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This paper presents an experimental study on fire resistance of composite steel-concrete beams prestressed
with external tendons. A total of four beams were tested under combined fire load and positive moment.
Parameters investigated include load level, prestress level and type of cable strands configuration. Results
show that the tested beams without fire protection had fire resistance of 20 min to 30 min. The fire resis-
tance of composite steel-concrete beams prestressed with external tendons was highly influenced by the
stress in the cable strands. The tested beams with bent-up cable strands had more fire resistance than the
tested beams with straight cable strands. Prestress level had little influence on failure temperature of the
tested beams, but the slack of cable strands induced failure of the test beams at high temperature. Further-
more, a finite element (FE) model was developed and successfully used to predict the fire behavior of the
prestressed composite steel-concrete beams.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In comparison with the conventional non-prestressed compos-
ite steel-concrete beams, prestressed composite beams have several
advantages, including elastic behavior under heavier loads, increased
ultimate capacity, reduced structural steel weight, more crack resis-
tance (of concrete), and improved fatigue and fracture behavior [1].
Composite beams prestressed with external tendons are mainly used
in bridge engineering and mostly used to strengthen existing struc-
tures [2], while they have also been used in building structures [3].

To date, there are several studies on the behavior of pre-
stressed composite beams. Saadatmanesh et al. [1,4] analytically
and experimentally studied the behavior of prestressed composite
steel-concrete beams. Two tendon configurations were considered:
straight tendon below the lower flange of the I steel section (for
positive moment) and straight tendon below the upper flange (for
negative moment). Troitsky et al. [5] analytically and experimen-
tally studied the behavior of simply supported prestressed composite
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steel-concrete beams. Three tendon configurations were considered:
straight (above the lower flange), bent up and short straight (below
the lower flange). Ayyub et al. [6] experimentally studied the behav-
ior of prestressed composite steel-concrete beams under positive
moments. Various tendon types and configurations were considered.
Chen [7] experimentally studied the behavior of prestressed com-
posite steel-concrete beams under negative moments. Lorenc and
Kubica [2] experimentally studied the influence of shear connection
flexibility on the behavior of prestressed composite steel-concrete
beams. However, there is few experimental data on fire behavior of
prestressed composite steel-concrete beams. Kang et al. [8] reported
fire tests on prestressed composite beams with corrugated webs. Key
test variables were the cover thickness of the fire protection mate-
rial applied to the bottom flange of corrugated webs. The study found
that prestressed composite beams with relatively thin fire protection
material cover thickness, compared with the non-prestressed slim-
floor composite beam, satisfied the required fire performance criteria
in the ISO 834 standard.

Previous studies show that prestressed structures are more sen-
sitive to fire than the non-prestressed structures [9-11]. When
exposed to fire, the external tendons may become slack due to ther-
mal expansion and, consequently, the prestressed structures with
external tendons may fail at a rapid rate. Although the fire behav-
iors of conventional composite steel-concrete beams have been
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well investigated and design methods are developed for composite Table 1
steel-concrete beams [12], it's still necessary to study the fire behay- ~ Summary of fire test cases.

ior of prestressed composite steel-concrete beams because of the Beam Cable configuration Load ratio Prestress ratio
significant differences petween the behaviors of'non—prestressed and PCB-1 Straight 035 07
prestressed beams. This paper reports an experimental study on the PCB-2 Straight 035 0.6
fire behavior of composite steel-concrete beams prestressed with PCB-3 Straight 0.22 0.7

PCB-4 Bent up 0.22 0.7

external tendons.
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Fig. 1. Details of prestressed composite beams.
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Fig. 2. Illustration of fabricated beam PCB-1 to PCB-4 before poring of concrete.
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Fig. 3. The utilized furnace and the composite beams placement within the furnace.
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2. Experimental description
2.1. Test specimens

Fig. 1 gives details of the test specimens. The prestressed compos-
ite beams consisted of a built-up steel section, a reinforced concrete
slab and two cable strands. A total of four prestressed composite
beams were tested, which were labeled as PCB-1 to PCB-4 and were
designed according to the Chinese code for steel structures [13]. Two
cable strand configurations were considered: straight (for PCB-1 to
PCB-3) and bent up (for PCB-4). Various load ratios (defined as the
ratio of the applied force to the ultimate force at ambient tempera-
ture) and prestress ratios (defined as the ratio of the applied prestress
to the yield strength of the cable strands at ambient temperature)
were considered, as summarized in Table 1. The post-tensioning
method was used to apply pretension forces. The load ratios were
0.35 for beams PCB-1 and PCB-2, and 0.22 for beams PCB-3 and PCB-
4. The prestress ratios were 0.7 for beams PCB-1, PCB-3 and PCB-4,
and was 0.6 for beam PCB-2. All beams had the same cross section
of 150 mm (bottom flange) x 120 mm (top flange) x 300 mm
(height) x 8 mm (web thickness) x 10 mm (flange thickness), same
length of 5.3 m and same supporting length of 4.4 m. Bearing stiff-
eners were welded to the steel beam at the supporting and loading
points. The dimensions for stiffeners 1 to 6 (see Fig. 1a-b) were
56 mm (width) x 280 mm (length) x 15 mm (thickness), 120 mm x
320 mm x 20 mm, 56 mm x 190 mm x 15 mm, 56 mm x 220 mm x
15 mm, 120 mm x 320 mm x 20 mm, and 100 mm x 56 mm x
20 mm. Additional endplates were welded at the beam ends to
anchor the prestressed cable strands in the beams. The material used
for build-up steel section was Q235 steel (nominal yield strength is
235 MPa) and for the prestressed cable strands was a high strength
steel with yield strength of 1862 MPa. All beams were designed to
achieve full composite action through welding two rows of shear
studs with 13 mm diameter to the surface of top flange, as shown in
Fig. 2. The concrete slab was 800 mm width and 100 mm thick.

2.2. Test equipment

Fire resistance tests were carried out using a furnace for hori-
zontal building members at the State Key Laboratory at South China

Technology University. The furnace can simulate combined loading
conditions of temperature, force and restraining boundary condi-
tions to which a building member may be exposed during a fire
incident. The test furnace is restrained by a steel frame which is
located in the four corners of the chamber. The dimension of the
chamber is 3 m (width) x 4 m (depth) x 1.5 m (height). Around the
four walls of the chamber, eight natural gas burners were located to
provide thermal energy. Additionally, three type-K Chromel-Alumel
thermocouples were placed in the chamber to monitor the furnace
temperature during a test. The furnace temperature can be pro-
grammed to follow any specified fire curves. Fig. 3 shows the furnace
with a test specimen.

2.3. Instrumentation

Thermal and mechanical response of the tested beams dur-
ing fire tests were monitored by thermocouples and displacement
transducers. Fig. 4 shows the locations of the thermocouples in mea-
sured cross sections. Type-k thermocouples were installed at bottom
flange, web, and top flange of the steel section and along the depth
of concrete slab. Temperatures of the prestressed cable strands were
measured by thermocouples bonded on the surface of the cable
strands. Two linear variable displacement transducers (LVDTs) were
attached to the top of the concrete slab to measure the mid-span
deflection, and two additional LVDTs were placed at both ends of
the build-up steel beam to obtain relative axial deformation between
the concrete slab and the steel beam. Data from the thermocouples
and LVDTs were recorded at 5 s intervals through acquisition system
during the fire test.

2.4. Test condition and procedure

Two point loads, each of 98.5 kN (load ratio of 0.35), were applied
for PCB-1 and PCB-2 beams. The pretension forces for PCB-1 and PCB-
2 were 71.4 kN (prestress ratio of 0.7) and 61.2 kN (prestress ratio
of 0.6) respectively. For PCB-3 and PCB-4 beams, two point loads,
each of 60/2 kN (load ratio of 0.22), were applied, and the pretension
forces for both beams were 71.4 kN.

All beams were three-side exposed to fire. The test beams were
placed on the supporters of the furnace (Fig. 3). The fire exposure
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length was 4400 mm. The furnace was covered with a specially insu-
lated lid. Prior to fire tests, each beam was preloaded and unloaded
twice to minimum the possible gap between the beams and the
instrumentation. After that, loads were applied gradually until reach-
ing the target values. The target forces were then maintained for
30 min before heating started. The furnace temperature was
designed to follow the ISO834 standard fire curve. The fire test ter-
minated either when the deflection exceeded the stroke of hydraulic
actuator or when the working load cannot be sustained by the tested
beam.

2.5. Mechanical properties

Mechanical properties of steel, concrete and high-strength steel
cable strands were tested in accordance with Chinese codes [13].
Three coupons were cut from steel beams in PCB-1 and PCB-2, and
three other coupons were cut from the prestressed cable strands.
Concrete cubes were cast from concrete batch mix during fabrication
of slab. The 60-day compressive strength for concrete was 34.6 MPa.
The yield strength for rebar and steel (of steel beam) were 360 MPa
and 315, respectively.

3. Experimental results
3.1. Thermal response

Fig. 5 shows the measured temperatures in the mid-span section
of beam PCB-4. Temperature gradient along the beam length was
found to be negative. Measured temperatures in the other beams
were similar to those in PCB-4. The furnace temperature curve was
initially lower than and then close to the ISO834 standard fire curve.
For the initial heating period up to 700 s, the web temperature (Tm2)
increased faster than the bottom flange temperature (Tm1), because
of the thinner thickness of the web (Fig. 5a). After 700 s, the dif-
ferences between the web and bottom flange temperatures became
ignorable. The top flange temperature was constantly lower than
both the web and bottom flange temperatures, mainly because of
heat conduction from the steel to concrete. As shown in Fig. 5b,
the temperatures of cable strands (G]JXm3 and GJXm4) rise rapidly.
At the final stage of fire exposure, the temperature on the cable
strands approached the furnace temperature. The temperature of
concrete slab in composite section increased slowly and steadily in
comparison with the temperature of steel beam section (Fig. 5¢).

3.2. Structural response

3.2.1. Mid-span deflection

Fig. 6 shows the developments of mid-span deflection for test
beams PCB-1, PCB-2, PCB-3, and PCB-4. The X-axis values were tem-
peratures of the bottom flange of the steel section. Fig. 7 shows the
developments of prestress ratio in cable strands for test beams PCB-
1, PCB-2, PCB-3, and PCB-4. Table 2 gives the failure temperature,
failure time and maximum deflection for each test. Here, failure tem-
perature is defined as the maximum temperature in the steel beam
at failure.

The deflection behavior of beam PCB-1 can be divided into
three stages (Fig. 6a). From 20 °C to 230 °C (stage 1), the deflec-
tion increased linearly and slowly. At this stage, the decreases
of strength and elastic modulus of steel and concrete materials
were ignorable, and the increase in deflection was mainly caused
by the thermal bowing induced by temperature gradient through
the cross section. From 230 °C to 529 °C (stage 2), the deflec-
tion increased more quickly. At this stage, the pretension forces in
cable strands decreased significantly due to the fire induced thermal
strains (Fig. 7a), and also the material properties of steel and con-
crete reduced considerably. Above 529 °C (stage 3), the deflection

increased rapidly, which was caused by the slackness of the cable
strands and deterioration of the material properties of steel and con-
crete. At this stage, the prestress ratios were less than 0.1 (Fig. 7a),
which showed that the influence of pretension force in the cable
strands on the deflection of the tested beam was important.

Beam PCB-2 showed similar linear deflection behavior with beam
PCB-1 in the early stage of heating (stage 1), while the linear behav-
ior of PCB-2 ended at higher temperature (283 °C in Fig. 6b). After
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the early stage, because of the slower degradation of prestress force
in the cable strands for PCB-2 (Fig. 7a-b), the deflection of PCB-2
increased slower than that of PCB-1. For the final stage (the diagram
was only drawn to 1/20 span due to overlarge deflection) (stage 3),
the deflection of PCB-2 increased rapidly, similar to the behavior of
PCB-1. Fig. 7b shows that the cable strands became slack at 750 °C, at
which the beam PCB-2 reached its failure state.

Beam PCB-3 showed similar linear deflection behavior to beam
PCB-1 in the early heating stage (stage 1). After the early stage,
deflection of PCB-3 increased slower than that of PCB-1, because of
the lower load ratio for PCB-3. For the final stage (the diagram was
only drawn to 1/20 span due to overlarge deflection), the deflec-
tion of PCB-3 increased rapidly. Fig. 7c shows that the cable strands
became slack after 657 °C. Drop of the prestress in cable strands
had important negative effect on the transverse stiffness of the
tested beam. As shown in Figs. 6¢ and 7c, the prestress ratio curve
had a slight fluctuation at 570 °C and the deflection curve also
had a local peak value at this temperature, which showed that the
prestress in cable strands had important effect on the transversal

stiffness of prestressed composite beam at high temperature. When
the cable strands became slack, the deflection of the composite beam
increased rapidly.

Beam PCB-4 showed similar linear deflection behavior to PCB-3
at the early heating stage (stage 2). After the early stage, pre-
stress in cable strands of PCB-4 decreased considerably at 201 °C
(Fig. 7c). At the final stage (stage 3), the deflection of beam PCB-4
increased rapidly. Fig. 6¢c-d shows that the deflection of PCB-4 devel-
oped slower than that of PCB-3 in stage 3, because of the different
configuration of cable strands in the two beams. The shape of bent-
up cable strands in PCB-4 was consistent with the moment diagram
of the beam subjected to concentrated loads, which made PCB-4 to
be more fire resistant than PCB-3 (with straight cable strands).

3.2.2. Axial slip

The measured axial slip at the ends of PCB-1 to PCB-4 versus the
temperature of bottom flange is plotted in Fig. 8. The slip between
beam and concrete slab was negligible between 20 °C and 300 °C.
This is because within this temperature, shear strength of the shear
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studs on the top flange of steel beams has small change (because
strength and elasticity of concrete and steel are nearly not changed).
When temperature was above 300 °C, the slip increased with tem-
perature. This is caused by the drop of the shear stiffness of the
shear studs (because of temperature rise). However, the magnitudes
of slip of the tested beams were negligible (less than 0.1 mm in
all beams). The results indicated that the composite beams had full
shear connection at high temperature.

3.2.3. Failure modes

Fig. 9 shows the failure modes of beams PCB-1 to PCB-4. All beams
failed by losing flexural strength at high temperature. The ratios
of width to thickness for flange and web plates were 5.6 and 35,
respectively. According to the BS5950 [14], the steel section was a
plastic section. The plates of the built-up steel beam did not have
local buckling at high temperature, which was consistent with the
prediction for plastic section.

As shown in Fig. 9, cracks were found on the side surfaces of the
concrete slabs, which indicated that the concrete slabs experienced
high tension stress at elevated temperature. At ambient temperature,
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Table 2

Summary of fire test results.

Beam Failure temperature Maximum deflection Failure time
°Q) (mm) (min)

PCB-1 741 252.0 21

PCB-2 753 272.8 23

PCB-3 779 304.9 29

PCB-4 806 298.8 30

under positive moment the concrete slab was in compression and the
neutral axis of the composite section was in the steel section. When
exposed to fire, the neutral axis of the composite section moved
upward because of the degradation of material properties and the
slackness of the cable strands at elevated temperature. When the test
beams approaching failure at elevated temperature, the neutral axes
were in the concrete section. Therefore, the concrete sections below
the neutral axes were under tension and would have cracks due to
lower tension strength at high temperature.
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4. Numerical study
To better understand the fire behaviors of prestressed composite

beams, numerical simulations using the finite element (FE) software
ABAQUS [15] were conducted to model the fire tests described above.

Fig. 10a shows the FE model. In the FE model, the concrete slab was
meshed using solid element (DC3D8 for heat transfer analysis and
C3D8 for structural analysis), the steel beam was meshed using shell
element (DS4 for heat transfer analysis and S4 for structural analysis)
and the rebars and tendons were meshed using link element. In the
FE thermal model, the top surface of the upper flange of the steel
beam was assumed to be perfected tied with the bottom surface
of the concrete slab that there had no temperature gradient at the
steel-concrete interface. The steel beam was three-side exposed to
fire, the bottom surface of the concrete slab was exposed to fire and
the top surface of the slab was exposed to ambient temperature.
According to the Eurocode [16], the convective heat transfer coef-
ficients were taken as 25 W/(m°C) and 4 W/(m°C) for fire exposed
and unexposed surfaces, respectively. The emissivities of steel and
concrete were taken as 0.7. The temperature-dependent thermal
properties for steel and concrete given in the Eurocode [17,18] were
used in the FE thermal model. In the FE structural model, connection
element CONN3D2 was used to model the slip effect of the stubs. The
high temperature mechanical properties for concrete and structural
steel were taken from the Eurocode [17,18]. Strain-hardening effect
for structural steel was considered. The material properties for ten-
dons were taken from Ref. [19] and the material properties for the
steel stubs were taken from Ref. [20]. As shown in Figs. 10c and 11,
the FE model adequately predicted the fire tests on the prestressed
composite beams.

Fig.9. Failure modes of beam PCB-1 to PCB-4.
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5. Conclusion

This paper presents the experimental study of prestressed com-

posite beams subjected to fire and positive moment. The parameters
investigated include load ratio, prestress ratio, and the configuration
of prestressed cable strands. Based on the test results, the following
conclusion can be drawn:

e The investigated prestressed composite beams without fire

protection have fire resistance of 20 min to 30 min. The stress
in cable strands at elevated temperature has important influ-
ence on the beam behavior.

+
+
+
&
+
+
o
+
+
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+
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e The tested composite beams prestressed by bent-up cable

strands have higher fire resistance than the tested beams pre-
stressed by straight cable strands.

Load ratio has negative effect on the failure temperature of pre-
stressed composite beams, the greater the load ratio, the lower
the failure temperature. The effect of initial prestress in the
cable strands on failure temperature is not significant in the
tested beams, while the slackness of the cable strands causes
failure of the beams at elevated temperature.

The numerical model developed in this paper adequately pre-
dicts the fire behaviors of the prestressed composite beams,
which can be used in further parametric studies.

Fig. 10. FE model and numerical results. (a) FE model for PCB-4; (b) Distribution of temperature in PCB-4 at heating time of 30 min; (c) Distribution of stress in PCB-4 at failure.
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