for HSC with and
without fibers. Splitting tensile strength reduces with tempezaiturall four concretes up to
800°C. In both HSC-S and HSC-H, significant retention in splittinglleesgength is observed
up to 300°C which can be effective in minimizing fire induced spalliings retention in tensile
strength can be attributed to effectiveness of steel fibdmsdging cracks under tensile loading.
Shah (1991) deduced that fibers substantially enhance room temperatile s&rength of
concrete, as fibers suppress localization of microcracks intgooracks and consequently
tensile load capacity of concrete increases. In case of plaihad8 HSC-P the tensile strength

loss is higher in 20-800°C temperature range compared to HSC-S and HSC-H.

The ratio of recorded splitting tensile strenfjtr/ f't for HSC and fiber reinforced HSC (HSC-

S, HSC-P, and HSC-H) is shown in Figure 4.25. The ratio of terisélegth loss is higher for
HSC and HSC-P in 20-400°C where as it is least for HSC-S adHHS his can be attributed

to effectiveness of steel fibers which arrest crack mtaand propagation. Test data indicates
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that HSC and fiber reinforced HSC retain about 35% to 45% ohatitgnsile strength at 600°C

which is quite significant and can be effective to mitigate spalling.

4.4.2.2 Self-Consolidating Concrete

Figure 4.26 illustrates the degradation of splitting tensilengthein SCC and fiber reinforced
SCC (SCC-S, SCC-P, and SCC-H) as a function of temperatutee tase of SCC which has a
lower tensile strength of 4 MPa at room temperature, the tieduan tensile strength is gradual
and almost linear in SCC up to 400°C and then there is sharp reductiensile strength to
800°C. This sharp reduction in splitting tensile strength beyond 400°C caitribeted to the
development of excessive micro and macro cracks resulting fromahstresses and thermal
incompatibility within SCC. This is in line with the reported dayaSideris (2007), Chan (1999)
and Khoury (1992 ).The slower degradation of strength (without substehtinfjes) at early
stages in all SCC’s can be attributed to its highemst#§ as compared to fiber reinforced SCC.
Both SCC-S and SCC-H display higher ratio of splitting tensitength in 300-800°C
temperatures range which can be attributed to presence offisgsl which help arrest the
development and propagation of micro and macro crack under teradi@do SCC-P has the
lowest splitting tensile strength beyond 250°C which indicates tlfii@r anelting of
polypropylene fibers at about 180°C there is significant degmadati its microstructure

resulting from increased porosity.
Figure 4.27 illustrates the ratio of recorded splitting terstilength at a target temperatm’rg-r

to the splitting tensile strength at room temperaflydor SCC (plain and with different fiber

combinations). The ratio plotted in these figures indicates that addition of goyygne fibers to

SCC caused more reduction in splitting tensile strength as caloskeved for SCC-P and SCC-
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H. Also the figure shows that SCC and fiber reinforced SCnrataout 40 -50% of its tensile
strength at 600°C and this is quite significant as compared tokp&ihwhich has only 30% of

its retained tensile strength at 600°C.

4.4.2.3 Fly-ash Concrete

Figure 4.28 shows the splitting tensile strength for FAC a(@-P as a function of temperature.
For FAC, which has a lower initial tensile strength of 4.2 MPa, the reductiensiid strength is
gradual and is almost linear in 20-800°C. This gradual degradatiostrefigth (without
substantial changes) can be attributed to enhanced microstrineturesults from reaction of fly
ash with calcium hydroxide formed during hydration of cement. Icdélse of FAC-P, the loss in
tensile strength is similar to FAC up to 200°C. In both FAC a&@-P, the early loss of tensile
strength in 20-200°C can be attributed to the progression of mickscrasulting from the

temperature induced pore pressure.

FAC-P retains significant tensile strength in 200-800°C rangetlais can be attributed to lesser
microstructural damage in concrete facilitated through increasexs$ity resulting from melting
of polypropylene fibers at about 162°C. This increased porosity helpHiemation of pore
pressure generated from moisture movement in FAC-P and reduaeddhe of microstructure

damage within the matrix and this helps in retention of higher tensile strengtf60@°C.

The ratio of recorded splitting tensile strength at targeiperature f(t,T) to splitting tensile
strength at room temperaturk) for FAC and FAC-P is shown in Figure 4.29. Measured test
data indicates that FAC and FAC-P have about 23, 48%pf f't at 600°C respectively that is

in the range of reported data for high strength concretes, by athkors (Behnood and
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Ghandehari, 2009; Li et al., 2004). The improved tensile strength ofAFFlCentire temperature
range, as compared to other two concrete types, is mainly due toetiaficial effect of

polypropylene fibers that minimizes cracking in concrete as shown ineHg2®.
4.4.3 Elastic Modulus

The elastic modulus of concrete is dependent on moisture content@odtracture of hydrated
cements products in paste (Bazant and Kaplan, 1996). As physical@andcahchanges occur
in concrete due to increase in temperature, elastic modulus degvdaldetemperature. Data
generated from compressive stress-strain curves was uséthto elastic modulus of different

concretes at various temperatures.
4.4.3.1 Self-Consolidating Concrete

Figure 4.30 illustrates the relative elastic modultg {/E¢) for SCC (plain and fiber reinforced)

as a function of temperature. The elastic modulus for all four descoecrease in 20-800°C
temperature range. SCC exhibits lower elastic modulus whichbeaattributed to thermal
damage to dense microstructure of SCC as compared to SCC-F 86€-SCC-H. Use of
fibers in SCC mix helped reduce (slow down) the degradation in moduhiss.isT achieved
through melting of polypropylene fibers as they help alleviate passure (thermal stresses),
steel fibers help reduce propagation of micro and macro cracksybrid fibers help reduce
both of these affects combined. SCC-H therefore exhibits the dedstioration in elastic
modulus as compared to other types. The reduction in elastic modulu€irs S@nilar to that
reported by Persson (2004) and Bamonte and Gambarova (2010). Hotevertio of

reduction for elastic modulus of fiber reinforced SCC is muchdesgpared to SCC which is
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attributed to presence of different fibers to SCC mix that enhatscekastic modulus at higher

temperatures.

Modulus for SCC-S and SCC-H initially remains constant up to 1008Gheam sharply reduces
up to 200°C before gradual decay in the temperature range of 200-800°@ighe modulus
observed in SCC-S and SCC-H can be attributed to increasedtylutti¢ to the presence of
steel fibers which act as crack arresters as these pmogabssary bond against development of
cracks. The addition of polypropylene fibers in SCC-P show higheradaipn of elastic
modulus in 20-200°C temperature range, in comparison to SCC-S and Sk Higher loss

in elastic modulus is higher in 20-200°C, but this degradation redlomse £200°C, after

melting of polypropylene fibers.

4.4.3.2 Fly-ash Concrete

Measured elastic modulus for FAC and FAC-P at various tempesatusdown in Figure 4.31.
For both FAC and FAC-P, the modulus of elasticity remains almmsstant up to 200°C,
decreases at a faster rate up to 600°C, and then finally stahili500-800°C reaching to about
7-8% at 800°C. This loss in elastic modulus with temperature ibuaétd to physical and
chemical changes and thermal incompatibility of constituents.Iddseof moisture due to high
temperature and degradation of microstructure concrete resulisgiaeat of and propagation

of micro and macro cracks that lead to degradation of elastic modulus.

In 200-600°C, FAC-P retains higher elastic modulus as compared @ dpil this can be
attributed to relatively lower damage that occurs in FAC-Riliteted by melting of
polypropylene fibers that reduces crack propagation under themesdes. Also, FAC has lower

elastic modulus than that of conventional HSC in 200-600°C range and fimsnarily due to
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higher temperature induced damage in FAC resulting from densestnimture and reduced

permeability because of secondary hydration of fly ash in the mix (Nass&azouk, 1979).
4.4.4 Stress-Strain Curves

The recorded load-deformation data in compressive stress-sasmonse was utilized to
generate stress-strain curves at various temperatures for diffét€ntlHe stress-strain response
was obtained by measuring load-deformation through load contrelbdhigue; as a result the
descending branch of most of the curves could not be captured in tdtibever, in some
cases (such as SCC-S and SCC-H) where steel fiber wasnuleel mix, short descending
branch of nonlinear portion of the curves could be captured due to their despitsse. As high
temperature stress-strain response of HSC is availableeiatlire, the stress-strain curves for

SCC and FAC (with and without fibers) are presented in this section.

4.4.4.1 Self-Consolidating Concrete

Stress-strain curves for SCC, SCC-S, SCC-P, and SCC-Hlated in Figures 4.32 to 4.35
respectively. At room temperature, both SCC and SCC-S, show-étestic response up to
about 80% of peak stress. It can also be observed that room teng@edlrstress decreases
and peak strain increases in SCC-S and SCC-H as compared tarC8CC-S. It can be
inferred that polypropylene fibers in SCC-P and SCC-H do not contnibutd to the ductility
of concrete. However, presence of steel fibers in both SCC-S a@dHSKas significantly

enhanced the ductility of these concretes as shown in Figures 4.33 and 4.35.

For SCC and fiber reinforced SCC, the gradient (slope) of stesn- curves decrease with
temperature showing a drop in peak stress, and increase in E@ak®te plotted total strain is

mainly composed of mechanical stain due to loading and thermal dtraito temperature. As

137



the tested were done by unstressed test method (heating withm@tdaload), therefore the
creep and transient strains are not significant in the meagatal) §train. In all these concrete,
development of micro and macro cracks due to high temperatucetoleapid increase in peak
strains. Figures 4.32 to 4.35 illustrate that SCC-S and SCC-Hhsattggher peak strains as
compared to SCC and SCC-P with increasing temperature. Thenadtdi of higher strains in
SCC-S and SCC-H can be attributed to two factors, namely -gtckgsed thermal strain and
arresting of crack development due to presence of steel fibexseported by Bazant and Chern
(1987) that the stress-induced thermal strain in concrete ioduecto diffusion of pore water
between capillary pores and gel pores. Therefore, higher peak strain in &@ICSEC-H can be
attributed to additional thermal strain caused by easy diffusiqpoiE water facilitated due to

increased ductility resulting from steel fibers.

4.4.4.2 Fly-ash Concrete

Figures 4.36 and 4.37 illustrate the stress-strain curves for FAICFAC-P respectively at
various temperatures. At room temperature, both FAC and FAC-P, sheav-&lastic response
up to about 80% of peak stress similar to high strength SCC andPSEG- FAC-P, short
descending branch of nonlinear portion of the curves could be captured diugilk® response
of FAC-P. It can also be observed that room temperature peak dt@ssases and peak strain
increases in FAC-P as compared to FAC. It can be seen that prespobgodpylene fibers has

some contribution on its improved ductility.

For both FAC and FAC-P, the gradient of stress-strain curves decreasenyératire showing
a drop in peak stress, and increase in peak strain. The plottesttatalis mainly composed of
mechanical stain due to loading and thermal strain due to tenmgedate to similar reasons that

the tested cylinders were not loaded during heating. Therefomedabp and transient strains are
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not significant in the measured (total) strain for FAC and FA®o. In both FAC and FAC-P
cylinders, larger macrocracks develop at temperatures above 400°@ese cracks further
widen around 600°C leading to rapid increase in strains above 400°C. HgBreslustrates

that FAC-P attains higher peak strains as compared to FACgherhtemperature. The
attainment of higher strains in FAC-P can also be attributecplle@omenon explained for
higher strains in SCC-S and SCC-H. Therefore, higher peak str&AC-P can be attributed to
additional thermal strain caused by easy diffusion of pore watglitdted due to increased
porosity resulting from burning of polypropylene fibers and increasmacrocracks due to

elevated temperature.
4.4.5 Temperature Induced Spalling

While carrying out the high temperature material propeststen HSC, SCC, and FAC (plain
and with different fiber combinations), no spalling was observed duriatinigeor testing at
elevated temperatures. It should be noted that the heating raeapedelor tests was 2°C per
minute as per RILEM test standards for high temperature meeth@roperty tests (RILEM TC
129-MHT, 2000; RILEM TC 129-MHT, 1995). Fire induced spalling is gehersociated
with faster heating rates, therefore a heating rate ofp2t@ninute is considered to be quite low
to cause any spalling in HPC. It is envisaged that a higbating rate has an effect on the
spalling behavior of concrete; however, the increased splittimgjléestrength and porosity in
case of fiber reinforced concrete will help to minimize ¢palling associated with fire. A fiber
dosage of 0.1 — 0.5% by volume has been suggested (Ali et al., 2004; BentK @@ 2000)

to mitigate spalling in HPC, however, the present dosage of 0.114l\qfropylene fibers and

0.54% of steel fibers by volume could not verify it due to the lower heating rate.
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4.4.6 Summary

The mechanical properties of HPC namely, compressive strergitting tensile strength,
elastic modulus and stress-strain response deteriorates wifferggure. Addition of steel,
polypropylene, and hybrid fibers do not have much effect on high tatopercompressive
strength of HPC. However, addition of polypropylene fibers slowsndowgradation of
compressive strength in FAC with temperature. Steel fibgrsfisantly reduce the degradation
of tensile strength, elastic modulus and stress-strain responBtSC and SCC. The low
degradation on tensile strength up to 400°C in HSC and SCC can be iaétefreduce fire
induced spalling. Polypropylene fibers do not have much effect asstain curves of SCC-P,
however strain at peak stress was increased in FAC-P.catastiulus of FAC and FAC-P does
not degrade significantly up to 200°C, however rapid deterioration ofcetastiulus occurs in
200-600°C. Comparatively FAC experiences higher degradation ofcefastiulus as compared

to FAC-P in entire 20-800°C range.
4.5 Relations for Mechanical Properties

45.1 General

Data generated from the mechanical property measurementszsedutd develop mechanical
property relations for HSC, SCC, and FAC (plain and with differibet$). These properties are
expressed in the form of empirical relations over temperatageraf 20-800°C for compressive
strength, splitting tensile strength and elastic modulus. The iealpielations were arrived at
based on linear regression. For the regression analysis, measuteahive properties were

used as response parameter with temperature as their predictor parameter
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The procedure used for linear regression analysis for mechanag@rpes is similar to that
adopted in developing for thermal property relations as discussduhpte® 3, Section 3.4. The
procedure for estimating the parameters of any linear modehr(lfiteng), the method of least
squares can be used by fitting a straight line to a settafpdents (Wackerly et al., 2008 ). The
least-squares procedure is used for fitting a line through afsat data points where it is
desired that the differences between the observed values aadpomding points on the fitted
line should be minimum. A convenient way to accomplish this, and one tids ystimators
with good properties, is to minimize the sum of squares of #melatd deviations from the fitted
line. In the case of mechanical properties, these deviatioriee inesponse value (mechanical
property) given by the predicted value (temperature) iscdie error and to reduce these
deviations in response values, sum of squares of deviations/errar satteof squares of error

(SSE) is utilized.

Commercially available statistical software (Minitab)swalso used to carry out the regression

analysis of the mechanical property experimental results asintol thermal properties. For

regression analysis, coefficient of determinaiR%r(WackerIy et al., 2008 ) defines the accuracy

of the best fit equations. ThiR, can be interpreted as the proportion of the total variation in the

response that is explained by the variable prediction in a siingler regression model. The

accuracy of the statistical model is represented by coaiti of determinationR™”, that

represents proportion of the sum of squares of deviations of the respalngs about their

predictor (Mendenhall and Sincich, 2007). The values of coefficient ofndegion ‘Rz’

obtained for the proposed mechanical property equations lies between 0.8-0r@prsents a

reasonably high confidence level in light of high variability in mechanical piepe
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Figures 4.38 and 4.39 illustrate the measured compressive Btidn§CC and FAC with and
without fibers along with typical fitted line by regression gsel for similar concretes. It can be
seen in these figures that the plots predicted by the empieledions are in good agreement

with the test data.

The variation of compressive strengfhc(-r), tensile strengthf’(t,-r) and elastic modulufﬁ-)
with temperature can be related through a coeffigigrmepresenting ratio of respective strength

at target temperature to that at room temperafigef(;, andEg) given by Eqns 4.1 to 4.3. Due

to least variation in compressive strength of HSC and SCC @mithwithout fibers); single
representative relation is presented for compressive strength.velovecause of significant
variation in tensile strength relations are presented sepafareHSC and SCC (with and
without fibers). Also separate relations are presented for ®@8 and without fibers) due to
significant variation of high temperature elastic modulus. Dywdperty variations in different
temperature ranges, the proposed equations give either linealireabiand tri-linear relations.

These empirical relations can be used for HPC up to a compressewngth of 100 MPa and

tensile strength of 7 MPa. The strength reduction coefficieiat (@) for compressive strength,

splitting tensile strength and elastic modulus is given as:

,BT,compressivE f1c,T/f1c (4.1)
B tensie= Fi,1/ft (4.2)
AT moduluss ET/ Eg (4.3)

142



The value offiT for respective mechanical property at different temperatcaasbe obtained

from Eqns 4.4 to 4.42 for plain and fiber reinforced HSC, SCC and FA{=U of equations,

Table 4.3 and 4.4 give reduction facfhr for compressive and splitting tensile strength of HSC

and fiber reinforced HSC. Similarly, Table 4.5 and 4.6 give reducfamtors St for

compressive, splitting tensile strength and elastic modulus of gutairiber reinforced SCC and

FAC respectivelyThis reduction factofT at different temperatures can be used for evaluating

compressive strength, splitting tensile strength and elastitulus for these concretddsing

these values of reduction factofiy for compressive, splitting tensile strength, and elastic

modulus of plain and fiber reinforced HSC, SCC, and FAC the cotngtitcurves are obtained
as shown in Figures 4.40 to 4.47. These figures show the constitutivebpksd on the

empirical relations derived from the experimental data in this study.
4.5.2 Relations for Compressive Strength

HSC, HSC-S, HSC-P and HSC-H

BT compressive- 1.0 20°C (4.4)
BT,compressive- 1.0 -0.0016T 100°€ T < 400°C (4.5)
BT,compressive- 0.74 -0.0008T 400°€ T < 800°C (4.6)

SCC, SCC-S, SCC-P, and SCC-H:

BT,compressive: 1.0 20°C (4.7)
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BT,compressive- 0.99 -0.002T

BT,compressive- 0.73 -0.0005T
FAC

BT,compressive- 1.0

BT,compressive- 0.78 -0.0009T
FAC-P

BT,compressive- 1.0

BT,compressive- 1.09 -0.0012T

4.5.3 Relations for Splitting Tensile Strength

HSC

BT tensile= 1.0

BT tensile= 0.97 -0.0011T

HSC-S

BT tensile— 1.0

BT tensile= 0.9

BT tensile— 1.42 -0.0018T

HSC-P
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100°€ T <200°C

200°€ T<800°C

20°C

200°€ T<800°C

20°C

200°€ T<800°C

20°C

100°€ T <800°C

20°C

100°C

300°€ T <800°C

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)



BT tensile—

BT,tensiIe:

HSC-H

BT tensile—

BT tensile=

BT tensile—

1-0.002T

0.82-0.001T

1.0

0.78

1. 28-0.0016T

For SCC and SCC-P:

BT tensile—

BT,tensiIe

1.0

= 0.98-0.001T

For SCC-S and SCC-H:

BT tensile—

BT tensile—

FAC

BT tensile—

BT tensile—

FAC-P

BT tensile—

1.0

1.1-0.001T

1.0

1.05-0.0013T

1.0
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20°G T < 200°C

200°€ T <800°C

20°C

100°G& T < 300°C

400°€ T <800°C

20°C

100°€ T < 800°C

20°C

100°& T < 800°C

20°C

200°€ T < 800°C

20°C

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)



BT tensile = 1.0

BT tensile= 0.98-.0006T

BT tensile= 1. 44-0.0017T

45.4 Relations for Elastic Modulus

For SCC and SCC-P:

BT modulus= 1.0

BT modulus— 0.84-0.001T

For SCC-S and SCC-H:

BT modulus= 1.0

BT modulus— 1.1-0.002T

BT modulus— 0.88-0.008T

FAC

BT modulus= 1.0

BT modulus— 0.97

BT modulus— 0.74-0.0009T

FAC-P

BT modulus= 1.0

146

20°C

200°@ T < 400°C

400°C <JI800°C

20°C

100°€ T <800°C

20°C

100°& T < 200°C

200°e T <800°C

20°C

200°C

400°€ T<800°C

20°C

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)



BT modulus= 1.24-0.0015T 200°€ T < 800°C (4.42)

4.6 Summary

Tests were performed to characterize high temperature coinpresength, splitting tensile

strength, elastic modulus and stress-strain curves for HPCalFoested HPC, these high
temperature properties deteriorate with temperature. Addifisteel, polypropylene and hybrid
fibers do not influence the high temperature compressive strength, hoivdves have an effect
on splitting tensile strength and elastic modulus as fiberd,(ptEgpropylene, and hybrid) help
reduce deterioration in these properties due to rising tempesaiata from the tests is utilized
to develop high temperature relations for compressive strengthiingptensile strength, and
elastic modulus of HPC. The proposed relations can be used as input catguter programs

for evaluating the fire response of HPC structures exposed to fire.
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Table 4.1 - Test matrix for evaluation of high temperature mechanical pegperti

Number of
Temperature .
range (and Test Concrete types cylinders
S/No Property : _ _ tested
interval) equipment (mixes) tested
o (75x150
(°C)
mm)
Elect furnace NSC, HSC, HSC-S
Compressive | 20-800°C @100/ thermal jacket, | HS&-P, HSC-H,
1| strength and 200°C Forney strength SCC SCC-S, SCCr 2227
’ interval™ test m)z;chineg P, SCC-H, FAC,
FAC-P, NSC
Elect furnace, | NSC, HSC, HSC-S
: 20-800°C @100 | steel bracket HSC-P, HSC-H, .
Tensile . 299
2| strength and 200°C frame, Forney | SCC, SCC-S, SCC|
interval** strength test P, SCC-H, FAC,
machine FAC-P, NSC
Elastic 20-800°C @100 ﬁgf&gjrjgacizt scc, SCC-S, SCC
3 modulus and 200°C Forney stren t,h P, SCC-H, FAC, 108*
interval** ystrengih cacp. NSC
test machine
Stress-strain | 20-800°C @100 E:r?r;gjlrjr;\aciz’t SCC, SCC-S, SCCy
4| curves and 200°C Forney strength £, >C¢H: FAC, 108*
interval** ystrengih cacp. NSC
test machine

* All types of concrete had 20% extra cylinders prepared for testing
** Temperature intervals varied for different concretes
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Table 4.2 - Details of cylinders for different batches of concrete.

Room High temperature
temperature g pere High temperature
) compressive ;
compressive h tensile strength
strength strengt
SNo | conrete
Cylinder sizes
100x200 mm 75x150 mm 75x150 mm
cylinders cylinders cylinders
1 HSC 18 24 24
2 HSC-P 18 24 24
3 HSC-S 18 24 24
4 HSC-H 18 24 24
5 SCC 15 18 18
6 SCC-P 15 18 18
7 SCC-S 15 18 18
8 SCC-H 15 18 18
9 FAC 15 18 18
10 FAC-P 15 18 18
11 NSC 12 18 18
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Table 4.3 - Compressive strength reduction faﬁtpat different temperatures for HSC and fiber

reinforced HSC.

Compressive strength reduction factor(fr)
Temperature -°C

HSC HSC-P HSC-S HSC-H
20 1 1 1 1
100 0.9 0.9 0.8 0.78
200 0.8 0.9 0.6 0.78
300 0.7 0.9 0.52 0.78
400 0.52 0.7 0.45 0.66
600 0.35 0.5 0.38 0.52
800 0.2 0.34 0.3 0.36

Table 4.4 - Splitting tensile strength reduction faﬂ@rat different temperatures for HSC and

fiber reinforced HSC.

Splitting tensile strengthreduction factor (1)
Temperature -°C

HSC HSC-P HSC-S HSC-H
20 1 1 1 1
100 0.86 0.90 0.82 0.78
200 0.75 0.90 0.60 0.78
300 0.64 0.90 0.52 0.78
400 0.53 0.70 0.42 0.64
600 0.42 0.52 0.32 0.48
800 0.31 0.34 0.22 0.32
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Table 4.5 - Compressive strength, tensile strength and elastic modulusuremtmi)rﬂT at

different temperatures for SCC and fiber reinforced SCC.

Reduction factor (87)
Compressive Tensile strength Elastic Modulus
Temperature -°C ;téecng:]hd
: SCC, SCC-S, | SCC and | SCC-S and
SC wih SCC-P SCC-H SCC-P | SCCH
20 1 1 1 1 1
100 0.79 0.89 0.95 0.74 0.9
200 0.59 0.79 0.9 0.64 0.72
300 0.56 0.69 0.8 0.54 0.64
400 0.53 0.59 0.7 0.44 0.56
600 0.43 0.39 0.5 0.34 0.4
800 0.33 0.19 0.3 0.04 0.24

Table 4.6 - Compressive strength and elastic modulus reduction/ﬁ’qcabrdiﬁerent

temperatures for FAC and FAC-P

Temperatur Reduction factor (§7)
e (°C)
Compressive strength |  Splitting tensile strength Elastic Moduis
FAC FAC-P FAC FAC-P FAC FAC-P

20 1 1 1 1 1 1
200 0.6 0.85 0.79 0.86 0.97 0.94
400 0.42 0.61 0.53 0.76 0.38 0.64
600 0.24 0.37 0.27 0.42 0.2 0.34
800 0.06 0.13 0 0.08 0.02 0.04
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TC — Thermocouple
TC1 - Centre
TC2- Surface

Specimen 75x150 m

(a) Cylinder inside furnace (b) Thermocouples position in cylinder

Figure 4.1 - Arrangement of thermocouples on an instrumented cylinder

Figure 4.2 - Electrical furnace used to heat the small cylinders
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Figure 4.4 - Thermal jacket for handling heated cylinders and to preseria bglatders during
compressive strength tests
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Figure 4.5 - Design details of steel bracket frame
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Figure 4.6 dnsulated steel bracket frame for handling heajdidaers and to preserve heai
cylinders during splitting tensile strength t
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Figure 4.7 - Schematic of temperature and stress increments duringyteeatiloading of test
cylinders
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800 | Heatingrate =120 °C/h
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Figure 4.8 - Time-temperature graph showing ramp and hold times at eathdargerature
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Furnace —Z

Specimen - 75mm >
TC3TC2 TC1
TC - Thermocouple — X X X
TC1 - Center ;

TC2 - Surface
TC3 - Furnace

(a) Location of thermocouples on cylinder specimen and in furnace
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5 / Time required to reach
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(b) Temperature rise recorded by thermocouples at different locations

Figure 4.9 - Heating characteristics of test cylinder at 600°C
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Figure 4.10 - Temperature progression at mid-depth of concrete cylinders at various hold times

(a) (b)

Figure 4.11 - Arrangement for high temperature compressive strength tests and tested cylinder
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(a) (b)

Figure 4.12 - Arrangement for high temperature splitting tensile stréests and tested cylinder
o -

. e ,
=~y Heated specimen

ol
L

To data acquisition system

Figure 4.13 - LVDTs and load cell addition to Forney strength test machineg®s-strain
measurements
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Figure 4.14 - Measured compressive strength of NSC, HSC, SCC, and FAC
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Figure 4.15 - Relative compressive strength of NSC, HSC, SCC, and FAC
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Figure 4.16 - Measured compressive strength of HSC and fiber reinforcedsH&@@on of
temperature
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Figure 4.17 - Measured relative compressive strength of HSC and fiber cethfa6C as
function of temperature
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Figure 4.18 - Measured compressive strength of SCC and fiber reinforcecs$@€taon of

temperature.
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Figure 4.19- Measuredelative ompressive strength of SCC and fiber reinforced SCC as function

of temperature.
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Figure 4.20- Measuread¢ompressivestrength of FAC and FAC-P as function of temperature.
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Figure 4.21 - Measured relative compressive strength of FAC and FAQiRcasmh of
temperature
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Figure 4.22 - Measured splitting tensile strength of NSC, HSC, SCC, and FAC
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Figure 4.23 - Relative splitting tensile strength of NSC, HSC, SCC, and FAC
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Figure 4.24 - Measured splitting tensile strength of HSC and fiber reinfoi$€dald function of
temperature
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Figure 4.25 - Measured relative splitting tensile strength of HSC anddinéorced HSC as
function of temperature
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Figure 4.26 - Measured splitting tensile strength of SCC and fiber reidf8IC€ as function of
temperature
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Figure 4.27- Measuredelative splitting tensile strength of SCC difaler reinforcedscc
as function of temperature
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Figure 4.28 - Measured splitting tensile strength of FAC and FAC-P asdiuiocttemperature
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Figure 4.29 - Measured relative splitting tensile strength of FAC and FASCHmMction of
temperature
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Figure 4.30 - Measured elastic modulus for plain SCC and fiber reinforced SCC
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Figure 4.31 - Measured elastic modulus for plain FAC and FAC-P
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Figure 4.32 - High temperature stress-strain curves for SCC
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Figure 4.33 - High temperature stress-strain curves for SCC-S
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Figure 4.34 - High temperature stress-strain curves for SCC-P
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Figure 4.35 - High temperature stress-strain curves for SCC-H
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Figure 4.36 - High temperature stress-strain curves for FAC
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Figure 4.37 - High temperature stress-strain curves for FAC-P
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Figure 4.38 - Compressive strength test data of SCC with and without fibers edmjitdr
regression based fitted line
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Figure 4.39 - Compressive strength test data of FAC and FAC-P comparedgsgtbsion based
fitted line
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Figure 4.40 - Compressive strength relations for plain HSC and fiber r&idfei8C
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Figure 4.41 - Splitting tensile strength relations for plain HSC and fibdoreed HSC
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Figure 4.42 - Compressive strength relations for plain SCC and fiber reidfSEC
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Figure 4.43 - Splitting tensile strength relations for plain SCC and fivdoreed SCC
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Figure 4.44 - Elastic modulus relations for plain SCC and fiber reinforcé€d SC
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Figure 4.45 - Compressive strength relations for FAC and FAC-P
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Figure 4.46 - Splitting tensile strength relations for FAC and FAC-P
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Figure 4.47 - Elastic modulus relations for FAC and FAC-P
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CHAPTER 5

5 EXPERIMENTAL STUDIES

Part of this chapter is mainly based on the following journal papers:

e Kodur, V., and Khalig, W. (2011). “Behavior of High Strength Fly Ash CetecColumns under Fire
Conditions." ASCE Journal of Structural Engineering, Submitted.

¢ Kodur, V. Mao, X. Raut, N. and Khalig, W. (2011). “Simplified Approaoh Evaluating Residual
Strength of Fire-Exposed Reinforced Concrete Columns.” ASCE Structurablaubmitted.

e Khalig, W., and Kodur, V. (2012). "High temperature mechanical propertieglofstrength

fly ash concrete with and without fibers." ACI Materials Journal, submittddeviewed.

5.1 General

Literature review presented in Chapter 2 indicates that tlerarge amount of data on
conventional NSC and HSC columns tested under standard fire sceAdsméimited data is
available on fire response of polypropylene fiber reinforced HS@huw. However, there is no
data on fire performance of HPC columns fabricated with fityaswith steel and hybrid fiber
reinforcement. Moreover, for structural characterization of higimperature thermal and
mechanical properties of HPC (as presented in Chapter 3 and Chiaftdr scale fire tests are
deemed essential. To overcome these shortcomings, an experipregtaim was designed to
undertake four HPC columns. Since there is large amount of dataS@h ddlumns, fire
resistance tests were carried out on two FAC and two HSC col(witis different fiber

combinations). This is to limit the number of experiments, due to ¢togh of fire tests. The
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varied parameters included HPC type (FAC to HSC), addition gppmbylene fibers in FAC
column and addition of steel and hybrid fibers in HSC columns.

To HPC columns (FAC, FAC-P, HSC-S and HSC-H) were designedcdsdnt as per and ACI
318 (2008) and were tested under design fire scenario. These columnselNdrstrumented
and collected a considerable amount of response data comprisingecbesal temperatures,
axial and lateral deformations and strains in rebars. This fdata the fire tests helped to
characterize the fire response of HPC columns and validateutherical model. Discussion on
results is presented based on fire response of columns comphsirtgermal and structural
response of these columns. Since columns were tested under desghdir present practical
scenario during which the columns may not fail, three out of faiedecolumns survived the
fire resistance tests. These three columns (FACP, HSC-S;H)Swvere further subjected to
post-fire strength tests to evaluate their residual strengpiactty. Full details on residual

strength tests are also presented in this Chapter.
5.2 Design and Fabrication of Specimens

The experimental program consisted of conducting fire resisttagte on four reinforced
concrete columns, two of which were made of fly ash concretéhandther two made of fiber
reinforced HSC. Of the two FAC columns, one was fabricated pleim FAC, while the other
was fabricated with polypropylene fibers, referred to as BAG FAC-P columns respectively.
Of two HSC columns, one was steel fiber reinforced HSC and wiitle hybrid fiber (mix of
polypropylene and steel fibers) reinforced HSC column, desigredetiSC-S and HSC-H
columns respectively. For comparison of results, the HSC columns were desidrae similar

characteristics as that of FAC columns.
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5.2.1 Design of Columns

The size of the test columns were dictated by the dimensidusnaice and loading equipment
available for testing. The columns were designed as per ACI 318 (2068ACI 216.1 (2007)
provisions as high strength slender columns having minimum of two hoeiredistance rating.
As per ACI 216.1 Section 2.5.3, for two hours of fire resistance, 50 omorete cover is
required, however, as per ACI 216.1 Table 2.3, minimum 250 mm columns ddmessi
required for same fire resistance. As column size could not beasen from 203 mm sides,
therefore the actual fire resistance was estimatedhass2 hours base on both cover and size
provisions. The design details are given in Appendix B where aailoas for one column from
each set of FAC and HSC columns is presented. The capacity oblthrans was calculated
using load-moment (P-M) interaction diagrams generated for these colbmgues B.5 and B.7
Appendix B). The actual end conditions of these columns were paftaty- but for
conservative P-M capacity calculations, pin-pin end conditions weredesediwhich lead to a
slenderness ratio of 55. Both FAC and FAC-P columns had higher load@andnt capacities
as compared to HSC-S and HSC-H columns. The overall load caphdiAC and FAC-P
columns was 2144 and 2020 kN respectively while for HSC-S and HSCdhhieslit was 1612
and 1665 kN respectively. Similarly the moment capacity of BAG@ FAC-P columns was 68
and 69 kN-m to that of 51 and 53 kN-m for HSC-S and HSC-H columns. Tihesate loads
and moment capacities of columns are given in Table 5.2 as per Appendix B.

All four columns were 3300 mm long and were of square cross sectidd3¢203 mm. The
columns had four 19 mm dia rebars as longitudinal reinforcement ananlfles) at 200 mm
spacing, as transverse reinforcement. The steel of main @igaebars and ties had specified

yield strength of 420 MPa. The details of column dimensions and prowd#drcement are
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given in Figure 5.1. Generally, 135° bent ties are to be provided aal leganforcement for
columns in seismic areas, however, recent studies have shown ¢hggsfigtance of columns
also gets enhanced with the provision of 135° bent ties (Kodur and Ni¢@4i3). Therefore
the ties in the columns were bent at 135° and anchored in the caranete a length of 75 mm
as shown in Figure 5.1. For minimum fire rating of two hours, 50 mm ofretancover was

provided as per ACI 216.1(2007).

5.2.2 Fabrication of Specimens

5.2.2.1 Mix Proportions

Four batches of concrete were used for fabricating these colummayneAC, FAC-P, HSC-S
and HSC-H. All four batches of concrete had ordinary Portland ce(igpe 1), carbonate
coarse aggregate and natural source sand as fine aggregatshHType C) was used as
replacement (25%) to cement in FAC and FAC-P mixes. To ackiesieed high strength and

workability, optimum amount of mineral admixtures, such as silicaefand slag (Grade 120),
were added to batch mix. In FAC-P and HSC-H mixes, 2 ig(mZZ% by volume),

MONOFILAMENT (multi-plus) type polypropylene fibers, were addd&te 20 mm long

polypropylene fibers were of nonabsorbent type and have a specific gra®i8ladnd a melting

point 162°C. In HSC-S and HSC-H mixes 42 k%/(ﬁ.54% by volume) NOVOCON XR type

steel fibers were added. Steel fibers were 38 mm in lengtii.d4ddmm (0.045 in) equivalent
diameter and had a specified tensile strength of 966 MPa. Mix pimrand attained
compressive strengths at different ages for four batches ofetern(&AC and FAC-P, HSC-S
and HSC-H) used for fabricating the columns are tabulated ineTaldl. The compressive

strength of different concrete mixes measured on 100x200 mm cylaid28sdays ranged from
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67-102 MPa. It can be seen from Table 5.1 that 28 days compressigtlstof FAC and FAC-
P concrete was significantly higher (102 and 100 MPa respectalgpmpared to HSC-S and
HSC-H (67 and 68 MPa respectively). Same is true for strarigtiese concretes at 90 days and

on the test day. It should be noted that the quantity of silica fuasealmost similar in batch

mixes of both HSC and FAC columns (43 and 41 I%gr‘espectively) therefore the additional

improvement in strength properties of FAC and FAC-P concrettrisuded to fly ash in the
mix. Strength in HSC-S and HSC-H was lower even with the addifisteel fibers. However, it
should be noted that the real contribution of steel fibers in consréteincrease the toughness
of concrete as the fibers tend to increase the strain at pahkaload provide a higher energy

absorption in post-peak portion of the load-deflection response (Mehta and Monteiro, 2006).

5.2.2.2 Fabrication of Columns

Horizontal wooden formwork was prepared to cast the columns. Longitste®h rebars were
tied with lateral ties using binding wire to create the reinforcensagg.cThis reinforcement cage
was placed inside the formwork as shown in Figure 5.2. At this stesgejmentation consisting
of strain gauges and thermocouples were attached to the &t@el. r&ll four concrete columns
were cast and finished by placing the formwork in horizontal iposiFifteen 100x200 mm
cylinders were also cast for strength measurements atatiff concrete age. In fabrication of
columns, vibrators were used at moderate speed to ensure quallty Tinescolumns were then
physically leveled and finished on the open side of the formwork as sholgure 5.3. After
casting, the columns were initially moist cured in the forms/falays and then removed from
the forms and stored at ambient conditions (more than six monthgstd were done. During

storage, the conditions were maintained at about 22°C temperature ameld®9é humidity.
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Three cylinders from each batch were tested to evaluate compresength at 7, 28, 90 days

and on test day (about 8 months after casting of columns).
5.2.3 Instrumentation

The instrumentation in the columns included thermocouples (TCs) talreoncrete and rebar
temperatures, strain gauges (SGs) to record strain in ebebr and linear position transducers
(LPTs) to measure axial and lateral deformations. Thirteen-Kyp@&hromel-alumel)
thermocouples of 0.91 mm thickness were installed at three diffen@sg-sections namely mid-
height, top three-quarter, and bottom one-quarter cross-sectionfiretegposed portion of the
columns.

Figure 5.4 illustrates the position of three cross-sections amis@rication of TCs at each
cross-section. The arrangement for thermocouples was sami filouracolumns. At Section
AA, TC 1 to TC 3 were attached to record rebars’ temparstufC 4 and TC 5 for surface
temperatures, TC 6 and TC 7 to record concrete temperaturestat and quarter depth of the
cross-section. At section BB, TC 8 was attached to record t&i@erature, while TC 9 and TC
10 were installed to record temperatures of center the aeotisss and ties. At Section CC, TC
11, TC 12, and TC 13 were attached to record rebar, concrefeaater depth and tie
temperatures respectively. Two high-temperature and one retdar gauge namely HTSG 1,
HTSG 2, and SG 3 were used at geometric mid-height (SectioroDibg¢ columns and another
three regular strain gauges namely SG 1, SG 2, and SG 3 weteaushree-quarter-height
(Section EE) of columns as shown in Figure 5.5. These strain gaegesttached to the steel
rebars and the arrangement was similar in all four columns. Phgkicaiment of thermocouples

and strain gauges on to steel cage is shown in Figure 5.6.
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The axial deformation of the columns was measured by placiodinear position transducers
(LPTs) orthogonal to each other on top of each column attached toptiplate of the columns.
The recording of axial deformation by two LPTs placed orthogpredlped to record data on
two axes and compute actual axial deformation by comparingwbenteasurements. The
columns were oriented in East-West and North-South directions @dirtece. The LPTs were
placed North-East and North-West sides of the columns as shown in Figure 5.7.
Measurement of lateral deformations in a fire exposed columaeinise furnace becomes very
difficult due to harsher environment (very high temperatures). THiisully was overcome
through a specialized technique by using Chromel wires inside thactirChromel wires that
can resist high temperatures (up to 1350°C) were pulled out of Ryfighromel-alumel)
thermocouples and were attached to columns by wrapping around andotgiolgimns. These
wires were then extended outside of the furnace so as to attaéhlr's positioned outside of
furnace for recording lateral deformations of the column. Figuie illustrates that these
Chromel wires were attached to LPTs on two orthogonal faces obthmn at mid height. The
position of each axial and lateral LPT to measure axial andalateformation in all four
columns is also illustrated in Figure 5.7. Two columns weredeat the same time in the
furnace by placing them in east and west positions. Depending avdiiable openings, the
lateral LPTs on east column were placed on north and easbo$ithesfurnace, whereas for west

column these LPTs were placed north and west sides of the furnace as shownei® Fig
5.3 Fire Resistance Experiments

5.3.1 Test Equipment

The fire resistance tests were carried out by placingdghenns in the structural fire test furnace

at the Civil Infrastructure Laboratory (CIL) of Michigana& University (MSU). The test
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furnace, integrated with a loading frame, has been specialynéeisto produce conditions, such
as temperature, loads and heat transfer, to which a structurddenenight be exposed during a
fire as shown in Figure 5.8(a). The furnace has the capaatyppy both heat and applied loads
to the structural member that are present in a typical structural menposedxo fire.

The furnace consists of a steel loading frame (framework) s@gpbyt four steel columns, with
a fire chamber that is 2440 mm wide, 3050 mm long, and 1775 mm high as shéigure
5.8(b). The maximum heat power the furnace can produce is 2.5 MW. 8ralngds burners
located within the furnace provide thermal energy, while eigig- thermocouples distributed
throughout the test chamber as per ASTM E119 (2008), help monitor and chatfarriace
temperatures. Data from fire tests, which include temperattisgdacements, forces and strains,
are collected using a “Darwin Data DA100/DP120-13" acquisitioresysT his system contains
70 thermocouple channels, 10 voltage channels for measuring displésemeérorces, and 10
strain-gauge channels. These channels are connected to datdianggystem, which transfers
the data at five second intervals throughout the fire tespgrysonal computer that stores it in a
“.CSV” file using the “DAQ 32" computer program.

During the fire test, temperatures recorded in the furnace adetognanually adjust fuel supply
and air intake, to maintain a temperature course consistent wifirebaetermined standard or
design fire scenarios (Kodur and Fike, 2009). In this way, the furteanperature can be
maintained along a desired time-temperature curve. Two sneall ports on either side of the
furnace wall are provided for visual monitoring of the fire-expos#dnens during a test. The
furnace accommodates two columns at a time and different load lesmelbe applied on each

column.
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5.3.2 Preparation of Columns for Fire Tests

The columns after curing for about 6 months (or more) were preparsdféoand secure testing.
The columns were placed in furnace in a predetermined arrangeondihtprecisely under
vertical actuators and also to attach to bottom steel plateeo#186406<60 mm that is fixed to
the floor. A steel plate of size 49606x25 mm was also attached to the top of the column where
actuator loading head makes a contact with the column. Theselstiesl were bolted at each
end of the column using four steel angles of<@Mx12 mm which helped to fix the column in
position and for facilitating load transfer from the actuator. @hesd plate and angle
attachments are illustrated in Figure 5.7. With these end condétoin® top and bottom, the
column can be assumed to be partially restrained against rotatioactliaor sits on top of the
fixed plate and provides a rotational stiffness of 250 kN.m/uradur&i§.9 illustrates attached
parts and the end restraint conditions at the top and bottom of the columns before testing.
On the test day, just prior to undertaking the fire tests,aw temperature moisture conditions
(relative humidity) of the columns and compressive strength ofretnevere measured. The
relative humidity of concrete columns was measured at tworgiffdocations on the columns
using a “Sensirion” relative humidity sensor (probe). For plathegprobe, 8 mm holes were
drilled at two different locations in each column and then théemwas placed in the hole and
the hole was sealed for about 5 minutes until equilibrium of rel&tiveidity and temperature
was achieved. Once the equilibrium conditions were reached, thereetaimidity at that
position was recorded. The average of two relative humidity uneaents for each column at
the time of testing was between 90 and 91% as shown in Table igterHelative humidity

readings in the tested high columns, as compared to typical netreagth concrete columns
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(Raut and Kodur, 2011), can be attributed to dense microstructure améatosss of high
performance concrete mixes which minimizes evaporation of moisture.

Test day cylinder compressive strength of all four concretes was notdifiecant from 90 days
compressive strength, but it was significantly higher (rang§ii®%) than 28 days compressive
strength as shown in Table 5.1. Both fly ash and silica fume enbanceete strength over time
as the pozzolans react with calcium hydroxide continuously durinigytth@tion process (Mehta
and Monteiro, 2006; Mindess et al., 2003; Neville, 2004) and contribute to edhstneegth.
The improvement in strength in all four concretes (FAC, FAC-PC{3Sand HSC-H) is
therefore attributed to the age of the specimens and continuous drygraicess in presence of
pozzolans.

The test day compressive strength was used to calculateaplaeity of the columns and to
evaluate the test load that was to be applied on columns dinengsts. As per ACI 318 (2008)
design guidelines, a column is said to be slender when the siesdeatio of columns is greater
than 40, therefore these four columns, with slenderness ratio of 55desigmned as slender
columns and the capacity was evaluated based on axial load-moment (Rribtioh diagrams.
The detailed capacity calculations and resulting P-M interadiigrams of these columns are
given in Appendix B. The calculated capacities for all the coluamasalso tabulated in Table

5.2.
5.3.3 Test Procedure

The fire resistance tests were carried out by placingawomns in the furnace and exposing
them to selected design fire scenario. The columns were ekpodire from all sides. First test
was carried out on FAC and FAC-P columns, while second testamasdcout on HSC-S and

HSC-H columns. During the fire test, middle 1775 mm of the 3300 mninthefghe columns
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was exposed to fire. The columns were tested under a parafdetsign) fire exposure which
comprised of a growth phase as per ASTM E119 (2008) standaraimsige and followed by
a decay phase as shown in Figure 5.10. In test-l decay phase of 4.16%&snimased on
Eurocode design fire (Eurocode 1, 2002), whereas in test-Il a thestay rate of 11°C/min was

selected to depict early extinguishing of fire.

As fire resistance of RC columns is significantly enhanceld use of fibers and also with 135°
bent ties, a fire exposure of 3 hours was selected to seeilie faf the columns against
estimated fire resistance of 2 hours (or under) as per ACI 216.1.\Mdowbke decay (cooling)
phase was 4 hours for test with cooling phase based on Eurocode fdtesggrd 1.5 hours for
second test with faster cooling rate. Total fire exposure dar&dr FAC and FAC-P columns in
first test was 7 hours, and for HSC-S and HSC-H columns was 4.5. Adweswell-defined
decay (cooling) phase was achieved by controlling temperatooeding) in the furnace (by
blowing air through the vents in the furnace) so as the fire taydaica predetermined cooling
rate representing typical fire in a building.

All four columns were tested under a concentric axial load reptieg a load ratio of 0.4 for
FAC and FAC-P columns and a load ratio of 0.6 for HSC-S ar@d-H$olumns. The load ratio
is the ratio of the applied (test) load to the column capacitypated according to ACI 318
(2008). Earlier studies (Raut and Kodur, 2011) have shown that HSC colunfmsnpeetter
under 0.4 load ratio, therefore a higher load ratio of 0.6 was selestétbC columns in this
study. Another reason for selecting higher load ratio of 0.6 wasexpected better fire

performance of steel and hybrid fiber reinforced HSC columns.
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The loading was applied approximately 30 minutes prior to stdheofire resistance tests and
was maintained either until the column failed under fire exposuretbe tend of the test. During
the fire resistance tests on columns, temperature was camtiolgich a way that the average
temperature in the furnace followed, as closely as possible, tamgiaic fire scenario (Design
fire 1 and Design fire 2). At the end of the fire test, aheefurnace temperatures were down to
room temperature, the surviving columns were unloaded and allowed to lob®Isill inside
the furnace. These survived columns were used for residualtbttests as discussed in Section
5.5. A summary of test parameters and results from firstaesie tests for four columns namely

FAC, FAC-P, HSC-S, and HSC-H is given in Table 5.2.
5.3.4 Measured Data and Test Observations

The test data comprising of furnace temperatures, column tenmesratixial deformations,
lateral deformations, rebar strains and loading were recordmeeat 5 seconds interval through
data acquisition system. Visual observations were made every Semithubugh the view ports
in the furnace to record any major changes in the columns suate anduced spalling, visible
crack propagation and excessive deformations. Also photographs of coluenastaken at
regular intervals during the test. After completion of firastasice tests, post-test observations
were made to record failure pattern, extent of physical des¢ion due to heat (fire) and
spalling, concrete discoloration and condition of reinforcement. Volumeagasurements were
done on fire exposed columns to quantify the extent of spalling resfriam fire exposure. The
exposed length of each column was divided into a number of segmentsearalume of each
segment is computed by taking measurements with respectflerence axes system. The total
volume of a damaged column was then computed as the sum of the voluhéseoegments,

and used to compute overall spalling. FAC column was the only columfatleat during the
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fire test as hydraulic jack could no longer maintain the load, edseother three columns in this

test program did not fail under the given fire exposure time.
5.4 Response of HPC Columns during Fire Exposure

Data generated from the above fire tests was utilized to centipafire behavior of FAC, FAC-
P, HSC-S, and HSC-H columns under different conditions. The test earigicluded concrete
strength, effect of type of concrete, and effect of differdyegrf. A summary of results of fire
resistance tests on the columns are tabulated in Table 5.2. & peffiormance of these columns
is evaluated in the form of thermal response, structural respgpedéng behavior as well as fire

resistance time.
5.4.1 Thermal Response

During fire tests, the temperature progression was recotdedgh thirteen thermocouples
located at three cross-sections (sections AA, BB and CGh@sn in Figure 5.4. The thermal
response of all four columns (FAC, FAC-P, HSC-S, and HSC-Hhasvs in Figures 5.11 to
5.22 by plotting measured temperature profiles in rebars, and comrsredefunction of fire
exposure time. In all columns, an initial plateau can be seenan agll concrete temperatures
around 100°C and this can be attributed to heat from fire being dtiimesvaporation of free
water in concrete. After this initial plateau, the temperaturesncrete and rebars increase with
fire exposure time. It can be noted that, in all four columns, thgr@ssion of temperatures in
concrete (at mid-depth) is lower than that in rebars. This caattbbuted to lower thermal
conductivity and higher specific heat of concrete which delays tatyperrise to inner layers of

concrete.
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The temperatures profiles at sections AA and BB show inconsistmd and this can be
attributed to displacement (or damage) of TC’s (TC3, TC4, TC®etidh AA and TC8, TC9,
TC10 at Section BB) at these locations resulting from fire irdlgpalling and direct exposure
of rebars to fire temperatures. This disturbance in tempenatofikes was not observed in FAC-
P, HSC-S and HSC-H at all three cross-sections since wseo fire induced spalling. These
temperature profiles show that addition of fibers (both steel polypropylene) is quite
beneficial in mitigating the fire induced spalling and retainirgss-sectional integrity of HPC
columns.

A comparison of temperature rise in FAC and FAC-P columns indigchtg temperatures in
FAC column are slightly higher than that in FAC-P column throughoufitheexposure time
(see Figure 5.23). The higher temperatures in FAC column canrlimited to two factors,
occurrence of fire induced spalling leading to loss of concrets-sexgion, and higher thermal
conductivity of FAC (Kodur and Khalig, 2011). The peak rebar temperaaitasned in FAC
column was 681°C at 270 minutes into the fire exposure, as compared°® B45AC-P
column. This lower temperature in FAC-P column can also be atuliioteeduced thermal
conductivity of FAC-P resulting from increased permeability (duenelting of polypropylene
fibers).

To compare the performance of different types of HPC undecdinglitions, fire resistance of
the two types of concrete columns (FAC and HSC) tested in thiggm is also compared. The
thermal response of FAC and FAC-P columns is compared with nedasmmperatures of HSC-
S and HSC-H columns (see Figure 5.24). It can be seen that therédune progression in both
FAC and FAC-P columns follow similar trends to that of HS&8 HSC-H columns, however

both FAC and FAC-P columns had slightly higher temperature @sofllhis can be attributed to
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slightly higher thermal conductivity and specific heat of FACd@®pared to HSC) (Kodur and

Khalig, 2011).
5.4.2 Structural Response

Structural response of column is generally assessed by nmgaauial and lateral deformations
in column, and also strain in rebars under fire exposure. Both axidhteral deformations were
recorded in four columns and strain data was measured in steed nelthe fire resistance tests
is presented here. To gauge the relative performance of pgs tf HPC (FAC and HSC) the

comparison of structural response for all four columns is presented.

5.4.2.1 Axial Deformations

The structural response of four columns is evaluated by compagagured axial deformations
as a function of fire exposure time, which is shown in Figure 5.25. Anc&dnn, when
exposed to fire, expands initially due to thermal expansion ocguooth in steel rebars and in
concrete. With increasing fire exposure time, temperatures bargerise and the steel
(reinforcement) yields at about 600°C, a temperature that isattitir steel since it loses 50% of
its yield strength (Lie, 1992). After steel yields, conciiee in the column progressively carries
higher percentage of applied load. With increasing temperaturersgtst and stiffness properties
also deteriorate in concrete (Kodur and McGrath, 2003) leading toasexteload induced
mechanical strains which in turn results in contraction of the awdurwith increasing fire
exposure time, the strength of the concrete also decreaset dieteriorating properties of
concrete, and ultimately, when the column can no longer support thefddack of column
occurs.

Results plotted in Figure 5.25 indicate that all four columns undemygransion in the initial

stages of fire exposure. Higher initial expansion in the cas&af column can be attributed to
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higher thermal strains. Further fire induced spalling that oatunré&AC column led to loss of
cross section which resulted in loss of strength and contraction ([b@®es) much earlier than
that in FAC-P column which led to failure of FAC column in 165 misufg this failure time,
the rebars temperature in FAC column reached 630°C and mid-(ptbrete) temperature
reached 560°C (as opposed to 570 and 470°C respectively in FAC-P columsnhdidates that
steel rebars had also lost strength entirely in FAC column dtieetexposure. Previous fire
resistance studies have shown that the large deformation pri@iluce results from high
mechanical strains (due to significant loss of strength aridestg of the columns) and also from
significant levels of high temperature creep (Lie, 1992). Saamit increase in the deformations
in column FAC-P towards later stages of fire exposure can thbuééd to effect of high
temperature creep, which can be quite high when steel and concrete temperaeed600°C.
The effect of fire on structural response of both HSC-S and H8Gkhnns can also be gauged
by reviewing the progression of axial deformation with timgyFe 5.25). These columns were
exposed to similar fire scenario as that of FAC columns. Bo#ethelumns exhibit expansion
phase followed by contraction similar to FAC columns. Howeveratti@ expansion in both
HSC-S and HSC-H columns is lesser than that in FAC colummolild be noted that HSC
columns were subjected to higher load ratio (0.6) as compared ta&lA@ns (0.4). Therefore
the lower axial expansion in case of HSC columns was dueltemee of higher applied load.
Both HSC-S and HSC-H columns expanded smoothly up to three hours bedgrstarted
contracting. Also no spalling or major cracking was observed in 8%@d HSC-H columns,
this in turn led to their better fire performance than that of FAC column.

The axial deformation-time plot in Figure 5.25 illustrates that highealimixial deformation and

early contraction occurred in FAC column. Since FAC column hadt$ostoss-section in initial
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30 minutes of fire exposure, it resulted in direct fire exposireebars leading to higher
expansion of FAC column. Loss of cross-section in FAC column alsgrcomsed the
structural integrity due to higher degradation in stiffness;résalted in early contraction under
load and led to failure. FAC-P column on the other hand sustained dessledeformation and
contraction in initial stages for fire than that in FAC columrarébver, as a result of spalling
mitigation, due to melting of polypropylene fibers, the column csession in FAC-P column
remained unchanged, thus lower degradation to stiffness occurredressilt FAC-P column
exhibited better fire resistance than FAC column.

Comparison of results from the tests on FAC and FAC-P columiistiaase of HSC-S and
HSC-H columns in Figure 5.25 illustrates that axial deformatioAC-P, HSC-S, and HSC-H
columns follow almost similar trends in early stages of fast.t The gradual increase in
expansion and contraction in HSC-S and HSC-H columns can be attribubegher applied
load (60% of ultimate load capacity) and enhanced ductility faiglit by presence of steel
fibers. Even under higher axial loads, both HSC-S and HSC-H colwmwvises] the entire fire
test up to 4.5 hours. Fly ash concrete column had better strength ippsrtompared to HSC-
S and HSC-H resulting from fly ash in the mix (as describeseiction 5.2), however, the steel
fibers improved the toughness and tensile strength properties in B8C+SSC-H concrete that

resulted in higher fire resistance in HSC-S and HSC-H columns.

5.4.2.2 Lateral Deformations

The lateral deformation measured at mid-height is plottedfasction of fire exposure time for
all four columns in Figure 5.26. All four columns had similar end r@eg) conditions with
bottom end completely fixed and the top end partially fixed (as showigure 5.9). All these

columns exhibited lateral deformation in the expansion phase (in tia¢ steiges of fire) and the
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deformation reached 25 mm at 100 minutes in to fire exposure Xsdedaformation plot in
Figure 5.25). However, in FAC column, the lateral deformation stgmfly increased to 121
mm, at the time of failure, when the column moved in to contractionepfago factors that
contributed to this excessive lateral deformation in FAC columnredeiced cross-section due
to fire induced spalling and temperature induced stiffness degradahan.edcessive lateral
deformation led to failure of FAC column in 165 minutes through globaklimgc Lateral
deformation in FAC-P column increased to 45 mm at 180 minutes andsthbilized and
slightly reversed in the cooling phase of fire. This onseewénsal and stabilization of lateral
deformation in FAC-P column coincides with start of its axial contracti@n aftdergoing initial
expansion (as can be seen in Figure 5.25). The enhanced perfooh&#Ac@-P column can be
attributed to its sustained integrity (without any loss of ceesgion) due to mitigation of
spalling facilitated by the melting of polypropylene fibers.

As shown in Figure 5.26, lateral deformation in HSC-S and HSC-ithud increased to about
30 mm at 150 minutes and then almost remained steady. This s¢saditeteral deformation in
HSC-S and HSC-H columns, in comparison to FAC columns, can bbusthi to slower
degradation of stiffness in these columns resulting from presersteedfiibers. The other factor
that enhanced the fire performance of HSC-S and HSC-H columnsustasned cross-sectional

integrity of these columns facilitated by spalling mitigation.

5.4.2.3 Strain in Steel Reinforcement

The strains in the longitudinal reinforcement in the columns wenaitored during the fire tests
through high temperature and regular (room temperature) strais gagexplained in Section
5.2.3 and illustrated in Figure 5.5. The high temperature strainegataqn give reliable strain

measurements in steel rebars for temperatures up to 300°GGashegular strain gauges are
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reliable only up to 100°C. Due to limit of workable temperaturgyeariunctionality of these
strain gauges is limited as data collected by them may kdahblemsand unreliable in high test
temperatures up to 600-800°C. During the fire test, few of these giagies (mostly regular)
malfunctioned during fire tests, these strain gauges either ggmruiected or simply broken due
to fire exposure (temperature limitation). The measured sti@in $train gauges attached to the
longitudinal reinforcement at two sections of the tested columpktted as a function of fire
exposure time in Figures 5.27-5.34. It can be seen from these fipatethe strain data from
tested columns appeared to be reliable only up to 20 minutes ornldssfire exposure.
Moreover not all data gave good results and some of these resmisinational due to
significant variation. The malfunctioning and bad results in straimgemcan be attributed to the
cracking of concrete near the strain gauge, or intermittent dergpodlithe strain gauge from
the reinforcing steel due to the sudden rise (thermal shockspam temperature due to fire
exposure.

Results from two of the survived high temperature strain gattjigSG 1 and HTSG 2) in FAC
column at Section DD (mid-height of column as shown in Figure 5.27) sraivthey recorded
thermal expansion in steel rebars between 6 and 10 minutes. Theéecetoermal strain was
between 100-300 micrometer/m range. This is in good agreemdrd toad-axial deformation
trends in FAC column as shown in Figure 5.25 where the FAC coluneers expanding in
initial stages of the fire test. However, after 10 minutedo fire exposure the strain data
collected by both strain gauges became irrational either dualfonttioning or deboning from
steel rebars. On the other hand only one regular strain gauge (S@vRed at Section EE
(three-quarter-height of column as shown in Figure 5.28). Thisyggeauge recorded thermal

expansion in steel rebar up to 13 minutes and the maximum recordadwsta 500
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micrometer/m before it stopped recording data. The small distwebsnthe measurement
recording at about 5 minutes into the fire test might have resutien cracking and spalling that
was in progress in FAC column at that time. The thermal stnagteel rebar is again rational
and in good agreement to load-deformation of FAC column.

In the case of FAC-P column, all three stain gauges surviv&egiton DD (mid-height of
column as shown in Figure 5.29) and recorded strain data correctlyabpub140 minutes with
very little disturbance. The recorded thermal strain remainedasdnsnder 100 micrometer/m
up to 120 minutes and increased up to 1500 micrometer/m before malfumgtidhe stain in
steel rebars also depicts correctly the lower load-axial whefoon in FAC-P column (Figure
5.25) up to 140-150 minutes before it started to contract. Only one stain gauge (SG 3) stirvived
Section EE (three-quarter-height of column as shown in Figure &Byecorded strain data
correctly up to about 25 minutes but with some disturbance. The maxienamded strain was
800 micrometer/m at about 11 minutes of the fire exposure but tekawits contraction in steel
rebar. This is not in line (agreement) with the load-defaonatesponse of FAC-P in which
expansion continued till 150 minutes. This result may have occurred cdgente local
disturbance concrete-steel rebar interaction and therefore deemedblmrelia

For HSC-S column, two high temperature strain gauges (HTS@ HaSG 2) at Section DD
and two regular strain gauges (SG 1 and SG 2) at Sectiaufzlred and recorded strain data
up to about 30 minutes as shown in Figures 5.31 and 5.32 respectively.adieestorded by
HTSG1 and HTSG2 at Section DD show expansion with a maximum dhetrain of 1500
micrometer/m before both the strain gauges malfunctioned. Howetzeretarded till about 20
minutes is in good agreement with the load-deformation plot of colu®@-H (see Figure

5.25). The strain recorded by SG1 and SG2 at Section EE show irragspahse data as these
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show expansion and contraction at the same time at this section 86tminutes. In the case of
HSC-H, all three strain gauges survived at both cross-sectiorenBIEE and recorded thermal
strains in steel rebars up to 20 and 40 minutes respectively aa sihdwgures 5.33 and 5.34
respectively. At Section DD the two high temperature strauges recorded strains up to 1000
micrometer/m in 7-10 minutes. However, the strain recorded by &QRis section seems
irrational as it might have gone bad under high temperatur&edtion EE all three regular
strain gauges show different strain progression and thereforeimeeents seem irrational. The
SG1 shows increase in thermal strain up to 40 minutes in sbegkréhat correlates with the
actual load-deformation behavior of HSC-H column. However, SG2 showaisamge in thermal
strain and SG3 shows increase in thermal strain after about 30emitherefore data recorded
by both of these strain gauges is unreliable.

It should be noted that both regular and high temperature strain agestemperature
limitations for reliable operation (100 and 300°C respectively), therdfaese are less reliable
due to harsher temperature environments and complex physical anccahprocesses that
occur in structural members at elevated temperatures (Dwai@9). It should also be noted
that the fire temperatures in fire test can reach up to 108068Csteel rebar temperature can go
as high as 800°C and therefore strain gauges cannot stablyeogethese high temperatures.
The problem associated with the reliability of high temperatstrain gages was also
encountered by other researchers (Dwaikat, 2009; Raut, 2011; \Eijll2084). Some previous
researchers attributed the problem in strain gages to thaakriterference from the operation
of the high voltage ignition and the control systems (Williams, 208d)aated with fire tests.
One other reason for this problem could be that the strain gageesgned for low heating

rate. Whereas in actual very high heating rate is encountdredt(B0C per minute for rebars),
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and also these strain gauges could be directly exposed whie spalling occurs in the vicinity
of the strain gauges. Due to the lack of consistency in strg@esgé#éhe strain data recorded by

them should be cautiously used to infer any strain trends in the tested columns.
5.4.3 Spalling Progression

The progression and extent of spalling in columns was recorded tuealjtahrough visual
observations made through the observation windows of the furnace dueirfget test. Also,
after the fire test, the quantity of spalling was evaluatednbasuring the volumetric loss of
concrete in fire exposed columns. The quantity of spalled congesteevaluated by subtracting
the remaining concrete section from the original volume of columnhasids tabulated in Table
5.2.

In the case of FAC column, spalling due to high temperaturedtattabout 12 minutes in to the
test and continued till about 25 minutes. After its initial occurrespalling gradually subsided
in FAC column and did not further penetrate into the concrete code isteel cage. Figure 5.35
illustrates the columns status under fire conditions observed throeqghpairts of furnace at 60
minutes into the fire test. The figure shows that out of fouedesblumns only plain FAC
column suffered spalling. The extent of spalling in FAC column wasenatel as compared to
typical HSC column, which can be attributed to superior microstructureGhdedumn.

In contrast, FAC-P, HSC-S, and HSC-H columns experienced no spidiimgghout the fire
exposure. The absence of fire induced spalling in FAC-P, and H&&uirkhns can be attributed
to enhanced permeability in concrete due to melting of polypropyileees at around 160°C.
The increased permeability facilitated dissipation of steadntlaus helped to limit pore pressure
build-up so as not to exceed the tensile strength of concrete. Térecals spalling in HSC-S

column columns can mainly be attributed to increased tensile s$trandtigher temperature
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facilitated by the presence of steel fibers. In the caselSX-H column, both mechanisms
increased tensile strength through steel fibers and increaseegteity through melting of
polypropylene fibers prevented occurrence of spalling in concrete.

It has been shown in Chapter 4 that the presence of steel dibegkerates the degradation of
tensile strength in HPC. The improved high temperature tenstiegétrin HSC-S and HSC-H
columns also helps to mitigate fire induced spalling. This baaggffect in HSC-S and HSC-H
can be seen Figure 5.36 which illustrates the state of theiposbnditions of columns after
completion of fire tests as spalling was not encountered in these columns.

Post fire test volumetric measurements indicated the spalledete in FAC column was about
17% of its exposed volume, whereas this was about 40% in casepi¢a tySC column (Raut
and Kodur, 2011). These volumetric calculations indicate that spalksgless severe in FAC
column compared to that of plain HSC columns (Raut and Kodur, 2011). This qaartlye
attributed to higher tensile strength of fly ash concrete wisicibout 20% higher than that of

conventional high strength concrete as reported by Khaliq and Kodur (2012).
5.4.4 Failure Modes and Fire Resistance

The fire response of FAC and FAC-P columns was quite differemt €ach other. Fire induced
spalling in FAC column led to loss of cross-section in early stafeest. The reduced cross-
section in FAC column suffered increased degradation in s$kremgd stiffness due to high
temperatures and led to failure of FAC column in 165 minutes. Inabe af FAC-P column,
melting of polypropylene fibers mitigated the fire inducedllsga by dissipation of pore
pressure. Melting of polypropylene fibers creates micro chatimaielp diffuse pore pressure

build-up (Bilodeau et al., 2004) and its detrimental effects. Duep#dlirsy mitigation and
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survival of cross-sectional integrity, FAC-P column displayedebdite resistance than FAC
column and survived the burnout conditions during the test.

In the case of HSC-S and HSC-H columns, fire induced spallingalsasnot encountered. The
steel and hybrid fibers in HSC-S, and HSC-H columns decreteggddation of tensile strength,
mitigated spalling and also increased toughness of concrete uedeoriditions. The better fire
resistance of HSC-S and HSC-H columns can therefore bleugttito presence of steel and
hybrid fibers. A comparison of fire resistance of all four columsrisbulated in Table 5.2. With
similar degradation in strength and stiffness to FAC and FAC-P columns, but ghtr lapplied
load, HSC columns exhibited better fire resistance than FAC and FAC-P columns.

Out of four tested columns, three columns (FAC-P, HSC-S, and HSS§is)ved the fire
exposure conditions; this is typically a case once buildings Xgpesed to fire. However,
significant strength and stiffness reduction is anticipatedrenexposed columns after the test.
To characterize the post-fire capacity of the fire exposaldnins and to establish their
serviceability, residual strength tests were performed onv&adh(FAC-P, HSC-S, and HSC-H)

columns.
5.4.5 Summary

Results from the fire resistance tests show that plain FoM@rm exhibits lower fire resistance
performance compared to steel and hybrid fiber reinforce HS@nowl. The fire resistance in
FAC column was significantly affected by loss of crosdieacdue fire induced spalling. The
fire response of FAC-P column was almost similar to HS@xb HSC-H columns. However,
HSC-S and HSC-H columns displayed lesser axial deformatwanmsFAC and FAC-P columns.
The fire resistance of FAC-P column was also enhanced due logpaitigation facilitated by

burning of polypropylene fibers. Similarly presence of steel ayaidh fibers in HSC-S and
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HSC-H columns also slowed the degradation of tensile strengthmitrghted spalling, thus

significantly enhanced the fire resistance of these columns.
5.5 Response after Fire Exposure

In many practical situations RC columns survive in burn-out ienarios. In such situations,
repair of fire exposed RC structures is often more economichlibderms of cost and time,
than to demolish and rebuild the structure. One of the major ogableherefore is to determine
the extent of damage to fire exposed columns. To assess such damdagige capacity of
structure for feasibility of repair, determination of residusdrggth in fire exposed RC columns
an important factor.

The extent of strength loss in RC columns due to fire exposurgpendent on a number of
factors, including type of fire exposure, temperatures in the cenanek steel, concrete and steel
properties (including strength) and load level. Due to high thernpacds and low thermal
conductivity of concrete, RC columns may retain much of theiralngirength under most
realistic fires, particularly if the columns do not experiesigmificant fire-induced spalling. In
order to develop data on residual capacity of HPC columns, additiogradjth tests were carried

out on the survived RC columns tested for fire resistance.
5.5.1 Tested Columns

Since FAC-P, HSC-S, and HSC-H columns did not fail during therdisestance tests, residual
strength tests were conducted on these three columns to detdrengapacity of these columns
after exposure to fire. These columns survived the fire exposuoh Wasted from 4 to 7 hours.
After the fire tests, these columns were unloaded and lefbdbdown in the furnace for 24

hours before conducting residual strength tests at room temperature.
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5.5.2 Equipment and Test Procedure

The residual strength tests were carried out using the saaxénd frame as used for fire
resistance tests, but with the furnace lids removed. In the resinleagth tests, the columns
were gradually loaded with vertical actuators at a prescriedand axial deformations were
recorded through LPTs attached to the top of the columns assémably.column was tested to
failure under axial load with semi fixed support conditions as showigure 5.9. The load was
increased gradually at a rate of about 10 kN per minute and disgatevas recorded as a
function of load till failure of the columns. Due to severe fire enpmsthese columns had
already signs of cracks and surface scaling had occurred dherige tests. During the loading
for residual strength tests, significant cracking and spalliag observed in the columns due to

the crushing of concrete under increasing load and this is illustrakeédure 5.37.
5.5.3 Residual Strength Results

The results of axial load carrying capacity and post-fisedteal strength of FAC-P, HSC-S, and
HSC-H columns is tabulated in Table 5.2. It can be seen thated! totumns (FAC-P, HSC-S,
and HSC-H) displayed significant residual load-carrying cépadter exposure to fire. FAC-P
column retained lowest residual capacity of 697 kN that is about 3df58 ultimate strength
capacity while in HSC-S and HSC-H columns, higher residualgtrezapacity was retained as
839 and 741 kN, which is about 44.5 and 52% of their ultimate strengthityapspectively.
This is despite the fact that severe fire-induced degradatiostramgth and stiffness is
encountered in RC members during fire resistance tests. Ther heghidual capacity in FAC-P,
HSC-S, and HSC-H columns can be attributed to the partial reatneagth by concrete and

steel upon cooling, and strain hardening of the steel reinforcement.
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The measured load deformation response for the three columns dheriregidual strength tests
is captured in Figure 5.38. It can be seen that the axial deformsihigher in HSC-S and HSC-
H columns as compared to that in FAC-P column. This higher loaxtrdafion capacity in
HSC-S and HSC-H can be attributed to presence steel fibdrs mix which induced toughness
and ductility of these columns. This improvement is in agreement twéhfact that after
exposure to high temperatures, fiber reinforced HSC shows a higher ovedalatesimpressive
and flexural strength and a higher elastic modulus (Lau and AB806) as compared to plain
HSC. After fire exposure FAC-P column acted more like plain H30wing less load-
deformation capacity as compare to both HSC-S and HSC-H columnsallOWgbrid fiber
reinforced HSC column displayed better post-fire performandbtdsed by beneficial effects

from both polypropylene and steel fibers.
5.6 Summary

Results from fire resistance tests show plain and fiberaiedl FAC columns exhibit lower fire
resistance than fiber reinforced HSC columns. The use of fib&enees the fire resistance of
both FAC and HSC columns through spalling mitigation and enhanceldameal properties.
The three columns tested for residual strength retained samtifload carrying capacity that
ranged from 34.5 to 52% of ultimate strength capacity. As irgticdtty test results, this
serviceability of columns is helpful for their rehabilitatiamdarestoration. Results from the fire
tests provide a better understanding of the response of plain andeibforced HPC columns
under realistic fire, and load conditions. These tests provide valukite for validating
computer models for tracing the fire response of HPC columns. P d¢dlumns can retain
much of their load carrying capacity after exposure to firdjqudarly once different fibers are

used in the HPC mix.
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Table 5.1 - Mix proportions for four batches of concrete.

Components FAC FAC-P | HSC-S| HSC-H
Cement (Type 1), kg/m 416 | 416 | 513 | 513
Fine aggregate, kgﬁm 705 705 684 684
Course aggregate (max size 10mm), kgg/m 1041 1041 1078 1078
Silica fume, kg/m 41 41 43 43
Fly ash - Class C (25% replacement of cement), 13<g/m 141 141 - -
Slag - Grade 120), kg/gm 76 76 - -
Water, kg/ns 135 | 135 | 130 | 130
Water cement ratio (w/c) 0.33 0.33 0.25 0.2
Retarding admixture — Type D, kg?m 3.8 3.8 - -
E;]?r:grange water reducer/Superplasticizer — Type F, 9.12 9.12 15 15
Slump, mm 150 100 100 90
Polypropylene fibers, kg/r3'n(0.22% by volume) - 2 - 2
Steel fibers, kg/r% (0.54% by volume) - - 42 42
Unit weight of concrete, kg/?n 2564 2530 2490 2464
Compressive strength (MPa)
7 days 76 72 66 68
28 days 102 81 67 68
90 days 107 100 72 75
Test day 107 100 77 80

205



Table 5.2 - Summary of test parameters for fire resistance test on columns.

Residual
Fire Total Concrete strength
Column exposure test strength (MPa) | Column | Load | Applie | Relative | Failure Extent kN (%
desianation (ASTM time strength | ratio | dload | humidity times of of
g E119- | (minute >3 Test (kN) (%) (kN) (%) (minutes) | spalling | ultimate
decay) S) Days day Ioao_l
capacity)
LF- decay Failed
FAC @4.16°C/ 435 102 107 2144 40 858 90 (165) Severe -
min
LF- decay No
FACP | @4.16°C/| 435 | 81 | 100 | 2020| 40| 808  90.25 Failure | Nil 697
. (34.5%)
min (435)
SF- decay No
HSC-S | @11°C/mi| 270 | 72 77 1612 | 60| 967|  91.25 Failure | Nil 839
(52%)
n (270)
SF- decay No
HSC-H | @11°C/mi| 270 | 75 80 1665 | 60| 999  89.65 Failure | Nil 74l
0 (270) (44.5%)
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Vertical
Loading Actuator
/’ Frame
Specimen

F305 F

T
460

BANSAY 'I_ﬁm 'L AN

(b) Schematic for column position relative to furnace

N

Figure 5.8 - Structural fire testing facility at MSU’s Civil lastructure Laboratory
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Figure 5.12 - Measured rebars and concrete temperatures for FAC columticat BBc
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Figure 5.13 - Measured rebars and concrete temperatures for FAC columticat SEc
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Figure 5.14 - Measured rebars and concrete temperatures for FAC-P colwsohat 8A
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Figure 5.16 - Measured rebars and concrete temperatures for FAC-P colwoticat SC
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Figure 5.17 - Measured rebars and concrete temperatures for HSC-S colwuitmoat SA
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Figure 5.18 - Measured rebars and concrete temperatures for HSC-S colw@uttioat 5B
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Figure 5.19 - Measured rebars and concrete temperatures for HSC-S colwuatioat SC
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Figure 5.20 - Measured rebars and concrete temperatures for HSC-H colusnticat 8A

218



2500

Note: C = (¥-32)5/9 ——Furnace average
——HSC-H-TC 8

2000 - ——HSC-H-TC 9
E‘,_‘ ——HSC-H-TC 10
5 1500 -
S
<
8
% 1000 -
|_

500 4

O I I )
0 100 200 300
Time (mins)

Figure 5.21 - Measured rebars and concrete temperatures for HSC-H coluenhaat BB
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Figure 5.22 - Measured rebars and concrete temperatures for HSC-H col@tiioatSC
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Figure 5.24 - Comparison of temperature distribution for FAC and HSC columns
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Figure 5.26 - Measured lateral deformations as a function of fire exposura tiesteid columns
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Figure 5.31 - Measured axial strains as a function of fire exposure time @SHBIumn at
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Figure 5.32 - Measured axial strains as a function of fire exposure tim&€@Stolumn at
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Figure 5.33 - Measured axial strains as a function of fire exposure time @Ht®lumn at
Section DD
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Figure 5.34 - Measured axial strains as a function of fire exposure time @HtSlumn at
Section EE
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Figure 5.35 — State of columns during fire test at 60 minutes into the test

(a) Typical column before test (b) Columns after fire test

Figure 5.36 - State of columns before and after the fire resistance tests
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Figure 5.37 - Columns after residual strength tests
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Figure 5.38 - Load-deformation response of fire exposed columns during residugthstests
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CHAPTER 6

6 NUMERICAL MODEL

This chapter is mainly based on the following conference presentation and paper:

e Khaliq, W., Raut, N. K., and Kodur, V. K. R. (2011). "Effect of tie configioraon fire
performance of high strength concrete columns.” Proc., Conferenaniatesn, ACI Fall
2011Conference.

e Khalig, W. and Kodur, V. K. R. (2012). "Effect of tie configuration on ferformance of

high strength concrete columns.” SiF 2012 Conference at Zurich, Switzerland.

6.1 General

Fire response of concrete structures can be evaluated by apgpdgntzansfer, thermodynamics,
and structural mechanics principles. For reliable fire respamskcgions, all influencing factors
including fire scenario, high temperature material properties,a§ member, load, spalling, and
tie configuration have to be properly accounted for in fire registaanalysis. Developing a
numerical model for evaluating fire resistance is quite comglexto interdependency of many
of these significant parameters, as well as fire induced phenomsenbras cracking, spalling,
de-bonding and moisture migration that occurs in concrete structGrgsently available
commercial softwares are capable of accounting for comptagtstal geometry, but they are
not capable of fully accounting for microstructural phenomenon such as moisguagion, pore

pressure and spalling that occurs within a RC member under fire conditions.
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Recently a macroscopic finite element (MFE) computer modsl dexeloped by Kodur et al.
(2009) and this model can account for most of the above mentioned faatbcain capture the
fire response of RC beams and columns. However, this model does not afmotrgh
temperature material properties of HPC (with and without $jband pore pressure induced tie
opening up in reinforced concrete columns. To enhance the capabilitgulivanodels are
developed as part of current study. The first sub-model is topoaede high temperature
properties of HPC and the second sub-model is to account theadfteetconfiguration on fire

response of reinforced concrete columns.
6.2 Macroscopic Finite Element Model for Fire Resistane Analysis

6.2.1 General

The macroscopic finite element (MFE) based numerical model,lapmee by Kodur et al.
(2009), uses moment-curvaturdi<{K) relations to trace the response of an RC structural

member (column or beam) in the entire range of loading up todailder fire. In this model,
the RC structural member is divided into a number of segments atofength and the mid-
section of the segment is assumed to represent the behavierwdhe segment (Kodur et al.,
2009). The cross section, representing mid-section of each seggrartdivided into elements
forming a two dimensional mesh. The fire resistance ana$yseried out by incrementing time

in intervals. The flowchart involving the various steps of analysis is shown in FEdure

At each time interval, the analysis is performed through three main step/néipestablishing
temperatures due to fire, (2) carrying out heat transfer sisatp determine temperature

distribution in cross-section and (3) performing strength and defteanalysis. As part of step

three fire induced axial restraint force in RC structural mmms calculated and theévi—x
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relationship is generated based on axial and lateral forces campyteevious sub-step for each
segment and finally structural analysis of the member isopeed to compute axial

deformations and internal forces.

Full details of the model, including derivation of equations and validaifothe model are
comprehensively presented by Kodur et al. (2009) and Raut (2011). Howmvére fsake of
completeness, overall procedure used in the model and some of the mdoaatisin existing

model are presented here.

6.2.2 Fire Temperatures

First step in fire resistance analysis is calculatiofireftemperatures. The fire temperature is

assumed to follow a standard fire curve such as ASTM E119 (ASTA-B8b, 2008) or ISO
834 standard fire or any other design fire scenario. The timpemature relationship for the

ASTM E119 and ISO 834 standard fire can be approximated by the following equations:
Tt =To+7501- exd- 379553ty )+ 17041/t (6.1)

T¢ =20+34509@t +1) (6.2)

wheretp, = time (hours)Tg = initial temperature°C), andT; = fire temperature°C).

Any other design fire, standard hydrocarbon fire and user defireedan be used in the model

based on the known time temperature relations.

6.2.3 Thermal Analysis

6.2.3.1 Cross-sectional Temperatures

The temperatures within the cross-section of each segmerdrapaited using the finite element

approach. The fire exposure to columns can be from 1-, 2-, 3-, orsadleg and the fire
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temperature established in Section 6.2.2 forms the input to thermgdiandhe cross-sectional
area of each segment (mid-section) is subdivided into a numbe&neémts and temperature rise
in a column segment is derived by establishing a heat balaneadbrelement. The temperature
is assumed to be uniform along the length of the segment and tlaadhlations are performed
for a unit length of each segment. Steel reinforcement is pexifecally considered in the
thermal analysis because it does not significantly influenceetn@erature distribution in the
column cross-section (Lie and Irwin, 1993). However, in the model, tfaidacof the steel
reinforcement is accounted for while discretizing the column @esBen in to elements for
thermal analysis such that more accurate temperature distribution iseabtai

Based on the conservation of energy, the following equation can be obtained for onéodiahens
heat transfer problems (Cook et al., 2007):

ar__da, 4 (6.3)
dt dx
dT
dx

Applying Fourier’s law, which relates the heat flux to the terafuee gradients ag = —k

Eq. (6.3) can be written as

dT
<)
dT dx o)

pCE: dx

(6.4)
Thus, the governing heat transfer equation within a rectangolamn cross-section, that

represents a two dimensional problem, can be written as:

pc% =VKVT +Q (6.5)

wherek = thermal conductivitypc = heat capacity] = fire temperaturet = time, Q = heat

source, and = heat flux.
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At the fire-column interface, the mechanism for heat trangfethrough radiation and
convection. The heat flux on the boundary due to convection and radiation caerbéygthe
following two equations which relate the heat flux due to convectionrad@tion to the

temperature of fire (or ambient temperature for faces not exposed to fire):

drad = Mrad (T -Te ) (6.6)
deon=heonlT -T¢) (6.7)
where

Orad @ndgcon are radiative and convective heat fluxes,

hyag andhgop are radiative and convective heat transfer coefficient,

fyad = 4ag[T2 +Té)(T +TE), 6.8)
Te = temperature of the environment surrounding the boundary,

o = Stefan-Boltzmann constant taken as 5]6)78 (W/m2.°K4), and
&= emissivity factor.
Therefore, the total heat flux on the column boundaggsdan be given by the equation:

o = (heon+ hrad)(T - Tg ) (6.9)

Using Fourier's Law, the governing heat transfer equation on the hguoididoe column can be

written as:

oT orT
Kl—ny+—n :—h[T—T j 6.10
(&, y* 5 ZJ f (6.10)
where
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ny andn; = components of the vector normal to the boundary in the plane of thesentis,
and
h =hrad + hcon

Since the column may be exposed to fire from any of the four, didestypes of boundary
eguations are to be considered for thermal analysis, namely:

e Fire exposed boundaries where the heat flux is governed by the following equation:

oT oT
k(@ﬂy +En2]:—hf (T _Tf j (611)

e Unexposed boundary where the heat flux equation is given by:

—ny + Enzj = —l"b(T —TO) (6.12)

where

hs andh; are heat transfer coefficient of the fire side and the cold side, respedcive

TfandTp are fire and cold side temperature, respectively.

6.2.3.2 Pore Pressure Calculations

The cross-sectional temperatures generated above aredutdizsxaluate pore pressure in each
segment at each time step (Dwaikat, 2009; Dwaikat and Kodur, 2@08; R011). The pore
pressure calculations are quite complex in concrete medium and kEenofmassumptions are
made to deal the complications involved with moisture migration undeateld temperatures.

Some of the key assumptions are:
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e Concrete is a continuum medium. The solid skeleton (concrete structure) ieddsure
undeformable. This is because the mechanical and thermal detrmfthe solid phase
is small when compared to the volume changes due to other prossesas
evaporation.

e Water vapor is an ideal gas, which is valid for most engingeqplications (Harmathy,
1969; Harmathy, 1971; Huang, 1979).

e Mobility of liquid water is ignored. This assumption is valid becdbarcy’s coefficient
(permeability) for liquid water in concrete is much smallemthiaat for water vapor
(Harmathy, 1969; Sahota and Pagni, 1979).

e The effect of air is ignored in the analysis. This assumptiaomsidered to be valid
because the mass of air in concrete is much smaller than the mass of water.

e Water is incompressible liquid. This assumption is valid becausevahemetric
deformation of liquid water due to pressure is much smaller ttmmdlumetric changes
due to other processes such as evaporation.

e The effect of latent heat and heat of dehydration is not accotmtad the analysis.
Accounting for latent heat and heat of dehydration will sligiiguce the predicted
temperatures. Thus, latent heat and heat of dehydration can bevatwsly ignored in
the analysis.

The governing equations for the calculation of vapor pressure imeterare derived using four
main principles; namely:

e Conservation of mass for liquid water,

e Ideal gas law,

e Total volume of all different components in a unit volume of concrete equals unity, and
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e Conservation of mass for water vapor.

The basic equations that govern the conservation of mass for liquid water is given by:
E=m wo—-m_ +Mp (6.13)

whereE = mass of evaporated watem,\yg = mass of liquid water at time t = 0 (initial mass

of liquid water),m_ = mass of liquid water at any timg,andmp = mass of liquid water

formed due to dehydration.

The ideal gas law is used to relate the pressure, the volummeatise and the temperature for
water vapor. Equations are derived based on the conservation of nvesteiofapor using
Darcy’s Law, which relates the mass flux to the pressurdiegrtss. Mathematically solving
constitutive equations, a simplified equation is obtained for poreyseessiculations by

introducing three paramete#s, B, andC as follows:

A(LLY =VBVR; +C (6.14)
where
SR
WpeL JdRy  RT
B:rn\/kl
N
C=||1- ALY (_dﬂ]__'_dﬂ[)j_i_m\/_‘_ my d,OL(mD_mL)d_T
W oL dT  dT T \'\/PE dT dt

Finite difference analysis in space and time domains isedilia solve Eq. 6.14 to compute the

pore pressur®y. The parameters A, B, C are based on a particular tempeeatdressultant
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pore pressure is computed at target temperature. In equatioR\6=pbre pressurany = mass
of water vaporR = gas constani = molar mass of wateY), = volume fraction of water vapor,
and T = temperature°K) V| = volume fraction of liquid wateryYp = volume fraction of
dehydrated liquid water, ang = density of liquid waterkt = intrinsic permeability of concrete

at temperaturel, and, = dynamic viscosity of water vapor.

6.2.3.3 Initial Boundary Conditions
The initial boundary conditions for pore pressure calculations are assumea\as:foll

e Initial pore pressurel,g) can be computed as:

R/0=RH-Pgg (6.15)
where RH = initial relative humidity in the concrete, alRdg = initial saturation pressure

which can be computed based on the initial temperature of concrete.
e On the boundaries (surface) of the column the water vapor is asdonted transferred
through diffusion. Thus, the governing mass transfer equation of water atafheg column

boundaries can be written as:

R/ Ry
A ny + n, |=-D — 6.16
( oy y* S, ZJ 0(ov = pveo) (6.16)
where Dg = diffusion coefficient of water vapor at the boundaries of the colyw =

density of water vapor in the concrete boundaries,®ngd= density of water vapor in the

surrounding environment. By assumipg,, to be constant during fire exposure (due to the
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lack of information on the changes that take place in the surroundingp@ment of the

column), Eg. (6.15) can be written as:

R R DM (p  Riove
z(ayny+ p nZJ— RT (R/ M j (6.17)

6.2.3.4 Finite Element Solution

Galerkin finite element formulation is applied to solve the heaister equation Eqg. (6.5) and
the differential equation for pore pressure development Eq. (6.14)eBo#tions can be written

in the following form:

d
Aid—$=V|31VU+C1 (6.18)

The governing equation at the column boundaries for both heat and aredsrtcan be written

as:
ou ou
ASLJ(@ ny+=, nzjz—Bll(U—Clil) (6.19)

The cross-section of an RC column is divided into elements as shown in Figure 6.2. Aceording t

the finite element formulation, the material property mafriand the equivalent nodal heat or

mass flux (stiffness matrike, mass matrisMe, and nodal heat or mass flgy) are generated for

each element. These matrices are given by the following equationsa(igill2004)

oNoNT  oNoNT

T
Ka= dA+ [NBjq1N'd .
e LBlax 6x +Blay & +1£ B 1 S (6.20)
M _ T
e= [ANN'dA (6.21)
A
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Fe= [NGdA+ [NBj1C 1ds (6.21)
A r

whereN = vector of the shape functionsy M1, C1, A11, B11 and G 1 = parameters computed

by comparing equations (6.5), (6.11), (6.12), (6.14) and (6.17) with egad®.18) and (6.19)

for heat and mass transfér= boundary of the column, alsd= distance along the boundary

6.2.3.5 Spalling Calculations

Once the pore pressure in various concrete elements is calc@aseaplified approach is
applied to determine spalling. The computed pore pressure is companest dige temperature
dependent tensile strength of concrete as shown in Figure 2.18. Whedfethiee pore pressure
exceeds the temperature dependent tensile strength atrtbatéip, spalling is assumed to occur

in that concrete element; i.e.:
nR/ > ftT (6.23)

where:n is porosity of concrete and is equal\Mg +V, fit = tensile strength of concrete for

temperatureT, W, is volume fraction of water vapov| is volume fraction of liquid water.

Once stress due to pore pressure exceeds the tensile strgyadlihg soccurs, the concrete
element is assumed to be lost (removed from the section) anedineed concrete section and
new boundary surface is considered in the subsequent hydro-thermatesngihsanalyses. In
this way, the coupling between spalling and hydro-thermal asalylt be accounted for in the

model.
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6.2.4 Strength Analysis

6.2.4.1 General Analysis

The third step in the numerical model is the strength anay#iee mid-section of each segment.
The cross-sectional temperature distribution generated from iyeinmal analysis is used as
input to the strength analysis. For the strength analysis, the followingpssns are made:

= Plane sections before bending remain plane after bending.

= There is no bond-slip between steel reinforcement and concrete.
At each time step, the strength analysis is performed &® thub-steps; namely, estimating the
axial force in each segment of the restrained column, genethtg-« relationship for each
segment, and carrying out nonlinear stiffness analysiste the response of the column under
fire conditions.
The strength calculations are carried out using the same nmegsfioushermal analysis as shown
in Figure 6.2(d). The temperatures, deformations and stresses ialeaent are represented by
those at the center of the element. The temperature in eacbnelis obtained by averaging the
nodal temperatures of rectangular elements. For steel rétsatemperature is assumed to be
that at the center of the rebar.
The total strain in a concrete element, at any fire exposore, is taken as the sum of the

thermal expansion, the mechanical strain, the creep strain, and the transrent stra
€t =éth T €me + &cr + étr (6.24)
whereg = total straingp = thermal straingyne = mechanical strairg, = creep strain, angy =

transient strain in concrete.
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Thermal strain &) is directly dependent on the temperature in the element artaeaalotained

by knowing the temperature and thermal expansion of the concrete. Creep stsaumigd to be
function of time, temperature, and stress level, and is computed tadddrmathy’s (1993)

approach using the following expression:

O _
ecr =,51§\/E od(T-293 (6.25)

-6 -05 . -3 -1
wheref; = 6.28<10 " s ', d is a constant taken as 2.688 ~ K *, T = concrete temperature

(°K) at timet (s), fc T = concrete compressive strength at temperakuend o = stress in the
concrete at the current temperature.
The transient straing), which is specific for concrete under fire conditions, is comphbéesdd

on the relationship proposed by Anderberg and Thelandersson (Anderbefgedaddersson,

1976). The transient strain is related to thermal strain as follows:

o)

Aggr =ko Aéth (6.26)

c20
whereks = a constant ranges between 1.8 and 2.35 (a value of 2 will benued analysis),

Agh = change in thermal straing, = change in transient strain, afado= concrete strength at

room temperature.
For steel reinforcement, the total strain, at any fire expaswme is calculated as the sum of

three components, as given by the following equation:

&ts = €the T+ €mes + €crs (6.27)
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wheregs, hs émes@Ndégrs are total strain, thermal strain, mechanical strain, angh cteain in

the steel reinforcement, respectively.

Similar to concrete, thermal straigy) in steel can be directly calculated from the knowledge of
rebar temperature and the thermal expansion coefficient ofethfoncing steel. Creep strain
(&) in steel reinforcement is computed based on Dorn’s theory and dtel pproposed by

Harmathy (Harmathy, 1967) with some modifications made to acdourifferent values of
yield strength of steel. According to Harmathy's model, cretepin in steel is given by the

following expression:

1/3
cers = (3281:20) 91/3 +7260 (6.28)
where
4.7

6.755x 1019£ij g2
7 fy fy 12

123x 1016[e10'8(6/ fy)J 9.2

fy 12
175
_ AH
O=|e AH/RTd'[, TR 38900K, t=time (hours)?t0 = 0-01{%) , G = stress in
y

steel, andy = yield strength of steel.

Figure 6.3 shows the distributions of total strain, stress, and ihferoas for the column cross-
section at any fire exposure time. The total strain in aagneht (concrete or rebar) can be

related to the curvature of the column by the following expression:
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& =&0+KY (6.29)
where: g = total strain at the geometrical centroid of the column csessen,x = curvature,

andy = the distance from the geometrical centroid of the column cross-section.

In the model, Eq. (6.24) to Eq. (6.29) can be used to carry out strain caorpofa segment at
any given fire exposure time. At any time step, and for aormaed value oty andx, the total

strain in each element (concrete or rebar) can be determinedHEgil(§.29). Then the thermal,
transient (for concrete only), and creep strains in the conareterebars are evaluated using
known temperatures and corresponding equations derived above. Using thedigeowf total,
thermal, transient, and creep strains, the mechanical straomanete or steel element can be
evaluated by rearranging Egs. (6.24) to Eq. (6.27):

Eme =&t —Eth — €cr — étr for concrete (6.30)

Eme: = &ts — €the — €crs for steel (6.31)

Then for the estimated mechanical strain, the stress in tiemiean be established using the
temperature dependent stress-strain relations of steel and teorbetailed procedure for
evaluating thermal, mechanical, creep and transient strains inet®rand reinforcing steel is

given by Dwaikat (2009).

6.2.4.2 Calculation of Fire Induced Axial Force

RC columns can develop significant restraint forces under fpesexe. The degree of restraint
is dependent on the support conditions and will determine the behadifireanesistance of an
RC column. Generally, the axial restraint force in an RC colwnoompressive during the
expansion phase of the column and tensile when the column starts aoatrébus the axial

restraint force is computed as:
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Pr=k A (6.32)

where: P, = axial restraint forcek, = axial restraint stiffness provided by adjoined beams
supported by the column, = axial deformation of the column.

For an assumed value of axial restraint foRge an iterative procedure is used to solve for

change in segment length in order to compute the axial straach segment. The constitutive
equations for calculating the total axial strain and axiairstm each segment and also the

governing compatibility equations are given by Dwaikat (2009). Tkgsations are solved to

ensure the compatibility requirements withbeing calculated using Eq. (6.32). The valu®of

is modified until compatibility conditions are satisfied within @&-petermined tolerance. The
error involved in the estimation of total axial strain and staisegment becomes smaller if

shorter time steps are used.

6.2.4.3 Generation of Moment-Curvature Relationships

Once the axial restraint force in the column is computed, tbenent-curvature M-x)

relationships for each segment of the beam or column are gendénabedh an approach

analogous to the method used for the analysis of prestressed edreaats. In this approach,

M- relationships are established by iterating the central total §&ggiand the curvatured.

At each time step, analysis starts with an assumed valug\aitare and central total strain (in
concrete) are assumed. Then, the total strain in each of the @firconcrete elements is
computed from the assumed strain and curvature. The stresdes rgbars and the concrete
elements are determined utilizing the constitutive laws émrciete and reinforcing steel. The

temperature in rebars is assumed to be equal to the temperature at the locati@eotetr of the
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rebar. Once the stresses are known, the forces are compubedcontrete and the rebars. The
curvature is then iterated until equilibrium of forces is gatis{internal force equal to the fire
induced axial restraint force). Once the equilibrium is saetisfithe moment and the
corresponding curvature are calculated. Thus, the values of moment asatlii@are stored to
represent a point on thiel-x curve. The value of the central total strain is incremented to
generate subsequent points on the moment curvature curve. This praseépesated for each
time step of fire exposure and the values of Nh& curves are stored as a point on moment
curvature curve at various time steps. The geneMtedcurves are used for tracing the behavior
of the column through nonlinear structural analysis. The generatibhofrelationships is an
important part of the numerical model since these relationships fleenbasis for the fire

resistance analysis of the RC column.

6.2.4.4 Column Analysis

The M-« relationships and the axial restraint force generated for vasegraents are utilized to
trace the response of the whole column exposed to fire. At eackteméhe deformations in the
column are evaluated through a stiffness approach. The setfBrgsstfor each segment is
determined from theM-« relationships, based on the moment level reached in that particular
segment.

Each node in the idealized column is assumed to have five degréeeddm (namely; two
rotations and three displacements) in the case of rectangulanres and three degrees of
freedom (namely; rotation and two displacements) in the caseraflac columns. The
deformation of the column is computed using an iterative procedurghagesby Campbell and

Kodur (1990). Accordingly, an iterative column analysis is carodat each time step first, a
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linear analysis is carried out using the initial rigidity bk tcolumn Elg) to determine the

moment distribution along the span of the column. The segment havimgathemum bending
moment is selected to be the critical segment.

The second step is to increment the curvature in the crittgghent and the curvature and
moment distributions along the span of the column (in each segmentpmputed for each
increment of the curvature. An iterative procedure is employed tnotite solution at each
increment of curvature such that equilibrium, compatibility, and conmeggeonditions are
satisfied, and the procedure is illustrated in Figure 6.4.

For each increment, a target curvature is selected for ttiealcisegment. The column is
analyzed under a unit load and the bending moment and the curvature inegantsare
computed. The curvature in each segment is multiplied by a sdalhgr that is computed
through dividing the target curvature in the critical elementheycomputed curvature in the
same element. The new secant rigidity for the next iteratan be computed from the generated
M-x relationship. The iterative procedure continues until convergenaehisved where the
rigidity in each segment is approximately maintained within a certairatale.

In the iterative procedure described above, the stiffness matdxthe loading vector are
computed for each longitudinal segment. Then these matrices ambdsd in the form of

nonlinear global stiffness equation, which can be written as:

where:Kg = global stiffness matrixj = nodal displacement®s = equivalent nodal load vector

due to applied loading, ariR} = equivalent nodal load vector due t® Bffect.
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The effect of the second order moments, developed due to the axiainteforce, is calculated

using the following equation:
PS:—ng& (634)
where:Kgeo = geometric stiffness matrix, = nodal displacements, arf§ = equivalent nodal

load vector due t&-5 effect.

The second order moments are then added to the external loadstifirtbessanalysis as given
by equation (6.33). Thus, for any given time step, the temperafiwesncrete and steel),
moment capacity and curvatures, as well as deformations irolinerc are known for a given
fire exposure. These output parameters are used to evaluate daitheecolumn either at local

(in each segment) or at global (whole column) levels.

6.2.4.5 Failure Limit State

The model generates various critical output parameters, suemasratures, stresses, strains,
internal forces, and deformations at various fire exposure tintesseToutput parameters are
used to check against predefined failure criteria. At evene tstep, each segment of the
structural member is checked against thermal, strength amectdef failure criteria. The

analysis is continued until strength failure of the structoramber is reached. The different

failure limits incorporated into the model are:

e The temperature in steel rebars exceeds the critical tataoperwhich is 593 for
reinforcing steel.
e The applied load exceeds the load carrying capacity of the column.

¢ Resultant axial deflections exceed the limiting deflection and rate ottefie
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The user has the option to specify any (or all) of the failumét Istates mentioned above to

define failure.
6.3 Limitations of Existing Numerical Model

The model generates various critical output parameters, suemasratures, stresses, strains,
axial restraint force, axial deformation, lateral deformationgd @xial load and moment
capacities at various fire exposure times. The temperatupes;igaand deflections generated in
each time step are used to evaluate failure of the colunthatttime step. However, this
numerical model does not take in to account two important factorsirithaénce the fire
resistance of HPC columns. These factors are (1) specihddmgperature material properties of
HPC such as FAC and SCC (plain and with different fiber combimgt and (2) effect of
modified (135°) tie configuration on fire response of HPC columns. Theiéaxconfigurations
that are used for RC columns are show in Figure 6.5(a). It caedse from Figure 6.5 that
modifying the tie configuration to 135° significantly reduces thalisyg progression and thus
enhances fire performance of RC columns. Both of these faa®rsritical for accurate and

realistic fire resistance predictions for HPC columns.
6.4 Extension to Macroscopic Finite Element Model

The above presented MFE model is extended for fire resistaralgsis of HPC columns by
incorporating two factors namely high temperature materaeiies of HPC, and the effect of
tie configuration on fire performance of columns. As part of éxiension, two subroutines are
developed, one to capture the pertinent high temperature propertie€tartdPsecond one for

accounting for the effect of tie configuration.
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6.4.1 High Temperature Properties

As discussed in Chapter 2, columns made of HPC have lower fistares than conventional
concretes and it is due to different thermal and mechanical pepeiftiHPC as compared to
conventional concrete. It is therefore imperative to incorporatafispel®C properties in the
numerical model to evaluate the fire resistance of RC colunaake rftom that particular HPC.
For HPC namely HSC, FAC, SCC and FRC, various empirical propeldtions which have
been developed as part of characterization of high temperaturgaingteperty tests presented
in Chapter 3 and 4 are incorporated into the model. These relatiotiseareal conductivity,
specific heat and thermal expansion, and compressive strengthngpétisile strength, elastic
modulus and stress-strain curves. These high temperature matenparty relations are
incorporated as new subroutines in the MFE model that define higbetature material

properties in fire resistance calculations.

The thermal properties of HPC (HSC, FAC, SCC and fiber raatbiconcrete) are added to
thermal part (thermal solver) of MFE model and given a mateuaiber at appropriate place.
Compressive and tensile strength of concrete are also incorporabesimal solver of the MFE

model. Tensile strength relations are incorporated into thesohadr of the model for different

types of HPC so that spalling could be accurately predictespguific concrete type. As shown
in Figure 6.1 the spalling is checked after thermal analysigpare pressure calculations. At this
step the tensile strength of HPC (with and without fibers) esl @gainst effective pore pressure,
if pore pressure overcomes the tensile strength of condreseassumed that spalling has
occurred and geometry of the cross-section of columns is updated farfoaiculations. The

mechanical properties comprising of compressive strength, temiglggth and elastic modulus

are also incorporated into structural part (structural soleerthe MFE model and given a
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material number. The NSC and HPC columns are assumed to havmeapility of the order

10_16 and 1()18 m2 respectively. The melting of polypropylene fibers in concretaken into

account by varying the permeability of HPC from foto 102" m? at 160°C when

polypropylene fibers melt away and enhance the permeatilitfPC. With this addition, model
is able to predict realistic fire response of HPC columnsputting unique high temperature

material properties of HSC, SCC, and FAC with and without fibers.
6.4.2 Approach to Model Tie Configuration

The beneficial effect of lateral confinement in concreteirmols, both tie configuration (135°)
and closer spacing of ties, has been well recognized in seigsign of columns (Bayrak and
Sheikh, 2001; Pantazopoulou, 1998; Richart et al., 1929). This design philosbplsgdson the

principle that the compressive strength of the confined concogéeaf a column after stress
induced spalling should be equal to the strength of the gross sectiba cblumn before the
occurrence of spalling (Richart et al., 1929). The ties in colunmmenwbent at 135°, achieve
sufficient lateral confinement and enhance ductility of column undsmsgeloading (Bayrak

and Sheikh, 2001; Berry and Eberhard, 2005; Pantazopoulou, 1998).

Similar approach, as that developed for seismic loading, can bedafipheodel the effect of tie
configuration on fire resistance of reinforced concrete columns.ekeny in the case of fire
conditions, additional stresses due to temperature induced vapor pressthierenal strains are
to be considered along with mechanical stresses due to loaditige acolumn. Also, bond
strength that develops at the tie-concrete interface detersowith temperature and also due to

occurrence of fire induced spalling. The force acting on the tes frore pressure, mechanical
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loading and thermal effects should be checked against this bond strergtiiosensure that the

ties have sufficient resistance and do not open-up through yielding.

When RC columns are exposed to fire, temperatures in conceté ranforcement and ties
gradually increase. The increasing temperatures in concealetdebuild-up of pore pressure
which cannot be dissipated due to low permeability of concrete (thastic of HSC). When

this pore pressure exceeds tensile strength of concretengpadturs. The fire induced spalling
in concrete usually occurs in high strength concrete (HSC) stalachembers because of low
permeability associated with HSC. Such spalling not only leadisssoof cross-section in the

column, but also alters the bond resistance of the ties.

When exposed to fire, significant level of internal stresses are gaherat®s and these stresses
result from load induced mechanical strains, temperature inducedathexpansion, and fire
induced vapor pressure as a result of water becoming vapoeffElegve stress that is the sum
of three stresses (pore pressure, mechanical loading and tleéfaetd) acts as hoop stress on
ties. The resistance provided by ties against the effectigessts through the bond (strength)
action between tie and concrete interface, which also degratiesnareasing temperatures.
When the force resulting from effective stress exceeds the hmmhth of ties, the ties will

open-up (fail) through yielding of the ties.

The equations for confinement damage model under fire conditions can beddeased on
approach adopted in seismic analysis of concrete columns. Undérlaada concrete core
expands laterally and pushes against longitudinal rebars ngsuilti traverse loads. From
longitudinal rebars, these traverse loads are transferredstoAtighe tie level, where lateral
restraints are present, the lateral force is higher, whatethe level between the two ties this

force will be smaller as the longitudinal rebars can defoutward and concrete core and

250



expand without restraint. The pressure exerted by the expandingteonore in the form of
hoop stress on ties and the resultant confinement provided by tmsgitutlinal rebars can be

used to model the tie behavior.

Free body diagram of various components of an RC column and forgesg @ctiebar and ties is
illustrated in Figure 6.6. The longitudinal rebar between the two ties icgedj® a force which
varies as sinusoidal wave function (Bayrak and Sheikh, 2001). At the déveds a lateral
restraint is provided by tie corners, and the resulting force aitlmiinal rebar is higher (Figure
6.6(a)). At the mid-level between the two ties, the forcthéslowest as the concrete core can
expand relatively easily and thus exert force on longitudinal reibhis force varies along the

longitudinal rebar and its variation can be taken as:
271X

whereF(x) is the force function acting along longitudinal relbgyjs the average force acting on

longitudinal rebarfv is the magnitude of variable part of force) is the coordinate (distance)

along the length of rebar an§) (s tie spacing as shown in Figure 6.6(b) and (c). The unknowns

in Eq (6.35),Fg andF,, at a given distance)(can be determined by applying force equilibrium
and geometric boundary conditions. These two unknoWMisand F,, can be related to tie

spacing §) and critical tie spacingS§y). Critical tie spacing, taken from the analogy used in

seismic design, is at the mid-height between two ties wéfeetive confined concrete area is

assumed to be zero (Bayrak and Sheikh, 2001).
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This implies that ifS= &, atX = S /2, the force exerted by ties on longitudinal rebagg)(F

becomes zero, leading to variable part of the fétcas:

2

s

Fv=F (—j (6.36)
0 Scr

By substituting the value o, back to Eq. (6.35) the force acting on longitudinal bars can be

calculated as:

2 2
F(X) = Fp| 1+ [SciJ N COS(?M) (6.37)
r

The force developed in the ties can be obtained by integratin@rte én longitudinal rebar

and applying relevant boundary conditions:

Fiie = 21§/ 2 F(x)dx (6.38)

Solving Eq (6.38) gives the total tie force acting on the corner olotigitudinal rebar which

translates to:
(T
Fie = Zﬁies"(zjgcore (6.39)

whereAysje is Cross sectional area of tmyge is stress resultant which is the sum of load induced
stress, thermal stress and pore pressure coming from concrete core.

Knowing the applied load on the column during fire exposure, load induced (medhatress
can be evaluated at any given fire exposure time. It should be thatetthis stress significantly
increases with increasing temperature due to degradatiorenfjgtrproperties of concrete and

steel. Further, if there is any fire induced spalling, the eseston of column reduces and this
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leads to higher mechanical stresses in column. The second compotienswéss acting on the
ties is the fire induced thermal stress which can be evallkateding the temperatures in the
column. The thermal stress is evaluated by utilizing thearpansion multiplied by the elastic

modulus of concrete both of which vary as a function of temperature.

The third component of the stress that is acting on the tibe igare pressure in concrete which
can be evaluated through an hydrothermal model (Kodur et al., 2009)mblisl uses the
principles of mechanics and thermodynamics including the consenadtioass of liquid water
and water vapor to predict the pore pressure in the concreteseXoofire (Dwaikat and Kodur,
2009). In the hydrothermal model, the mass transfer equation for wagter inside heated

concrete can be written as:

A(%’j =VBVoR, +C (6.40)

where:oPy = pore pressurd, = time, A, Band C = parameters that depend on pore pressure,

temperature, rate of increase in temperature, permeabiltprafrete, initial moisture content,
and the isotherms used in the analysis. Isotherms are used to phedicjuid water inside
concrete as a function of pore pressure for a constant temperature.

Finite element analysis is used to solve Eq (6.40) and compute teeppessure aPy)
distribution within the elements of each segment along the lefghkie structural member. With

combination of the three stresses resulting from pore pressi?g),(thermal expansion

(Otherma), @and mechanical loadin@ echanica resultant effective stress on tie is calculated. The

eqguation governing this condition at time T is given by:
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ocore,T = 0Py, +Othermal * mechanical (6.41)

whereoPy is stress due to pore pressuigemal is stress coming from thermal expansion of
concrete core anGmechanicallS Stress resulting from axial load on column. With the effecti

stress §core, 7 at temperature T known in the tie, the force acting onfigg (s computed as:

RieT = ZAtieS"{%jﬂcoreT (6.42)

The resisting force provided by the tie is the force develdpetween the tie and concrete
interface. This tie-concrete interface force is dependent onetigthl of the tie leg, the bar
diameter and the yield strength of the steel rebar usedsagtie bond strength therefore can be
related by taking into account the yield strength of the multighe the tie-concrete interaction

area which is given by the relation for room temperature calculations:

Foond = (2arld )fy (6.43)

wherefy, is the yield strength of steel at room temperatyres the development length of the leg

of the tie, andr) is the radius of steel rebar used as tie. However, asstteefth also degrades

with temperature, the resulting resisting bond strength of thalse decreases with temperature

and is given by the relation:
Fhonc = (27rld )s.T (6.44)
wherefs Tis the stress in steel at temperature T.

Knowing the force acting on ties and bond strength that developesjrthie state of tie can be

checked and failure (opening up of ties) is said to occur when.
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Ftie > Foonc (6.45)

It can be seen that the resistance ofFig,fg is dependent on temperature as well as the bond

between tie-concrete interfaces; therefore it is highly nidget on cross-sectional integrity of
RC column. In case of fire induced spalling, the outer coveroskesection spalls away leaving
the outer side of 90° tie exposed to fire and the tie-concretadtitn lost which leaves the
bond strength reduced to half. However, in the case of 135° tiegh®1 the tie are bent inside
concrete core and even in the case of fire induced spallinggtbericrete interaction is not lost

which is an advantage compared to 90° ties.
6.5 Computer Implementation

The macroscopic finite element (MFE) computer program describ8edtion 6.2 is extended
by incorporating new subroutines based on “high temperature adgisvperties” and “tie sub-
model”. Figure 6.7 illustrates the flowchart showing schematianain program and the
additional subroutines that are added. The high temperature thermal and meghaperéies of
HPC presented in Chapter 3 and 4 respectively, are incorporated intidyotial and structural
solvers of the MFE model (depicted by gray diamond boxes in maimgonogy Figure 6.7).

These new material properties are utilized for carryingtioetmal analysis, pore pressure and
spalling calculations, and strength analysis base on moment-cur@fsitucerelationships. The

“tie sub-model” subroutine is incorporated in structural solvehefMIFE model and is utilized

to further carry out calculation of tie forces (effective force on tie and btyength) at each time
step. Upon calculating the M-response and after meeting the equilibrium and compatibility

conditions, the program carries out structural analysis at @aehstep based on failure limit

state (including tie failure). The iterative procedure continligfgdi resistance is obtained based
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failure time either due to failure of ties, or strength failuret state. If any failure limit is not

attained the analysis continues to the end of investigation run-time.

For necessary computations to execute the program, the madcoBoie element computer
model is developed in FORTRAN language. The details on idealizafi structural member,
cross-sectional discretization, segment length, time domaia, doenario, and exposure

conditions are explained in details by Raut (Raut, 2011) and Kodur et al. (Kodyu2e048)).
6.5.1 Input Data

The basic input for the program consists of geometric propertiess-seational properties
(including tie configuration), material properties (including HP&)d general data such as the
number of time increments. The sequential order of the input databmdsliowed in the input

file. Consistent Sl units must be used throughout input and analysis.
6.5.2 Output Results

The output from the program includes the results from thermal anctistal analyses. At each
incremental time step, the temperature at each elemental siadenputed by hydro-thermal

analysis. The output results include the fire resistance timsesdban failure or non-failure of

member, theM-x curves, axial deformation, and rate of deflectiBf, andFpongat each time

step.

6.6 Validation of Numerical Model

6.6.1 General

The previous version of the model has been earlier validated ©rad8 HSC columns (Raut,

2011). However, further validations are required with the incorporationighf temperature
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material properties for HPC. Six fire tested columns namal@,FFAC-P, HSC2, HSC3, HSCS5,
and HSC6 were analyzed for validation studies as part of curteht Stwo columns FAC and
FAC-P are selected from the experimental study presemt€tapter 5 and four columns HSC2,
HSC3, HSC5, and HSC6 were selected from fire test data rdpoytdKodur and McGrath
(2003) for validations of effect of tie configuration. Critical resgoparameters, such as cross-
sectional temperatures, axial deformation, failure times inclutiendailure, and effect of tie
configuration on fire response are compared with test data redaisufire resistance tests on

RC columns.
6.6.2 Validation Studies

The proposed model is being validated for RC columns by comparing tmesdi¢rom the
model with measured data from fire tests. Recently chaizatethermal and mechanical
properties for HPC (Chapter 3 and 4) are used in the analysseas properties of reinforcing
steel used in the analysis are as per ASCE manual (1992yalitlieéy of the macroscopic finite
element model for RC columns is established by comparing thectioedi from the analysis
with the fire test data reported in Chapter 5 for columns BA€ FAC-P and test data published
earlier by Kodur and McGrath (2003) for columns HSC2, HSC3, HSC5 &@bHThis selected
study is one of the few available in literature in which eftédte configuration on fire response

of RC columns was experimentally investigated.

The geometric properties consisting of elevation and cross-sectled@iand FAC-P columns
are illustrated in Figure 6.8 and that of columns HSC2, HSC3, HSCHS3G8 are illustrated in
Figure 6.9. The columns are analyzed by exposing columns to thiel £319 (2008) standard
time-temperature curve. The fire resistance of the columnevadsated based on both strength

failure and tie failure (yielding/opening) criteria. Predicteesults from the analysis are
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compared to the measured values from the fire tests indsiguiO to 6.16 and also tabulated in

Table 1.

6.6.2.1 Temperature and Structural Response Predictions

Details on six columns including test parameters selected éaliging fire response of HPC
columns are given in Table 6.1. The table also shows the actualmeepti test parameters
such as, column size, fire scenario, tie configuration, concregegstr, column strength and

applied load. Validation study on these columns is presented here:

For the analysis, the RC column was divided into 40 equal length segaleng its length and
the mid-plane of each segment was assumed to represent thensagbehavior. The cross-
section of each segment was divided with a 30x30 mesh of equal edésizatof with square
network of lines. This mesh can be coarsened or refined based acuinecy of results desired
and availability of analysis time. For analyses of these coluth@sempirical relations on
thermal properties comprising of thermal conductivity, speci@aththermal expansion, and
mechanical properties including compressive strength, splittingldessiength and elastic
modulus presented used in Chapter 3 and 4 were used. The time domaiivided into
increments of one minute and the transient analysis was cautedt each time step. The
validity of the model is established by comparing predictions ftleenmodel with measured
temperatures, deflections and fire resistance times. Faillneewwas recorded when the column
was no longer capable of supporting the applied load or failure ottiers as per prescribed

criteria.

Two tested HPC columns (FAC and FAC-P) from current study reghort Chapter 5 were

analyzed using the macroscopic finite element model. Each coluamaigzed under the fire
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scenarios they were exposed to in tests which are given in &dbl&igure 6.8 illustrates the
cross-sectional dimensions and layout of thermocouples for FAC andPFé&@umns. For
validation of temperatures three thermocouple positions at threes plaoeely rebar, quarter
depth and mid depth of column cross-section were selected out of sedem astual fire tests
as shown in Figure 6.8. Figures 6.10 and 6.11 illustrate the predintiecheasured temperatures
as a function of fire exposure time for FAC and FAC-P columnsFAE column suffered
spalling during the fire test therefore the rebar temperatarg quite erratic during the fire test,
however the temperature predicted by the model in the rebar wasagh without showing any
noise in it. This stability in predicted temperature can béatéd to mathematical calculations
that can show higher temperatures but do not capture the extremo@tflut in temperatures in
case of ongoing spalling in cross-section. These high terapeatedictions however generally
lead to conservative fire resistance calculations. A slighergiffice can be observed between
measured and predicted temperatures of FAC-P column as shownuire Bid1l. This is
attributed to the way the model handles the permeability pagesnetich could be different

form the actual permeability conditions in column on melting of polypropylene fibers

Figure 6.12 illustrates the measured and predicted axial deformabf FAC and FAC-P
columns. The figure shows that there is a good agreement betweene#seired and the
predicted axial deformations for these columns. For FAC, FAC-P caluthe model predicted
about similar axial deformation with little conservative valuas FAC-P. The comparison of
axial deformation for these columns illustrates that the nunmemcalel handled material
properties for the new types of concrete very well and reasonalicted the behavior of RC

columns made of new types of concrete.
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The fire resistance predicted by model is compared to the neeaBre resistance values for
FAC, FAC-P in Table 6.1. The model predicted the fire resistah€&AC and FAC-P columns
quite acceptable limits. The fire resistance time predibtedhodel for FAC column was 156
minutes as compared to 165 minutes measured time that was baseshgih riteria and no tie
failure was predicted in this column. This can be attributed & Hhigh cross-sectional
temperature profiles captured for FAC columns that resulted &pailing leading to this
conservative fire resistance prediction. FAC-P column did notrfdiie fire tests and the model

prediction was also confirming the survival in the 270 minute analysis.

Though detailed comparisons are presented only for two columns, thetgute@dimperatures,
deformations, and fire resistance also compared well withdegat for the other four columns

tested. Good comparison was observed between predicted and measured respongegparamet

6.6.2.2 Tie Configuration

Four columns namely HSC2, HSC3, HSC5, and HSC6 were analyzed initdaioa study on
effect of tie configuration on RC columns from fire testadegported by Kodur and McGrath
(2003). For validation purpose, similar parameters were used forsenay were used for
experiments. As shown in Table 6.1, columns HSC2 and HSC3 had conventional S@&sbaint
406 mm spacing, whereas HSC5 and HSC6 columns had 135° bent ties atsp@enng. In the
case of columns HSC5 and HSC6 additional confinement was provided by adddig tie leg
as shown in Figure 6.9. However, in the analysis it was neglecteahahgis was run only for
main ties being critical. Columns HSC2 and HSC5 were axialiyelddo 40% of their capacity,
while columns HSC3 and HSC6 were loaded to 60% of their room cap&uycrete
compressive strength for these columns ranged from 86-120 MRaoas in Table 6.1.

Specified yield strength of steel rebars was 420 MPa.
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The thermal analysis is carried out by calculating crosses®l temperatures and pore pressure.
In the analysis, when the pore pressure in an element exceegusrdaame dependent tensile
strength of concrete, that element is removed from the croserséor further analysis. Extent
of actual spalling data was not available for these columns fhentest data; therefore for
purpose of calculations the outer concrete cover outside steelscaggumed to have spalled in
first 60 minutes. Next, the strength and stiffness analysariged out by using high temperature
concrete and steel mechanical properties. The output parametety teanpeeratures at various
locations (ties), mechanical stress, thermal stress and pessupg are generated from the
model. Using these parameters effective stress is evalaatedhe force acting on the tie is
computed using Eq 6.42. Also with increasing temperatures in tieossiaf concrete cover
bond strength degrades with fire exposure time. The forcegaotinthe tie is then checked
against bond strength to evaluate failure of the ties. This procedugeeated for each time step
till the failure of column occurs through reaching one of the failuné states (Dwaikat and

Kodur, 2009).

Figure 6.13 illustrates the predicted development of pore pressilne ¢olumns as a function of
fire exposure time. The pore pressure increases with freseixe time, reaches a peak value and
then drops with time. The increase in pore pressure can be attribuigild-up of moisture clog
resulting from moisture movement inside concrete matrix. As éngpérature in concrete
increases beyond 100°C, water present in concrete evaporates, lgadogd-up of pore
pressure that increases with depth. This pore pressure build-up drived pater vapor to
move away from heated surface deep into the inner layers ofetemoember. This migrated

water vapor condensates and results in saturation of concretetmiciw®. This phenomenon
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is referred to as moisture clog and depending on concrete periye@ingth) this can result

in to significant variation in pore pressure during fire exposure (Dwaikat and Kodup, 2009

Figure 6.13 shows that a peak pore pressure of 4.5 MPa gets develgpah HSC concrete
column. In HSC columns, the lower permeability (Mindess et al., 2808mowé et al., 2009)
does not facilitate the escape of water vapor and resultantleripgie pressure gets developed
in these columns. In addition to pore pressure development, another phenomérumcula
with increase in cross-sectional temperatures is the degmadsdtbond between reinforcement
(ties) and concrete. The degradation of bond strength for different tie watiogns (10 mm ties)
is illustrated in Figure 6.14. The bond strength is dependent onntiperature in ties and any

loss of cross section due to fire induced spalling.

The significant drop in bond strength in 90° bent ties, at about 60 minesedtsrfrom loss of
cover concrete from fire induced spalling. As a result of spalliveh concrete cover outside ties
is lost, which results in significant reduction in bond strength in 90€ ties (dropping to half of
the bond strength at that particular time) as interaction betti®degs and cover concrete is
lost. Such loss in bond strength is not encountered in 135° bent ties as the legs oathétes
inward and embedded in to the concrete core. The drop in bond strength inaH&ESC3
columns at 60 minutes into the fire exposure therefore occurs dogstof concrete cover from

fire induced spalling.

The effective force (computed by Eq 6.42) that is acting on thedsrilts from a combination of
stresses generated from pore pressure, mechanical @taiting) and thermal strain in fire
exposed columns. Figure 6.15 illustrates the development in effectoa doting on ties with
fire exposure time plotted against the bond strength for columns HSCRSC3, with 90° bent

ties. The predicted effective force acting on ties in column 3Hiigher than that in column
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HSC2 and this is due to higher loading ratio (0.6). As a result ¢fehipading ratio, the
effective force acting on ties in column HSC3 is higher thanithevlumn HSC2. The analysis
shows that the ties (bent at 90°) failed due to opening-up (Wgldmncolumn HSC3 at 120
minutes into the fire exposure time and this contributed to fadtitbis column. On the other
hand, ties did not fail in column HSC2, which can be attributed to lomemhanical stress

induced from loading in column HSC2.

Figure 6.16 illustrates the effective force on ties and regisiond strength in 135° bent ties for
columns HSC5 and HSC6. Both of these columns had 135° bent ties and éhesdfiited
similar bond strength degradation in ties. However, as column HSC&uwhgscted to higher
load ratio (0.6), the predicted effective tie force induced in colu®@6iwas higher than that in
column HSCS5. Although fire induced spalling was assumed in HSC5 and ets@6ns at 60
minutes into the fire exposure, the predicted bond strength iwaiesot lost as that in 90° bent
ties, this shows clear advantage of bending ties at 135° into a@icoret over conventional 90°
bent ties. As a result of higher bond strength in 135° bent ties,réheefiistance of columns

HSC5 and HSC6 was significantly increased.

The results from fire resistance analysis show that the Iny@elictions, based on high
temperature material properties and tie configuration sub-modelinagood agreement with
experimentally measured fire resistance values for theHS)XC columns. Similar to the
observations in the tests, no failure was predicted in ties fameoFAC-P. For the remaining
five columns (FAC, HSC2, HSC3, HSC5, HSC6) the predicted fsistence values compared

well with the measured ones as shown in Table 6.1.

6.7 Summary
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A macroscopic finite element model was extended to take in touatdigh temperature
properties for HPC (plain and with different fiber combinations) efifelct of tie configuration

on fire response of RC columns. For this purpose a tie configuratiemedél was developed
based on principles used in seismic design. The effective sagslting from fire induced pore
pressure, mechanical loading and thermal effects is evaluated ancethwefiorce acting on tie
is computed and compared against the developed tie-concretecatbdiad strength with fire
exposure time. The extended model is validated against fire tasbdaddPC columns, and it
shows that predictions from the model are in good agreement sitda& from experiments.
Based on these validation studies, it is concluded that the capaifilityacroscopic finite

element model is enhanced for predicting the fire response obR@rs with incorporation of

“high temperature properties of HPC” and “tie-sub model” subroutines.
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Table 6.1 - Parameters and results for RC columns tested at MSU used in thattepad structural response validation study

Concret Fire
S Column Size Fire Tie e Column | Load | Applie | Relative Fire resista | Ties
No designa (mm) | scenario configurati | strength | strength | ratio | dload | humidit | resistance| nce | failu
tion on Test day (kN) (%) (kN) y (%) measured | predict | re
(MPa) ed
ASTM
E119 & EC
1 | FAC 203 decay 135°@h 107 2144 0.4 858 90 165 156 NO
@4.16°C/
min
ASTM
E119 & EC
2 | FAC-P | 203 decay 135°@h 100 2020 0.4 808 90.25 NF* 270 No
@4.16°C/
min
ASTM o
3 | HSC2 406 E119 90°@h 86 5900 0.4 2406 86 224 213 No
ASTM o
4 | HSC3 406 E119 90°@h 96 7400 0.6 4450 57 104 120 Yes
ASTM o
5 | HSC5 305 E119 135°@h/4 120 3145 0.4 1250 68 290 282 No
ASTM o
6 | HSC6 305 E119 135°@h/4 120 3145 0.6 1890 64 266 254 No
*No failure
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Figure 6.1 - Flowchart showing the steps associated with analysie ekfiosed RC column
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(a) Tie configuration (b) HSC columns after fire tests

Figure 6.5 - Comparison of fire performance of RC columns with conventional 90° ties and
modified 135° ties
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Figure 6.6 - Longitudinal rebar and transverse tie model and assumed forces
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(b) Assumed force distribution in ties and longituad bars
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(c) The model for ties and longitudinal bar

Figure 6.6 - (cont’'d) Longitudinal rebar and transverse tie model and ed$aroes
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CHAPTER 7

7 PARAMETRIC STUDIES

This chapter is mainly based on the following conference presentation and paper:

e Khaliq, W., Raut, N. K., and Kodur, V. K. R. (2011). "Effect of tie configioraon fire
performance of high strength concrete columns.” Proc., Conferenaniatesn, ACI Fall
2011Conference.

e Khalig, W. and Kodur, V. K. R. (2012). "Effect of tie configuration on firef@enance of

high strength concrete columns.” SiF 2012 Conference at Zurich, Switzerland.

7.1 General

Fire response of reinforced concrete columns, as discussed in ICBapgeinfluenced by
numerous of factors. Many of these influencing factors are ingerdkent and this makes fire
resistance predictions of RC columns quite complex. The effeatsuay of these factors on fire
response of RC columns are quantified in previous studies. Howevereffewt of tie
configuration on fire performance of HPC columns is not quantifiadther there is no
information on the extent of influence of specific high temperatunpegrties of HPC on fire
resistance of HPC columns. To evaluate the effect of tiegumafiion and specific properties of
HPC on fire resistance of HPC columns, parametric studiesaared out in this chapter. The
fire resistance analysis is carried out utilizing the nucaérmodel presented in Chapter 6. Also
the usefulness of numerical model in evaluating fire response of RC colurhrdiffetent types

of HPC and tie configurations is demonstrated in this Chapter.
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7.2 Factors influencing Fire Resistance

There are several factors that influence the fire resporiR€ @blumns. These factors have been
well studied through qualitative parametric studies (Ali et al., 2@Qidur, 2003; Lie and
Woolerton, 1988; Raut, 2011). The main factors that have been quantified consist of:

= Fire scenario

= Size (cross-section) of column

= Concrete cover thickness

= Aggregate type

* Load ratio

» Reinforcement ratio

= Load eccentricity (uniaxial and biaxial)

= Fire exposure scenarios (1-, 2-, 3-, or 4-sides)

Concrete strength (or permeability)

However, the factors that influence the fire response of HPC ogliand that have not been
studied include:
= Effect of specific concrete type (HPC)

= Effect of tie configuration (90° and 135° bent ties)

The effect of tie configuration (90° of 135°) on fire performance of dimns is studied
previously through limited fire tests. However, there is no nicaleapproach to explain the
effect of tie configuration through principles of mechanics. Shhgilafor fire resistance
predictions of the RC columns made of HPC, high temperature theanthlmechanical

properties specific to concrete type are to be incorporated in wammerodels. The effect of
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these factors on fire response of RC columns has been investiggiad af parametric studies

described below.

7.3 Parametric Studies

To generate data on the effect of tie configuration and high tewopermaterial properties of
HPC (with and without fibers), fire resistance analyses caied out by varying these
parameters in the practical range. Results from paramétidees are utilized to quantify the
effect of permeability (strength), effect of load ratio, wdefibers, and columns size on fire

response of RC columns based on different tie configurations.
7.3.1 Selection of RC Columns

For the fire resistance analysis, RC columns with square seati&n were selected and the
strength (permeability), high temperature properties of ebactie configuration, load ratio, and
type of fibers were varied within a pre-defined range. The etgvand cross-sectional details of
the selected columns are shown in Figure 7.1. The columns were designed @t 3iE8 £008)
specifications with regards to size, reinforcement ratio, and dbiekness. For each column,
two tie configurations of 90° and 135° were assumed. For the analysisplimans were
assumed to be fixed at both ends. High temperature propertymslatomprising of thermal
properties (thermal conductivity, specific heat, thermal expar@idmimass loss ) as proposed in
Chapter 3 and mechanical properties (compressive strengthngpktsile strength, and elastic
modulus) as proposed in Chapter 4 were used specific to HPC tyeterigerature properties

for reinforcing steel followed the relations given in ASCE manual (1992).
7.3.2 Range of Parameters

The ranges of parameters varied for analysis include:
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= Three permeability values based on NSC and HPC (plain and withrppyyene fibers) by

changing three permeability coefficients ]1% 10% and 16™

= Two types of tie configuration (90° and 135°) with two tie sizes(#Bmm) and #4 (13
mm))

* Five load ratios (30%, 40%, 50%, 60%, 70%)

= Three types of fibers (steel, polypropylene, and hybrid)

= Three column sizes (305mm, 406 mm and 610 mm)
7.3.3 Analysis Procedure

The fire resistance analyses of RC columns were carried imgf e extended MFE model at
one minute time increments. For the analysis, the column was dlintte 40 equal segments
along its length. As the curvature variation along the length ofdluenc depends on the length
and number of the segments, it was reported by Raut (2011) thagd@rge along column
length gave optimized results. Each column segment (representahiogl section) was then
discretized into quadrilateral elements of 10 mm size for thiysasaThe discretization and
analysis procedure is similar to that adopted in the validation ahtiael, which is presented in
detail in Chapter 6. The columns were exposed to ASTM E119 standaisténario (ASTM
E119-08b, 2008). Based on spalling information from literature on HSCikBivand Kodur,
2010; Yu et al., 2011), concrete cover of the columns was assumedotst bed to occurrence
of fire induced spalling up to 60 minutes in to the fire exposuream piPC columns (HSC,
SCC, and FAC). The cross-sectional temperatures, pore pressufeanical stress due to
loading, thermal stress due to thermal effects, effectiveeforcties, and bond strength were
evaluated at every time step in fire resistance calculations. Thregistance of the columns was

evaluated based on the failure of ties and strength failure limit state.
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7.4 Results from Parametric Studies

Results from fire resistance analyses are presented iasTad to 7.3 and in Figures 7.2 to 7.9.
The main factors that are studied are the effect of tie amatign (90° and 135°) and the effect
of high temperature properties of HPC on fire response of HPC nslu@ther factors that
influence the effective force acting on ties, such as concreteg#t (permeability), load ratio,
and use of fibers are also included in the parametric studiesffHue of various parameters on

fire response of RC columns is discussed below.
7.4.1 Effect of Permeability (Strength)

The strength in HPC is achieved through application of mineralchathical admixtures that

consume the calcium hydroxide (Ca@Hhivhich is produced in concrete matrix through process

of hydration. CaOH is a weak link in concrete and with addition of mineral admistsieh as

silica fume, flay ash and slag (silicates in nature), theset with CaOH over time to convert it

to primary binding cement gel, calcium silicate hydrate {8}SIn the process, the porosity gets
reduced and, very dense and impermeable microstructure of concrel@pdewhich imparts
higher strength and durability in concrete. Therefore strengtbnorete can directly be related
to permeability, as higher the strength of concrete, lowes ipatmeability. Once exposed to
higher temperatures, this impermeability in concrete hindesipdition of fire induced pore
pressure. This results in damage to dense microstructure,imgsimtloss of strength and
stiffness of HPC. Thus impermeability which is beneficial darability of HPC becomes a
disadvantage for HPC structural members under fire conditions.

There are generally two types of permeability associatedasitiorete: liquid permeability and

gas permeability (Boel et al., 2008; Mindess et al., 2003; Noumbalé €009). Generally, gas
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permeability is mostly used as representative propertydiocrete due to difficulties associated

for measuring liquid permeability in different HPC. Gas perniiglig typically in the range of

2.4x10 % t0 6.8x16™° for NSC and 1.5x10 to 2.1x10°° for HSC (Boel et al., 2008: Dwaikat

and Kodur, 2009; Kalifa et al., 2001; Noumowé et al., 2009). In parametric studegressure

predictions were carried out for two initial (room temperaturejngability values of concrete:
. . -&6 2 . . -1f 2
high permeability of 2x10™ m~ (representing NSC) and low permeability of 2xI0m

(representing HPC). These permeability values for NSC ar@Zl &8 kept constant (no variation

with temperature) throughout the fire resistance analysis. Howéwe polypropylene fiber

reinforced HPC, the initial permeability which is taken as 2%(%012 (that represents the

permeability range for HPC), was increased to 2%(71612 once polypropylene fibers melted at

170°C during.

Figure 7.2 illustrates that the accumulated pore pressurehly liigpendent on permeability of
concrete. Results from the analysis shows that pore pressusasesrwith fire exposure time
until it reaches a peak value and then it decreases. Thesadngaore pressure can be attributed
to build-up of moisture clog resulting from moisture movement insaterete matrix. This
build-up of moisture clog can lead to significantly high pore presguring fire exposure. It can

be seen from Figure 7.2 that a peak pore pressure of 4.5 MPa gdtgpeddva HPC columns

with low permeability of 2x1_C3L8 m2, whereas in the case of higher permeability of 2%8@12
such as for NSC, the pore pressure can be as low as 2 MPa.
High permeability of concrete in the NSC column facilitatessipation of water vapor and thus

there is lower build-up of pore pressure, whereas low permeatiilitgncrete in HSC column,

does not facilitate the escape of water vapor and resultanthgripghe pressure gets developed
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in HSC columns (Mindess et al., 2003; Noumowé et al., 2009). With metbuei of

permeability (2xlf)17 m2) assumed in polypropylene fiber reinforced column HSC1, resulting

from melting of polypropylene fibers around 170°C under fire conditidnsgn be seen that
considerable reduction in pore pressure occurs. This reduction in rgssuge is beneficial in
mitigating fire induced spalling and also resulting in lower fire induced foxte®yaon ties.

As pore pressure is one of the primary contributors to totatteféeforce that develops on ties,
therefore higher pore pressure will result in higher effedtivee acting on ties in the case of
columns made of HPC. This implies that a 90° bent tie with lower btredgth will have high
susceptibility to failure as compared to a 135° bent tie. On the loémel lower pore pressure
results in lower effective force acting on ties; therefaitife of 90° ties is not encountered in

NSC and polypropylene fibers reinforced HPC columns.
7.4.2 Effect of Tie Configuration

The degradation of bond strength for two types of tie configuration (90° and 135°)d@eseof
#3 (10 mm) and #4 (13 mm)) is illustrated in Figure 7.3. With risecross-sectional
temperatures, bond between tie and concrete interface degradefaciove that contribute to
loss of bond strength are; (1) degradation in strength of tiesl)svith rise in temperature of
steel (ties) and (2) occurrence of fire induced spalling ircred@ surrounding the ties. To
account for occurrence of fire induced spalling in plain HPC columis, assumed that outer
concrete cover is lost and there is no tie-concrete interfaoatet side of tie legs. In such a
scenario, the loss of concrete cover significantly affectdotmel at tie-concrete interface and
thus bond strength is reduced.

Results shown in Figure 7.3 illustrate degradation of bond strengiteékiconcrete interface) in

RC columns with 90° and 135° bent ties as a function of fire exposugeltican be seen that a
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significant drop in bond strength occurs in 90° bent ties, at about 60 mwwhtek, results from
high temperatures developing in ties due to direct heating frem(due to spalling off of
concrete cover) and loss of tie-concrete interface. As a tasutiond strength reduces to half of
its original value. Such loss in bond strength is not encountered in 135fidseas the legs of
the ties are bent inward and embedded in to the concrete core and spallohg thetsore do not
affect the bond between tie ends and concrete. This also helps in kéepifige induced
spalling to outside of steel cage (concrete core) and mitigatdser loss of cross-section
(concrete) in HPC columns. Increasing the size of the tie #8nto #4 enhances the bond
strength of ties throughout fire exposure time; however, thetioaria the loss of bond strength
with fire exposure time is similar to that in #3 ties. Evenhia tase of #4 ties, higher loss of
bond strength is encountered in 90° bent ties as compared to 135° bent ties.

Figure 7.4 illustrates the development of effective force aadmges in an HSC column as a
function of fire exposure time. Also plotted in this graph is the atbgg bond strength as a
function of time for 90° and 135° bent ties. It can be seen thatotice ficting on the ties
increases with fire exposure time and this is due to inclieasasulting pore pressure. On the
other hand, strength and stiffness properties of HSC column alsaddegith temperature,

which result in higher stresses due to applied loading. All thee thre induced stresses (pore

pressure, applied loading, and thermal effects) combined togethaes affective stresgord

on ties. From this strese{qrg, effective force acting on tie is evaluated using Eq 6.42nlbea

seen in Figure 7.4 that effective fore in tie increases fromkR3at the start of the run to about
532 kN in 120 minutes thus taking over degrading bond strength of 9@t 4@ minutes. This
leads to failure of 90° ties, whereas bond strength in 135° ties remaicis higher than the

effective force on the tie and thus no failure occurs in 135° ties.
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Figure 7.5 illustrates the development of effective force in 90° andE8&ties in NSC column
as a function of temperature. Because of continuous dissipation of pssearpren NSC column,
the effective force acting on tie remains much lower andtmel strength that is degrading in
the case of 90° ties does not fall below the effective tie fditcerefore no failure of ties occurs
in NSC column even with provision of 90° bent ties. This leads to thdusioe that provision

of 90° and 135° bent ties will not make any difference in NSC columns under fire conditions.
7.4.3 Effect of Load Ratio (Level)

The effective force that is acting on ties of an RC columresrisom a combination of three
stresses namely fire induced pore pressure, applied loading apdradune induced thermal
strain (from thermal effects). Depending on the load levelntbeehanical stress from loading
can be significant component of effective stress acting ongbeTthese stresses tend to increase
tremendously under fire conditions due to degradation of mechanicalgtbireoroperties of
HPC column and this leads to significant increase in the efefdrce acting on ties. Figure 7.6
illustrates the development of effective force on ties as etitmof fire exposure time in 305
mm size HPC columns (HSC1 to HSC5) under different load ratios of 0.3 to 0.7.

For comparison purpose, bond strength developed in columns with 90° and AB6éses also
plotted as a function of fire exposure time in Figure 7.6. For 10%rikead ratio, there is 15-
25% increase in peak effective force acting on ties. This sheassdtrom loading is a major
contributor to effective force on ties (next only to that from goessure). It can be seen from
the Figure 7.6 that, even at lower load ratio of 0.4 (in column HS@&R)rd of ties can result in
columns with 90° ties. Conversely, in column (HSC3) with 135° bent ties ihwefaf ties
occurs for load levels up to 0.5 (load ratio), however, in the casewhnoslwith 135° bent ties,

the ties fail by yielding/opening up under higher applied load rafiés6 (column HSC4) and
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0.7 (column HSC5). The predictions show that with each 10% incredsad ratio, the fire
resistance of HPC columns is reduced by an average of 25 miouteolumns provided with
135° ties.

Fire resistance of HPC columns (HSC1 to HSC5) under five loaodsréload levels) are
tabulated in Table 7.1. It can be seen that HSC columns with 90tidgain fail under lower
load ratio of 0.4. However, HSC columns provided with 135° bent ties can suvitiveut
failure of ties till load ratio reaches 0.5. It can be seenah@t6 load ratio (60% load level) in
column HSC4, the fire resistance is 90 minutes and 126 minutes withn8l0135° bend ties
respectively. It shows that in plain HPC columns, an improvemeabadit 35 minutes in fire

resistance can be achieved just by bending ties at 135°.
7.4.4 Effect of fibers

The presence of fibers can influence both thermal and structspainge of HPC columns under
fire conditions. To illustrate this influence, ten HPC columns (witlkd without fibers) were
analyzed and the results of analysis are tabulated in Table 7.Hugtating thermal response,
cross-sectional temperatures at two locations (quarter depthidrmtbpth) are plotted in Figures
7.7 and 7.8 for HSC and FAC columns (plain and with different fiber amatibns). Further to
illustrate the influence of fibers on pore pressure developmdas® and FAC columns (plain
and with different fiber combinations), pore pressure is plotted in Figure 7.@ T&dhows the
fire resistance predictions for these ten HPC columns matieesf HPC types (HSC, SCC and
FAC) with different fiber combinations.

It can be seen from figures 7.7 and 7.8 that type of fibers hadfest en the resulting
temperature profiles in the column cross-section. The predictecttatages are lower for fiber

reinforced concrete as compared to plain form of that specific @en@iHSC, SCC, or FAC).
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This can be attributed to the thermal conductivity and specificgregerties of different HPC
types (plain and with fibers). The temperatures in the cagelgpropylene and hybrid fibers
reinforced HPC are about 25-40°C lower than those in plain HPC coltmmmghout the fire

exposure time. This lowering of temperatures decreases porerpréssit up in the columns.
The lower temperature development leads to lower effective factieg on ties, thus an
enhancement of about 30 minutes is attained in fiber reinforced HPC columns.

It can be seen from Table 7.2 that the fire resistance of féweforced HSC-P and HSC-H
columns increased to 218 and 230 minutes respectively as compda®8d minutes for plain

HSC column. Similar improvement of about 30 minutes in fiber reinfbfeAC and SCC

columns is observed in Table 7.2. Addition of steel fibers in the conengtalso increase the
fire resistance of HPC columns to an average of 20 minutes waitloe attributed to slower
degradation of tensile strength with temperature in steel fiber reinforced HPC

Figure 7.9 illustrates development of pore pressure in fiber reedoHPC columns (steel,
polypropylene, or hybrid fibers) as a function of fire exposure. tiignificant reduction in pore
pressure occurs in polypropylene fiber reinforced HSC and FAC coladwmago melting of

polypropylene fibers. The pore pressure drops from 5 MPs to about BM#@&/propylene and
hybrid fiber reinforced HSC and FAC columns. Pore pressure aaweint in steel fiber
reinforced HSC column is similar to plain HPC column. However, slale@gradation of tensile
strength in steel and hybrid fiber reinforced columns (HSC-S, HSC-H, SCC-an#if leads

to higher fire resistance as shown in Table 7.2.
7.4.5 Effect of Column Size

To study the effect of pore pressure and effective tie fdeselopment in different column

sizes, three square columns namely HSC1, HSC2 and HSC3 (size 30806mmm, and 610
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mm) were analyzed. The elevation and cross-section details (pesp&fthe section) of these
columns are given in Figure 7.1. The columns were analyzed under 90° andtie35°
configuration and fire resistance analysis was carried oaxpgsing these columns to ASTM
E119 standard fire and subjecting them to axial load equivalent to 4080%ndf their ultimate
capacity. Table 7.3 shows the design parameters and predictecedistance of the three
different size columns.

From Table 7.3 it can be seen that column HSC3 with 610 mm size alwh@.datio, has the
highest fire resistance of 297 minutes among three columns bastebiogth failure criteria as
no tie failure occurred in these columns. On the other hand, colun@®2 @86 mm sides) and
column HSC1 (305 mm sides) under 0.4 load ratio exhibited a fire amststof 231 and
192minutes respectively. These results indicate fire resistanmsases with increase in cross-
sectional size of the column. Further no tie failure occurred wietoad ratio was 0.4. This is
as expected since larger mass of concrete acts as artkeandithus the overall temperature rise
within the column is lower in large size columns. However, whenatimve three columns
(HSC1, HSC2, and HSC3) were analyzed under higher load ratio of DuBe faf columns
HSC1 and HSC2 occurs through the failure of 90° ties at 159 and ib88s1 However, in the
case of HSC3 column (610 mm sides) under 0.6 load ratio, no failuresof9ié bent ties)
occurs and this column exhibits fire resistance of 270 minutes. tiémnd of increasing fire
resistance with increasing column size is well established in litergRaut, 2011).

Figure 7.10 illustrates the development of pore pressure atd@ancrete depth in columns
HSC1, HSC2, and HSC3. It can be seen that there is no substafi@ndi® in pore pressure

built-up in all three HPC columns with different cross-secti@mz¢s (305 mm, 406 mm, and
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610 mm). As the model predicts the pore pressure at a predetermanmadte depth in column;

the build-up of pore pressure remains independent of column size.
7.5 Summary

Results of fire resistance analyses is presented to dismuséfect of tie configuration (90° and
135°) on the fire response of HPC columns. Based on the trends, identthat concrete

permeability has significant influence on pore pressure developmeat firel conditions, as

lower permeability (as in HPC columns) leads higher pore peeskwuelopment. A higher pore
pressure results in increased effective force on ties. Bonug#iref ties (tie-concrete interface)
is not lost in 135° bent ties on occurrence of fire induced spalling. lad@dalso has significant

effect on failure/yielding of ties, since higher load ratio leadkigher effective force acting on
ties. Presence of steel, polypropylene, or hybrid fibers enh&éineessistance of HPC columns
in two ways; by mitigation of fire induced spalling and by slodegradation of tensile strength
in HPC. Increase in column size leads to increased fire apsestof HPC columns with no

influence on pore pressure development in HPC columns.
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Table 7.1 - Results for HPC columns with different load ratios

Fire
Column | Concre | Size | COUmn | Load | Applied :)erseljit;gge Failure of ties
designation | te type | (mm) strengt | ratio load
h (kN) | (%) (kN)
90° | 135° 90° 135°
HSC1 HSC 305 1636 0.3 490 NF  NF* NQ NO
HSC2 HSC 305 1636 0.4 655 117 NF*  Yes No
HSC3 HSC 305 1636 0.5 818 100 NF*  Yes No
HSC4 HSC 305 1636 0.6 980 9( 126 Yes Yes
HSC5 HSC 305 1636 0.7 1145 80 111 Yes Yes
NF* - no failure
Table 7.2 - Results for HPC columns with different fiber combinations
Column Concret Size Conecret CO'“”.‘” L°'°.‘d Applied I_:ire
designation| e type (mm) strength capacity FE(:'[IO load reS|sFance
(MPa) (kN) (%) (kN) predicted
HSC HSC 305 81 1636 0.4 655 192
HSC-S HSC 305 89 1798 0.4 719 205
HSC-P HSC 305 71 1434 0.4 754 218
HSC-H HSC 305 67 1354 0.4 542 230
SCC SCC 305 61 1232 0.4 493 185
SCC-S SCC 305 57 1152 0.4 461 196
SCC-P SCC 305 56 1132 0.4 453 210
SCC-H SCC 305 57 1152 0.4 461 224
FAC FAC 305 72 1455 0.4 582 190
FAC-P FAC 305 74 1495 0.4 598 215
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Table 7.3 - Results for HPC columns with different column sizes

Column Concret | Size CO'“”.‘” LO"."d Applied Elre Tie/Strength
designation| e type | (mm) capacity | ratio load resistance failure
(kN) (%) (kN) predicted
HSC1 HSC 305 1636 0.4 655 192 Strengtt
HSC2 HSC 406 2350 0.4 940 231 Strengtt
HSC3 HSC 610 5316 0.4 2130 297 Strengt
HSC1 HSC 305 1636 0.6 982 159 Tie (90°
HSC2 HSC 406 2350 0.6 1410 188 Tie (90°
HSC3 HSC 610 5316 0.6 3190 265 Strengt
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Figure 7.1 - Elevation and cressctions of RC columns u
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Figure 7.2 — Effect of permeability on pore pressure development in RC columns
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CHAPTER 8

8 CONCLUSIONS AND RECOMMENDATIONS

8.1 General

The experimental and numerical studies presented in this thesigdeprdata and high
temperature property relations for evaluating the fire pedooe of RC columns made of high
performance concrete. The thermal properties consisting of theamductivity, specific heat,
thermal expansion, and mass loss and mechanical properties corfistimgpressive strength,
splitting tensile strength, elastic modulus, and stress-stuaires were generated in 20-800°C
for different types of HPC. Simple empirical relations, obtaithedugh regression analysis on
measured test data, are proposed for high temperature properti#3Cofwith and without
fibers). Also, a numerical approach is developed to account forfdwt ef tie configuration on
fire resistance predictions of RC columns and the sub-model is built into eingerisicroscopic
finite element (MFE) model for fire resistance analysiRGfcolumns. The extended model was
validated against data generated from fire resistanceaest*C columns. The validated MFE
model was then utilized to undertake parametric studies to quahsafyeffect of strength
(permeability), tie configuration, load ratio, fibers, and column sme$ire resistance of HPC

columns.
8.2 Key Findings

Based on the information presented in this study, the following are the key comglus

e Data generated from high temperature thermal property tests on HPCarnbatat
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Temperature has significant influence on thermal conductivity araifispeeat of HSC,
FAC, and SCC and these properties decrease with temperatusanilar fashion as that
of conventional NSC. Specific heat of all these three concrete€,(SCC, and FAC)
remains almost constant up to about 400°C, and there after increaseahqut 650°C
before following a constant trend in 650-800°C range.

Thermal expansion increases with temperature for HSC, SCC, AGdirFentire 20-
800°C. Thermal expansion is about 25% higher in case SCC as conp&te@ in 400-
800°C temperature range.

No significant mass loss occurs in HSC, SCC, and FAC up to 600°Cm&ks loss
increases beyond 600°C, and at 800°C, mass loss reaches to about 90% ofasgifor
FAC and SCC and to about 80% of initial mass in the case of HSC.

The addition of steel, polypropylene, or hybrid fibers to HSC, S@Q, RAC batch
mixes does not significantly alter the thermal conductivity in 20-80@&mperature
range. The addition of these fibers to HSC, SCC, and FAC alsmdbaker the specific
heat in 20-400°C; however, the presence of fibers do increase thacspeatif of these
concretes in 400-800°C temperature range.

Presence of fibers (steel, polypropylene or hybrid) in SCf@ases thermal expansion in
200-800°C, however in the case of HSC and FAC the presence of fibeeasiecthe
thermal expansion of concretes throughout 200-800°C range.

The presence of steel, polypropylene or hybrid fibers does tha¢mee the mass loss of

HSC, SCC and FAC in the entire 20-800°C temperature range.

Data generated from high temperature mechanical property tests on HR(@eiiolxd:
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Compressive strength, tensile strength and elastic modulus of 8SC, and FAC
degrade with temperature at a faster rate as compared to conaeMNEC. Among high
performance concretes, SCC (plain and with fibers) retains magimepressive strength
as compared to FAC and HSC (plain and with fibers) throughout 20-8@@iQerature
range. At 800°C, SCC retains of 40-45% of its initial room temperatompressive
strength while HSC and FAC retain only 10-20% of initial strength.

Splitting tensile strength of HSC, SCC and FAC degrade witiperature, and the loss
in tensile strength is lower in case of SCC than that in H8€ FAC in 20-800°C
temperature range. SCC retains about 90% of its initialtisglitensile strength at
400°C, and 20% of its initial splitting tensile strength at 800°C. Conyernd&C and
FAC retain only 50% of initial splitting tensile strength4®0°C and this degradation
reaches to 10% in HSC and zero in FAC at 800°C.

Elastic modulus of SCC and FAC does not degrade significantly up to 2006¥ever
rapid deterioration of elastic modulus occurs in 200-800°C, and reaches to zero at 800°C.
Both plain SCC and plain FAC exhibit stiff stress-strain respdmseighout 20-800°C
range with higher peak stress developing at lower (pea&insirAddition of steel,
polypropylene or hybrid fibers to HPC transforms the stiffegss-strain response to a
ductile mode.

Addition of steel, polypropylene, or hybrid fibers to HPC mixessdoet have much
influence on high temperature compressive strength of HSC, S@G;AC. However,
presence of steel and hybrid fibers in HPC mixes slows down digra in tensile

strength of HSC and SCC up to 400°C, beyond which there is little influence of fibers.
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Presence of polypropylene fibers in HPC mixes does not have muadt eff high
temperature stress-strain response of SCC-P; however, dutftitC-S and SCC-H at
high temperature increases in the presence of steel fibehe ioohcrete. Presence of

fibers in FAC-P also leads to attainment of higher peak strains in 200-800°C.

Results from fire resistance tests on FAC and HSC columns indicate that:

Plain FAC column experiences significant fire induced spallingtlaunsl fire resistance of
FAC column decreases to about 60% as that of polypropylenerélrdorced FAC-P
column.

The presence of fibers (steel, polypropylene or hybrid fibersyrexgs fire resistance of
HPC columns and the addition of any of these fiber types are yecoefédictive in
mitigating fire induced spalling in HPC columns.

Steel, polypropylene or hybrid fiber reinforced HPC columns caainresignificant
residual strength capacity after fire damage (exposure). E&Gmns with steel,
polypropylene, or hybrid fibers can have residual strength cggéeit is in the range of
34 to 52% of original capacity, even after exposure to severesdignarios (similar to

that used in the fire tests).

The proposed tie sub-model, based on mechanics principles, accountsniibcasig fire
induced forces resulting from pore pressure, mechanical loading and theamnal st
Results from parametric studies indicate that the factors sischconcrete strength
(permeability), tie configuration, and load ratio, have significanuarfte on effective force

acting on ties in fire exposed HPC columns. Specifically:

Increased impermeability (concrete strength) leads to higbee pressure in HPC

columns. The pore pressure in typical high strength concrete cokann®ach about 5
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MPa, while that in conventional normal strength concrete colummsezch about 1
MPa.

- The effective stress acting on ties increases with load Ewvelwhen the load level
reaches 40%, failure of ties can occur in plain HPC columns witlh&@’ties. The fire
resistance can decrease by about 15 minutes with each 10% increase welload le

- The size (cross-sectional size) of columns does not have much @ffgore pressure
development in HPC columns. However, with increased column sizeggistance gets
higher since the area farthest away from fire in the centmatrete core of large size
columns is less exposed to detrimental effects (temperature) of fire.

- Presence of polypropylene fibers in HPC columns reduces porsupresccumulation

thus leading to lower effective force on ties, which in turn enhances the fgs@nes.

8.3 Recommendations for Future Research

While this research has advanced the state-of-the-art \gjpectto fire response of HPC both at
material and at structural levels, further studies are medjuo fully characterize the complex
material behavior and structural members of HPC. The following saree of the key
recommendations for further research in this area:

e The material properties of HPC can be further refined byggakito account the significant
factors such as change in permeability (pore structure)mamsture content as a function of
temperature. Effect of cooling phase of fire on the properties skaaddbe established so
that model predictions can be enhanced for accuracy under design fire scenarios

e There is lack of test data in the literature on the fire pexdoce of fiber reinforced fly ash
and self-consolidating concrete columns. Further fire resistasteshould be carried out on

fiber reinforced fly ash and self-consolidating concrete columns.
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e Strain gauge measurements in fire resistance tests camgbly useful in validating
computer models under combined effects of applied load and fire. Thetdmyglerature
strain gages used in the current study did not provide reliableuree@ents under fire
exposure due limitations of these gauges at high temperatures @5&. Thus there is a

need for developing reliable procedure to obtain high temperature strains & rebar
8.4 Research Impact

The information developed as part of this research will havefisignt impact on use of high
performance concrete in building applications. HPC offer exceléneingth and durability
characteristics, but are much more susceptible to faster deégrada strength properties and
fire induced spalling and thus have lower fire resistance. ®ueca can be overcome either
through the addition of fibers or by reconfiguring the ties through hgnitie ends of ties at
135° into the concrete core. Since mixing and placing the fiberoread concrete in a job site
can be labor intensive, bending the ties at 135° can offer agalaatid economical solution in
many situations.

The proposed extensions to macroscopic finite element model takeadotmnt the high
temperature thermal and mechanical properties of different Kith and with different
combination of fibers), and the effect of tie configuration in fesistance evaluation of HPC
columns. These enhancements will help to recognize the inherente$igance in HPC
columns. Overall, this research will lead to wider application asel of HPC in building

applications.
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APPENDIX A

Equipment Techniques for Measurement of Thermal Prperties

A.1 Hot Disk Technique

This appendix gives a brief theoretical description of the Hdt Diseermal Constants Analyzer
used to measure the thermal conductivity and specific heat ofediffetPC in this study. Hot
Disk is relatively new equipment and it combines the measurenoéntisree heat transfer
properties (thermal conductivity, thermal diffusivity, and spediigat) in a single test unlike
existing test techniques of separately evaluating these pespértie use of Hot Disk equipment
is also simple with major effort in sample preparation and highpégeature equipment
installation. The high temperature mica sensors need more céresasare fragile and brittle
due to mica coating and these sensors get burned and consumsingie ehigh temperature
measurement of 20-800°C. Extra care is needed for proper instalt#t mica sensors with
specified resistance between 5 to 10 ohms. The input parameténseed to be evaluated at
room temperature for establishing room temperature thermal pespeahd then these

parameters are used as input for high temperature properties evaluation.

Based on the theory of the Transient Plane Source (TPS) techr@qagnized in 1ISO 22007-2
(2008), the Hot Disk Thermal Constants Analyzer utilizes a sesiearent in the shape of a
double spiral. This Hot Disk sensor acts both as a heat source resisimy the temperature of
the sample and a "resistance thermometer” for recording ithe tlependent temperature
increase. In most cases the sensor element is made qfma ttick Nickel-metal double spiral,
with precisely designed dimensions (width, number of windings and rdudiij. This spiral is

supported by a material to protect its particular shape, to gimedhanical strength and keep it
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electrically insulated. The polyimide “Kapton” is such a matewhich can be used throughout
the temperature range from 10 K to 500 K. A “Mica” material also available as
supporting/insulating material and in that case the upper limiheftémperature range is

extended to 1000 K.

The encapsulated Ni-spiral sensor is then sandwiched between twe bble sample (solid
samples). During a pre-set time, 200 resistance recordingskarg and from these the relation
between temperature and time is established. A few parandter the Heating poweto
increase the temperature of the spiral, the measuremerfotimezording 200 point and the size
of the sensor are used to optimize the settings for the e>gersn that thermal conductivities
from 0.005 W/mK to 500 W/mK can be measured. Measurements on stamai@rihls ranging
from Polystyrene to Aluminum metal show that the accuracy dwewhole range of Thermal

Conductivities is within +/- 5% and the reproducibility is within +/- 2%.

The Hot Disk sensor is clamped between two pieces of the samfbié¢wo flat sides facing the
sensor. They are clamped together, completely covering the sensanolinding pressure or
surface roughness is not important, but the thermal contact betheesample and the sensor

should be fair for hard samples, in particular for moderately- and high-conductiagats.

The sensor and sample are initially allowed to settle at iso#ieconditions. Then, a constant
electrical power is applied to the Hot Disk heating element. hda that is generated in the
heating elements will then dissipate into the surrounding sample. t&maausly, the

temperature increase in the sensor is recorded as a functimmeofThis temperature increase

data is then used to estimate the bulk thermal transport properties of thelmateria

The heating power applied causes an initial temperature incageral important factors — not

related to the bulk properties of the sample — influence the rectenhgekrature increase. They
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are: the sensor insulation, the interfacial thermal contactaese between sensor and sample
surface (influenced by surface roughness, mounting pressureagtevell as possible thin
surface layers on the sample surfaeeg.(thin oxidation layers). All these factors have a

considerable impact on the recorded temperature increase.

If we assume that the thermal transport properties are constaetradial direction with respect
to the plane of the sensor, but different from the thermal trangpoperties in the axial

direction, one can derive the following model to be used for the amadysl curve-fitting

procedure.
ATy = R 3/2 - Do-(ri ) (A.1)
ﬂur . ﬂua -TT T
/t' —1
where Ty = ITSO” is a dimensionless “time”
2
and @ =— s the characteristic time of the experiment.
ay

Indexi denotes the data points, which range from 1 to 200, and the irdices refer to axial
and radial thermal transport properties, respectively. PararAeirecorporates the imperfect
thermal contact conditions in a measurement, while the remaind&y @&.1) is in accordance
with the ideal theory assuming perfect thermal contact conditmaszero specific heat capacity

of the sensor itself. This remainder of Eq (A.1) is referred to as the ideal. mode

Figure A.1 displays a typical average temperature increagefanction ofDg(7). The model

fitted to experimental data results in a straight-linenfiit~ where the intercept at time zero
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represents the steady-state temperature difference dabmossterfacial layers and interfacial
thermal resistances between the heating elements and theubfialke of the sample, including
the thermal contact resistance. Also, low conducting surfaces|agerh as thin oxidation layers,

are compensated for in parameeilhe sensor insulation requires typically a settling time of the

2 .
order dsensor/asensor where dsensor represents the thickness alag;ensor the thermal

diffusivity of the sensor insulation. However, the establishment afngtant heating power is
not instantaneous. Both these phenomena are treated with the usaeetartiection, and initial

points deviating from the model fitting should be omitted in the analysis.

ﬁsenso

A_Tsurface(sensor)

ﬁsurface(sample)

ﬁidea

Y
Time window for analysis

Parameter A has settled, The thermal penetration
i.e. the contact resistance depth reaches the first
influence becomes lateral sample boundary

Figure A.1 - The average temperature response as a funciypf
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Eq A.1, gives a straight-line curve fitting, where paramétes modeled as a sum of different
constant contributions to the total thermal resistance betweeseniser heating element and the

bulk surface.

It should be noted that the recorded temperature increase isapfpeeciably higher than the
maximum temperature increase of the sample surface ifs@ticularly for high-conducting
samples. Now, as all these interfacial influences may be sdramen the consta, and thus

be separated from the properties inside the bulk of the samplseevéhat the bulk thermal

conductivity may be found in the slope of the straight-line fit, &edthermal diffusivity in the

best-model fitting of thdD(7) function. For isotropic sampleis,:(kr.?%,,)l/2 anda =g, and the
volumetric specific heat may be obtaineghap = AMa.

The model, Eq (A.1), represents the experimental data very well.irfStance, with a

temperature increase of about 1 degree K, a standard deviatiohdorvaHfitted points of the

order 105 K is commonly obtained, if the sample is homogeneous. This resuthmiasd

deviations of the order of (or better than) 0.1% for the bulk theroractivity Q»rxa)llz even

if the sample is dismounted and remounted with different mountingypessgvhich results in
rather scattered values Affrom measurement to measurement), or the sensor insulation may
creep between measurements. So far it is obvious that theisgnsg limited by the

performance of the electronics used in the measuring system.

Non-ideal experimental conditions like sensor heat capacity, dessd through sensor leads and
variation in output of power during the transient, all of these infleemormally within 1% of

the total output of heating power and are compensated for accuratbl Hot Disk software.
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Other non-ideal conditions may appear when the insulating layeeafensor is comparatively
large, say 10@um or larger. However, these geometry deviations are smadkefwsors of larger
diameter, and at present, a calibration approach (against-&ngeth, homogeneous reference
material with known anisotropy and heat capacity) makes isilplesto calibrate different
sensors to obtain full consistency in all estimated propexiie 0.1-0.4%, independent of the
sensor used. Uncalibrated sensors of various kinds reproduce thermattoatydresults within

typically 1% between different types of sensors, and thermal diffusivityntiypically 3-4%.
A.2 Thermomechanical Analysis (TMA) Technique

In the TMA technique thermal expansion properties of the samplmanitored against time or
temperature under a specified programmed atmosphere an follows &STprocedure (ASTM
E831, 2006). TMA measures deformation of the sample under non-osciltaohgThe applied
load is kept very low to measure the dimension change of the sasplecalled thermo
dilatometry. Usually a small load of 2kN is sufficient to keeppghebe in place over sample. A
typical system of TMA is shown in Figure 3.5a. The sample asqal on the inert surface
pedestal and probe is allowed to rest upon it exerting load controlléde derce controller as
shown in Figure 3.5c. The movement of the probe resulting from speahanges is measure
by a linear variable differential transducer (LVDT) which produetectrical signal related to
position of the probe. The programmed controller controls the rateadinly and temperatures
are measured by thermocouples in furnace and at pedestal. DatalL¥DT and the

thermocouples are stored and processed in real time by computer.

TMA basically uses the modulated temperature techniques to taerynal analysis. In
modulated temperature thermal analysis, a sinusoidal tempertitoieg function” is added to

the traditional linear (or isothermal) underlying heating rakes Torcing function induces in the
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sample a sinusoidal response that may be de-convoluted to yieldingvand non-reversing

information.

When applied to thermo-mechanical analysis (TMA), the temperatoiulation produces a
sinusoidal change in test specimen length. Figure A.2, for example, gshewsodulated
temperature at the figure bottom and the length change at the topdtieir first derivatives.
Discrete Fourier transformation is applied in real time to oootisly determine the average

value and the amplitude value for each signal (Price, 1998).
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Figure A.2 - Modulated temperature (bottom) and the length change (top) blogir disdt
derivatives.
The governing equation for modulated TMA is given by

dL/dt = A dT/dt + f (t, T) A2

where L is length, T is temperature, t is time, A is expagsand f(x) is “function of time and

Temperature”. The left hand term of equation 1, known as the totahlehghge rate, is shown
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on the right to be composed of two parts; a reversing contribution poo@drio the time rate of
change of the independent parameter (temperature) and a nomageenstribution from the

absolute value of that independent parameter.

Of course in TMA, the dependent parameter measured is lengtthéntime rate of change of

length) so the governing equation takes on the form of:
Ltotal =Lreversing + Lnonreversing A.3

whereLtotal is the average length from the Fourier de-convolutioryersingis the (length
amplitude / temperature amplitudedT/dt K The “average length”, “length amplitude” and
“temperature amplitude” are the signals derived from the Fouisesformation processdT/dt
is the underlying heating rate averaged over a single peitde K is a calibration constant
close to unity. The non-reversing length is obtained from therelifée between the total and

reversing contributions.
Lnonreversing = Ltotal — Lreversing A4

There is always a “lag” between the applications of the foréumgtion and the resultant
response. The use of sinusoidal forcing functions provides for the easursreant and
interpretation of the magnitude of this lag through the use of a aissgjot. Evaluation of the
midpoint and extrema values of the Lissajous plot yields the phgsk lmodulated TMA, this

lag is rather large compared to other modulated temperature techredpoait 28 s, due to the

large thermal mass and low thermal conductivity of the quanpleastage and measuring
probe. A practical rule-of-thumb is that the period of the appliedrfgrfunction should be

about ten times the time constant. So for modulated TMA, a period of about 300 seconds (5mins)

is used. The applied temperature amplitude is selected based upotuthef\thie expansivity

315



value A in equation A.2, but is typically =+ 5°C. And as with all motkdatemperature
approaches, at least 5 cycles is required across a transitiwder to have reliable Fourier de-
convolution. This results in the typical underlying heating rat2°Gfmin or less. The value of
the calibration coefficient is determined, as is the length changeataibof the TMA, from the
use of a reference material with a known coefficient of thearphansion (CTE) value (Blaine

and Hahn, 1998).
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APPENDIX B

Design of Column Specimens

B.1 Column Capacity Calculations

This appendix summarizes the design calculations using ACI 318 (200G 216.1 (2007)
provisions for FAC, FAC-P, HSC-S, and HSC-H columns. Dimensions fogrde$ columns
are mainly dictated by fire test furnace in with theseimns were to be tested. Table B.1 gives
the dimensions and properties of the steel used in calculatidosla@ians for one column each
from set of FAC and HSC columns is presented here and ultimeateytst and factored design
capacity is summarized for all columns in Table B.2 and B.5 for BA@ HSC columns

respectively.

Table B.1 - Design parameters used for the columns

Design parameter Notation Value
Gross area (Cross-section = 203x203 mm) Ag 41209 mna
Steel yield strength fy 420 MPa
Steel area (4 # 6 bars) Asi 4% 285 = 1140 mr
Length of column I 3300 mm
e e Cmenieie |- | sonm(aci 216123
Column end conditions - Pin-pin

Note: Maximum usable strain at extreme concrete compressive fibebslzsumed equal to

0.003. (ACI 10.2.3)
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Notations:
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centroid

¢ = distance to neutral axis

y = distance to geometric centroid
gg = Steel strain in tension side
¢'s = steel strain in compression side

e = eccentricity of load to geometric centroid
e’ = eccentricity of load to tension steel

d’ = effective cover of compression steel

Figure B.1 - Notations used in calculations

319



O ]
\4 #6 (19mm)
rebars
#3 (10mm)
«—ties
N3
€=0.003 0.85f¢c
-
;—CS <—CS 5
——C Ce
o _ i
— — T —_—T7 X
I" s _’|
Strain: Stresse Internaforces
_ _ Ce = 085f'<ba
Eg = 0.003g fs=Egeg < 1:y CC Do C
Cd| fls= Esglsﬁ fy S S'S
¢'s=0.003" Ct = Acfe

C

Figure B.2 - Stress-strains and forces in columns

320



B.2 P-M interaction Diagram for FAC column

Table B.2 - Calculated factored capacities of FAC and FAC-P columns

Column Factored strength property ‘ Value
FAC
Compressive strength &' 107 MPa
Ultimate load (Ig) 2144 kN
Ultimate moment () 68.12 kN.m
FAC-P
Compressive strength ¢’ 100 MPa
Ultimate load (Ig) 2020 kN
Ultimate moment 68.65 KN.m

Point 1 - (depth of neutral axis > d)

¢ = infinity 203mn
Pn = 0.8(Ayetx 0.85 fr. + Ast fy) 50 m@
o C
= 0.8x (4006%0.85¢107+114%420)/1000 = 3298 kN \4 #6 (19mm) =
Pn = 0.65¢ = 2144 kN rebars -
prn = Beee= #3 (10mm) S
Mn =0 —lies :
‘ l
Point 2 - (depth of neutral axis at d) Figure B.3 - Cross-section of RC column

atc=d =153 mm

0.003(c — d") .
C

f's=Es x &'s=200000 fy

0.003(153 — 50)
153

f's=Es x &'s=200000
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= 403 MPa < 420 MPa

403
Cs=A'sx f's =570 = 230 kN

1000
fs = Es X fs = 200000 (0.003(d — ¢))/c
fs=Es X fs= 200000 (0.003(d —c))/c=0
Ts=0

Cc=085 Xf'c XxBxa Xb

153
= 0.85 X 107 x 203 x 0.85 X = 2401.09 kN

1000

Pn=Cc+ Cs—Ts =2401.09+ 230 — 0 =2631.33 kN

oPn = 0.65¢ 2631.33 = 1710.36 kN
a

Mn = Cc(y—z) +Cs(F—d)+Ts(d—9)

Mn = 99.43 kN.m

oMn = 0.65x 99.43 = 64.63 kN.m

Point 3 - (depth of neutral axis < d)
atc=d=122.4mm

I . !
f's=Es X ¢'s

0.003(c—d")

= 200000 <fy
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0.003(122.4 — 50)

f's=Es x €'s=200000

122.4
= 354.90 < 420 MPa
Cs=A'sx f's=570 X 354.90
1000
=202.29 kN (ACI 10.2.4)

fs =Es x fs=200000 (0.003(d — ¢))/c

0.003(153-122.4)

fs=Es X fs=200000 o3 = 354.93 MPa < 420 MPa

354.93 — 855 kN
1000

Ts =As X fs=570X

Cc=085 Xf'c XBXc Xb

= 0.85 X107 x 0.85 x 122.4 x 203/1000 = 1920.87 kN

Pn=Cc+ Cs—Ts =1920.87 + 202.29 — 85.5

= 2037.7 kN (ACI 10.3.6)

oPn =0.65« 2037.7 = 1324.5 kN (AC19.3.2)
a
Mn = Cc(y—i) +Cs(y—d')+Ts(d—Yy)

Mn =109.87 kN.m
oMn = 0.65x 109.87 = 71.41 kN.m (AC19.3.2)

Obtain more points for P-M diagram at given in Table B.3
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Table B.3 - Calculation of nominal load and moment for P-M diagram for FAC column

From all these points we get the load-moment (P-M) interactiagrain for FAC column as

Point#| ¢ (mm) Pn (kN) @Pn (kN) | Mn (kN.m) oMn
(KN.m)
1 inf 3298.46 2144.00 0.00 0.00
2 153.00 2631.33 1710.36 99.44 64.63
3 122.40 2037.67 1324.48 109.87 71.41
4 91.80 1368.38 889.45 109.78 71.36
5 61.20 783.63 509.36 88.06 57.24
6 30.60 24.00 15.60 43.66 28.38
7 0.01 -478.64 -311.12 0.02 0.01

plotted in Figure B.4.

Load Pu (kN)

2000

1500 -

[EEN

o

o

o
L

500 +

0 0/|./

-500

20
Moment Mu (KN.m)

40

60

Figure B.4 - Load-moment interaction diagram for FAC column

Calculate the critical buckling load of the column

Pin ended (k = 1)

Check slenderness
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Radius of gyratiorr = 0.3x h
Where h = dimension of column
h =203 mm

r=0.3x203 =60.9

[y =3350 mm =3.35m

kiy = 1*3350 = 3350 mm

u < 40 (ACI 10.10)

r

Slenderness ratio = 3350/60.9 = 55 >40
Hence the column is slender and moment magnification method should be used.

Calculate buckling load — concentrically loaded slender column

Erac = 3.32,/f'c + 6895(w,/2320)"5

Epac = 3.324/107/1000 + 6895(2564/2320)15= 42352 MPa

b 3
I, = —— = 141515140.1 mm*

g 12
Flexural rigidity = EI (ACI 10.15)
Bl = 0.4Eclg

1+B4

L _04x42352x 1415151401 _ .,
FAC = (1+0.5)1000 - b€ @

Euler buckling Load P (ACI1 10.13)
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p m2E]l
= (kl,)?

P, pac-1408.89 kN

Calculate the load and moment capacity of the column, the momentatadt by moment
magnification factor will be checked against P-M diagram. dapae calculated by using

iterations by assuming different Pu and then calculati@i 0és tabulated in Table B.4:

Ons = (m/(1 = 52550

Table B.4 - Load and moment capacity calculated by moment magnificatibnanet

Mu (kN.m) | Pu (kN) Ons e (mm)
0.00 0.00 1.00 0.00
5.63 222.40 1.20 25.65
14.04 444.80 1.49 31.75
27.95 667.20 1.98 42.16
55.35 889.60 2.94 62.74
56.17 894.05 2.97 63.5C
57.01 898.50 3.00 64.01
68.54 951.87 3.40 72.64

Superimposing the calculated Pu and Mu against P-M diagram of the column givgsaitig/ca

of the column.
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2000

1500 -

=
o
o
o

500

Load Pu (kN)

0 20 40 60 80
Moment Mu (KN.m)

Figure B.5 - Calculation of ultimate load from load-moment interactiornramador FAC column

B.3 P-M interaction Diagram for HSC-S and HSC-H calimn

Design parameters for HSC-S and HSC-H are same as given in table B.1.

Table B.5 - Calculated factored capacities of HSC-S and HSC-H columns

HAC-S
Compressive strength ¢ 77 MPa
Ultimate load (i) 1612 kN
Ultimate moment (IV)) 50.84 kN.m
HAC-H
Compressive strength ¢’ 80 MPa
Ultimate load (i) 1665 kN
Ultimate moment (I)) 53.45 kN.m

Point 1 - (depth of neutral axis > d)
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¢ = infinity
Pn = 0.8(Ayetx 0.85 f + Ast fy)

= 0.8x (4006%0.85¢<77+114(420)/1000 = 2481.05 kN
@Pn = 0.65¢< = 1612 kN

Mn =0

Point 2 - (depth of neutral axis at d)

atc=d =153 mm

0.003(c —d’
(c=d) _

f's=Es x €'s=200000 .

fy

0.003(153 — 50)

f's=Es x &'s =200000 153 = 403 MPa < 420 MPa

403
Cs=A'sx f's=570x% = 230 kN

1000
fs=Es X fs=200000 (0.003(d —c))/c
fs=Es X fs = 200000 (0.003(d —c))/c=0
Ts=0

Cc=085Xf'c xBXaXb

153
= 0.85 X 77 x 203 x 0.85 X = 1727.89 kN

1000

Pn=Cc+Cs—Ts=1727.89 + 230 — 0 =1958.13 kN

oPn =0.65<1958.13 =1272.78 kN

a
Mn=Cc(y—§)+CS()7—d')+TS(d—3_’)
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Mn = 74.88 kN.m

oMn = 0.65x 74.88 = 48.67 kN.m (ACI 9.3.2)

Point 3 - (depth of neutral axis < d)

atc=d=122.4 mm

0.003(c-d")

f's = Es x &'s = 200000 < fy (ACI 10.2.4)

0.003(122.4 — 50)
f's=Es X €'s =200000 1274 = 354.90 < 420 MPa

354.90
1000

Cs=A'sx f's =570 X

= 202.29 kN (ACI110.2.4)
fs =Es X fs = 200000 (0.003(d —c))/c

0.003(153-122.4)

fs=Es X fs=200000 Y = 354.93 MPa < 420 MPa

354.93 — 855 kN
1000

Ts =As X fs=570X

Cc=085Xf'c xXBXc Xb
= 0.85 X 77 x0.85 x122.4 x 203/1000 = 1382.31 kN
Pn=Cc+ Cs—Ts=1382.31 +202.29 —85.5=1499.11 kN (ACIl 10.3.6)

oPn =0.65« 1499.11 = 974.41 kN (ACI 9.3.2)
a
Mn = Cc(y—z) +CsF—d)+Ts(d—-79)

Mn = 83.22 kN.m
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oMn = 0.65x 83.22 = 54.10 kN.m (ACI 9.3.2)

Obtain more points for P-M diagram as given in Table B.6

Table B.6 - Calculation of nominal load and moment for P-M diagram for HSC-S column

Point # o Pn oPn Mn oMn

1 infinity | 2481.05 | 1612.68 0.00 0.00

2 153.00| 1958.13| 1272.78 74.88 48.67
3 122.40| 1499.11 974.42 83.22 54.09
4 91.80 964.46 626.90 84.54 54.95
5 61.20 514.34 334.32 67.73 44.02
6 30.60 -110.65 -71.92 31.74 20.63
7 0.01 -478.69 -311.15 0.01 0.01

From all these points we get the P-M diagram

2000

1500

[EEN
o
o
o

500

Load Pu (kN)

-500

4/

20

40

Moment Mu (KN.m)

60

Figure B.6 - Load-moment interaction diagram for HSC-S column

Calculate buckling load — concentrically loaded slender column

Epac = 3.32Vf'c + 6895(w./2320)*°
Erac = 3.32V107/1000 + 6895(2530/2320)"°= 37142.88 MPa
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3

I = 17 = 141515140.1 mm*

Flexural rigidity = EI (ACI 10.15)
E[ = 0.4Eclg

1+f4
El _ 0.4 x 37142.88 X 141515140.1 — 140612 MP
FAC = (1 + 0.5)1000 - ome T

Euler buckling Load P (ACI 10.13)
P m2El

= (kl,)?

P.ysc—s-1232.7 kN
Calculate the load and moment capacity of the column, the momentatadt by moment
magnification factor will be checked against P-M diagram. Ofapae calculated by using

iterations by assuming different Pu and then calculati@i oés tabulated in Table B.7:

Pu
0.75Pc)

8ps = Cm/(1 -

Table B.7 - Load and moment capacity calculated by moment magnificatibnanet

Mu (KN.m) | Pu (kN) Ons e (mm)
0.00 0 1 0
5.64 222.4 1.2 25.4
14.11 444.8 15 33.02
28.22 667.2 2 43.18
56.45 889.6 3 63.5
65.86 934.08 3.3 71.12
68.00 942.976 3.4 73.66

Superimposing the calculated Pu and Mu against P-M diagram of the column givgsaitig/ca

of the column.
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Figure B.7 - Calculation of ultimate load from load-moment interactiograi for HSC-S
column
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