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CHAPTER |

INTRODUCTION

1.1 Introduction

Reinforced concrete (RC) struetures are vuliherable to high-temperature conditions
such as those during a fire. At elevaied temperatures, the mechanical properties of
concrete and reinforcing steel.as well as the bond between steel and concrete may
significantly deteriorate. Consequenily, the RC structures must be evaluated for reuse
or repair after fire incidents. Normally, severe damage of concrete, e.g. spalling, must
be removed and repaired whereas the less-severe or non-visible damaged concrete can

be examined for its residual€apacity by destructive or nondestructive tests.

The post-fire investigation/of RC structd?éi' ‘elements with less severe or non-
visible damage generally focuses on the residual ;:ompressive strength of the intact
concrete. The other mechanical properties ar'e:rc-)ften neglected, particularly the
interaction or bonding beétween the reinforcement bars and the concrete cover. The
changes in the bonding behavior may influence the flexibility or the moment capacity
of the RC structures. Besides, the changing bond stress-slip relationships can cause
additional joint mement ‘in the RC ‘structures. ‘However, the investigation of the
bonding between rebar and concrete at elevated temperatures is quite difficult in real

cases.

During the past few decades, many researchers have studied the effect of elevated
temperature on the interaction between reinforcement bars and concrete cover. The
early investigations focused on the residual bond strength (Reichel 1978). Because the
residual bond strength is not sufficient to represent the overall bonding mechanism
between rebar and concrete, the bond-slip curve has also been examined (Diederichs
and Schneider 1981). Various parameters that affect the bonding behavior, e.g.

concrete strength, type of bar surface, heating duration, etc., have also been



investigated by other researchers (Hertz 1982; Royles and Morley 1983). Although a
large number of experiments in this field have been conducted, the outcomes have
mostly been expressed in forms of statistical models or percentages of bond strength
reduction without a thorough understanding of the mechanics behind the changing
bond and slip behavior under elevated temperatures. Without a proper mechanical
model, the effect of the changing bonding interaction on the RC structures during fire

cannot be clearly explained.

The development of the mechanical models for bonding between concrete and
reinforcing steel bars thus far has been limited.-Most bonding models adopt the
material properties under the normal temperature condition. A popular model is based
on the thick-wall cylinder theery (Timoshenko 1970) and the smear crack theory
(Takahiro et al. 1999; Wongrand' Liu 2003). In this study, a mechanical model of
bonding between concrete and stgel reinforcement based on the smear crack theory is

developed by taking the effect.0f increasing temperatures into consideration.

1.2 Literature Review

Previous investigations of the influencé o-f‘ high temperatures on the bond
between concrete and reifforcing steel bars have focused mainly on the residual bond
strength and the bond stress-slip relationship with respect to various parameters. In an
early investigation, Reichel (1978) has conducted pull-out tests for bond strength with
plain round and deformed rebars ‘after fire. 1t has been concluded that the bond
strength can significantly degrade at the temperature of up to 600°C. Subsequently,
many researchers have investigated the residualbond strength with respect to various
parameters and proposed mathematical Tfunctions to predict the residual bond strength
based on statistical methods. Diederichs and Schneider (1981) have examined the
bond stress-slip curve under high temperatures ranging from 20°C to 800°C. Their
results show the shift of the bond-slip behavior at high temperatures. Hertz (1982) has
concluded that the diameter of the rebars has little influence on the loss of bond
strength at high temperatures of up to 500°C. Royles and Morley (1983) have
investigated the bond strength with different concrete covers under and after high

temperatures of up to 750°C. The study revealed that the specimens with thinner



concrete covers experienced greater reduction in bond strength. Moreover, the bond
strengths under and after high temperatures were slightly different. Zhou and Wu
(1995) have shown that the degradation of bond strength due to the increasing
temperature is faster than the decrease of concrete compressive strength. Furthermore,
Xie and Qian (1998) have proposed that the splitting bond stress after fire is
proportional to the concrete tensile strength. Chiang and Tsai (2003) have investigated
the influence of high temperatures in terms of the heating duration. It has been shown
that longer heating duration may cause lower residual bond strength. Haddad et al.
(2008) have examined the residual bond strength and the bond stress-slip relationship
with respect to the percentage of fibers added to~the aggregates of concrete. The
results revealed that the use of fibers could lessen the degree of bond strength

reduction.

Many researchers have propesed a-single function to calculate the residual bond
strength of reinforced conereterdue to exposure to different temperatures based on the
experimental results (see for example, Xie and Qian (1998), Chiang and Tsai (2003)
and Haddad et al. (2008)). Most of the proposéd'-functions were based on statistical
analysis; no clear explanation on the mechanics: of bonding between concrete and
reinforcing bars was provided. Moreover, the de\)eloped functions for the residual
bond strength can accurately predict only the caseé ‘s-imilar to the experimental studies.
A holistic mechanical madel is, therefore, essential to undersitand the mechanism of
bonding as well as to predict the residual bond strength for reinforced concrete after
exposure to high temperature-conditions.

The mechanical' model for the reinforced concrete bond interface after fire has
been introducedin~the literaturecinhe; late 1990s; El-Hawary and-Hamoush (1996)
have proposed a mechanical formulation to predict the interfacial bond shear modulus
for reinforced concrete after being subjected to elevated temperatures. The varying
parameters include the diameter of the steel bars, the heating duration, the level of
temperature, and the method of cooling. The specimens were controlled the type of
failure by the loss of bond. The load-slip test results were analyzed using fracture
mechanics assuming linear elastic behavior for both steel and concrete. Only the post-
fire mechanical properties of concrete and steel, particularly the residual compressive

strength of concrete, were required in their formulation. This model has limitations in



that the linear elastic behavior of concrete and steel is assumed and that the residual
bond strength cannot be computed explicitly.

Even with limited studies on the high-temperature effects on the bonding behavior
for reinforced concrete, the mechanical models of bonding between steel rebar and
concrete have been well established for reinforced concrete at normal temperature.
Tepfers (1979) has adopted Timoshenko’s thick-wall cylinder theory (Timoshenko
1970) in his model. It has been concluded that bond failure occurred during the partly-
cracked elastic stage and the plastic stage of conerete cover (Tepfers1982). The smear
crack theory has thus been adopted for the craeKing part. Different concrete tensile
softening models can be used to_investigate the cracked part, such as the discrete
crack model proposed by Den<Uijirand Bigaj (1996) and the elastocohesive model
proposed by Gambarova and«Rosati(1997). However, the number of cracks must be
known a priori in these modelss As such, it is not applicable for real reinforced
concrete structures in whieh it is difficult to determine the actual number of cracks. To
overcome this problem, Takahiro et al..(1999) have proposed a bonding model that
neglects the cracking part. The most up-to date énélytical model has been proposed by
Wang and Liu (2003) using the smear crack fhéb(y to represent the sum of the true
and discrete crack openings. |

A few researchers [iave investigated the correlation between the slip and the
mechanical parameters required to establish the bond-slip relationship for reinforced
concrete at normal temperature. Den Uijl and Bigaj (1996) have proposed the
relationship between tangential strains-of the concrete.cover at the interface and slip
only based on their mechanical model. Takahiro et al. (1999) have found the
relationship between theiranalytical crack radius-and,experimental slip: Takahiro et
al.’s relatiopships (1999) can dccurately predict only the cases similar to the

experimental studies.

To understand the bonding behavior of reinforcing steel and concrete and to
predict the residual bond strength of the reinforced concrete structures at elevated
temperatures, a holistic mechanical model is essential. To date, only the mechanical
bonding model for normal temperature is available. This study, therefore, intends to

develop a mechanical bonding model for reinforced concrete exposed to high



temperatures taking into account the varying mechanical properties of steel and

concrete.

1.3 Research Objectives

The key objective of this research is to develop a mechanical model to
characterize the bonding behavior of reinforcing steel embedded in concrete and to
predict the residual bond strength under fire. ;Two objectives of the current research
are addressed as follows:

1.3.1 To investigate the influencesor elevated temperatures on the bonding behavior
and to explore the interactionhetween the embedded steel reinforcing bars and
the concrete cover during fire

1.3.2 To develop a mechanigal macel that Is capable of characterizing the bonding

behavior of reinforced concrete at elevated temperatures

The outcome of the current/research is expected to facilitate engineers in making
the decision whether to reuse or repair the fire-damaged concrete.

1.4 Scope of Research Works

For the current study,-the mechanical model of banding between concrete and
reinforcing steel i$. developed based on Timoshenko’s thick-wall cylinder theory
(Tepfers 1982):The madel assumes: splitting: failure, \whichois common for pull-out
specimens and real structures, as the primary mode of failure for bonding between the

embedded steel reinforcing bars and the concrete cover.

Based on the model proposed by Tepfers (1979), the bond failure occurs during
the partly-cracked elastic stage and the plastic stage of concrete cover. Because it is
seldom that regular concrete reach the plastic stage, the current study focuses only
upon the cracked elastic stage of concrete. Furthermore, the damaged concrete cover

in the partly-cracked elastic stage can be subdivided into the cracked part and the



elastic part. For the cracked part, the smear crack theory (Wang and Liu 2003) is
adopted to estimate the tensile strength after cracking.

The change in the mechanical properties of concrete and reinforcement bars at
elevated temperatures can affect the bonding behavior. For instance, the thermal
expansion of steel and concrete may cause extra internal stresses. In addition, the
dropping tensile strength may lead to crack propagation in the concrete cover. The
induced internal stresses, cracking and the interaction between the reinforcing bar and
the concrete cover can be examined by using the finite element model, taking into
account the varying mechanical and thermal properties of steel and concrete with
respect to temperature. The results obtained from the finite element analysis will be

compared with the experimentaldaia collected from the literature.

The residual bond strengih is' generally useful for the less damaged reinforced
concrete elements which must be decided whether to be reused or repaired. Therefore,
the investigation of the bonding behavior is limited up to the temperature of 500°C.
After this level of temperaturg the concrete may'eX-perience severe damage and loss of
bond strength (Morely and Royles 1983; Baian_t and Kaplan 1996; Kodur and
McGrath 2003; Haddad and Shannis 2004). |

1.5 Research Methodology

In order to understand the influence of thigh temperature jupon the bonding
behavior of reinforced concrete, the framework of this study includes theoretical
review, analytical -and:experimental:-studies, tand-case studies] The research method

can be explained as follows:

1.5.1 Review the basic theories and previous experimental data regarding bond
failure, bond stress-slip relation, thick-wall cylinder theory, mechanical bond
strength models, smear crack theory and concrete properties.

1.5.2 Examine the previous bond strength models for reinforced concrete at normal
temperature and compare the modeling results with the experimental data

drawn from the literature.



1.5.3 Develop a mechanical model for bonding between reinforcing steel and
concrete under elevated temperatures.

1.5.4 Verify the efficacy of the proposed mechanical model by comparing the
mechanical bond strength with previous experimental results in the literature.

1.5.5 Investigate the relationship between the mechanical bond stress and slip to
generate the bond stress-slip curve for reinforced concrete during fire. The
bond stress-slip curve can be used to examine the structural behavior due to
the changes in bonding between. reinforcing steel and concrete under high
temperatures.

1.5.6 Conduct experiments on the flexural behawor of reinforced concrete beams
under different temperature loads of 200, 350 and 500°C. The experimental
results will be used to.investigaie the influence of the changing bond stress-
slip relationship on the‘overall structure behavior.

1.5.7 Compare the experimental‘results with'those obtained from the finite element
models using the propased band stress-slip relationship.

1.5.8 Discussion and conclusion.



CHAPTER I

THEORETICAL BACKGROUND

2.1 Introduction

As previously discussed, a helistic mechaniCalsmodel is essential for predicting
the residual bond strength of reinforced concrete at elevated temperatures. The
development of such a modgl-reguires that the bonding behavior as well as the
interaction between concretesandsreinforcement bars be fully comprehended during
the increasing temperature. Based on'the data from the pull-out tests that have
previously been published insthe literature (Tepfers 1979; Eligehausen 1979), the
bond strength depends mainly on the-.conerete cover or the bar spacing of the
reinforcing bars and the mechanical properties_fof the concrete cover. Further, it has
been shown that most bonding failure is detéfrﬁip_ed by the splitting bond strength
(Tepfers 1982). — -

To develop the splitting bond strength model, this study adopts the model of
Wang and Liu (2003) based on the thick-wall eylinder theory (Timoshenko 1970) and
Tepfers” model (Tepfers 1979). Because the,bond failure occurs in the partially
cracked elastic stage: of ‘the concrete cover (Tepfers 1982), the model can be
subdivided into the'cracked part and the elastic part. The mechanical models of
Tepfers (1979) andyWangtand, lsiu (2003) censider only therbond strength for short
embedded length of reinforcing bars, the so-called local bondstrength. To account for
the actual bond stress distribution that may vary with the increasing embedded length,
Yasojima and Kanakubo (2003) have proposed a standardization technique based on a
governing equation of bond stress and slip relationship and an equivalent bond stress
block (EBSB). The proposed model of Wang and Liu (2003) can predict the bond
strength only for normal-temperature cases but will be used as the prototype for the

bond strength model of reinforced concrete under high-temperature conditions.



The variation of mechanical and thermal properties of concrete and reinforcing
steel with temperature brings about changes in the load-bearing capacity of the
concrete cover as well as the internal stresses of concrete and steel. The bonding
behavior of reinforced concrete structures may be affected by these changes and will

be investigated in the current study through a series of finite element analyses.

2.2 Bonding Mechanism

The pull-out test simulates the condition in.whieh a pullout force is applied to the
reinforcing bar embedded in concrete and the force Is transferred form the bar to
concrete through bonding. Bending. between concrete and reinforcing bars is a
combination of three compgnents: echemical adhesion, mechanical interlocking, and
friction between concrete andithe'bar (Mitchell et al. 1992). For plain bars, chemical
adhesion and friction are the main'sources of bonding after the slip of the bars. On the
other hand, bonding for deformed bars.depends mainly upon the mechanical action
with slight effects from chemical adhesior, wh_i'|é'- friction can merely occur after the
slip between the reinforcing bars and the concr-é_tié'.,,_

The type of failure generally depends upon t'hér fhree aforementioned components
of bonding. Because the bonding mechanism of plain bars s characterized by the
chemical adhesion and friction, the bonding failure normally involves only the surface
between concrete and rebar. In the case of deformed bars, the pullout force is
transferred from the rebar to the concrete cover in'two directions: perpendicular and
parallel to the rebar./In the perpendicular direction, the force is transferred in terms of
radial pressurei@along the, perimeter<of ithe coneretescover: Fhis pressure causes the
hoop or tangential stresses to split the concrete cover. In the parallel direction, the

force is transferred in terms of shear stresses through concrete keys.

The process of pull-out failure for deformed bars involves different stages
(Saroushian 1989) as illustrated in Figure 2.1. Figure 2.1 (a) shows the initiation of
damage in the form of inclined cracks around the steel lugs that can propagate to
splitting failure because of the bearing pressure transferred from the steel. Shear

cracking and crushing of concrete keys between the steel lugs may be experienced
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due to high shear and compressive stress intensity near the ribs as shown in Figure 2.1
(b). If the shear cracking and crushing is expanded to larger parts, it can lead to
complete shearing-off of the concrete keys. After the shearing-off failure, the pullout
force is resisted only by friction forces as shown in Figure 2.1 (c). The gradual
shearing-off of the concrete keys can occur only if the concrete cover or confinement
is sufficient to prevent a severe splitting crack.

According to the above mechanism of hond resistance, the bonding failure can be
categorized into three types (Tepfers 1982): 1) shear failure along the perimeter of the
bar; 2) splitting failure of the concrete cover; and=3) shearing-off failure. The first
type of failure occurs in case of smooth bars with large diameters when the shear
strength of concrete along the perimeter of the bar can not resist the pullout force. The
splitting failure of the concrete .cover occurs if the shear strength of concrete is
sufficient to resist the shear foree, while the principal tensile stress, which is the
tangential stress, exceeds+the ténsile/strength of concrete causing the splitting cracks
to radially propagate to the.outer perimeter of‘t_he concrete eover. The splitting failure
is common for pull-out specimens, as well as fér real structures, as the primary mode
of failure for bonding between the ermbedded -s:fer-el_lrbars and the surrounding concrete
(Skorobogatov and Edwards 1979; Tepfers 19f8_2;? ACI1408 2003). The shearing-off
failure occurs in concrete between the ribs of t’hé_b—a-r. As opposed to the second type
of failure, the shearing-0if failure occurs Iif the tensile or ‘splitting strength of the
concrete cover is sufficiently high, while the shear strength of concrete cannot resist
the shear force, resulting in a shear failure of concrete around the bar lugs along the
embedded length../Normally, the hond-strength obtained from this type of failure is
higher than the other types. In ordinary concrete structures, this type of failure is
hardly encountered-and can only<be-examined by-using pull-out:spectmens with short
bond length (Tepfers 1982).
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Figure 2.1 Mechanism of bond resistance in confined concrete (Eligeliausen 1983):
(a) inclined cracks at steel lugs; (b) erushing and shear cracking of concrete keys; and

(c) progressive shearing-off of.concrete keys -’f 4

The relationship between the pull-but bon_d_:sfi-rength, 7, , and the shear strength of

concrete, f,, can be expressed as 32y

TRE f% ' 2.1)

in which H and S are“the height and spacing of the steel bar ribs, respectively. The
bond strength computed based on Eq. (2.1) is usually higher than the bond splitting
strength obtained from the experimental results:

The bond-slip relationships for each type of failure can be shown,in Figure 2.2.
For smooth, barg, the slip, occurred at the maximum baond stress in, shear failure is
typically small. For deformed bars, the slip occurred at the maximum bond stress in
shearing-off failure is normally larger than splitting failure. It can be observed from
Figure 2.2 that in the early stage the bond-slip relationships for different types of
failure are very close while the splitting-failure bond models (Eligehausen et al. 1983;
Harajli et al. 1995; Den Uijl and Bigaj 1996) yield the same bond-slip relationships as

the shearing-off failure bond models until the splitting bond strength is reached.
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Figure 2.2 Bond stress-slip relationships for differenttypes of failure (Lettow 2004)

2.3 Analytical Model
2.3.1 Relationship between/Radial Pressure and Bond Stress

The pullout force between rebar and conéfe'te is transferred mainly through the
bearing of rebar ribs on the concrete interfacé,' cﬁstributing the compressive stress
around the rib surface -into.the surrounding Cb‘ri(;'réte (see Figure 2.3). Due to the
inclined configuration of the Tribs; the pullout force can be decomposed into two
directions, i.e. parallel and perpendicular to the rebar. Whilst the parallel force is
concentrated at the steel-concrete interface, the perpendicular force is regarded as an
internal pressure in.thé coricreteicylinder and can be lusedto determine the bond stress

(7)) and the bond strength (z,) for splitting failure. Based on the study of Tepfers
(1979), the internal) pressure-from the 'pull-out 1oad ( p;) €an“be/Considered to be
equilibrated by the pressure resistance of the concrete cover ( p,)

P, =P, (2.2)
and the association between the radial pressure of the pull-out load and the bond stress

can be expressed as:

T =p,Cota or 7= p.cota (2.3)
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Figure 2.3 Pull-out force transfer between rebar and concrete
(Tepfers 1980 and Takahiro et al. 1999)

where the effective face angle & = 45° has been.widely adopted to estimate the bond
stress at normal temperature;“ie: T =20°C (Tepfers 1979; Den Uijl and Bigaj 1996;
Wang and Liu 2003). Note thai-thesbond stress, z, in Eg. (2.3) assumes a uniform
pullout force distribution along the embedded length of the rebar. This assumption is
applicable only for short bond length:and the computed bond stress is generally

referred to as the local bond stress:

At the elevated temperature, the decreasingfrﬁechanical properties of the concrete
cover degrade the pressure resistance to the §u1j-out load. Moreover, the different
coefficients of thermal expansion between the rebar and the concrete cover also

generate extraneous radial pressure in addition fo that from the pull-out force.
2.3.2 Splitting Resistance of Concrete Cover at Elevated Temperatures

Let us consider a puli-out specimen;, consisting ‘'of a concrete cylinder with an
embedded reinforcement bar, subjected to a pullout force that can be modeled as an
internal pressurey p+ onthe cress:section of thechellow concrete eylinderas illustrated
in Figure 2.4. The internal pressure p IS equilibrated by the pressure resistance of the
concrete cover along the perimeter of the reinforcement bar. Based on the elastic
theory of hollow cylinders with plane stress analysis (Timoshenko 1970), the radial
and the tangential stress components of the concrete cover in a cylindrical coordinate

system, o, and o,, can be expressed as:
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Figure 2.4 Modeling of a pull-out specimen as a‘hellow concrete cylinder subjected to

a uniform pressure on the.inner surface

rpr r 2
£ -l 2.4
Gr( ) ruz i rbz ( rz ) ( )
- [’
o) = rzb—prz (1+%] (2.5)
u b

inwhich r, is the inner radius of the/concretécover which is equal to the radius of

the rebar; ¥/
r is the outer radius of the.concrete Cder; and

r is the radial distance from the cenf_er_}of the concrete cylinder.

Based on the above' equations, the imposed radial pressure, p, essentially
generates tensile stresses 4 the circumferential direction, &, of the concrete around
the inner radius r,-of the concrete,cover; Buring theelastie,stageseracking is initiated
if o, at the rebar-concrete interface exceeds the tensile strength of concrete as

illustrated<in Figure 2.5 @). ‘Based on the work ofi Tepfers (1982),thelcurrent study

incorporates” the effect of the elevated temperature in computing the pressure

resistance of the concrete cover in the elastic stage, p,, ., by substituting o, in Eq.
(2.5) with the tensile strength of concrete at an elevated temperature T, f, ., at the
inner radius of the concrete cover (r, ) as follows:

_rz
= fur 52— 2.6
pce,T ct, T r2 +rb2 ( )

u

I,2
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After the concrete cracks, the concrete cover can be divided into two zones as
illustrated in Figure 2.5 (b). The concrete within the outer zone does not crack and
sustains its elastic behavior, whereas the concrete is considered cracked throughout
the inner zone. The boundary of the inner zone can be specified by the distance at

which the splitting cracks propagate to, the so-called inner radius, r,. Takahiro et al.
(1999) have recommended neglecting the tensile strength of the cracked concrete
within the inner zone. However, this assumption has not been widely accepted, and
various cracking concrete models have been employed to analyze the effect of this
cracked part (Cairns and Jones 1996; Gambarova. and Rosati 1997; Nielsen and
Bicanic 2002). Compared with.other models, the-tensile softening crack model or the
smear crack theory seems advantageous in terms of-its ability to accurately represent
discrete crack openings, which are impossible to count in real structures, in an
average sense.

Prior to cracking, the relationship:between the tensile stress, o, and the tensile

ot
strain, ,, in concrete can be gonsidered linear-elastic. Based on the tensile softening
model, cracking of concrete can be regarded as-:’afprocess of softening once the tensile
strain ¢, is higher than the elastic tensiie strainiirﬁji't, &y 1 as illustrated in Figure 2.6
(Petersson 1981; Wittmann et al. 1988; CEBQO (1991); Guinea et al. 1994,

Pantazopoulou et al. 2001; Bazant 2002). The tensile stress-strain relationship in

Figure 2.6 can be expressed as:

Figure 2.5 Distribution of tensile ring stresses in (a) elastic and
(b) partly cracked elastic (Tepfers 1982)
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Figure 2.6 Stress—strain relationship for concrete in tension
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(2.7)
in which o, is the tensile'stress of concrete (MPa);

pr is the multiplier of the tensile strength at the kink point in the bilinear

softening model; =

E., istheinitial elastic modulus of concreté (MPa) at the temperature T ;

&, is the tensite strain of concrete (mm/mm);

&4r Isthe tensile strain of concrete (mm/mm) at initial cracking at the

e fct,T v
temperature T &, ¢ = )

Gl

&+ Isthe tensile strain at thekink point in.the bilinear softening model at

the temperature T ; and
&,1 4 Isthe tensile strain which corresponds to zero residual tensile strength

at the temperature T .

It can be seen from Figure 2.6 that concrete can still sustain the residual tensile
capacity through its softening behavior and the internal pressure can still be
transferred to the outer zone of the concrete cover through the cracked part (Tepfers

1973; Aiello 2001; Wang and Liu 2003). As a result, the splitting resistance, p,.(r;),
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of concrete can be computed as a summation of the pressure resistance of the outer

zone, P, (r) and the pressure resistance of the inner zone, p, . (r), as illustrated in
Figure 2.7 according to the following pressure equilibrium equation.

271, Pt (r) =2z, Peot (r) +27r, Peit (r) (2.8)

(1P (1) + 1y Py (1))
rb

or por (1) = (2.9)

The pressure resistance of concrete in the outer zone, which is in elastic stage, is

acquired by substituting the term rin Eq. (2:6) with r, as shown in Eq. (2.10)

whereas the pressure resistance of concrete in the'itnner zone, which is in the cracked
stage, can be computed by integrating the tangential stress over the cracked inner part

as shown in Eq. (2.11).

g 2

pco,T (r|) T fct,T [ru - rl J (210)

2 2
B 5

[l oy(ryar

blds 45

Rei A1) = (2.11)

in whicho ,(r) is the tensile stress ofithe cracked inner part of concrete in accordance

with Eq. (2.7).

The tensile stress of the-cracked-inner-conerete can-beanalyzed by neglecting the
Poisson’s effect and assuming that the radial displacement, u.(r <r), is constant
throughout the cracked part.and equal to the radial displacement at the inner radius,
u,(r),asillustrated in Eg-(2.12)and Eq. (2.13) (Wang and Liu 2003).

(a) Geometry (b) Elastic outer part (c) Cracked inner part

Figure 2.7 The pressure resistance model for a partially cracked concrete cylinder
(Wang and Liu 2003)
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u,.(r)= heqr =U <(r)=reg forr, <r<r. (2.12)
or & Z%%,T forr,<r<r, (2.13)

The tangential strain of the cracked concrete represented in Eq. (2.13) can be
converted to the tensile stress by using Eq. (2.7) in which the integral in Eq. (2.11)
can be solved:

; f. I
J, a0 =—2—| (7 — B )~ ) Ef )z In--

1T ct,T b

; Z= O\ &
[foumydr=1,+1, fors=tlme R S (2.14)
o St Mo\ WNEoir
where
6 A-4) fct,T (P P i€t
I, = J.r o, (r)dr= Sut =h&. 1 In
b ur b £y 2/ b&1T
r f (8 —& ) 2
i ct, T 1T ct,T 1T
l, =] ou(Ndr =—2E (g —freg )i (e, I
1 &1 &1 &7 EuT
A re
with r, = %L
&

The computed.tensile stress can.then be used.ta'solve for, p,; (f)and pg.(r)in

Eqg. (2.9) and"Eq. (2:11)," respectively. “The’ maximum pressure resistance of the

concrete cover, max(p,.), is required to solve for the bond strength based on Eq.

(2.2) and Eq. (2.3) which can be calculated by differentiating p, . (r;) in Eq. (2.15)

with respect to r. and set to zero.
d r 4_ 4 _ppded d( rri at(r)dr)
per(6) _ 1 [—ru i jfm +—J“ -0 (2.15)

i n|L (-5 dr
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d([" (r)dr
(J.rb G ) _ fct,T ) |:(leT _ﬂrgct,T)_(l_ﬂF)gct,T (1+|n::_iJ} for ::_i<r_us Eir

dr (gl,T_gct,T f b hh €t

_ Bl {gmgﬂ (1+Ir\ ,gm] fur {(eﬂ—/tscﬂ) A-Aear | &r }

&r—ar)h| & héir | fy ar ar—&r) Car
(ér=4r) ( )

I r &
Todcug ol
gct,T r-b rb gct,T

which can be solved for r; and the eorresponding maximum bond strength.

2.3.3 Radial Pressure and'Inner Crack Radius at Elevated Temperatures

At the elevated temperature; the transveré_;e coefficient of thermal expansion of the
rebar is higher than that offthe’ surrounding concrete. For a specified temperature
increment AT (AT =T -20°C), the differenti-al thermal expansion causes the radial

pressure, p.;, against the adjagent concrete cdver as illustrated in Figure 2.8. During

'JJ

the elastic stage, the C|rcumferent|al strains GF concrete at the reinforcement bar-

concrete interface, Eio,1 is less than the tensne straln of concrete at initial cracking,

&y - Alello et al. (2001) have derived the circumferential strains of concrete and the

rebar at the interface as falfows:
ne & I3
AR :&(“Z—bz+vc)+aﬂAT (2.16)
' EcT ru = r-b
pt,T (1_Vb)

b,T
from which the thermal radial pressure, p.., can be computed based on the

Eypy 700k ¥ T (2.17)

compatibility of the circumferential strains at the reinforcement bar-concrete interface

(e, g1 =6 1) 8

(2.18)
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Figure 2.8 Differential thermal expansion of concrete and rebar: (a) cross section of
the reinforced concrete cylinder at normal temperature; (b) expansion of the
reinforcement bar and the concrete cover with'the'temperature increment; and (c)

radial pressure caused by differential- thermal expansion

inwhich & and e, ; ~are _the_eircumferential strains (mm/mm) of concrete and

rebar, srespectively, at the .interface due to thermal

expansion; L 4

a.;and a, ;. are the ‘transverseé. coefficients of thermal expansion of
concrete andrebar;:

v, and v, are the Paisson’s ratios of concrete and rebar; and

E.r and E , are the elastic moduli of concrete and rebar (MPa) at

temperature_T.

Once the concrete strain exceeds its tensile capacity, &, ., cracking is initiated

and propagates tofan unknewn inner radius r"~The actual value of the inner radius r,
must be trialed in“Equations (2.9) to (2.11) based upon the compatibility of the
circumferential ¢ straifis , fat-" the < reinforcement +barsconcrete <interface. The

circumferential strain of the reinforcement bar, &, 1, is generally in the elastic stage

due to its high elastic modulus and can be computed by using Eq. (2.17). The
circumferential strain of the surrounding concrete in the partially cracked elastic stage
with thermal expansion can be computed as

f
Eer = r—gct’T +a AT (2.19)

b
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Figure 2.9 illustrates the computational procedures involved in the thermal radial

Input:

pressure evaluation.

Temperature increment, AT

Outer radius of concrete cover, I,

Inner radius of concrete cover, I

Mechanical properties of reinforcement bar, E, ;, &, 1.V, 1
Mechanical properties of concrete, E 1, f. s .64+, &, &, a1,V 7

!

Compute CS of concrete at the interface, & 1, by Eg.(2.16)0 Eq. (2.18)

No Compute P ; by
(Elastic stage). |EQ. (2.18) -\ End

Yes
(Partially-cracked
elastic stage)

Trial crack fadits ")

A

Compute the total-PR
by Eq. (2.9) to Eq.(2.11)

A Y

Compute CS of the reinforcing bar Compute CS of concrete
at the interface, & 1, by Eq. (2.17) at the interface, &, 1, by Eg. (2.19)

No
(No compatibility)

I’i(t) = I+ isthe inner crack radius of the concrete cover
due to the thermal effect and

Note: P, is the thermal radial pressure
CS = Circumferential Strain :

PR = Pressure Resistance

End

Figure 2.9 Computational procedure for the thermal radial pressure and the inner

crack radius due to thermal expansion
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2.3.4 Bond Stress at Elevated Temperatures

To investigate the bond stress at elevated temperatures, the effects of the pull-out
force and the thermal load must be simultaneously considered. These two effects,
coupled with the decreasing mechanical properties of concrete, degrade the splitting

resistance of the concrete cover to the pull-out load.

Under the thermal effect, the values of .p, . and r,; can be computed through the

computational procedure illustrated in Figure 2:9+Because the reinforcement bar can
be considered to be in full centact with the conCrete-cover along the interface as
shown in Figure 2.10 (a), strain-eompatibility can be used to compute the thermal
pressure. Once the pull-out lead is‘additionally exerted through the reinforcing bar to
the concrete cover, the inner crack/radius is stretched out and gaps behind the ribs

occur (Goto 1971) as illustrated in Figure 2.10 '-'(b). Al this stage, the reinforcement bar

is in partial contact with the/Concrete cover alo"hg the interface (see Figure 2.10 (c))
and the strain compatibility concept-is no longerapplicable. The thermal pressure is
seen to loosen through the gaps and can:be negleeted under the pull-out load.

The inner crack radius under the thermal effect, I +-.can he considered to degrade

the pressure resistance of-thé Concréte cover as the residual uncracked concrete cover,
c’', is decreased as shown In Figure 2.11 (a). The concept Is similar to the corrosion
model of Wang and Liu (2006). Note that the crack due to thermal effect is modeled
first, that is, prior {to the pull-out leading of the-rebar or the development of bond—as
is generally the case in laboratory tests (Diederichs and Scheider 1981; Hertz 1982;
Morley and, Reyles 1983; .Haddad-et al; 2008). -Newvertheless, far ;the cases of
simultaneous pull-out*loading or“partial pull-out loading with the thermal load, this
concept is still applicable because the thermal effect causes cracking of the

surrounding concrete within the inner zone along the concrete-rebar interface.

The pressure resistance of the residual concrete cover, p.;(r), can be obtained

from Eq. (2.9) by substituting r, with r,. (see Figure 2.11 (b)). Based on the pressure
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equilibrium as shown in Figure 2.11 (b), the pressure resistance of the concrete cover

under the thermal effect and the pull-out load, p™* (r), can thus be computed as:

I
p?“m)sz%;m) (2.20)
b

The maximum pressure resistance of the concrete cover under the thermal effect and

the pull-out load, max(p;™), can also be obtained by differentiating p** (r,) in Eg.

c

(2.20) with respect to r, and set to zero.

< Pressure resistance

|, ~——— Thermal crack

——— Thermal pressure

Differential thermal
expansion between
concrete and rebar

‘Bod &iress | Pressure resistance
—ﬁ A ‘-—¥—> ‘L

* — 1 Pull-out load

l
d

F
N N

_ +/__I,/j;/_,i-’ :
V(S DANELS Bond erack
- : \——Gap between concrete
(b) and rebar

— Loosen thermal pressure

Figure 2.10 Reinforcement bar-concrete interface: (a) under the thermal load only; (b)

under the pull-out load only; and (c) under the combined effects of the thermal load

and the pull-out load
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Il Rebar

Cracked concrete
due to thermal load

[4 Cracked concrete
due to pull-out load

(a) (b)

Figure 2.11 Modeling of the pressure resistance of the concrete cover under the pull-
out load and the thermal efiect: (2) residual concrete cover due to the thermal load;

and (b) pressure resistance of:the.€oncrete-cover.

The bond stress 7, and bond strength 7, - under the elevated temperature T and

total
c

the pull-out load can then be computed by substituting p.”® (r.)and max( pe@) for

p,in Eq. (2.3), respectively, as follows:

total

7, p (r)coter | (2.21)

total
©

total

7,75 max(z°") = max(p,* )cotar (2.22)

2.4 Variation of Band Strength with-respect-to,Bond L.ength

As previously mentioned, the current study adopts:the tensile softehing model for
cracked concrete to evaluate the bondingcbehavior of reinforced concretel at elevated
temperatures. Previous experimental results on bond strengths published in the
literature will be used to assess the efficacy of the proposed model. However, the
proposed model assumes a uniform distribution of bond stress along a local embedded
length of the reinforcing steel bar while the actual bond stress distribution generally
varies as shown in Figure 2.12. As such, the bond strength obtained from testing must
be converted to the local bond strength to allow a direct comparison between the test

results and the modeling results.
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is the maximum pullout force (N);

14N

in which 7, Qtﬁhe average

o (2.23)

NETaE

Pa) from testing;

d, isthe diameter of the reinforcement bar (mm);
I, is the embedded length of the reinforcement bar (mm); and
zd  is the perimeter of the bar (mm).
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Yasojima and Kanakubo (2005) have proposed the use of an equivalent bond
stress block (EBSB) to approximate the bond stress distribution as shown in Figure

2.12 in which the equivalent bond stress, 7 ..., iIs computed as a proportion of the

maximum local bond stress, max(z,) :

T epss= K7, (2.24)

inwhich k isa constant ranging between 0 and 1 that can be computed as

Sx1

J 7)ds

k=2 (2.25)
le r Sx2

The value of 7 in the above equation is expressed as

. 2
T, =20.447S (i /zrb)2 (10.28)2
(r,12r,)3+(20.25)

(2.26)
inwhich 7, isthe bond stress ftnction with "r"espect to the slippage (Takahiro et al.
1999); !
s isthe slippage; v
s, Isthe slippage of the loaded end /at the maximum tensile load in the
pull-out specimens; 2
S, IS the slippage of the-free end; and
I, is the effective bond tength(ite:; the lengthrbetween the maximum
loaded end and the free end).
Yasojima and Kanakubo (2005) have proposed.the formulation of 1, and k based on
Sakai’s bond stress function (Sakali et al. 1999).as follows:

| = 2E@, (2.27)
JN @log2 1) f .4, cote

~1-0.643 1+0.643

k

cos((lb n,)’ 7z')+

inwhich E, is the elastic modulus of the reinforcement bar (MPa);

(2.28)

a, Isthe cross-sectional area of the reinforcement bar (mm?);
@, 1s the perimeter of the reinforcement bar (mm);and

f, is the tensile strength of the concrete (MPa).
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2.5 Variation of Steel and Concrete Properties with Temperature

The variation of mechanical and thermal properties of steel and concrete with
temperature is required to evaluate the bonding behavior of reinforced concrete

structures at elevated temperatures.
2.5.1 Concrete under and after High Temperatures

Under high temperatures, concrete normally ehanges its chemical composition,
physical structure, and water content. Between ine.iemperature of 30 and 120°C, the
evaporable water is released from saturated concrete causing vapor pressure. At this
stage, concrete cracking or spalling‘is initiated. At about 300°C, concrete is further
dehydrated from the expulsionof chemically bound water in hardened paste.
However, the primary changgs in‘congrete properties initiate upon the dissociation of
calcium hydroxide (CH)from'the hardened cement paste (HCP) at 400°C. As the
temperature rises up to 500°C, the expulsion of water from both gel pores and
capillaries leads to a signifieant increase -in _th'e-"-average pore volume as well as a
change in the pore system from an,isolated to“—h'r'l;j_nterconnected network. When the
temperature exceeds 500°C, calcium hydroxide'ar;d calcium silicates hydrate (C-S-
H) in the cement paste decompose, until C—S—H'rcollapses at 900 °C (Bazant and
Kaplan 1996).

The heat resistance of «concrete depends on the type of aggregates. Siliceous
aggregates break down at- temperatures above 500 °C while carbonic aggregates
decompose at much-higher temperatures. Aggregate melting or fusion occurs above
1200°C, leading to coinpleté-concrete collapses (Bazant and Kaplain11996). Because
the physicalichange and chemical decomposition of concrete may cause cracks and/or
explosive spalling, these changes can decrease the mechanical properties and increase
in the permeability of concrete. Furthermore, in case of reinforced concrete, the bond

strength between concrete and the embedded steel is affected.
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Poon et al. (2001) have reported that the temperatures of greater than 300 °C and
long exposure duration can cause a significant drop of concrete strength. Moreover,
the types of aggregate, use of additives, and shape or size of specimen influence the

loss in concrete strength after fire.

Arioz (2007) has investigated the effects of elevated temperatures on the
properties of concrete. It has been suggested that the expansion of aggregates plays a
significant role in the reduction of compressive strength of concrete after exposure to
high temperatures. The relative residual strength.of concrete for concrete mixtures
with river gravel aggregates is lower than that of limestone aggregates. For instance,
after exposure to the temperature level of 500°C, the residual strength of limestone
concrete is higher than the riversgravel concrete for approximately 30%. These results
agree well with Hertz (2005)’s explanation that siliceous aggregates highly expand
and cause the greatest damage. On the other hand, limestone aggregates have lower

thermal expansion. As a result;concrete produced with limestone has less damage.

Even though the concretg properties can s_igrfi-ficantly deteriorate after fire, some
recovering behaviors have been reporied in tEe" ‘Ij_terature. Poon et al. (2001) have
investigated the recovery of fire-damaged VC,On(;rete after post-fire curing. The
recovery includes the strength and durability bfrfhe concrete. In their study, the
concrete was exposed to elevated temperatures of up to 800°C. After the heating
period, the tested concrete was naturally cooled, and then cured in water in a
controlled environment. Suhseguently, the changes in the macro- and micro-structure
of the concrete were jexamined. The -experimental data indicate that concrete has
recovered substantial strength and durability. However, the recovery depends on the
types of concrete,‘€xposure temperature, ‘cdoling method, and [curingiddration. It has
also been found that the recovery is a result of rehydration processes that regenerate
calcium-silicate-hydrate (C-S-H) and fill the internal cracks, capillaries, and honey
combs damaged during the fire. This study agrees well with the works of Khoury
(1992) and Sarshar and Khoury (1993).
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2.5.2 Variation of Thermal and Mechanical Properties of Steel and Concrete

with Temperature

Several researchers (Sebastjan et al. 2005; Kodur and Dwaikat 2008) have
referred to the Eurocodes to assess behaviors of RC structures under and after fire.
For the current study, we also adopt most of the thermal and mechanical properties of
steel and concrete at elevated temperatures based on the Eurocodes. The variation of
the tensile strength of concrete with temperature is based on other references (Bazant
and Chern 1987) since the properties given by the Eurocodes significantly differ from
other researchers and the estimate of the tensile strength obtained from the Eurocodes

is zero for temperatures higher than-600° C. Moreover, the fracture mechanic model
is employed to generate the«tensile stress—strain relationship of concrete at high
temperatures, which is not specified in the Eurocodes. The thermal and mechanical
properties of steel and concreté adopteti for the current study are summarized in Table
2.1to Table 2.4. |

Table 2.1 Variation of thermal properties of conerete and steel with temperature

i

Variation of Thermal Propérfies with Temperature

Properties References
Specific heat of Cop, = 4255 7:73X10° 1T —1.69x10:°T * +.2.22x10°°T* EC3 (2005)
reinforcing ' 3 0
<
steel,c,., (Jkg-°C) for 20°C <T <600°C
Thermal conductivity | k . =54—-333x10°*T for 20°C<T <800°C
of reinforcing
steel, k,; (W/m-°C)
Specific heat of o4y =900 for 20°C<T <100°C | EC2 (2004)

concrete, C,
(J/kg-°C)

C,; =900+ (T —100)

6l= 900+ (T 200) / 2

c.r =1100

for 100°C<T.<,200°C
for 1 200°C<T<400°C
for 400°C<T <1200°C

Thermal conductivity

of concrete, k,

(W/m-°C)

The lower limit:

k., =1.36—0.136(T /100) +0.0057(T /100)?

The upper limit:

for 20°C<T <1200°C

k. =2-0.245(T /100) +0.0107(T /100)

for 20°C<T <1200°C
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Temperature, T fyr Ear Vs a, (1/°C)
(°C ) fy,zo °c Es,zo °c

(EC2 2004) (EC2 2004) (EC3 2005) (EC3 2005)

20 1.00 1.00 0.3 12.0x10°°

100 1.00 1.00 0.3 12.0x10°®

200 1.00 0.90 0.3 12.0x10°®

300 1.00 0.80 0.3 12.0x10°®

400 1.00 0.70 0.3 12.0x10°

500 0.78 0.60 0.3 12.0x10°°

600 0.47 0.32 0.3 12.0x10°°

Table 2.3 Variation of mechanical properties of concrete with temperature

Properties Variation of Mechaniéal Properties with Temperature References
ici '/ 03
l\élodulus of elasticity, Ec,zo &= 22000( fcy20 °c;/10) EC2 (2004)
c,T i
AT S EC2 (2004
Ec,T [ Ec e - 86}-; ( )
' 28000 Estpn bt
Compressive stress- A7 A EC2 (2004)
strain relationship, Ocr = =1, for ¢, <e,
Oy —Eo1 Ear [2 F (gC,T / ‘9c1,Tl, } o
B2
O¢r = fc 1_M:| forsc . <ec . <
’ - { Equr —Eait Gar Sécm =&t

Poisson’s ratios, v, v, =0 for cracked concrete | EC2 (2004)

v, =0.2 for uncracked

concrete
Tensile strength, f. £51|5f = =0.3f © 0C2’3 for- strength classes | EC2 (2004)
o i < C50/60
fooc=212InT+f . /10) for strength
g %5 classes >&50/60
for /T, o =—0.000526T +1.01052 * for~20°C<T <400°C | Bazant and
' Chern (1987)

four ! £y 500 =—0.0025T +1.8 for 400°C<T <600°C

Coefficient of thermal | o ; =10x10°° EC2 (2004)

expansion of concret,
a,; (1/°C)

Note:

f. is the compressive strength of concrete referred to Table 2.4,
&, IS the peak strain of concrete referred to Table 2.4; and
&, 1 IS the ultimate strain of concrete referred to Table 2.4.

cu,T
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Table 2.4 Variation of compressive strength, peak strain and ultimate strain

of concrete with temperature

Siliceous Concrete Calcareous Concrete
Tempera f f
t T c,T c,T
ure, f gcl,T gcu T f gcl,T gcu T
(°C) €,20 °C €,20 °C

20 1.00 0.0025 | 0.0200 1.00 0.0025 | 0.0200
100 1.00 0.0040 | 0.0225 1.00 0.0040 | 0.0225
200 0.95 0.0055: | 0.0250 0.97 0.0055 | 0.0250
300 0.85 0.007 | 0.0275 0.94 0.007 | 0.0275
400 0.75 0.010="1 0.0300 0.85 0.010 | 0.0300
500 0.60 01015,..40.0325 0.74 0.015 | 0.0325
600 0.45 0.025 0.085 0.60 0.025 0.035

2.5.3 Tensile Stress-Strain Relationship of Concrete at Elevated Temperatures

The typical load-deformation response of"!'cé"ncrete In uniaxial tension (see, for
example, Figure 2.13) can be divided into théﬁ_’ﬁ/\‘/g stages: 1) pre-peak stage and 2)
post-peak stage. In the early pre-peak-stage, the. ‘céfhcrete sustains its elastic behavior
and no crack occurs. Wnder the increasing’ I-(_)Ed, miero-cracks gradually occur
throughout the concrete. /After the peak load, the cracks are stretched and opened but
limited in a specific damage zone, the so-called fracture process zone. The fracture
process zone causes the decreasing tension capacity of concrete or the softening
behavior. In the post-peak stage, the displacement of ‘caricrete depends on the stress-
strain relationship ©f concrete in the micro-crack zone and the stress-crack width

relationship-ofithe coneretesin:the-fracturegprogess-zone.

Based on the typical load-deformation response, the tensile stress—strain
relationship of concrete can be established. In the pre-peak stage and the micro-crack
zone, the relationship between the tensile stress and strain of concrete is normally
assumed to be linear-elastic prior to cracking, with a slope of the initial modulus of
elasticity (Pantazopoulou and Papoulia 2001). In the post-peak stage, the stress-crack
width relationship takes the major part in the tensile stress—strain relationship. The

stress-crack width relationship is normally assumed bi-linear as shown in Figure 2.14
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(Roelfstra and Wittmann 1986; Bazant 2002). Under the normal-temperature

condition (T =20°C), the area under the bi-linear relationship is governed by the
fracture energy:

Gf,20°C = O'S(aZODC + 20°C)Wu,20°C fct,ZO“C (229)
which is defined as the energy dissipated because of the fracture process zone per unit
length of fracture. To consider the corresponding smeared values of strain, the crack

width, w, is divided by the characteristic crack-band width h_ so that
BN (2.30)

Based on the results of Bazant.and Oh (1983), . is.approximately 5 times of the

maximum aggregate size and.h_.ean be taken as 100 mm (Pantazopoulou and

Papoulia 2001)

Figure 2.13 Typical load-deformation response.of concrete in uniaxial tension
O-Ct A

¢t,20°C

’BZOOC fct,ZODC

0 W1,20° ¢ = %oV, 20°C Wu ,20°C

Figure 2.14 Tensile stress-crack width relationship at normal temperature
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Following the works of Roelfstra and Wittmann (1986) and Walraven et al.

(1993), the values of « and w are assumed to be 0.14, 0.25 and 0.2

20°c’ ﬂZOOC u,20°C

mm, respectively. The value of G__, . can be computed using Eq. (2.29) as

f,20°

G, . =0.039f (2.31)

f,20°C ct,20°C

The p,,. value of 0.25 agrees with the study of Rokugo et al. (1989). Note that the

stress at the kink point normally varies between 0.15f . and 0.33f .. (Bazant

2002). By assuming the linear-elastic relationship in the pre-peak stage and the stress-
crack width relationship in the post-peak stage; the.ensile stress—strain relationship of
concrete can be illustrated as shown in Figuse 2.15:

At the elevated temperature I, the bi-linear tensile stress—strain relationship
after the post-peak stage becomes more gradual. Moreover, the value of the fracture

energy G, can significantly vary because of the thermal effect as shown in Table

2.5 (Zhang and Bicanic 2002). Because the defmage of concrete is more diffused at the

elevated temperatures, the overall “behavior is ‘more ductile and the G, . value

increases at least up to 300°C (Taerwe et al. 260;3) To generate the tensile stress—
strain relationship at the elevated temperature_f_i the current study adopts the same

values of g, and w, . asifor the normal-temperéture case (i.,,0.25 and 0.2 mm) but
varies o, based on Eq. (2.29) according to G, ; and f, ;"

2G;

= — 0l (2.33)
T Wu,20°c ot T Y

The normalized tensile stress—strain relationship for concrete at elevated temperatures

is shown in-Figure 2,17
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Figure 2.15 Tensile stre lati 3ns crete at temperature T

Table 2.5 Variation of the nopmalizec
‘()» B a \\
Temperature | Normal sirengt \’n trength concrete
(°c)

e /G, e with temperature

<77.6 MPa)

20°C

20 II.FM 1.00
100 d L )ikl A 1.26
200 1.48
300 1.59
400 1.52
500 1.37
600 4 1.15

Y

-3
0.0 05 1.0 15 2.0 25 &(x107)

Figure 2.17 The normalized tensile stress—strain relationship for concrete
at elevated temperatures



CHAPTER 111

VERIFICATION OF THE ANALYTICAL MODEL

3.1 Introduction

In this chapter, the efficacy of the model propesed in the previous chapter to
predict the bond strength for feinforced concrete at normal and elevated temperatures
is verified based upon the followingkey points:

e the ability of the tensile‘sofiening model for cracked concrete to predict the
splitting bond strength.at normal temperature;

e the ability of the propaosed model f_é predict the thermal radial pressure and
the corresponding inner craek raé{us caused by the differential thermal
expansion of the rebar and cbncrete:; gmd

e the ability of the proposed model tor ;Jréd,uct the bond strength for reinforced
concrete at elevated temperatures. 7 .

It should be noted herein that dljé to the scaréif;/ of the prévious experimental data
on the thermal radial preésure and the corresponding crack rradius for steel rebars
embedded in concrete at elevated temperatures, the experimental results for FRP
rebars are also adopted sfor. the model werification. Furthermore, since the
investigation of the banding effect on-the behavior. of reinfarced concrete structures
requires the bond-ship relationship, in this chapter we also establish the relationship
between thejband-slip-Curve and‘the-proposed model hased on previdus experimental
results. Finally, the bond-slip relationships obtained from the proposed model are
compared with the results of the previous studies.
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3.2 Tensile Softening Crack Model for Concrete at Normal Temperature

The ability of the tensile softening crack model for concrete to predict the splitting
bond strength of steel reinforced concrete at normal temperature can be verified by
comparing previous experimental results obtained from the literature with the
proposed model. Because the bond strength is related to the tensile strength of the
concrete cover, the comparison is done in terms of the bond strength-to-concrete

tensile strength ratio, 7, / f,, (Tepsfer 1979; Wang and Liu 2003; and ACI408 2003).

The results are shown in Table 3.1 and Figure«#3.1. It can be concluded that the

predicted bond strengths agree well with the experimental results.

Table 3.1 Comparison of the predicted band strengths with previous experimental

resultsdfor normal temperature

Tested by d, | radf ol d J 1dA@ T\ NS 7, (MPa) /T,
(mm)]| (mm) |(MPa)|(MPa)| Model | Test | Model | Test
Diederichs and Vad
) 1 4, 0 1'55. 7 | 247 | 29. 7 7.
Scheider (1981) 6 36 83 750 ,_559 3 9.0 6 8
16 25 (/.56 420 _§{5_.o* 28 | 70 7.9 25 2.8
Morley and Royles| 16 | 32 | 200 20 350" 28 | 109 | 10.8 3.9 3.9
(1983) 16 | 46 | 288 | 20 |850% 28 | 119 | 128 | 43 | 46
16 55 | 344 | 2.0 | 350 | 2.8 440 | 169 5.0 6.0
45 | 300 60 | 247 | 25 | 112 6.2 45 25
. | (2002 13 45 | 3.00 | 6.0 | 330 | 31 {~13.2 9.1 4.3 2.9
ee etal. (2002) 45 | 300 | 60 | 421 | 36 14152 | 121 | 42 | 34
4574 300 | 6.0 |@247 | 25 | 11.2 8.0 45 3.2
Al-Negheimish and
) 14 75  4.86 | 10.7 | 258 126 |12.7 9.5 4.9 3.7
Al-Zaid (2004)
Xiao and Falkner .
10 50, | 450+ | 1 5:0; £43.0° [-3.2 4 -19.9. | ~174 6.2 5.4
(2005)
Haddad et-al. e - N
20 |50 200 | 75 |77.0°| 4.1 (108 8.5 2.6 2.1
(2008)
Valcuende and
Parra (2000) 16 | 100 | 575 | 5.0 | 66.0 | 43 | 329 | 32.0 7.7 7.4
Note: * Standard cube strength *** With lateral reinforcement

** Based on the Eurocodes **** Multiplied with K due to values of |, /d,
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Figure 3.1 Comparison of the predicted bond strengihs with previous experimental

results for reinferced concrete at normaltemperature

3.3 Radial Pressure dueto Differential Thermal Expansion of Materials
The radial pressure duesto the thermal e}%pansion of concrete and the embedded

reinforcing bar within the pull-out“specimens, p,;, can not be directly measured

during the test. However, under elevated tembétg;ures, this radial pressure can be

evaluated based on a critical temperattre, AT, at:which the thermal radial pressure

exceeds the pressure resistance of the concrete cover by using the computational

procedure in Figure 2.9:-The critical temperature increment AT_ can be assessed by

specifying a trial temperature increment, AT, and the meehanical properties of the
rebar and the surrounding concrete as_initial parameters. The. pracess is iterated until
the thermal radial pressure.excéeeding ithe pressure resistance of the concrete cover is
computed. At this stage, cracking is initiated and propagates through the concrete
cover, resulting’in a failure of bonding between the concrete and the embedded bar,
the so-called'splitting failure, as shown in Figure 3.2.
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Figure 3.2 Splitting failure of the concrete cover (Aiello 2001; Wong et al.2006)

\'//

The critical temperature increment AT, va/u{___puted by the proposed model

are compared with the resul’tg_ghta-ined fro the prevmus experiments (Aiello 1999;
Aiello et al. 2001; MasmM 005; Zaidi and Masmoudi 2008), the analytical
model of Aiello et al. (200 [
thermoelastic damage (MT
3.2. Note that the previo

thie & S|Ie softening effect) and the mesoscopic
ofWeng et al. (2006) as summarized in Table
tal mve&tlgatlons were conducted for cylindrical
n relnforced'ﬂ/ylth AFRP and GFRP bars which were

1 FAR JF,_* L]

|Iuraef cone jete oceurred. For the rectangular FRP

Add

eyafue of c“jsjigken‘as a shorter distance between

and rectangular concrete s
slowly heated until the splitting
reinforced concrete specimens,

one-half of the reinforcement spacmg,amd the mm_@um concrete cover.

3 ¥y

” = e
The values of ATcr'-‘sH'Eyvn in Table 3.2 are also plotte_.lﬂ_-tor different values of

c/d,in Figure 3.3. It is seeJn from Figure 3.3 that the propésed model can predict the

critical temperature; lncrements Values, close to the results obtained by the previous
experiments and Alelle etlal’s rJtode'I but generally hlgher tLan'those predlcted by the
Aiello etal.’s model due to the tenS|Ie softenlng effect .

The inner creck radius r, values estimated by the proposed method for FRP reinforced

concrete prior to the splitting failure are also compared with the results obtained by
the MTED model. Note that because it is difficult, if not virtually impossible, to
measure the internal crack radii within concrete specimens, currently there are no
experimental data available. The cracking patterns of the concrete cover for a

cylindrical FRP reinforced concrete specimen with c/d,= 4.38 predicted by the

MTED model are compared with the crack radii computed by the proposed model as
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illustrated in Figure 3.4. It is apparent from the illustration that the computed crack
radii closely approximate the MTED modeling results for the temperature increments

ranging between 34°C-74°C. However, the proposed model overestimates the
critical temperature increment AT, at 85°C, compared with 76°C as predicted by

the MTED model.

Through comparison with previous solutions and experimental results, it is
seen that most of the results obtained from the proposed model agree better with the

experimental data for the range of the c/d valtes considered compared with the

model without the tensile softening effect, Furthermore, the estimated crack radii at
different temperature increments conform with the cracking patterns predicted by the
MTED model. It can be impligd from the ‘current study that the present model that
incorporates the tensile softéning effect can better characterize the actual behavior of
the partially cracked concrgte in‘evaluating thé cracking resistance of FRP reinforced

concrete under thermal loads:



Table 3.2 Comparison of the AT, values computed by the proposed method with the results obtained from the previous studies

Critical temperature increment (°C )
Specimen d ™ References for
Rebar Material Properties Concrete Material Properties c/d b ; ; .« | MTED mode Experimental
Geometry p p b (mm) Experimental | Aielloetal.’s (Wong etal. |Proposed model p
g : P Results
results model (2001)
2006)
Ec =24,300 MPa 1.19 10 40 14 - 22
f, =236 MPa 125 | 10 42 14 - 23
IAFRP type V. =0.18* 46 10 43 18 - 28
E, =3,200 MPa a, = ° /e _
b =3200 . =10.0x10" /°C Wy 10 43 24 37 Aiello (1999)
V, =038 E. =34,000 MPa \
ab =60.0x10° /° C ftc ~371 MPa 1.00 | 10 ke ) 17 - 27
Ve Z0187 208 |~ 10 50 30 48
e a, =10.0x10°/°C J = i
= 1.0077 25 30 22 - 29
g [GFRPtype E, =28,000 MPa 130 25 40 27 - 35 »
& E - f o ; Zaidi and
, =7,100 MPa ¢ =4.20 MPa 1.40 1€ 40 29 - 37 :
r b Masmoudi
Vp =034 V. =017 160 16F % >60 32 - 4 (2008)
O, =41.2x10° [° C** 0, =11.6x10° /°C 180+ - 19,26 >60 36 - 45
T 16,19,2_5; >60 44 - 54
GFRP type E, =30,000 MPa Y T.00 e - 17 36,42,46%** 25
E, =4000 MPa f.. =3.90 MPa 127 B - 21 2g+* 30 Wong (2006)
V,, =0.40 V,=0.18 , | 2.00 i - 30 54,52%** 43
Q,, =58.0x10° /°C . =12.1x10° /°C 1.46 13 41 23 - 33
- - Aiello et al.
GFRP t E_ =30,000 MPa |
ype ¢ a 1.46 13 BEF A 23 35 33 (2001) and
E, =4000 MPa f,. =3.90 MPa Wong et al
v, =040 v, =018 2.92 13 o 43 55 60 (2306) -
o =58.0x10° /°C o, =12.1x10° /°C 4.38 13 65 65 76 85
8 GEFRP type 0:80 25 30 16 - 23
© =7100 MP
£ b a E_ =28,000 MPa
> Vb =0.38 ¢ 1.00 25 30 19 - 26 .
o ftc =4.10 MPal Masmoudi et al.
at, =31.0x10° /° C** for O =13mm ~
- o cwx for d = Ve =017 1.20 19 30 28 - 36 (2005)
&, =34.9x10° /° C** for O =16mm o
~ e d- Oty <6107 176
@y =36.6x10°" /" C™ for {7 =19mm 150 {13,16,/19,25| 8455 35y H - fgers
Q) =43.1x10° /° C** for d =25 mm : o b .
Note: *  General properties ***  The different values of ATCr reported for the MTED model are due to the varying configurations of the model

** Temperature range: 30 °C to 60 °C

*kkk

Average values

40



41

ATcr (0 C)
a0
80
70

60 H—k

s0 §

-
¥
40 - 8 L ce
¥ g @ &
30 i
20 [-] =] a Model

10 m O Aiello et al.’s Model (2001)
0 O MTED model (Wong et al 2006)
A Proposed Model

Test
& Aiello (1999)

AT, (°C) x Aiello et al. (2001)
a0 ® Masmoudi et al. (2005)
80 X Zaidi and Masmoudi (2008)
70
60
S0
40
30
20
10

0 r

o 05
Figure 3.3 Variation dgvalues for FRP reinforced
concrete: (a).[ec \d ical specimens

ﬂﬁﬂ?ﬂﬂﬂﬁﬂﬂﬂﬂ‘i
QW']ENﬂ‘iELJ UAIINYAY



42

AT =34 °C AT =50 °C

AT =60 °C AT =64 °C

| ' £

Cir i i _'fﬁjvalue obtained by the
A P
Q proposed model i
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ragius, . valtes obtained by the proposed-model
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3.4 Prediction of Bond Strength for Reinforced Concrete at Elevated

Temperatures

For the current study the efficacy of the proposed model to predict the bond strength
for reinforced concrete at elevated temperatures is examined using previous
experimental results based on pull-out specimens, each of which consisted of a concrete
cylinder or a concrete square prism and an embedded reinforcing steel bar with or
without stirrups (Diederichs and Scheider 1981; Hertz 1982; Morley and Royles 1983;
and Haddad et al. 2008). The details of the pull-out specimens are summarized in Table
3.3. The analysis performed for the proposed -model assumes a uniform temperature
distribution throughout the cross section of the concrete cylinder and the reinforcement

bar since in the experiments thesspeeimens were reported to be slowly heated, at the rate

of 2°C/minute or less, up i@ the required temperature and saturated thermally for at

least one hour.

The values of bond sirength and the ratio of the bond strength at the elevated

temperature T to the bond strength at normal temperature, 7, . /r as reported by

b,20°C’
the previous studies are compared with the values predicted by the proposed model with
and without the thermal effect as showt in Figure 3.5.to Figure 3.9. It is seen from these
figures that the predicted values are in line with the experimental results, both for the
cases of reinforced concrete specimens under and after elevated temperatures.
Moreover, it can be observed from the results of the propesed model that the thermal

effect degrades the bond strength, especially forsmall _c/d, values (c/d, <2.00) and for

medium temperatures (T =200°C —300°€)." In other words, ‘with larger c/d values, the
concrete cover is able to act better as a thermal barrierand causes smakler thermal crack
radii compared ‘with the eriginal conerete: cover. For the case of;high temperatures
(T >300°C), the modulus of elasticity of both concrete and reinforcing steel drop

significantly; resulting in less thermal effect and smaller crack radii.

Note that the predicted values may be overestimated or underestimated due to the
variation of the properties of concrete and reinforcing steel with temperature, which can
vary in a wide range (Xiao, Konig 2004; Chang et al. 2006; Youssef and Moftah 2007).
Nonetheless, based on the results of the current study it may be concluded that the



44

accuracy of the proposed model based on the mechanical properties according to the

Eurocodes is acceptable for the prediction of the bond strength of steel reinforced

concrete elements under elevated temperatures.

Table 3.3 Details of the pull-out specimens in previous experiments

Tested by Specimen Aggregate d, r, c/dy | I/dy | T, 00c
type Type (mm) | (mm) (MPa)
Diederichs | Pull-out cylindrical
and _ specimens without stirrups Silicdofls 16 86 488 | 50 55
Scheider under elevated
(1981) temperatures
Pull-out cylindrical Mixture of 25 75 250 | N.A. 20
Hertz specimens without stirrups quartz, 16 75 418 | NA. | 20
(1982) after elevated granite and
temperatures limestone 12 75 5.75 | N.A. 20
Pull-out cylindrieal 16 33 156 | 2.0 35*
Morley specimens without stirrups — 16 40 200 | 2.0 35%
and after elevated : SIIICG(?US ) c4 288 | 2.0 35
Royles temperatures (with.8.77 : :
(1983) MPa pre-stress) 16 63 344 | 20 35*
Pull-out cylindrical .
specimens without stirfups L
under elevated Siliceous~ | 16 63 344 | 20 35*
temperatures (with 3.77 o
MPa pre-stress)
Pull-out square prism
Haddad et | specimens with stirrups "
al. (2008) | after elevated Basalt 20 50 200 |75 77>
temperatures
Note: *  Standard cube strength

**

Forlarge, I,/d, cvalues;the expenimental bond,strengthymust bejconverted to
the'local bond strength'(Yasojima and Kanakubo 2005).
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3.5 Bond-Slip Relationship

Many researchers have established the bond stress-slip relationship for reinforced

concrete at-normal temperature based on the experiment waorks (Eligeiiausen et al. 1983;

Pochanart and Harmon 1989; CEB-90 (1991); Alsiwat and Saatcioglu 1992). However,
only a few researchers (Den Uijl and Bigaj 1996; Takahiro et al. 1999) have
investigated the correlation between the slip and the inner crack radius, which can be
used to establish the bond-slip relationship for reinforced concrete at elevated
temperatures. The bond-slip relationship is required to investigate the bonding effect on

the behavior of reinforced concrete structures.
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Based on the proposed model, the bond stress for the normal-temperature condition
(T =20°C) can be analyzed at two stages: the elastic stage and the partially cracked
elastic stage. For the partially cracked elastic stage, the relationship between the
normalized bond stress, 7

It and the inner crack length, r,—r,, in general can

20° b,20°C"’
be illustrated as shown in Figure 3.10 (a) in which the bond stress at the initiation of the

inner crack (r.—r, =0) is denoted as T To compare the bond-slip relationship

,20°
obtained from the proposed model and the previous test results, a generalized curve
which relates the normalized bond stress after. the initiation of the inner crack

(rp e ! Ty o) @d the relative slip, s—s ', must.oe established as shown in Figure 3.10

(b) in which s, is the slip corresponding to T Based on the previous studies

<2iiis
(Diederichs and Scheider.4981;+ ce et al. 2002; Al-Negheimish and Al-Zaid 2004,
Haddad et al. 2008), the relationship  between the curve in Figure 3.10 (a) and Figure
3.10 (b) can be approximated as: '

i K

in which k is an empirical constant.

(3.1)

In order to generate a complete-curve that alsocovers the elastic stage, the curve in

Figure 3.10 (a) must be exirapolaied-to-siari-frofm-zero-bond stress (7., /7 =0).

20° b,20°C

By using the initial slope of 7, , /7 . Vs =T, the curve can be extended to

intercept the horizontal axis &t"r’ .as. shown in_Figure 3,10 (c).in which r’ can be

2
T 50
pn 3 £1 e | 9% 48 . (3.2)
dTp,20°c 2 !

dr

computed as:

After shifting the origin of the curve as shown in Figure 3.10 (d), the relationship

between the slip s and the inner crack radius r, can be determined as

!
s fiThtn

: (3.3)

Note that r" may be considered as the virtual crack radius for the elastic stage.
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Figure 3.10 Analysis of bond stress-slip-inner crack radius relationship:
(a) bond stress-inner crack length relationship in the partially cracked elastic stage;
(b) bond stress-slip relationship in the partially cracked elastic stage; (c) virtual crack

radius obtained from extrapolation; (d) curve shifting
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As for the normal-temperature case, the slip can be related with the inner crack

radius at the elevated temperature T . The total crack radius r, can be considered to be
due to the thermal effect (r; . ) and the pull-out load. As such, the inner crack length due
to the pull-out load at the elevated temperature can be considered as r, —r, .. The bond
stress at the initiation of the inner crack due to the pull-out load (r, —r,, =0) is denoted
as r,;. By substituting the inner crack length, r —r, in Eq. (3.3) with r—r ., we
obtain:

ri—ri,T+ri'
K

S (3.4)

where the virtual crack radius™t" for ieinforced concrete at the elevated temperature T

can be computed based on'Eq. (3.2)and Eq.(2.20) as

AL E BN (3.5)

1
(LT] a7,
i) R r

Based on a statistical analysis of the correlation between the experimental slips
(Diederichs and Scheider 1981; Lee et al. 2002;"Al-Negheimish and Al-Zaid 2004;
Haddad et al. 2008) and the slips obtained from the preposed method for different

values of normalized bond stress, (- / T, il it has been found that the estimate of

k =70 provides the best coefficient of determination R* =0.8625 as shown in Figure

3.11. Note that in theé propesed-madel the splitting:failure occurs wwhen then ultimate slip
is reached at which point the bond stress can be considered to'be zero.

The bond-slip relationships obtained by ‘using the proposed: model.are compared
with the previous experimental results (Diederichs and Scheider 1981; Lee et al. 2002;
Al-Negheimish and Al-Zaid 2004; Haddad et al. 2008) in terms of the normalized bond

stress, 7,,./7, as shown in Figure. 3.12. The comparisons between the bond-slip

20° b,20°C’
relationship obtained from the proposed model and the previous test results of
Diederichs and Scheider (1981) and Haddad et al. (2008) are shown in Figure 3.13 to

Figure 3.15, respectively.
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Figure 3.11 Comparison betweenthe experimental slip and the analytical slip (k =70)

In some cases of the gomparison, the experimental slips may be significantly larger

than the modeling results due o /the combination of modes of failure between the

splitting failure and the shearing-off farlure, esp(’éc'i'ally for large values of c/d,. In these

cases, the maximum bond stress can be highefl-__-t-hgp the splitting bond strength but the
bond-slip relationship remains the same in the—j_'eérly stage (Eligehausen et al. 1983;
Harajli et al. 1995; Den Uijl and Bigaj 1996). Théf—éi‘dre, the experimental bond stresses
are normalized by the \bond stress value taken at the slip which corresponds to the
maximum bond stress as predicted by the proposed model. At the elevated temperatures,
it can be seen in most cases,that the modeling results agree well with the experimental
results except for'the case-of T =600°C|in Figure 3:13 in/which significantly lower
stiffness of the experimental bond-slip relationship is observed. The reason may be due
to the deviation of the, modulus-of elasticity. of concrete used in the model from the

actual unreparted value.
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CHAPTER IV

APPLICATION OF THE MODEL FOR REINFORCED CONCRETE BEAMS
AT ELEVATED TEMPERATURES

4.1 Introduction

For flexural load-bearing structural members, such as reinforced concrete beams,
the degradation of the bond strengtibetween conerete and the embedded steel rebars
at elevated temperatures cansaffeet the structural behavior of the members. Most of
the previous studies (Huang.and‘Plaiten, 1997; Terro 1998; Zha 2003; Capua and
Mari 2007; Bratina et al 2007 Kodur, Dwaikat 2008; Huang et al. 2009) have
neglected the bonding efiect jon' the struc‘tural behavior of beams under high-
temperature conditions and applied perfect bo"[id"'-assumption for their analyses. For
the current study we investigate the influence-si__'df,_ponding on the structural behavior
of reinforced concrete beams subjected to eley?f;\"_teé temperatures through a series of

load-bearing tests.

The test data of the reinforced concrete beams in terms of the load-deflection
relationship and the crack pattern were compared with the results obtained from the
finite-element analyses assuming twa- types of ‘bonding: ‘perfect bonding and slip
bonding (based on‘the model proposed in the previous chapter). The comparison of
the structural behavior abtained fromthefinitezelementimodels-and theexperimental
results allowed us to examine the influence of bonding at the steel-concrete interface
on the structural behavior of the reinforced concrete beams. The results are useful as a

guideline for the structural design for fire safety.
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4.2 Experimental Setup
4.2.1 Test Specimens

A series of load-bearing fire tests were conducted using eight reinforced concrete
beam specimens. The dimensions of the beams were 200 mm x 300 mm in cross-
section, 2450 mm in overall length, and 2300 mm in supported span. These beams
were cast from a concrete mix having the compressive strength of 24 MPa after 28
days of casting based on standard cylinders.. Each of the beam specimens was
reinforced by two 16 mm-diameter deformed bars<of SD 40 grade with the tested
yield stress of 475 MPa as the tension reinforcement, tWo 9 mm-diameter round bars
of SR 24 grade with the tested«vyield stress of 350 MPa as the compression
reinforcement and 6 mm-diameter round bars of grade SR 24 with the tested yield
stress of 320 MPa as stirrupssat a spacing of 150 mm throughout the beam’s length.
The modulus of elasticity-of the steel rebars ébtained from the test was approximately
200,000 MPa. The details of a typical beam sr;ecimen are shown in Figure 4.1.

To monitor the temperature distribution of_ihe specimens during the fire test, type
K 4/0.32 GBS thermocouples with. the sensmwty of 41 pV/°C and the measurement
range between —200 °C and +1350 °C were used. The thermocouples were installed at
various locations within“@ach specimen prior to pouring the concrete mix into the
formwork used for casting the specimen as also illustrated in Figure 4.1. All the
specimens were cast at room_temperature and, cured by covering them with wet
hessian. The curing duration was sét to be at least 28'days beforeithe test. The upper
surface of each of the beam specimens for load-bearing tests under elevated
tempertaures was ‘protected awith:2:5-cmy thick: ceramie fiben padstogsimulate fire

exposure only on three sides.
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Figure 44 Details of.a typicél beam specimen
4.2.2 Test Program

The fire tests were conductet- at-the Fire Safety. Research Center (FSRC) of
Chulalongkorn University.-Fhe-specimen-instaliationwithin the furnace and the load-
bearing test setup are illustrated in Figure 4.2. For the load-bearing test, the specimens
were subjected to two-point bending in which the load was applied using a hydraulic
jack and a transfer.girder, with two-short columns to,transmit the lead to the beam. The
total weight of the loading-system‘was-2 KN. The vertical movements were observed
through ceramic fiber tubes and the loading columns=inserted into the‘furnace above
the beam “specimens;’ T@ monitor, the ~movements, 'linear variable 'differential
transducers (LVDT) with an accuracy of 0.1 mm were used. Throughout the test
program the movements of the supports were continuously monitored (see Figure 4.2)
to avoid the collapse of the supports while the movements of the loading columns
were used to examine the inclination of the loading system. The vertical movements

of the specimen measured elsewhere were used to plot the load-deflection curve.
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The details of the furnace used in the current study are shown in Figure 4.2 and
4.3. The internal dimensions of the furnace are 0.90 m wide, 2.50 m long and 1.70 m
high. The inside surface of the furnace is lined with 30 cm-thick insulating bricks and
ceramic fiber blankets. Three gas-nozzled burners and three thermocouples are
located on each of the two side walls of the furnace at the level of approximately 0.20
m above the furnace floor on one side and 1.05 m above the furnace floor on the other
side. The lid of the furnace is a refractory-lined concrete cover slab with two 0.25 m x

0.25 m openings to insert the transfer columns for the flexural loading.

The temperatures and the heating periods during the fire tests are summarized in

Table 4.1 and plotted in Figure 4.4. The furnace temperature of up to 550 °C was
used to avoid concrete spalling QiSevete damage of the specimens that may cause
premature bonding failure (Bazant and Kaplan 1996). Moreover, the heating period
was set to two hours to allow heat {0 dissipate through the entire cross section of the
beam. The furnace tempefatugé was controlled to reach the target temperature within
five minutes and constant thereafter until the flexural test was completed. The
temperature inside the furnace was contr_ol_,.lé.a based on the average of the
temperatures recorded by the six thermocoupléé "e\(__ery two seconds. The valve of the
gas supply for each burner was econirolied QVI‘V_S\;V_itChed off to adjust the furnace

temperature.

After the heating period of 2 hours, the load-bearing test of the beam was
conducted. The applied loadawas increased in increments of 10 kN/minute. During the
loading, the deflections of-the beam were recorded every two seconds. The applied
load was increased until the specimen reached the peak load capacity. After the test,
the beam was ¢ooled in the furnace ifor'24 ‘hours and‘then' observed ffor the crack

patterns.
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Figure 4.4 The specified temperature-time relationships for fire tests
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4.2.3 Experimental Results

The temperature-time curves and the load-deflection curves are shown in Figures
45 — 4.7, respectively. It can be seen from Figure 4.5 and Figure 4.6 that the
temperatures of the reinforcing steel for the beam specimens in C25 series are higher
than those in C40 series. Based on the load-deflection curves in Figure 4.7, it can be
observed that the peak loads of the beams in both series slightly decrease with the
increasing level of temperature. The gradients of the load-deflection curves become
more gradual under higher temperature levels which correspond to the softening
stress-strain behavior of the reinforcing steel..under elevated temperatures in
accordance with BS EN 1992-1-2 (2004). It can also be observed from Figures 4.5

and 4.6 that the temperatures™ oi*the reinforcing steel are 480°C and 405°C,
respectively, for specimens €25-550 and.C40-550, upon which it is found that the
peak load of specimen C25-550 is slightly-less than that of specimen C40-550.

The crack patterns of .the specimens can be illustrated in Figure 4.8, in which
three types of cracks, i.e. flextiral'cracks, shear cracks; and tensile splitting cracks, are

observed. For each of the beam Specimens, theﬁpe__ of failure was identified based on

the following guidelines (see Figure 4.9):

- the flexural failure was identified if crushing or -compressive cracking
occurred at the upper surface of the specimen;
- the shear failure was identified if shear cracks occurred and propagated to the
lower or theupper surface.of the specimen; and
- the shear failure with tensile 'splittingtcracks.was'identified if shear cracks
occurred and linked to tensile splitting cracks along the.dength of the
reinforeing bars.
The types of failure of the specimens are summarized in Table 4.2. The evidence of
shear cracks on the specimens under elevated temperatures clearly shows the thermal
load effect upon the shear strength of the specimens. The tensile splitting cracks
observed for the specimens in C25 series are due to insufficient concrete cover and

can lead to the structural failure as can be seen in specimens C25-250 and C25-400.
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4.3 FE Analysis
4.3.1 Structural Modeling

To simulate the thermo-mechanical behavior of the load-bearing beams under
elevated temperatures, the commercial finite element software ANSYS was used. Due
to symmetry of the test setup, the finite element model involved only a quarter of the
beam as shown in Figure 4.10. The finite element analysis of the reinforced concrete
beam models was subdivided into three steps to.Simulate the sequence of the imposed
loadings upon each of the beam specimens during.ihe tests. In the first step the beam
model was considered to be stubject only to the self weight and the initial load due to
the loading devices. For the seeondSiep, the thermal load, based on the temperature
distribution of the beam’s_eross-section obtained from a separate heat transfer
analysis, was superimposedsupon: the model. In the final step, the load was
incrementally applied onto the beam model wuntil structural failure. The overall

process of the structural analysis can be illustrated in Figure 4.11.

L 4 _

757 775 ] 750 ) 775 75 1 200

L
75 775 75

Figure 4.10 Modeling ef the beam specimen
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Structural analysis under the self weight
and the initial load

Heat transfer analysis

A

Structural analysis under
the thermal load

A 4

Structural analysis under
the applied load

Figure 4.11 Overall process of structural analysis

For the thermal analysis; the beam was modeled with three-dimensional solid
elements, solid70, having eight nodes with a single degree of freedom (i.e.,
temperature) at each node. Jo simulate the thermal load induced by the ambient
temperature increase, the sugface element SURF152 was used to account for heat
convection and radiation..Because the presence of the steel rebars did not significantly
influence the temperature distribution of the beam cross-section (Lie and Irwin 1993),
the rebars were not included in the model. The entire beam model was considered to
consist only of concrete elements and the temﬁefé,ty_re of the rebar was assumed to be
equal to the temperature of the concrete ai the same location. The details of the mesh
refinement analysis to determine the appropriaté size of .element to be used in the
thermal analysis model can be found in Appendix A.

The finite element model used for the structural analysis adopted a solid element,
solid65, to model:concrete; a bar/ element, Tmks, ta. model the,steel rebar; and a
nonlinear spring elément, combine39, to simulate the bond stress-slip mechanism for
the rebar 4n tension. ~Thensselid=element; solid65+is~capable jofymodeling concrete
cracking in tension and crushing in compression based on the'smear crack theory. The
deformation of the element is characterized by eight nodes having three degrees of
freedom at each node: translations in the nodal x, y, and z directions. The 2-node bar
element 1ink8 is a uniaxial tension-compression element having three degrees of
freedom at each node: translations in the nodal x, y, and z directions, with plasticity
and large deflection capabilities. The nonlinear spring element combine39 is a
uniaxial element defined by two nodes with nonlinear generalized force-deflection

capability accounting for large displacements.
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The influence of the bond-slip relationship for the cases of perfect bonding and
slip bonding was modeled through the connections between the solid concrete
elements and the steel bar elements. For perfect bonding, the solid element and the
rebar element were set to share the same node at the connection whereas for slip
bonding the nodes of the solid element were linked with the nodes of the bar element
by using the non-linear spring element (Amatavirakul 2008). The stirrups and the
compression reinforcement were assumed to be in perfect bond. The finite element

models of the beam for thermal and str al analyses can be illustrated in Figure

4.12. § | //é’:‘-

— f —

Surface ele
for thermal loao

Symmetry boundary
in z direction

Applied
5. load

BDR B 0 B 3 DR D

NINE) B

gy s
i Spring element,
. |
| Rebar element |
i Perfect bond :

Figure 4.12 Finite element models for: (a) thermal analysis and (b) structural analysis
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4.3.2 Thermal and Mechanical Properties

The thermal and mechanical properties of the reinforcing steel and concrete as
previously described in Section 2.5.2 were employed for the current study. The
normalized tensile stress-strain relationship for steel in accordance with BS EN 1992-
1-2 (2004) was converted into the general form based on the tested properties as
shown in Figure 4.13. The stress-strain relationship for concrete in compression was
assumed to follow the normalized stress-strain relationship of BS EN 1992-1-2 (2004)
until the peak stress and to be perfectly plastic thereafter (Ibrahim and Mahmood
2009) as shown in Figure 4.14 (a). The tensile stress-strain relationship for concrete
was specified by the tensile strength and the modulus of elasticity as shown in Figure
4.14 (b). The shear transfer coefficients for the opening and the closing cracks were
set to 0.30 and 0.50, respectively(Zhou et al. 2004). It should also be noted herein
that the confinement effect on the concrete section due to the differential expansion
between the outer elements exposed to, fire and the inside was neglected for the
current study. As such, the'thermal expansion coefficients were not required in the

finite element model (Piloto et al.2006).

The average temperatures of the rebars and the surrounding concrete required to
compute the bond-slip relationship werée obtained from the heat transfer analysis using
the finite element model with-5-mim-element-mesh-as-shawn in Figure 4.15. The
average temperature of the surrounding concrete was computed from the nodal
temperatures of the concrete elements within the circle zone whereas the average
temperature of the-rebar was-computed ;from-the inedal~temperatures of the rebar
elements within " the” “rectangular® zone. " The" average "temperatures and the
corresponding. bond-slip relationships are_shown «f+ Table 4,3 and Figure 4.16,
respectively. Naote that similar ctos the ¢stress-strain’ relationshipfor._concrete in
compression the bond-slip relationship was assumed to follow the proposed model
until the peak stress and to be perfectly plastic thereafter until the ultimate slip. This
assumption enhanced the stability of the FE analysis for the investigation of the

tensile splitting cracks.


http://bibliotecadigital.ipb.pt/browse?type=author&value=Piloto%2C+P.A.G.
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Figure 4.14 Variation of the stress-strain relationships for concrete with temperature

(a) compressive stress-strain relationship; and (b) tensile stress-strain relationship
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Figure 4.15 Finite element mode! for the heat transfer analysis
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Table 4.3 Average temperatuies for the bond stress-slip curves

: Average temperature (°C)
Specimen . . -
Concrete cover Reinforcing steel
C25-RT 332148 35
C25-250 202 : 7,7, 198
C25-400 o= = 320
C25-550 450 L/ Ml 447
C40-RT 35 35
C40-250 187 180
C40-400 299 286
C40-550 417 395
Bond Stress (MPa) Bond Stress(MPa)
10 10
9 9
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2’ S N(025-250 2:
. /S~ (C25-400 4
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Figure 4.16 Bond-slip relationships for the finite element analysis:
(a) C25 series and (b) C40 series
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4.4 Finite Element Analysis Results and Discussions

The load-deflection curves for the beam specimens obtained from the experiment
were compared with the results from the FE analysis for the cases of perfect bond and
slip bond (the proposed model) as shown in Figure 4.17. The comparison reveals that
the overall analytical results are consistent with the experimental results. It is
observed that the initial slope of the load-deflection curves obtained from the FE
models is slightly higher compared with the test results in which the behavior of the

FE models with slip bond only slightly differs frorathose with perfect bond.

The graphical representation of the cracks obtained from the FE models of the
beam specimens can be illustrated in Figure 4.18. In the illustration, the crack planes
that occur within the concrete‘elements are represented by using straight lines. These
crack planes correspond with the directions perpendicular to which the principal
stresses exceed the tensile strength of concrete. Because several crack planes can
occur within each of thesConcrete elements, different color codes are used for
illustrating the order of their appearance. Red,'-green and blue lines are used to
represent the first, second and third crack plah’eis"ir)_ their consecutive order to initiate

within each concrete element.

In terms of the crack’pattern, three different types of crack, i.e. flexure, bond and
shear cracks, can be observed in the beam model as shown-in Figure 4.18. Under the
applied load, tension is induced~in the rebars and the concrete elements in the lower
part of the beam specimen. Ongce the tensile stressesiin the icancrete elements reach
the tensile strength, the flexural crackssare initiated.and can propagate to the upper
part, particularly at thevmiddle of the beam’s span. The flexural cracks-are normally
represented by a group of vertical lines as can be seen in Figure 4.18.The tensile force
induced in the steel rebars is also transferred to the surrounding concrete through the
bonding mechanism causing cracking of the surrounding concrete elements along the
length of the rebars. These cracks are generally referred to as the bond cracks and can
extend to the end of the rebar due to the bond stress distribution. Note that because the
bond cracks are normally generated only at the interface between the rebars and the

concrete cover, the cracks may not be observed in the actual experiment. However,
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once the bond strength is reached, the bond cracks may appear in the form of the
tensile splitting cracks. For the current study the bond cracks in the beam model can
be observed as a group of short inclined lines along the length of the rebar as shown
in Figure 4.18. In addition to the flexural cracks and the bond cracks, the shear cracks
can occur if the stresses in the concrete elements within the shear zone reach the
tensile strength. The shear cracks in the beam model can be observed as inclined lines

around the mid-height of the beam in the shear zone as shown in Figure 4.18.

The variation of the crack patterns with respect to the increasing load steps
obtained from the FE models for each of the speCimens in both C25 and C40 series
can be illustrated in Figures 4:19 to Figure 4.26. It can be seen from the illustrations
that, at the initial stage of loading, the flexural cracks and the bond cracks for the FE
models with perfect bond aremore spatially\distributed around the middle of the span
length whereas the FE models with/slip bond provide only a few discrete groups of
flexural cracks and bond eracks. As the Ievel of load is increased, the shear cracks can
be observed in addition to the flexural and bond cracks. Moereover, more bond cracks
can be observed along the length of the rebar's.""Compared to the FE models with
perfect bond, fewer bond cracks are observed m "thle_z FE models with slip bond which
is probably due to the fact that the tensile force'ih; the rebars can be more gradually
transferred to the surrounding concrete elements. At the peak-load, it is nevertheless
found that the overall crack patterns of the FE models with perfect bond and slip bond
are similar based on the distribution of the cracks and the direction of the crack

planes.

The comparison between the test results and the modeling results for the beam
specimens-at roem-temperature, (see Figure 4.49and Figure 4:23)-revealsthat only the
flexural cracks are observed in'the test'specimens whilethe shear cracks'can also be
observed in the FE models in addition to the flexural cracks. Therefore, it can
sometimes be difficult to predict the actual mode of failure for the beam specimens
based only upon the crack patterns obtained from the FE models. Nevertheless, the
load-displacement curves obtained from the FE models are consistent with the
experimental results which imply that the overall crack strains can still be accurately
estimated.
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The variation of the tensile force and the bond stress distribution along the length
of the rebar with respect to the increasing load steps for the FE models of the beam
specimens in both C25 and C40 series can be illustrated in Figures 4.27 to Figure
4.34. 1t is observed that the tensile force reaches its maximum value around the
beam’s mid-span and its minimum value at the end of the rebar, respectively. Note
that since the tensile force distribution corresponds with the transfer of forces between
the tension rebars and the surrounding concrete through the bonding mechanism, the
bond stresses can be derived directly from the difference of the tensile forces between

adjacent rebar elements.

The bond stress distribution is observed to vary with the level of cracking of the
concrete elements. If the conciete elements are completely cracked (i.e., total loss of
tension resistance), the tensile force in the rebars ean no longer be transferred to
concrete, resulting in zero bond stress. For severely cracked concrete elements, the
bond stress can signifieantly decrease, and the tensile force transfer must be
compensated by the increase in‘the bond stress of the adjacent concrete elements as
evident from the undulationfof ‘the bond: stress distribution corresponding to the
location of the cracks. ==

It is seen from in Figures 4.27 to Figurer4.34'that the maximum bond stresses
around the support at the peak load obtained from the FE models with perfect bond
are significantly higher than those with slip bond. Based on the experimental results,
the tensile splitting cracks.were observed for C25-250, C25-400 and C25-550
specimens, which'agree with the results obtained from the proposed model with slip
bond in that the band strength within the spring elements is reached and that the
tensile splitting eracks-occur.Whilstfor thejkEsmodels with perfect.bond, without the
spring elements ‘the' bond ‘strength 1s not limited ‘and the bond ‘stresses tend to be
overestimated. In the experiment, the tensile splitting cracks were also observed as the
reason for failure of C25-250 and C25-400 specimens. However, the tensile splitting
cracks were not observed for the specimens in C40 series because of their better

splitting resistance under the thermal loads.
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Based on the experimental results, the shear failure was observed for C40-400
specimen and the shear failure with tensile splitting cracks was observed for C25-250
and C25-400 specimens. However, the results obtained from the FE models suggest
that the tension rebars yield at the peak loads of these specimens. It can thus be
suspected that the shear failures observed in the experiment might occur after yielding
of the tension rebars.

In summary, it is found that the FE models with perfect bond and slip bond
provide similar results in terms of the load-deflection curve, the crack pattern and the
tensile force distribution along the rebars. For.the«bond stress distribution, the FE
models with slip bond are capable of predicting the tensile splitting cracks in the beam
specimens by using the spring-elemenis whereas the FE models with perfect bond

tend to overestimate the bond.stresses.
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Figure 4.17 Comparison of the load-deflection curves obtained from the experiment and the FE
analysis: (a) C25 series and (b) C40 series
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Figure 4.19 Variation of the crack patterns with load for C25-RT:
(@) FE analysis with perfect bond and (b) FE analysis with slip bond
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Flgure 4.20 Variation of the crack patterns with load for C25-250:
(@) FE analysis with perfect bond and (b) FE analysis with slip bond
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Flgure 4.23 Variation of the crack patterns with load for C40-RT:
(a) FE analysis with perfect bond and (b) FE analysis with slip bond
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qugure 4.25 Variation of the crack patterns with load for C40-400:
(a) FE analysis with perfect bond and (b) FE analysis with slip bond
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CHAPTER V

CONCLUSIONS

A mechanical bond model capable of characterizing the bonding behavior of
reinforced concrete structures at elevated temperatures is proposed in the current
study. The proposed model is developed based Ca“the smear crack theory and the
thick-wall cylinder theory by considering the concrete cover in its partially cracked
elastic stage. The relationship«between the splitting resistance and the inner crack
radius of the concrete cover at the elevated temperature is established by taking into
account the variation of the material properties with temperature and the differential
thermal expansion of thé stgel rebar and the concrete cover. The computation
procedure involves strain compatibility and pr'essure equilibrium at the rebar-concrete
interface in order to estimate the thermal radiai_,'p'fessure and the corresponding crack
radius. Furthermore, to investigate the bonding_'fﬁe_g;hanism for the reinforced concrete
elements at elevated temperatures, the effects of tfhe pull-out force and the thermal
load are simultaneously considered. The thérr'ﬁa—l- crack. is  found to degrade the
pressure resistance of ' the concrete cover to the pull-out force as the residual
uncracked concrete cover is reduced. The proposed model is verified by using
previous experimental results on the splitting.bond strength of reinforced concrete
elements at normalitemperature as welkas'the critical temperature increment, the inner
crack radius and the bond strength of reinforced concrete elements at elevated

temperatures.

The mechanical bond-slip relationship is also examined by comparing the
normalized bond stress-inner crack radius relationship obtained from the proposed
model with the normalized bond-slip relationship of the previous experiments in
which a linear relationship between the slip and the inner crack radius is found. The
influence of the bond-slip relationship on the behavior of reinforced concrete
structures is investigated through a series of load-bearing tests of reinforced concrete

beams with 25-mm and 40-mm concrete covers at elevated temperatures. The types of
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failure observed for the beam specimens are flexural failure, shear failure and shear
failure with tensile splitting cracks. The tensile splitting cracks of the specimens with
25-mm concrete cover are viewed to be due to insufficient concrete cover and

contribute to the structural failure.

The load-deflection relationships and the crack patterns of the tested beams are
compared with the finite-element modeling results based on two types of bonding:

perfect bonding and slip bonding the proposed model). The comparisons reveal that

the FE models with perfect bond and slip bond.previde similar results in terms of the
load-deflection curve, the crack pattern and the-tensile force distribution along the
rebars. For the bond stress distribution, the FE models with slip bond are capable of
predicting the tensile splitting=€ragks in the beam specimens whereas the FE models

with perfect bond tend to overestimate the bond stresses.

The current study has Confirmed that the tensile splitting cracks can contribute to
the failure of reinforced concrete structures at .e_Ie_yated temperatures. To prevent this
type of failure, the structures"must be designed -With sufficient concrete cover. The
model proposed in the current study-is capable"b-f predicting the bonding degradation
and the tensile splitting cracks as well as theri_rrri_nfluences upon the behavior of
reinforced concrete beams at elevated temperaturés. The model can thus be adopted to

determine the minimum-concrete cover in the structural design.for fire safety.

The model proposed in the-current study isdimited only for the splitting failure of
the concrete structures. reinforced with ‘deformed steel bars without taking into
account the effect of the transverse steel reinforcement (i.e., stirrups), which may
enhance the bond strength of the reinforced| concrete elements. Moreaver, the current
study adoptsithe mechanical properties of steel and concrete at elevated temperatures
from the Eurocodes whereas the actual properties of the materials can vary in a wide

range which could possibly affect the efficacy of the proposed model.
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The tensile splitting cracks that have been found to contribute to the failure of
reinforced concrete structures at elevated temperatures in the current study are based
on a series of load-bearing tests of simply supported reinforced concrete beams at the
elevated temperatures of up to 550°C. A more comprehensive test program should
further be conducted to investigate the influences of the relevant parameters on the
bond strength and the bond-slip relationship of reinforced concrete elements at

elevated temperatures.
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FE Mesh Refinement for Structural and Thermal Analyses

To determine the appropriate FE mesh to be used for structural analysis, we
examine a series of FE models with different meshing schemes; M1, M2, M3, M4 and
M5, for the beam specimens in C25 and C40 series as illustrated in Figure A-1. The
load-deflection curves obtained from the FE analysis of the beam models are plotted
in Figure A-2. It can be seen from the illustration that the accuracy of the load-
deflection relationships obtained from the heam models in case M4 for both C25 and

C40 series are acceptable compared o case M5.

The capability of the FE models in case M4 (a) and case M4 (b) for thermal
analysis have also been verifica*by.€xamining the temperature distribution within the
cross section of the beammogdels. Because the loeations of the points where
temperatures were measured within the-beam specimens do not match with the nodal
points of the beam models‘in case/M4, we have to indirectly compare the temperature
distribution obtained from the FE models in (;ase M4 with the models having a more
refined meshing scheme comprising 5-mm ele"[hé-nts, of which the temperature-time
curves agree well with the experimental resulté_ésf can be seen in Figures A-3 and A-4.
The vertical and the horizontal lines across the ?beam models (A-A and B-B) as
illustrated in Figure A-5-have been specified ’to'&émine the difference between the
temperature distribution gbtained from the FE model in case M4 and that with 5-mm
elements. Figure A-6 compares the temperature distribution obtained from the FE
model in case M4 and the FE model with 5-mm elements for C25-550 and C40-550.
It is seen from thefigure that the FE madel in“case M4 is able toprovide reasonably

accurate results.
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Figure A-2 Load-deflection relationships obtained from the FE models with different
meshing schemes: (a) C25 series and (b) C40 series
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