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Abstract: This study presents experimental and numerical investigations of simply supported steel reinforced concrete
(RC) beams under fire. The temperature field of cross sections, the vertical deflection at mid-span, and specifically the
axial expansion displacement at beam-ends were measured during the fire tests. A novel finite element (FE) model of a
RC beam under fire was developed, in which the water loss in the heat transfer analysis and the concrete transient strain
in the mechanical analysis were considered. Based on the validated FE model proposed in this study, parametric studies
were conducted to investigate the effects of the beam type, the protective layer thickness, and the load ratio on the
thermal and mechanical behavior of simply supported RC beams. It was found that greater fire resistance and fire
performance of girder beams in comparison to secondary beams contributed to the non-structural reinforcements, which
effectively compensated for the reduced tensile capacities of structural reinforcements because of the degradation of the
material properties. In addition, the history of normal stress distributions of concrete under fire can be divided into three
phases: expansion, stress redistribution and plateau phases.
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Over the past decades, numerous studies on

1 Introduction

Reinforced concrete (RC) beams are
commonly used in buildings, bridges and other
structures because of several inherent advantages,
such as good weather resistance and durability.
However, high temperatures because of fire will
considerably degrade the mechanical properties of
concrete and steel reinforcements and result in a
decrease in load capacity and an increase in the
deformation of RC beams. Therefore, it is essential
to fully understand the thermal and mechanical
performance of RC beams under fire.

the mechanical behavior and the fire resistance of
RC beams under fire have been reported based on
self-developed computer programs or finite element
(FE) analyses [1-12], where studies on the
mechanical behavior of simply supported RC
beams were conducted by BRATINA et al [2],
CHOI et al [3], GAO et al [4, 5], LIMIN et al [6],
and DWAIKAT et al [7]. RAFI et al [8, 9] proposed
a three-dimensional finite element (FE) model for
the prediction of structural responses of a simply
supported RC beam at elevated temperatures, in
which crack formation and propagation were
modeled with the help of smeared cracks, and the
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effects of tension softening and stiffening were
considered. A number of scholars, including GAO
et al [4, 5], DWAIKAT et al [7, 10], ALBRIFKANI
et al [11], and RUZIC et al [12], also focused on
single-span RC beams with end restraints and
reported that the axial restraints contributed to the
improvement of structural fire performance. Studies
on the mechanical behavior of continuous RC
beams have been conducted, of which the most
significant were the fire tests by SHI et al [13] and
the FE analysis by XU et al [14] using ABAQUS
commercial software.

The mid-span deflection and fire resistance of
RC beams were investigated in the abovementioned
studies. However, analysis on the stress
redistribution within cross sections, that results
from the different degradation of material properties
at different cross-sectional heights because of
temperature gradients, is not yet fully understood.
Although the experimental results indicated that the
fire performance of girder beams (with greater
cross-sectional dimensions) is better than that of
secondary beams (with smaller cross-sectional
dimensions), further investigations are required for
a better understanding. Therefore, this study aims to
provide a better understanding of the stress
redistribution phenomena within cross sections of
RC beams at elevated temperatures through
experimental and numerical approaches.

2 Finite element analysis

The thermo-mechanical analysis is performed
in two separate steps: a heat transfer analysis, and a
three-dimensional model is developed to conduct a
mechanical analysis. The FE model is developed
using the ABAQUS/Standard 6.10 commercial
software [15].

2.1 Basic assumption

The following assumptions are made in the FE
model:

1) The heat transfer and mechanical analysis
are independent and uncoupled;

2) The temperature of the air inside the electric
resistance furnace is uniform;

3) The specific heat of concrete is increased by
30% given the influence of concrete cracking on
temperature distribution;

4) There is no slippage between the steel

reinforcement and the concrete;
5) Concrete spalling is not considered in the
numerical analysis.

2.2 Heat transfer analysis
2.2.1 Thermal properties of concrete

The conductivity (k,, W/(m-°C)) of concrete
given by LIE [16] is adopted in this study as
follows:

1.355, 0°C<T<293°C
-0.001241T7 +1.7162, T >293 °C

(1)

C

The specific heat (kJ/(kg-°C)) of concrete
specified in Eurocode 2 [17] is referred to in this
study, and the formula is as follows:

2
C, :900+80(Lj—4(ij ,
120 120
20 °C < T <1200 °C )

The concrete specific heat calculated in Eq. (2)
is increased by 30% in order to consider the effect
of water loss on the temperature distribution along
the height of the cross sections, and is verified by
comparing it with the test results in the following
section.

The density of concrete (p.) is taken as a
constant value of 2300 kg/m’ in the numerical
model analysis [4]. The effects of water loss in
concrete under heating is implicitly considered
simultaneously by introducing the abovementioned
amplified coefficient for concrete specific heat.
2.2.2 Thermal properties of reinforcement

The density (ps) of the reinforcement is taken
as 7800 kg/m’ [4]. The conductivity (ks, W/(m-°C))
of the reinforcement given in Ref. [16] is adopted,
and is expressed as follows:

3)

 [~0.022T+48, 0°C<T<900°C
S 1282, T >900°C

The specific heat (kJ/(kg-°C)) of the
reinforcement given by LI et al [18] is adopted in
this study:

C, =38.1x107°T% +20.1x107° T +0.473 4)

2.2.3 Numerical modeling

The 8-node heat transfer brick element DC3D8
is used for the concrete, and the 2-node heat transfer
link element DC1D?2 is used for the reinforcements.
The structural division technique is adopted in the
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mesh generation. The tie constraint is applied on
nodes to bond the concrete with the reinforcement.
The radiative emissivity and integrated heat transfer
coefficient on the exposed surface are set as 0.5 and
25 W/(m?-°C), respectively [19]. The top surface of
the beam is exposed to ambient temperature,
therefore, the total heat transfer coefficient is taken
as 9 W/(m*°C) [14]. The initial temperature of the
model is defined as 20 °C. The node temperatures
are recorded at each time interval, and will be used
in the mechanical analysis.

2.3 Mechanical analysis
2.3.1 Thermo-mechanical constitutive model of
concrete

The creep and transient strains of concrete play
a critical role in predicting the fire behavior of RC
beams, particularly on the deflection and the rate of
deflection [10]. Therefore, the influence of the
concrete transient strains on the fire performance of
RC beams is verified through an end-fixed concrete
prism under exposure to fire.

The total strain of concrete under high
temperature is considered as the sum of four
different strain components: mechanical strain,
thermal strain, transient strain, and creep strain [20].
The constitutive model of concrete under high
temperature can be expressed as follows:

&,

¢ total — gc,c + gc,th + gc,tr + gc,cr (5)

where & ot 1S the total strain of concrete under high
temperature; &co, Ecth, e and & are the
mechanical strain, thermal strain, transient strain,
and creep strain of concrete, respectively.

1) Mechanical strain

The non-linear damaged plasticity constitutive
model for concrete is used, and the model under
uniaxial compression at high temperature is as
follows [21]:

kyx + (my —1)x?
1+ (k= 2)x +myx* ’

y= - (6)

X
x>1

=
IA
—

o (x=1)7> +x

where y (= oo/fe") and x (= &c/e.") are the normalized
stress and strain ratios of concrete to the uniaxial

compressive concrete at high temperatures,
respectively; o. and ¢. are the stress and strain of
concrete, respectively; fcT is the uniaxial
compressive  strength of concrete at high

temperature; and &' is the strain corresponding to
the uniaxial compressive peak stress of concrete at
high temperature. The parameters ki, m; and a; are
adopted to describe the ascending and descending
phases of the stress—strain relationship, and are
taken as k1=9.1f,*°, mi=1.6(ki—1)?, and a1=2.5fx>x
107, where f., is the compressive strength of
concrete cubes. The values of the elastic modulus
and axial compressive strength of concrete are
given in Ref. [21].

The constitutive model of concrete under
uniaxial tension at high temperature is as follows
[21]:

kyx + (my —1)x*
1+ (k, —2)x+m2x2 ’

y= (7)

x
x>1

=
IN
—

az(x—1)2+x’

where y (= o./f") and x (= e/&") are the normalized
stress and strain ratios of concrete to the uniaxial
tensile concrete at high temperature, respectively;
/" is the uniaxial tensile strength of concrete at high
temperature; and &' is the uniaxial tensile peak
strain of concrete at high temperature. The
parameters k», m; and a, are adopted to describe the
ascending and descending phase of the stress—strain
relationship, and are taken as k=1.306, my=
5(k—1)**=0.15, and a,=0.8. Given the beneficial
effect of tensile reinforcements on increasing stress
of concrete in an FE analysis, the value of a is
taken as 0.8. The values of the axial tensile strength
and uniaxial tensile peak strain of concrete at high
temperatures are given in Ref. [21].

2) Thermal strain

The thermal expansion coefficient of concrete
is given in Ref. [16]:

a, =(0.008 T +6)x107° (8)
3) Creep strain

The creep strain of concrete proposed by GUO
et al [22] is applied, and is as follows:

Eoer = (T —20)' %12 x10°¢ (9)

4) Transient strain
The transient strain of concrete presented by
GUO et al [22] is adopted as follows:

(017 073><T 20) =20

x1073 10
100 100 (10)

gc,tr

C

GUO et al [22] tested a concrete prism under
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high temperatures that was axially loaded and
restrained at two ends to prevent axial deformation
during the entire heating process. It can be seen
from Figure 1 that the computed results considering
transient strain of concrete are in better agreement
with the test data than those not considering
transient strain. Therefore, the thermo-mechanical
model applied in this study is reliable for predicting
concrete transient strain.

1.2
Tested result
== FE result considering transient strain

8 - = - FE result considering no transient strain
w2 PP
b‘\ 7 s h \
=]
£ 06+ P b
]
Z
7]

03}

0 17 1 1 1
200 400 600 800

Fire time, #/min
Figure 1 Comparison of influence of concrete transient
strain (Note: f; is the axially compressive strength of
concrete at ambient temperatures)

2.3.2 Thermo-mechanical constitutive model of
steel reinforcement

The total strain of steel reinforcement under
high temperature is considered as the sum of three
different strain components: mechanical strain,
thermal strain, and high-temperature creep strain.
The thermo-mechanical constitutive model of steel
reinforcement under high temperatures can be
expressed as follows:

&,

stotal — gs,(s + gs,th + gs,cr (1 1)

where &;;01a1 1S the total strain of steel reinforcement
under high temperature, &, &m and & are the
mechanical, thermal, and high temperature creep
strains of steel, respectively.

1) Mechanical strain

The constitutive model of steel reinforcement
under high temperatures proposed by LIE[16] is as
follows:

(T, 0.001) .
0.001 so7 Fo =%
oy = (L0000 L pr e, -, + 00017 (12)

0.001
S(T,0.001), &, >¢,

where o5 1s the stress of the steel reinforcement; and
£=4x10"° f,, where f; is the yield strength of the
steel reinforcement at ambient temperature.

Expressions for the other parameters are as follows:
£(T,0.001) = 6.9% (50— 0.04 T)
{1 —exp[(=30+0.03 T)4/0.001 ]} (13)

1T (6,4 —&, +0.001)] = 6.9x (50~ 0.04 T)x
{1 —exp[(-30+0.03 7). e, , &, +0.001 ]} (14)

2) Thermal strain

The expression of thermal expansion
coefficient (m/(m-°C)) for steel reinforcement is
given [16]:

0.004 T+12)x107°, T <1000 °C
a —{( ) (15)

16x107°, T >1000 °C

3) High temperature creep strain

The formula for high-temperature creep strain
for steel reinforcements proposed by SUN et al [23]
is adopted in the this study. The variation of
high-temperature creep strain as a function of stress
and temperature follows the strain-hardening rule.
The expression is as follows:
fr _10@/(T+273) b (o, /9.8)6/(T+273)+d tf(T+273)+ r16)
where a=—8477, b=4.50, c=3060, d=0.228, ¢=0.002,
and f=1.1 are coefficients for determining the
high-temperature creep strain; and ¢# is the fire time
in minute.
2.3.3 Numerical modeling

To avoid local stress concentration at supports

and loading positions, cushion blocks were
manufactured and connected to the simply
supported beam with tie constraints. Steel

reinforcements were embedded in the concrete to
eliminate slippage. The FE mesh of the RC beams,
identical in both the mechanical and the heat
transfer analyses, are shown in Figure 2. However,
different element types were defined in the
mechanical analysis. The 8-node brick element
C3D8 was used for the concrete and cushion blocks,
with three translation degrees-of-freedom at each
node. The 2-node truss element T3D2, that could
only support axial forces and plastic deformations,
was used to model the steel reinforcement. An
implicit analysis was selected for solving the
model.
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Figure 2 Mesh generation of analysis model
3 Experimental investigation

3.1 Test specimens
Three simply supported RC beams were
designed and tested in this study. The nominal

10

dimensions of each specimen were 3800 (L) mmx
200 (b) mmx300 (7)) mm, where L is the effective
span of a tested beam, b is the width of the cross
section, and /4 is the height of the cross section. The
detailed geometry and arrangement of the
reinforcements are shown in Figure 3. Among the
specimens, B1 was tested at ambient temperature to
obtain the ultimate capacity. The cracking load and
ultimate capacity of beam Bl were 24 and 70 kN,
respectively. Two-point concentrated loads of 14 kN,
that was 20% of the ultimate bearing capacity, were
applied to beams B2 and B3 before heating to
simulate the normal service conditions. The tested
specimens are secondary beams (with relatively
small dimensions), with small load ratios. Therefore,
a load ratio of 0.2 was adopted in this study, it was
taken as the minimum recommended load ratio
(0.2-0.8).

F=14 kN -
190 p8@100 1 os@200 [I4KN 2612 2812
T 54
Sl 5 277 [@8@100/200(2)
= o gl |4
gramatl 7 ; > 2 || az]] 2616
5 % 2816
& A ®B g C ; AL$1
Electric resistance Asbestos network }.ﬂ.{
furance A-A
10050 1
+ LLA) +1 0? 1200 209 Lo 1‘5 gz ¢ Displacement transducer
100 3800 10 = Thermocouple

Figure 3 Specimen details and test setup: (a) Specimens details (mm); (b) Location of thermocouples; (¢) Location of

displacement transducers; (d) Layout of electric resistance furnace; (e) Layout of temperature control cabinet
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Table 1 Test program for RC beams

Specimen Load ratio Tested condition Fire time/min

Bl To failure At ambient temperature 0
B2 0.2 Under fire 60
B3 0.2 Under fire 120

3.2 Material properties

The concrete was made from ordinary Portland
cement. The mix proportions of concrete by relative
mass are presented in Table 2. The compressive
strengths of the concrete cube coupons of Bl, B2
and B3 are 37.7, 36.3 and 33.2 MPa, respectively.
The mechanical properties of the reinforcements at
ambient temperature are presented in Table 3.

Table 2 Mix mass proportion of concrete
Sands

Cement Water Aggregates Admixture

1 0.41 1.53 2.84 /

Table 3 Mechanical properties of reinforcement at
ambient temperature

Steel grade Symbol fy/MPa fu/MPa EsJ/MPa

HPB300 (stirrup rebar) A

HRB400 (longitudinal rebar) C

353.4 494.7 2.10x10°
4923 6489 1.99x10°

3.3 Instrumentation

The fire tests on the RC beams were conducted
using the horizontal electric resistance furnace self-
designed at Central South University, China. The
test furnace comprised three fire chamber segments,
with dimensions of 3700 (/) mmx1000 () mmx
800 () mm. Three thermocouples were distributed
throughout the test chamber to monitor the furnace
temperature during a fire test to maintain a constant
temperature along the beam span. During the fire
test, the furnace temperature could be automatically
adjusted by controlling the electric current and
power. The test setup and locations of the
thermocouples are shown in Figure 3.

3.4 Temperature measurement

Because of the limitations of the actual power
capacity of the fire furnace, there were differences
between the actual temperature and that
recommended by the ISO-834 (1999) [24] fire
curve (see Figure 4). The actual curve can be
extracted into the following formula:

T:T0+1230——1230 a7
1+ /30

where 7y is the initial temperature of the fire

furnace; T is the average temperature of the three

measured points; and ¢ is the fire time (min).

As can be seen in Figure 4, the temperature
curves at each measured point were similar, that is,
in agreement with the former assumption that the
temperature along the beam span is uniform. The
temperature field of a three-side-fired RC beam,
therefore, could be represented by a 2-dimensional
temperature distribution within the cross-section
and a uniform temperature distribution in the
longitudinal direction. The temperatures of the
concrete at different positions were measured by
standard thermocouples embedded in specimens
throughout the fire test.

1200

O 900
&
g
£ 600
(]
<% S,
§ o - - -1S0-834
r —Eq. (17)
300 K Point A
Point B
P Point C
0 30 60 90 120

Fire time, 7;/min
Figure 4 Temperature (7)-fire time (¢#) curves for
measured fire scenarios

3.5 Test observations

In the process of heating up, water vapor was
seen to escape from the exposed surface at
approximately 15 min, and then from the top
surface. The bulk of the top surface was covered by
water vapor after 45 min. After heating for 30 min,
the rate of increase in the temperatures and
mid-span deflections of the two specimens at the
measured points decreased. However, after heating
for 70 min, a rapid increase was observed in the
temperatures and mid-span deflections,
accompanied by evaporation from the top surface.
The mid-span deflection of beam B3 approached
100 mm after 120 min.

4 Verification of FE model

In this section, the numerical model is verified
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by comparing the predictions of the FE model with
test data from this study and DWAIKAT et al [7].
The properties of tested beam B1 from DWAIKAT
et al [7] are shown in Figure 5.

4.1 Thermal response

Figure 6 shows the comparison of
temperatures in reinforcements and two concrete
locations (TC10 and TC11 in Figure 5) for beam B1
exposed to an ASTM E119 (2001) [25] standard fire.
It can be seen that the calculated curves are in good
agreement with the tested data. In addition, the
calculated temperatures from the FE model, in
which the 30% increase in the concrete specific heat
calculated from Eq. (2) is introduced in the heat
transfer analysis model in order to consider the
influence of water loss on temperature distribution,
are significantly closer to the test results than those
not increased. Figure 7 shows the comparison of
temperatures in three concrete locations (Al, A2
and A3 in Figure 3(a)) for beam B2 exposed to the
practical fire of Eq. (17). In general, the
experimental and calculated temperatures were in
good agreement.

4.2 Mechanical response

Figure 8 shows the comparison of load-
deflection curves at one of the loading points
between the FE model and the tested results. It can
be seen that they are in good agreement, indicating
that the damaged plasticity constitutive model of
concrete at ambient condition introduced in this
study is also reliable.

The FE model was verified by comparing the
numerical results from the FE model with the tested
and predicted deflections at mid-span for beam B1
from DWAIKAT et al [7] in Figure 9. The FE model
became invalid when the fire time reached 180 min
because of convergence issues, as can be seen in the
fire resistance of analyzed beam BIl. Good

1400 FFSOKN ggp  FFS0KN

agreement was found between the calculated and
the tested results throughout the fire exposure time.

Figure 10 shows plots of the tested and
calculated deflections for beams B2 and B3 in this
study. It can be seen that the calculated curves are
in good agreement with the tested data, indicating
that the constitutive models of reinforcement and
concrete at elevated temperatures adopted in this
study are reasonable.

5 Parametric analysis

The thermal and mechanical behavior of
simply supported RC beams subjected to a standard
fire in accordance with ISO-834 (1999) were
investigated with respect to three critical parameters:
beam type, protective layer thickness (c), and load
ratio (m), that is defined as the load applied on the
specimen to the ultimate capacity of the specimen
at ambient temperature.

5.1 Beam type

In general, there is no clear definition between
the girder and secondary beams. Qualitatively, the
primary differences between the two beam types are
the sectional dimensions and the non-structural
reinforcement. Girder beams typically have greater
sectional dimensions and are typically laid with
non-structural reinforcements. The aim of this
parametric study is to better understand the stress
redistribution within the cross-section of a girder
beam, considering the effect of non-structural
reinforcements. A series of FE analyses were
conducted for secondary and girder beams with the
same protective layer thicknesses (¢=25 mm) and
load ratios (m=0.4) in order to investigate the
differences in stress redistributions between the two
beam types.

The properties of secondary RC beams are
identical to the tested specimens with depth-to-span

2413
— 7.

: 2813 i Al i

(D 1@ 3¢19

Exposure to fire

150,610 2440

1400 | i
' P6@150 —
5 - TC10
S
’ TCI1
= +— | 3419
54, 146 |54
610 150 A-A

Figure 5 Properties of tested beam B1 from DWAIKAT (Unit:

\ el ¢ Displacement transducer
mm)
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§ 450 F—g— FE result from &
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150 2 Lo
&0
0 :
50 100 150 200

Fire time, #/min
Figure 6 Comparison between measured and calculated
temperature (7)—fire time (#) curves for beam Bl from
DWAIKAT

400

Tested result
_ _ FE result 7

W
(]
(=]

Temperature, 7/°C
3]
(=)
S

100

Fire time, #/min
Figure 7 Comparison between measured and calculated
temperature (7)—fire time (#) curves for specimen B2

80

D
S

Load, F/kN
N
[}

e}
(=]

Tested result
------ FE result

0 20 40 60 80 100

Deflection, z/mm
Figure 8 Comparison between measured and calculated
load (Fr—mid-span deflection (u) curves for specimen
B1

ratio of 0.08. The tested ultimate bearing capacity
of the secondary beam, with ¢=25 mm and at
ambient temperature, was 70 kN. The characteristic
strengths of materials are adopted in the parametric
analysis. The strength of the stirrups and

£ -50

£

N

£-100

3

=

O

R _150 | —e—Tested results
—o0—Predicted by DWAIKAT
—0— Calculated in this work

_200 1 1 1
0 50 100 150 200

Fire time, #/min
Figure 9 Comparison of deflection (u)-fire time (#)
curves between FE-calculated results with tested and
predicted results for beam B1 from DWAIKAT

120

— o — Tested results of B2
—o0— Tested results of B3

£ - = = FE results

E 60 B

=

T

E 0

g

[}

£

& -60

)]

_120 1 1 1

0 30 60 90 120
Fire time, #/min

Figure 10 Measured and calculated axial expansions (v)
and mid-span deflections (u) as a function of fire time ()
for beams B2 and B3

reinforcements are taken as 300 and 400 MPa,
respectively. The effective span of girder beams
with the depth-to-span ratios of 0.1, that is
marginally greater than that of the secondary beams,
is 7.2 m. Cross sections of the secondary and girder
beams with ¢=25 mm are shown in Figure 11. The
expected ultimate bearing capacity of the girder
beam, with ¢=25 mm and at ambient temperature, is
255 kN. All analyzed beams were exposed to fire
for 120 min, that is the designed first-grade fire
resistance prescribed in GB T9978.1-2008 [26].

A comparison of the calculated temperatures
of reinforcements as a function of fire time for the
secondary and girder beams is shown in Figure 12.
With an increased sectional area 1.73 times that of
the girder beam compared to the secondary one, the
temperatures of reinforcement S1 and S4 decreased
by 9% and 7%, respectively, at an exposure time of
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Figure 12 Calculated temperatures (7) of reinforcements
as a function of fire time (#) for secondary and girder
beams

120 min. It can be concluded that the rate of
increase in reinforcement temperatures decreased
because of the significant heat absorption capacity
of concrete.

As can be seen in Figure 13, the bottom tensile

reinforcement (S1) yielded (before 10 min) earlier
than the top compressive reinforcement (S4)
(approximately 18 min) for secondary beams.
During the entire heating process, the neutral axis
of the cross section shifted upward for the
secondary beams because of concrete cracking. The
sectional compressive force, that was originally
sustained by both the top reinforcements (S4) and
the concrete in the compression zone, is borne
solely by the compressive concrete when the top
reinforcements (S4) yielded (between 18-55 min).
At this stage, the height of the compressive concrete
had decreased significantly, that is identical to the
typical stress contour of concrete, as can be seen in
Figure 14, where the gray area indicates concrete in
tension. This explains why the ultimate capacity for
a secondary beam decreased significantly and the
mid-span deflection increased significantly.

400 m=04
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(00 0- 0- 0 0~ 0- QOO

200 &

fLo-Sl of secondary beams
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Yeild curves

: g;;%% o
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400 . - 0- 34 of girder beams
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Figure 13 Calculated stress (o) of reinforcements as a

function of fire time (#) for secondary and girder beams

For girder beams, as can be seen in Figure 13,
the tensile stresses of the bottom non-structural
(S2) apparently
increasing fire exposure time, specifically after the
bottom tensile reinforcements (S1) yielded (at
10 min). Therefore, the tensile force in a girder
beam is sustained by both the bottom tensile
reinforcements (S1) and the
reinforcements (S2), that efficiently delays the
cracking of concrete in the tension zone and the
upward shift of the neutral axis of the cross section.
Similarly, the compressive stress at the top
non-structural reinforcements (S3) apparently
increases over the fire exposure time, specifically

reinforcements increase with

non-structural

after the top compressive reinforcements (S4)
yielded (at 26 min). At this point, although the
material properties of the bottom tensile
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reinforcements degrade over fire time, this
decreased tensile force is effectively compensated
for by the non-structural reinforcements, that results
in minor changes in the neutral axis depth and little
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significant reduction in compressive concrete depth.
This is identical to the normal stress contour of
concrete, as seen in Figure 15. This is the reason
that the ultimate capacity of a girder beam did not
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Figure 14 Distribution of concrete normal stress for secondary beam with ¢=25 mm and m=0.4: (a) =0 min; (b) At

failure (4=55 min)
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Figure 15 Distribution of concrete normal stress for girder beam with ¢=25 mm and m=0.4: (a) £=0 min; (b) At failure

(=85 min)
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decrease significantly, and the mid-span deflection
increased only marginally.

In conclusion, the reasons why the stress
redistribution within cross sections of girder beams
under fire is more satisfactory than that of
secondary beams are attributed to the following two
factors:

1) The greater capacity of heat absorption of
concrete for girder beams (with greater sectional
dimensions) compared to secondary beams (with
smaller sectional dimensions) can efficiently
decrease the degradation of mechanical properties
of materials.

2) For girder beams, the efficient support from
the non-structural reinforcements leads to
insignificant changes in the position of the neutral
axis and the height of compressive concrete within
a cross section when compared to secondary beams.

5.2 Protective layer thickness (c)

According to the requirements prescribed in
the Chinese National Standard GB 50010-2010
[27], the protective layer thickness should not be
less than the diameter of the
reinforcements. The protective layer thickness for
the secondary and girder beams adopted in these
analyses are 25 and 35 mm, respectively. The
variation of protective layer thicknesses is
accomplished by making the concrete thicker on the
fire sides (as seen in Figure 11) in order to keep the
position of the reinforcements, effective height of
the cross section, and the ultimate capacity of
beams unchanged.

By using the FE model validated above, the
temperatures of two reinforcement locations (S1
and S4 shown in Figures 3 and 11) for simply
supported secondary and girder beams subjected to
ISO-834 (1999) standard fire were analyzed, as
shown in Figure 12. Using the girder beam as an

nominal

example, in comparison with ¢=25 mm, the
temperatures of reinforcements S1 and S4 for the
¢=35 mm beam decrease by 14%. Therefore, it is
concluded that increasing the protective layer
thickness can yield a decrease in temperatures in
reinforcements.

The fire resistance of the analyzed beam
corresponds to the time when the beam fails, if the
beam deflection at mid-span is greater than
L?/(400d) mm or the rate of deflection reaches
L*/(90004) mm/min and the max deflection exceeds

L/30, where L is the effective span (mm), and d is
the effective depth of cross section (mm) [25].
Curves of the calculated mid-span deflections
as a function of fire time for analyzed secondary
beams and girder beams, that are all exposed to the
designed first-grade fire resistance of 120 min, are
shown in Figures 16 and 17, respectively. Except
for one secondary beam (with m=0.2 and ¢=35 mm)
that did not fail until a fire time of 120 min, all the
other beams failed because of deflection limits.
However, neither the two girder beams with m=0.2,
nor the one with m=0.4 and ¢=35 mm, failed before
the fire time reached 120 min. All the girder beams
failed because of the deflection failure criterion.
The mid-span deflections in all analyzed beams
attained the deflection criterion earlier than the
deflection rate criterion. Fire resistances and failure
modes of all analyzed beams are presented in
Table 4. From a comparison of the fire resistance
and failure modes between the secondary beams
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Figure 16 Calculated mid-span deflection (u) as a
function of fire time (#) for secondary beams with
different m and ¢
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g _
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Figure 17 Calculated mid-span deflection (u) as a
function of fire time (#) for girder beams with different m
and ¢
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Table 4 Fire resistances and failure modes of analyzed beams

Specimen . Protective layer Fire resistance, #t/min .
Beam type Load ratio, m . Failure mode
number thickness, ¢/mm Deflection criterion Deflection rate criterion
1 35 / /
0.2
2 25 115 115
Secondary 3 04 35 75 75
beam 4 ' 25 55 55
5 35 30 30
0.6
6 25 16 16 Deflection
1 35 / / failure mode
0.2
2 25 / /
3 35 / /
Girder beam 0.4
4 25 85 94
5 35 57 62
0.6
6 25 32 35

Note: /—Not fail.

and girder beams with the same load ratio (m), it is
concluded that increasing the protective layer
thickness (c¢) can yield an improvement in
mechanical behavior, such as fire resistance and
deflection behavior, of both simply supported RC
secondary and girder beams.

5.3 Load ratio (m)

The load ratio (m) is defined as the load
applied to the beam to the ultimate capacity at
ambient temperature [14]:
m=tt

F

u

(18)

where F; is the actual concentrated load applied to
the beam; and F, is the expected ultimate capacity
of the beam at ambient temperature and calculated
by the FE model.

The load ratios for both the secondary and
girder beams adopted in these analyses are 0.2, 0.4,
and 0.6. Figures 16 and 17 show the comparisons of
the mid-span deflections versus fire time for simply
supported secondary and girder RC beams with
different load ratios. In comparison with the
secondary beam, with ¢=35 mm and m=0.4, the fire
resistance of the secondary beam, with m=0.6,
decreases by 60% (from 75 min to 30 min), based
on deflection criteria. Similar results have been
observed for girder beams. It can be seen that the
load ratio has an apparently significant influence on
the mid-span deflection and fire resistance of RC

beams. The greater the load ratio, the smaller the
fire resistance, and the greater the rate of deflection
increases.

5.4 Discussions

The curves of the development of the concrete
stresses at chosen points in the mid-spans of the
secondary and girder beams are shown in
Figures 18 and 19, with the locations of A1-A4
shown in Figure 11. The curves can be typically
divided into three phases: expansion phase (AB),
stress redistribution phase (BC), and plateau phase
(CD). In the initial fire phase, the significant
temperature gradients within a cross-section result
in nonlinear thermal strains and flexural
deformations, that are convex toward the high-
temperature zone. Because of the restraint of the
plain cross section, the thermal strain causes the
upper concrete to be in tension and the bottom
concrete to be in compression, that is contrary to
in-service loads. With increased fire time, the
mechanical properties of the materials at elevated
temperatures degraded gradually from bottom to
top, that leads to stress redistribution within the
cross section. Finally, the normal stress of the
concrete is in the short-plateau phase under the
constant load, and the invariant temperature
gradient is a result of small temperature increments
in the later stages of the 1SO-834 (1999) standard
fire.

It can be seen from Figures 18 and 19 that the



J. Cent. South Univ. (2018) 25: 2093-2106

2105

5
A Secondary beam
. B o b
o == m=0.4
o 0 T A i ettt
& PPl c=25 mm
2
4 st
=
@ s, "
4 A2
-10 L, / A3
—--—- A4
—15 Il | |
0 40 80 120 160

Fire time, #/min
Figure 18 Development of concrete normal stresses (o)
at chosen points in mid-span of secondary beam

2 A Stress redistribution Plateau
. C |
Expansion |\ - --~"~"-< <= =D
0 A T » S <o - P ——
o \ Girder beam
a, |
= | =04
B
4 51 =25 mm
§ Al
. et T g -=-=A2
-10 P N ----- A3
. N, = A4
/ N \
s ~
—1 5 1 | |
0 40 80 120 160

Fire time, #/min
Figure 19 Development of concrete normal stresses (o)
at chosen points in mid-span of girder beam

plateau phase (CD) of the normal stress curves is
significantly longer for the girder beam than that for
the secondary beam with the same protective layer
thickness and load ratio. Therefore, the fire
performance of the simply supported girder beams
outperforms that of the secondary beams.

6 Conclusions

This study presented a combined experimental
and numerical study on the mechanical behaviors of
simply supported RC beams exposed to fire.
Parametric studies were also conducted in order to
investigate the influence of three critical parameters
on the thermal and mechanical behavior of the
simply supported RC beams, i.e., the beam type
(including secondary and girder beams), the
protective layer thickness, and the load ratio. Based
on the results, the following conclusions could be
drawn:

1) An amplification factor of 1.3 is proposed

for the concrete specific heat from Eurocode 2 in
order to consider the effect of water loss under
heating.

2) The concrete transient strain should be
considered in predicting the fire behavior of RC
beams in FE analyses using ABAQUS.

3) The primary reason for the greater fire
resistance and better fire performance for girder
beams in comparison to secondary beams is the
contribution of non-structural reinforcements, that
effectively compensates for the reduced tensile
force of structural reinforcements resulting from
degradation of the material properties.

4) With the increased protective layer
thickness and the decreased of load ratio, the
mechanical behavior under fire is considerably
improved.

5) The history of normal stress distributions of
concrete under ISO-834 fire heating can be divided
into three phases: expansion, stress redistribution,
and plateau phases.
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