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Abstract. This paper presents results from a set of numerical studies on critical fac-
tors influencing residual response of fire exposed reinforced concrete (RC) beams.
The numerical model, developed using finite element computer program ABAQUS,
accounts for distinct material properties of reinforcing steel and concrete during fire
exposure (both heating and cooling phases) and residual (after cool down) phase. In
addition, residual plastic deformations that develop in the beam during fire exposure
are also taken into consideration in evaluating post-fire response of RC beams. The
validity of the model is established by comparing predictions from the numerical
analysis with response parameters measured during fire and residual capacity tests.
The validated model is employed to conduct a parametric study for varying fire
intensity, level of loading (load ratio), restraint conditions, and cross-sectional sizes
of the beam. Results from the parametric study indicate that load level has significant
influence on both post-fire residual capacity, as well as residual deformations in the
beam. The cross-sectional size of the beam also influences residual capacity and
increasing the depth of section leads to improved residual capacity in the RC beam.
Presence of axial restraint however, has only moderate influence on the residual
response of RC beams exposed to fire. Moreover, under most parametric fire scenar-
i0s, RC beams can retain up to 70% of their room temperature capacity provided
tensile rebar temperature does not exceed 450°C.

Keywords: Reinforced concrete beams, Residual capacity, Finite element analysis, Fire resistance, Fire
exposed beams

Fire represents a severe hazard encountered by built infrastructure during its life-
time. Hence, structural members in buildings have to satisfy fire resistance require-
ments as fire safety is one of the key considerations in building design. However,
historical survey data clearly suggests that while fires do occur in structures, com-
plete collapse of structural system due to fire is a rare event [1]. The probability of
such failure in reinforced concrete (RC) structural members is even lower due to
low thermal conductivity, high thermal capacity, and slower degradation of
mechanical properties of concrete with temperature. It is reasonable to assume,
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after most fire incidents, RC structures may be opened to re-occupancy with ade-
quate repair and retrofitting, depending on severity of fire exposure [2—4].

In case of exposure to a severe fire, RC members might experience significant
structural damage resulting from loss of concrete due to possible fire induced spal-
ling, high rebar temperatures and relatively larger permanent deformations. Alter-
natively, exposure to moderate fire scenario may not result in noticeable
deformations or loss of concrete section due to spalling, and thus loss of struc-
tural capacity may not be significant. Nonetheless, there is uncertainty regarding
load bearing capacity of RC members owing to temperature induced degradation
in material properties and extent of redistribution of stresses within the RC mem-
ber after fire. Therefore, in such cases, it is imperative to assess if sufficient resid-
ual capacity exists in structural members prior to re-occupancy after the fire
incident. Such an assessment forms also the basis for developing retrofitting mea-
sures in fire damaged RC structures.

In this paper, a finite element based numerical model is developed for evaluat-
ing residual response of fire exposed RC beams. The model developed in ABA-
QUS [5] is validated by comparing response predictions against experimental data
generated in fire tests and residual capacity tests on RC beams [6]. The validated
model is applied to quantify the influence of fire exposure scenario, load ratio,
restraint conditions and size of beam on residual capacity of fire exposed RC
beams.

2. Previous Studies

While a substantial number of studies investigated behavior of RC structures
under fire [7-10], there are relatively limited studies in the literature that focus
solely on residual response of RC beams following fire exposure [11-13]. More-
over, there are no clearly established principles or methods in current design stan-
dards or codes for evaluating residual capacity of RC beams after fire exposure.
Some of the notable experimental and numerical studies pertaining to evaluation
of residual capacity of RC beams after fire exposure are reviewed here.

Kumar and Kumar [14] tested five RC beams to generate data on residual
capacity of fire exposed RC beams. All beams had a span of 3.96 m with
200 mm x 300 mm cross-section and fabricated with same grade of concrete (of
compressive strength 17 MPa), reinforcement grade (of yield strength 415 MPa),
reinforcement ratio, clear cover to reinforcement and stirrups. The maximum fire
rating of these beams was 1.5 h under standard ISO 834 [15] fire as per IS: 3809-
1979 [16]. One beam was tested to failure without being exposed to fire and served
as a control specimen. Four beams were exposed to a standard ISO 834 [15] fire
for 1 h, 1.5h, 2 h and 2.5 h duration without any loads applied on the beam dur-
ing fire exposure. The beam exposed to fire for 2.5 h duration failed due to exces-
sive deflections during fire exposure itself and thus only other three beams were
load tested to failure to ascertain residual capacity after cooling down in room
temperature. Based on the results from residual tests, the authors concluded
that the beam exposed to 1 h standard fire retains 83% of its room temperature
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capacity, while similar beam after 2 h of fire exposure retains only 50% of its
original capacity.

Kodur et al. [12] tested three RC beams for residual capacity after being
exposed to design fire exposures with a decay phase. The beams were 3.952 m in
span with 254 mm x 406 mm cross-section and identical reinforcement grade (of
yield strength 420 MPa), reinforcement ratio and stirrups. One of these beams was
made of normal strength concrete (NSC), having average compressive strength
55 MPa, while the other two beams were made of high strength concrete (HSC)
having average compressive strength 105 MPa. The beams were exposed to short
design fire or long design fire to simulate practical fire exposure scenarios. None
of these beams failed under fire exposure and reached complete burn-out condi-
tions. Based on the results of this study, the authors conclude that RC beams
retain significant flexural capacity, after exposure to fire, especially when the tem-
perature in reinforcing steel remains below 500°C. Moreover, they concluded that
peak rebar temperature is the most important factor that governs residual flexural
capacity after fire exposure.

Besides such tests, limited numerical studies have been reported on the residual
capacity of fire exposed RC beams. Two types of approaches are utilized for eval-
uating residual capacity of RC beams. The first approach [11-13] is based on sim-
plified sectional analysis, wherein strength equations similar to that for room-
temperature capacity evaluation is utilized, but strength reduction factors (due to
high temperature exposure) for concrete and reinforcing steel are applied in calcu-
lating residual capacity of fire exposed RC beams. The reduction factors are cal-
culated based on maximum temperatures experienced within the cross section for
a specified fire exposure in concrete and reinforcing steel.

The second approach utilized by researchers for evaluating post-fire response of
RC beams is through detailed finite element analysis. A transient three dimen-
sional thermo-mechanical numerical model was developed by Ozbolt et al. [17] to
simulate the behavior of RC beams exposed to high temperatures. Predictions
from the model were compared with measured data from tests reported in litera-
ture [14], to illustrate that such a model is an effective tool to numerically study
behavior of RC beams, both during fire exposure and residual (after cool down)
conditions.

The above literature review indicates that RC beams retain significant level of
capacity after exposure to fire. However, the extent of residual capacity in a fire
exposed RC beam is dependent on fire exposure scenario, peak rebar temperature,
level of loading (load ratio), restraint conditions and sectional dimensions of
beam. Many of these factors vary significantly in different scenarios and are inter-
dependent. Therefore, the computed residual capacity of RC members after fire
exposure can vary widely based on the assumptions used in the analysis [12].
Although earlier studies indicated these factors to be critical, the extent of influ-
ence of these parameters is not studied. This paper is aimed at conducting numeri-
cal studies in order to quantify the influence of critical factors governing residual
response of fire exposed RC beams. Results from numerical studies are utilized to
quantify the influence of various parameters on the response of fire exposed RC
beams.
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3. Numerical Model

In order to account for various critical factors that influence residual response of
fire exposed RC beams, three stages of analysis are needed i.e. room temperature
analysis (Stage 1), analysis during fire exposure (Stage 2), and residual (after cool
down) analysis (Stage 3). This approach is similar to the one proposed by Aziz
and Kodur [18] for evaluating residual capacity of steel bridge girders, and is
implemented through a transient three dimensional finite element model.

3.1. General Procedure

The three stages of analysis for evaluating residual capacity of a fire exposed RC
beams comprises of structural analysis at room temperature prior to fire exposure
(Stage 1), fire resistance analysis during exposure to fire (Stage 2) and finally,
post-fire residual analysis after cooling down of the beam (Stage 3). A flow chart
shown in Figure 1 illustrates various steps required for evaluating residual capac-
ity of fire exposed RC beams. This analysis procedure can be implemented using
any finite element based package, such as ABAQUS [5].

In Stage 1, room temperature capacity of the RC beam is evaluated through a
detailed finite element analysis by gradually incrementing the load on the structure
till failure occurs. Alternatively, the ultimate capacity can also be estimated using
specified strength equations in design standards [19]. The room temperature
capacity determined in Stage 1 is utilized to assess relative level of loading (load
ratio) on the beam during fire exposure (Stage 2 of the analysis). Also, the capac-
ity calculated during Stage 1 analysis is used to estimate the extent of degradation
in capacity once the residual capacity is ascertained in Stage 3 after cool down of
the beam. For Stage 1 of analysis, room temperature mechanical properties of
concrete and reinforcing steel are required.

In Stage 2 of the analysis, the response of RC beam is evaluated by exposing it
to given fire exposure, load ratio, and boundary conditions. Realistic loading and
fire exposure that are present throughout a typical fire event can be applied on the
beam. This stage of the analysis is carried out at various time increments till the
failure of the beam or till burn-out conditions. Response parameters from thermal
and structural analysis are to be utilized at the end of each time increment to
check the failure state of the RC beam under different failure limit states. For this
stage of analysis, temperature dependent thermal and mechanical properties of
concrete and reinforcing steel, that are distinct during heating and cooling phases
of fire exposure, are to be incorporated in the analysis.

Following the cooling down of the beam, and if there is no failure of the beam
in Stage 2, Stage 3 of the analysis is to be carried out. In this stage of the analy-
sis, the cooled down RC beam is loaded incrementally till failure and the struc-
tural response of the beam is traced. The residual capacity corresponds to
maximum load that the beam can sustain before attaining failure. For this analy-
sis, residual properties of concrete and steel reinforcement are required.



Residual Response of Reinforced Concrete Beams

START

— Discretization of beam
for structural analysis
Stage | < Evaluate response
Room under mechanical
temperature loading at room
stress-strain temperature
\_ curves +
— Tonperaie (]iiva;uate response .
dependent thermal L 1re.exp0sulre ?}n
el apply failure criteria
properties
Stage 2 <
~— Check filre s
—
Stage 3 < Evaluate residual
Temperdtre capacity of fire
dependent residual pactty
material properties exposed beam
STOP
—

971

Figure 1. Flow chart describing the three stages involved in residuval

capacity analysis.

3.2. Modeling Assumptions

The following assumptions are made in the development of the numerical model:

e A perfect bond is assumed at the interface between reinforcing steel and con-
crete. While cracks that develop in the tension zone of concrete may result in
the weakening of bond and subsequent slippage of reinforcement, over certain
length of the beam (beam segment) that includes several cracks, the average
strain in both the reinforcement and the concrete remains approximately equal
[20].
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e Fire induced spalling has not been explicitly modeled in analysis implying the
model is applicable only for normal strength concrete (NSC) with concrete com-
pressive strengths 70 MPa or lower [21].

e Transient creep strain is considered implicitly in the model. This implies that
this strain is conservatively neglected upon cooling down of the beam. This sim-
plifying assumption has been shown to have very limited influence on analysis
results [22].

e The boundary conditions are assumed to be unheated since this is the case in
most practical situations in buildings wherein the supports are embedded in the
walls (and slab) and the end supports remain unexposed to fire.

3.3. Details of the Numerical Model

The numerical model is developed using the finite element computer program
ABAQUS [5]. The modeling of RC beams exposed to fire is undertaken using the
sequentially coupled thermo-mechanical procedure. In this procedure, the mechan-
ical analysis relies on the heat transfer analysis at each time step, but no reverse
dependency exists [5]. In Stage 1 of the analysis, the room temperature load bear-
ing capacity is evaluated. The response of RC beam during fire exposure (Stage 2
analysis) is traced through two sets of discretization models, one for undertaking
thermal analysis and the other for undertaking mechanical (strength) analysis.
Results from thermal analysis are applied as thermal-body-loads on the structural
model, uniformly along the RC beam. Following the cooling of the beam, its
residual load bearing capacity is evaluated by undertaking Stage 3 analysis. Tem-
perature dependent thermal and mechanical properties of concrete and reinforcing
steel that are different at various stages are input to the analysis.

3.4. Discretization of the Beam

Two sub-models are needed to carry out the three stages of analysis, namely,
structural and thermal models. A structural model is needed to carry out strength
analysis in Stages 1, 2, and 3 while Stage 2 of the analysis requires heat transfer
calculations to compute temperatures in the fire exposed RC beam.

For the structural analysis, the concrete in the beam is discretized with eight-
noded continuum elements with reduced integration (C3D8R) and reinforcing
steel is discretized with two-noded link elements (T3D2). C3D8R element has
eight nodes with three degrees of freedom; namely three translations in X, y, and z
directions. This element can be used for 3D modeling of solids with or without
reinforcement and it is capable of accounting for cracking of concrete in tension,
crushing of concrete in compression, creep and large strains [5]. T3D2 elements
are used to model one-dimensional reinforcing bars that are assumed to deform
by axial stretching only. They are pin jointed at their nodes; only translational
displacements and the initial position vector at each node are used in the dis-
cretization. When the strains are large, the formulation is simplified by assuming
that the trusses are made of incompressible material. This approach has been used
effectively to model reinforcement explicitly wherein nodes of reinforcement are
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coincident with corresponding nodes of concrete [5]. The interaction between con-
crete and reinforcement is achieved by using the embedded region constraint, i.e.
no slip is allowed between reinforcing steel and concrete. Restraint at the supports
is provided using axial spring elements available in the ABAQUS library.

For the thermal analysis, in 3D space, concrete and reinforcement are dis-
cretized using eight noded linear brick element (DC3DS) and 2 noded link element
or truss element (DC1D2) available in ABAQUS library. These elements have
nodal temperature as the only active degree of freedom. A tie constraint is used to
apply temperatures from concrete to steel at the shared nodes. The values of the
convective heat transfer coefficient in the analysis is taken to be 25 W/m? °C for
fire exposed concrete surfaces and 9 W/m?> °C for unexposed concrete surfaces
while the emissivity factor is assumed to be 0.7 for all concrete surfaces, as per
Eurocode 2 [23] recommendations. Such a modeling strategy has been found to
yield satisfactory results in other studies for reinforced concrete structures exposed
to high temperatures [17, 24].

3.5. Input Parameters for Analysis

Various parameters such as level of loading, boundary conditions, fire scenario
and material properties are to be input to carry out different stages of analysis. In
Stage 1 of the analysis, the ultimate capacity of the RC beam prior to fire expo-
sure is evaluated. Based on ultimate capacity evaluated in Stage 1 a percentage of
the ultimate load is applied during fire exposure in Stage 2 of analysis. If the
beam survives fire exposure during Stage 2, the analysis proceeds to Stage 3
wherein residual response of the RC beam is evaluated.

Room temperature stress—strain relationships for concrete and steel are input
for Stage 1 of analysis. A damaged plasticity constitutive model proposed by
Lubliner et al. [25] and later modified by Lee and Fenves [26] is used to model the
complex behavior of concrete, involving strong nonlinearity and different failure
mechanisms under compression and tension (crushing or cracking).The stress—
strain relation for concrete in tension is represented through a bilinear relation
which is elastic up to the peak stress. A metal plasticity model that utilizes Mises
yield surface with associated plastic flow and isotropic hardening is adopted for
the reinforcing steel constitutive model [5].

In Stage 2 of analysis, during heating phase, temperature dependent thermal
and mechanical properties of reinforcing steel and concrete are input into analysis
an these property relations are assumed as per Eurocode 2 and 3 [27, 28] recom-
mendations. The variation of mechanical and thermal properties with respect to
temperature, is different in heating phase and cooling phase, and is dependent on
the maximum temperature reached during heating phase. During the cooling
phase, a linear interpolation between the elevated and residual mechanical proper-
ties after cool down is adopted [29]. Thermal properties of reinforcing steel and
concrete, namely; thermal expansion, thermal conductivity, and specific heat are
assumed to be fully reversible during the decay (cooling) phase.

In Stage 3 of analysis, after cooling of the fire exposed RC beam, the residual
uniaxial compressive and tensile strength of concrete (after cooling down to room
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temperature) is assumed to be 10% less than the strength attained at the maxi-
mum temperature. This assumption is based on Eurocode 4 [29] provisions. The
residual stress—strain relationship for reinforcing steel is calculated using degrada-
tion trends reported by Neves et al. [30].

3.6. Failure Criteria

In undertaking residual strength analysis of an RC beam, different failure criteria
are to be applied at each stage of the analysis depending on the relevant failure
limit states. In Stage 1 of analysis (at ambient conditions), for evaluating capacity
of the beam, strength limit state generally governs the failure and the ultimate
capacity of an RC beam and corresponds to the point at which failure (due to
flexure or shear) occurs. In Stage 2 of analysis (under fire exposure), the RC beam
under fire exposure, experiences high temperatures and undergoes large deflections
increases due to degradation in strength and modulus properties of concrete and
reinforcing steel. In addition to the strength limit state, deflection limit state is to
be applied as a reliable performance index to evaluate the failure in the second
stage of the analysis. In the third stage, to evaluate residual capacity of the fire
exposed RC beam, strength and deflection limit states generally govern.

3.7. Model Validation

The validity of the above developed finite element model is established by compar-
ing the predicted response parameters against measured data on two concrete
beams (designated as beam Bl and B2) tested under fire exposure by Dwaikat and
Kodur [6]. The test parameters and results of the tested beams and are summa-
rized in Table 1. The beams had identical reinforcement with yield strength of
420 MPa and were made of normal strength concrete (NSC), having average com-
pressive strength 55 MPa. These beams are selected for validation since the
authors reported comprehensive results on temperatures and deflections and this
helps to undertake detailed comparisons. Also, since the heating rate in these
cases is between 2 K/min and 50 K/min, Eurocode material models are applicable
even when the tests are carried out as per ASTM E119 [31]. The tested beams are
made of normal strength concrete (designated as Bl and B2 as per Table 1). The
dimensions and reinforcement details of both these beams were identical and are
shown in Figure 2. Both beams were tested under two point loads of 50 kN (as

Table 1
Summary of Test Parameters and Results Used for Model Validation

Residual load

Maximum rebar ~ Residual defor-  bearing capacity
temperature (°C) mation (mm) (kN)
Beam Fire Support
designation  exposure conditions Measured Model Measured Model Measured Model
Bl ASTM E119 Simply supported 571 579 - - - -

B2 SF Axially restrained 493 496 13.7 20.9 119.5 120.8
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Figure 2. Dimensions, loading and reinforcement details of RC
beams selected for validation [6].

depicted in Figure 2) which produced a bending moment equal to 55% of the flex-
ural capacity of the beam, according to ACI 318 [19] capacity equation. In the
tests, one of the beams is subjected to ASTM EI119 [31] standard fire and the
other beam is subjected to a short design fire (SF). Beam B1 was simply sup-
ported while beam B2 was axially retrained during fire exposure.

In the experiments, load is applied 30 min before the start of the fire and is
maintained till no further increase in deformation could be measured. This is
selected as the initial condition for measuring the deflections in the beam during
subsequent fire exposure. The load is then maintained constant throughout the
duration of fire exposure. There was no spalling in these beams during fire tests.
Beam B1 failed during fire exposure after 180 min. In the case of beam B2, no
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failure occurs during fire exposure and hence this beam was tested for evaluating
residual capacity after the beam cooled down to ambient conditions [12]. This
beam was then subjected to incremental loading at the rate of 3 kIN/min till fail-
ure occurred.

These two beams (Bl and B2) were analyzed in ABAQUS by applying the
above discussed procedure for residual capacity evaluation. The axial restraint in
beam B2 was simulated as in tests using a nonlinear axial spring of stiffness
13 kN/mm with a maximum cut-off force of 120 kN [6].The validation process
involved comparison of thermal and structural response predictions from the anal-
ysis with that reported in the two fire tests on beams Bl and B2.

A comparison of measured and predicted temperatures at various locations in
beams Bl and B2 is plotted in Figure 3. Results in Figure 3a indicate that temper-
atures in concrete (at quarter-depth and mid-depth of section) as well as reinforc-
ing steel on the tension side of the beam B1, monotonically increase throughout
the duration of ASTM EI119 [31] fire exposure. Failure occurs in the beam at
around 180 min into fire exposure when rebar temperature reaches 577°C which is
marginally lower than the failure rebar temperature of 593°C prescribed as failure
temperature as per prescriptive limit state [32]. In beam B2, exposed to a short
design fire (SF), the rate of rise of temperatures in concrete and rebars are slightly
higher than that in the case of beam Bl during the heating phase of the fire (see
Figure 3b). This can be attributed to steeper rise in fire temperatures in the case
of “SF” than “ASTM EI119” fire during early stages of fire exposure. After attain-
ing a maximum value, temperatures in both concrete and reinforcing steel begin to
decrease in the beam due to presence of a decay phase in this design fire exposure
in beam B2. It should be noted that peak concrete and rebar temperatures in
beam B2 occur during the decay phase of the fire exposure. This is due to rela-
tively higher specific heat and lower conductivity of concrete, which results in a
lag between rise in fire temperatures and the increase in temperatures within beam
cross section. This temperature lag increases with depth from the fire exposed sur-
face. A closer examination of plotted temperatures in Figure 3 indicate that there
is good agreement between predicted and measured values during both fire tests,
except during initial phase of fire exposure (until first 30 min), wherein predicted
values are slightly lower.

The measured and predicted mid-span deflection response in two beams Bl and
B2, during fire exposure is shown in Figure 4. It can be seen that mid-span deflec-
tion increase during early stages of fire exposure due to temperature induced
degradation of strength and stiffness properties in concrete and reinforcing steel.
Since temperatures in beam Bl continue to increase monotonically during the
entire duration of fire exposure, failure occurs in the beam at 180 min due to sig-
nificant degradation in strength properties of concrete and reinforcing steel. For
beam B2, however, due to presence of cooling phase, the peak temperatures expe-
rienced in concrete and reinforcing steel of the beam are relatively lower and due
to presence of a decay (cooling) phase in fire, a recovery in mid-span deflection
occur during the decay phase of fire. Overall, predicted mid-span deflection from
the developed model agrees well with measured deflection response during the
fire exposure. The beam failed in flexural mode in both fire tests and numerical
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Figure 3. Comparison of predicted and measured cross sectional tem-
peratures for beams B1 and B2 during fire exposure.

analysis. A longitudinal crack occurred at the level of tension bar in the beam
during fire test, which resulted in significant spalling at the bottom surface of the
beam. This type of fire induced spalling in concrete does not significantly influence
the fire response of an RC beam as it occurs just prior to failure [6]. Since spalling
has not been explicitly accounted for in the current model, the numerical analysis
predicts a more ductile failure than that observed experimentally.
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Figure 4. Comparison of the predicted and measured mid-span
deflections for heams B1 and B2 during fire exposure.

Finally, the predicted residual load—deflection response in beam B2, which did
not fail during fire exposure, is compared to measured response in Figure 5. There
is a residual deflection of 13.7 mm, left over from fire exposure, which was
assumed to be the initial state for the residual strength analysis. The predicted
load—deflection trend by the finite element model is similar to the measured
response during the residual capacity test. However, the residual deformation pre-
dicted by the model is relatively higher than the measured value during the test.
This difference can be attributed to the fact that cooling phase properties adopted
in the study are based on Eurocode 4 [5] provisions which are conservative and
lead to higher prediction of post-fire residual deformations. Besides, there is some
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Figure 5. Comparison of the predicted and measured residval load-
deflection response for heam B2.
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uncertainty regarding the level of loading that were maintained on the beam in
the test as it cooled down to room temperature [6]. Also, the rate of unloading
adopted before carrying out the residual capacity test is not specified. It should be
noted that the predicted, as well as measured residual capacity in the test is higher
than room temperature capacity computed as per ACI 318 [19] strength equations.
This is mainly due to the effect of strain hardening of steel reinforcement which is
not taken into account in ACI 318 [19] strength equations, but is accounted for in
the analysis.

Overall, predictions from the proposed model are in good agreement with the
reported test data in Stages 1, 2 and 3. The slight differences in deflection predic-
tions can be attributed to minor variations in idealization adopted in the analysis,
such as stress—strain relationship of steel and concrete.

4. Parametric Studies

The validated finite element model is applied to study influence of critical factors
on residual response of fire exposed RC beams. The factors considered in this
parametric study include fire exposure scenario, load ratio, axial restraint and size
of beam.

4.1. Characteristics of Selected Beams

As part of this parametric study, three beams (designated beam BX1, BX2 and
BX3) of varying cross sectional sizes are analyzed. A summary of the design
parameters of these beams is given in Table 2. These simply supported beams are
6 m in span and have different cross-sectional sizes of 125 mm x 250 mm (BX1),
180 mm x 300 mm (BX2) and 300 mm x 480 mm (BX3) respectively. The beams
are subjected to a uniformly distributed load along its span only 5 m of the cen-
tral span is exposed to fire. A schematic representation of the beams, together
with loading arrangement, is presented in Figure 6.

Material property relations for concrete and reinforcing steel at various stages
are adopted based on discussion provided in Sect. 3.4. All three beams are

Table 2
Summary of Test Parameters and Results Used for Parametric Study

Room tempera-
ture capacity

Flexural reinforcement (kN) Fire
Beam Beam resistance
designation dimensions (mm) Top bars Bottom bars  ACI 318 Model (ACI 216) (min)
BX1 125 x 250 2mm 12 mm 3 mm 16 mm 74.6 89.7 60
BX2 180 x 300 2mm 12 mm 3 mm & 20 mm 143 168.8 120

BX3 300 x 480 2mm 12 mm 3 mm & 25 mm 351 403.5 120
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Figure 6. Dimensions, loading and reinforcement details of heam
BX1 selected for parametric study.

assumed to be made of concrete of compressive strength of 40 MPa with reinforc-
ing bars and stirrups having yield strength of 420 MPa and 280 MPa respectively.
The flexural reinforcement in each of the three beams is provided such that it sat-
isfies strain conditions for tension-controlled sections as per ACI 318 [19] guide-
lines. The shear reinforcement comprises of stirrups of ¢10 mm spaced at 125 mm
center to center. Reinforcement details for beam BX1 are illustrated in Figure 6b.

4.2. Range of Parameters

In order to study the influence of critical factors on residual response of RC
beams, four sets of analysis are carried out using the previously described numeri-
cal model. One parameter is varied within a practical range, whereas all the other
properties are kept constant within each analysis set. In the first set of analysis,
the residual response of RC beams is studied after exposure to four fire exposure
scenarios. The time-temperature curves for these four fire exposure scenarios,
which represent a wide range of compartment characteristics including fuel load
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and ventilation conditions, are calculated based on Eurocode 1 [23] provisions. In
the second set of analysis, the influence of load level present on the beam during
fire exposure is studied. The load ratio during fire exposure is varied from 30% to
60% of the ultimate capacity of the beam which to account for different level of
loading that can be present during a fire exposure. In the third set of analysis, the
level of axial restraint at the beam supports is varied using four different values of
axial stiffness, i.e., 10 kN/mm, 25 kN/mm and 50 kN/mm. No explicit rotational
restraint is provided during analysis. The results from this set of analysis are used
to illustrate effect of fire induced axial restraint on residual response of RC beams.
Finally, in the fourth set of analysis, three beams with different cross sectional
dimensions are considered for evaluating the effect of beam size on residual
response after fire exposure. The beam dimensions and reinforcement details are
chosen based on the three different range of widths as in tabulated fire resistance
values in ACI 216.1 [32]. The test parameters and the results from the tested beam
have been summarized in Table 3. Analysis results for each of these parameters
are discussed in detail in the subsequent sections.

4.3. Analysis Details

The various parameters including geometry of beam, level of loading, boundary
conditions, fire exposure scenario and material properties were input to the model
based on the discussion in Sects. 4.1 and 4.2. The analysis is carried out in small
time steps, with the size of each time step being automatically chosen by the com-
puter program with a specified minimum time step of 0.2 min to ensure numerical
convergence. In order to investigate the convergence of the finite element mesh,
beam Bl tested by Dwaikat and Kodur [6], was modeled using different meshes.
Displacement response of the beam converged within a tolerance of 1% when an
element size of 25 mm x 25 mm x 25 mm was used. Therefore, to strike a good
balance between accuracy and efficiency, this element size was adopted in all the
subsequent numerical simulations for the parametric study. Also, the effect of geo-
metric non-linearity is incorporated in analysis using the updated Lagrangian
method [5], to account for large deflections that occur in RC beams during fire
exposure. [33, 34] Newton—Raphson method with a tolerance limit of 0.02 on the
displacement norm is employed as the solution technique. The line search function
is activated for rapid convergence [35, 36].

Data generated from four sets of parametric studies is utilized to trace the resid-
ual response of under different conditions. The comparative response is further
utilized to quantify the effect of critical factors on residual capacity of fire exposed
RC beams.
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5.1. Effect of Fire Exposure

To study the effect of fire scenario on residual capacity, an RC beam, BX1, is
analyzed under four different fire exposures scenarios. The flexural capacity of this
beam was evaluated to be 67.3 kN-m or a total load capacity of 89.7 kN from
Stage 1 of analysis. A uniformly distributed load corresponding to 50% load ratio
is applied on the beam during fire exposure.

Four parametric fire exposures are considered to cover a wide range of ventilation
and fuel characteristics encountered in buildings. The respective time-temperature
curves for the four parametric fire exposure scenarios (DF1, DF2, DF3 and DF4) are
calculated according to Eurocode 1 [23] recommendations and shown in Figure 7.

Response parameters from Stage 2 of analysis is plotted in Figure 8a to show
comparative thermal response of RC beam under different fire scenarios. The tem-
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Figure 7. Parametric time-temperature curves for a total compart-
ment area of 360 m?, fire load density 600 MJ/m? and four opening
factors (0 = A, /h.,/A;) accounting for different area of openings
(A,), equivalent height of openings (h.,), and total area (A;).
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perature in corner tension rebar is plotted as a function of fire exposure time. The
rebar does not attain its failure temperature (593°C) as per prescriptive require-
ments [32] in any of the considered parametric fire exposures. The rate of tempera-
ture rise, in the rebar in the case of fire scenario DF1, is lower than the rate of
temperature rise in fire scenarios DF2, DF3 and DF4. These temperature trends in
rebars follow temperature rise in respective fire time—temperature curves. However,
results plotted in Figure 8a indicate that while the peak fire temperature attained in
fire scenario DF 1 (about 750°C) is significantly lower than in fire scenario DF3
(about 950°C), peak rebar temperature in fire scenario DF1 is greater by about
200°C. This can be attributed to the longer heating phase in fire scenario DF1 of
about 100 min followed by a slower cooling rate, as compared to 20 min heating
phase of about and followed by a faster cooling rate in fire scenario DF3. Thus, it
can be inferred that peak fire temperature alone does not give a clear indication of
the maximum temperature attained in the rebar during fire exposure. Moreover,
fires with lower peak temperatures may result in higher peak rebar temperatures,
depending on the duration of heating phase and subsequent rate of cooling.

The progression of mid-span deflection with fire exposure time is plotted in Fig-
ure 8b to illustrate comparative structural response of RC beams under four fire
scenarios. The deflections at early stages of fire exposure increase at a much
slower rate during fire scenario DF1 than that under fire scenarios DF2, DF3 and
DF4. The rate of rise in mid-span deflection correlates with the rate of rise in
rebar temperature. However, due to the prolonged heating phase present in fire
scenario DF1, the beam fails during fire exposure since maximum deflection limit
state is exceeded. Therefore the analysis for this case does not proceed to residual
capacity evaluation (Stage 3). In the remaining three fire scenarios (DF2, DF3 and
DF4); mid-span deflections that occur during fire exposure begin to recover just as
the rebar temperature starts decreasing after attaining peak value. However, part
of the deflection remains as residual deflection even after cool down.

Figure 8c depicts load—deflection response of beam BX1 from Stage 3 of analysis
(post-fire residual response), along with room temperature response prior to fire
exposure. There is residual deformation in the beam, even after the beam cools
down to room temperature, resulting from plastic deformations that occurred in the
loaded beam during fire exposure. The extent of these residual deformations varies
with fire severity, i.e. peak fire temperatures, duration of heating phase and rate of
cooling experienced during fire exposure. Residual deformations observed in fire
scenario DF2 are about 50% more than those observed in fire scenario DF4, which
is much less severe. Also, more severe fire exposure leads to lower leads to higher
temperature induced degradation in mechanical properties resulting in lower resid-
ual capacity. The reduction in load bearing capacity of beam BX1 is 30%, 25% and
22% after exposure to fire scenarios DF2, DF3 and DF4 respectively.

The maximum rebar temperature, peak deformation during fire exposure, resid-
ual deformation and residual capacity for beam BX1 exposed to four different fire
exposure scenarios are summarized in Table 3. Under fire scenario DF1, beam
attains the highest rebar temperatures and hence there is no residual capacity left
in the beam after fire exposure. Amongst the other three fire exposures, beam
BX1 experiences maximum degradation in residual capacity, about 34% of room
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temperature capacity, in fire scenario DF3, where peak rebar temperature experi-
enced during fire exposure is the highest. The residual deformation in this case (of
magnitude 72 mm) is greater than the other two cases (less than 55 mm). There-
fore, it can be inferred that higher rebar temperatures as well as higher residual
deformations lead to a lower residual capacity in fire exposed RC beams. More-
over, the magnitude of peak rebar temperatures experienced during fire exposure
and residual deformations that occur after cool down vary greatly depending on
the fire exposure scenario.

5.2. Effect of Load Ratio

The magnitude of loading during fire exposure can have significant influence on
residual capacity of fire exposed RC beams. To study the effect of level of loading
on residual capacity, beam BXI is subjected to varying load ratio of 30%, 40%
and 60%, and exposed to fire scenario DF2. Results from the analysis are pre-
sented in Figure 9a, b and Table 3 to illustrate the effect of varying load ratio on
residual capacity of fire exposed RC beams.

Results plotted in Figure 9a show that both the rate of rise in deflection, as well
as maximum deflection, occurring during fire exposure increases with increasing
load ratio. Also, the ratio of peak deflection during fire exposure to residual
deflection, when the beam cools down to room temperature, reduces from about 2
to 1.5 indicating higher residual deflection (refer Table 3). This is primarily
because a larger load ratio causes early yielding of steel reinforcement and hence
higher plastic strains during fire exposure.

Figure 9b shows residual load—deflection response in the beam after exposure to
fire under different load ratios. It can be seen that heavily loaded beams, i.e. with
load ratio greater than 50%, have a significantly lower residual capacity. Results
summarized in Table 3 show that for a load ratio of 30%, degradation in load
bearing capacity of beam BX1 after fire exposure is about 15%. However, when
the load ratio is increased to 60%, the corresponding reduction in capacity is
about 26%. Also, while the peak rebar temperature remains unchanged under dif-
ferent load ratios, higher residual deformations occur at higher load ratios which
result in lower residual capacity after fire exposure. These trends in results suggest
that residual deformation after fire exposure is a better indicator of residual
capacity than peak rebar temperature alone.

5.3. Effect of Axial Restraint

RC beams can develop significant restraint forces under fire exposure and the
extent of these forces depends on support conditions. These restraint forces influ-
ence behavior of RC beams both during and after fire exposure. For studying the
effect of axial restraint, residual response of beam BX2 is studied under paramet-
ric fire scenario DF4 for three different levels of axial stiffness at the end supports.
Axial restraint is introduced in the beam by means of springs at the end supports
corresponding to three different axial stiffness values, i.c., 10 kIN/mm, 25 kN/mm
and 50 kN/mm. The results from this set of analysis are plotted in Figure 10a, b
and summarized in Table 3.
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Figure 9. Effect of load ratio for heam BX1 under fire exposure sce-
nario DF2.

To compare the mid-span deflection in beam BX2 during fire exposure DF4 for
different support conditions is plotted in Figure 10a. Results indicate that the
mid-span deflections are significantly reduced with increasing axial stiffness (refer
Table 3). The peak deformation during fire exposure is 16 mm for an axial stiff-
ness of 10 kN/mm which reduces to 7 mm for the case with a much higher axial
stiffness of 50 kN/mm. This trend can be attributed to the arch action that gets
generated in restrained RC beam due to the development of fire induced axial
restraint force and this force (moment) counteracts the applied bending moment
[37]. Moreover, a higher stiffness results in greater restraint forces and thereby
lower deflections during fire.

Results from residual load—deflection response of the beam for different levels
of axial restraint are plotted in Figure 10b. Axial restraint has a relatively moder-
ate influence on residual capacity than deformations during fire. Moreover, while
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for different levels of axial restraint.

peak deformations during fire exposure vary significantly for different levels of
axial restraint, the residual deformations after cool down of the beam are very
similar. However, a greater axial restraint results in lower post fire deformations
and hence a higher residual capacity for the same fire exposure (refer Table 3).

It should be noted that the load carrying capacity of the beam with axial
restraint is higher than the simply supported case due to restraint forces experi-
enced at the supports.

5.4. Effect of Varying Size of Beam

The influence of cross-sectional size of the RC beam on post-fire residual capacity
is studied by exposing beams of three different cross-sections, i.e. beam BX1, BX2
and BX3, to four parametric fire scenarios (DF1, DF2, DF3 and DF 4). The
response of these three beams for each of the fire scenario is summarized in Fig-
ures 11a—d, 12a—c and Table 3.

Results plotted in Figure 11 a-d show that larger depth in the case of beam
BX1 leads to relatively lower mid-span deflections during fire exposure. This is



Fire Technology 2016

988

——BX1

150 |- - -9

300 f------

(urur) wonddpIP ueds-pIjA

-350

1000 1200 1400

800

200 400

0

Fire exposure time (min)

(a) Design fire exposure DF1

o
a4

(wrwr) wond[FIP ueds-1A

——BX1

BX2
——BX3|---

1400

1
i
1200

-140

Fire exposure time (min)

(b) Design fire exposure DF2

BX2
——BX3[ "

(wrur) uonddPIp ueds-prA

1200 1400

1000

Fire exposure time (min)

(¢) Design fire exposure DF3

(wrur) uopdd[Ip ueds-prjAl

Fire exposure time (min)

(d) Design fire exposure DF4

f RC beams under

different fire exposures.



989

140

Residual Response of Reinforced Concrete Beams

2
- [ a " " j
[ R T B
R & [ T | i H I
[ N T T B (I R B T P i I B
Y = [ T | W I ! L IPERRR
AR - I FE - : TEgaan
T (] I N T G PR - LS H H
[ = o o b 1|3 | & ' '
ToA- -8 9w ErlS o Lone I - ' '
[ |2 BB A —_ [ [ i £ I 2. [ e coveees cnedll
[ [ = [ [ i ! o
[ [ [ [ I ] ' -
[ [ £ [ I i =) ! !
[ [ ~ — 1 1 | = ' |
o | I = . L S < ! '
RS S RIS B 1|2 8 [ ! Em I S . B N -
| T 2 Mm [ 2 i i
o 2 g [ = = !
| [ = [ 5 = ' ;
| [ o 1 | = O H !
| [ = 1 | = M K K
1 [ = m [ g — ]
I o e 8 ~ Fqit---- 2 3 ; !
+ —-—+=-- S a s ! ! I~ ' 1
I [ I [ o " "
| N o z | _
o ===l ¥ PR R L decedaccbaaa
! = o " "
1
1 1 1 1 1
| I > |
T 2 [ ke ! !
[ | [ [ Y S [ N S Jr SR
[ N A | 1 1 1 | H H H W H ! !
[ N N N [ N | I Lo N
[ R T T B o TN oo N
[ N T T B A [ Y R B I R \
[ N T R B B [ T N B [
1 1 1 1 1 1 1 1 1 o 1 1 1 1 1 1 1 o
[=1 =3 (=3 (=3 (=3 =3 (=3 (=3 (=1 (=]
EEEEEEEEEE EESREES SR AR SRR L
(NPD peog (NPD peoT (N°D peo1

120

60
Mid-span deflection (mm)

(¢) Beam BX3
ing cross sec

Effect of fire scenar
RC beams with vary

Figure 12.
response in



Fire Technology 2016

990

paurensar A[exy
payioddns Ajdung

LEE SC 6¢ wl y4d
cle 94 81 (454 edd
S0¢ 8¢ ¥9 0S¢ a
SLT 69 88 0Ly 4da £Xd
ccl 9¢ [4% 191 y4d
811 08 LL YL edd
9l 89 Cll 6LE a
[Tl 6 181 86V 4da Xd
0L 33 8Y PLI y4d
L9 59 I8 06¢ edd
¥9 <L scl €0r cdda
- - ¥0C SS 0S Sl 4da X4 wresq Jo 9zIg
S8l 14 L Ww/NY 0§ = AV
81 S Cl WW/NY ST = ¥V
PLI L 91 WW/NY 01 = 4V 0S 191 r4d Xd JuIensal [BIXY
IL L6 SSl1 09
6L 49 001 [Ui%
8 6¢ LL SS 0¢ 194014 aa X4 onel peo
0L 43 14 vLI y4d
L9 59 I8 06¢ edd
¥9 <L scl £0r cdda
- - ¥0¢ eSS 0s SIS 4da X4 OLIBUDOS Al
(NY) Aoedes () () SUOIIpuOd (9,) onel (Do) 2amyeradw) OLIBUDS weag I9)owreIeq
peOJ [enpIsax UOIBULIOJop UOTIBWIOJOP 11oddng peo] IeqaI Yo amsodxa
pajoIpald [enpIsay Jeod oIl

Apnjs s1ajowInINDG WO}

[nS9Y PUD SIJPWINING PILIDA jo Ainwwing

€ dI9nL



Residual Response of Reinforced Concrete Beams 991

due to slower temperature rise in concrete and rebar due to the larger mass of
concrete. Mid-span deflections for beams BX1 and BX2, on the other hand are
relatively large due to higher temperatures attained in the cross section. Moreover,
mid-span deflection in the beam recovers with decrease in rebar temperatures as
the fire temperature starts to decay. The ratio between peak deformation during
fire exposure and residual deformation after the beam cools down to room tem-
perature varies between 1.6 and 1.4 for beams BX1 and BX2. However, for beam
BX3, this ratio is varies from 1.3 to 1.1. This implies that deformations in beam
BX3, although relatively lower in magnitude, are irrecoverable in nature. On the
other hand, deformations in beam BX1 and BX2 are larger, with a greater per-
centage of the deformations being recovered after fire exposure. Also, while peak
rebar temperature in beams of different cross section is similar since the cover to
reinforcement is maintained constant, the variation in residual deformations is dif-
ferent and depends on cross-sectional size of the beam.

Based on results summarized in Table 3, it can be seen that reduction in capac-
ity is lower in beams with larger cross-sectional size (such as beam BXI1) or
breadth to depth ratio. Results show that beam BXI retains approximately 78%
of its room temperature capacity after fire exposure scenario DF4, while beam
BX3 having almost twice the breadth and depth of beam BXI1, has a residual
capacity of 84% after the same fire exposure scenario. Alternatively, the residual
capacity of beam BX3 after fire exposure is 10% more than the post-fire residual
capacity in beam BXI1. This is due to lower overall temperatures within the cross
section resulting from high specific heat and low conductivity of concrete. While
rebar temperatures are similar in all three beams due to same amount of cover,
reinforcing steel recovers most of its strength after cool down. Concrete on the
other hand does not depict such recovery in strength when exposed to high tem-
peratures immediately after cool down [29]. Thus, lower temperatures across the
cross section, due to larger size of beam, result in improved residual response of
RC beams.

6. Summary

A nonlinear finite element analysis is applied to quantify the influence of critical
factors on residual response of fire exposed RC beam. Results from the studies
clearly infer that residual capacity of fire exposed RC beams is a function of type
of fire exposure, load level, cross sectional dimensions and level of axial restraint
in RC beams. Specifically, RC beams exposed to most parametric fires can retain
up to 70% of room temperature capacity, provided tensile rebar temperature does
not exceed 450°C. Similarly, the reduction in residual capacity of fire exposed RC
beams almost doubles when the load level increases from 30% to 60% of room
temperature capacity of the beams. In addition, cross sectional dimensions of a
fire exposed has an influence on residual capacity of fire exposed beams; with lar-
ger beam cross-section leading to higher residual capacity. Finally, the extent of
axial restraint has a moderate influence on residual capacity of fire exposed
beams.
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