
Research Article
Fire Resistance of Composite Beams with Restrained
Superposed Slabs

Junli Lyu ,1,2 Qichao Chen,1 Huizhong Xue,1,2 Yongyuan Cai,1 Jingjing Lyu,1

and Shengnan Zhou1

1School of Civil Engineering, Shandong Jianzhu University, Jinan 250101, China
2Key Lab of Building Structural Retrofitting and Underground Space Engineering (Shandong Jianzhu University),
Ministry of Education, Jinan 250101, China

Correspondence should be addressed to Junli Lyu; ljl1978@163.com

Received 28 March 2020; Revised 31 May 2020; Accepted 22 June 2020; Published 10 July 2020

Academic Editor: Maŕıa Criado
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To investigate the fire resistance of composite beams with restrained superposed slabs, three specimens were tested under
uniformly distributed loads in a furnace.+e effects of the thickness of the postcast top layer in superposed slabs and the spacing of
shear studs on the structural behaviours of composite beams under fire were further examined. During the tests, the temperature
distributions of the superposed slabs and steel beams as well as the displacements at their key positions were recorded and
analysed. It was found that the temperature of the concrete superposed slabs decreased long their heights from the bottom. +e
most drastic change of the temperature along the slab cross section was found in the region with a distance of 40mm to the slab
bottom.+e concrete superposed slabs could impose restraints to the steel beams due to their incompatible deformations. Cracks
were developed on the top surfaces of the specimens and the superposing interfaces between the precast slabs and postcast top
layers were not broken. +rough the comparisons of different specimens, the spacing of shear studs could have a significant effect
on the fire resistance of composite beams, especially for their deformation recovery capacities. In contrast, the effect of the
thickness of the postcast top layers was negligible. ABAQUS was employed to simulate the temperature fields and deformation
behaviours of composite beam specimens based on a sequenced thermomechanical coupling analysis. +e numerical results
agreed well with the experiment data, which validated the developed numerical model.

1. Introduction

Steel-concrete composite beams are composed of two main
components including steel beams and concrete slabs. Shear
connectors/studs are commonly used to establish a reliable
connection between the two components to allow their
coworking. +e composite beams have a broad application
in residential and industrial buildings using prefabricating
and assembling construction techniques. Considering that
the fire disaster is one of the major threats for buildings, the
research on the fire resistance of steel-concrete composite
beams is timely required. Extensive research has been
conducted on the fire resistance of two traditional types of
composite beams, including the composite beams with
profiled steel sheet and the composite beams with flat slabs.

+e British Cardington BRE Laboratory [1, 2] completed
a series of fire tests on the composite beams with profiled
steel sheet. +e results showed that the catenary action could
be developed if adequate horizontal restraints were provided
for the composite beams. Mirza and Uy [3] studied the
influences of shear connectors on the fire resistance of
composite beams through numerical studies using ABAQUS
finite element software. It was found that the shear con-
nectors slightly affected the structural performance of the
composite beams with profiled steel sheet, whereas the
composite beams with flat slabs could fail due to the rupture
of shear connectors. However, other researchers [4–7]
showed that the steel sheet could still detach from the steel
beam in fire tests given that the shear studs were properly
installed, leading to reduced load-carrying and deformation
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capacities. Moreover, an enhanced fire resistance could be
achieved if the composite beams with profiled steel sheet
were longitudinally restrained. Similarly, theoretical analysis
[8] also showed that the restraints at the beam ends could
also improve the fire resistance of composite beams with flat
slabs.

+e influence of different types of profiled steel sheet
on the fire resistance of composite beams has also been
examined [9] and results showed that the contribution of
the profiled steel sheet could be neglected for flexural
strength calculation. Lyu et al. [10–13] carried out fire
tests on composite beams with flat slabs and found that
the steel beam and the concrete slab could behave to-
gether with a better structural performance if a sufficient
amount of shear connectors were arranged. In addition,
the catenary action was not observed as only small de-
formations of composite beams were developed in the fire
tests. From the existing studies, it is shown that the
composite beams with different types of slabs behave
distinctively in fire tests and the restrained composite
beams exhibit a better fire resistance. Moreover, nu-
merical analysis using finite element software is an ef-
fective approach to investigate the structural behaviours
of composite beams under fire.

+e composite beams with superposed slabs are a new
type of structure member and consist of steel beams and
concrete superposed slabs. Superposed slabs are different
from the traditional concrete slabs as they are composed
of a base layer of precast slabs and a top layer of postcast
concrete. In this paper, the structural behaviours of three
composite beams with restrained superposed slabs under
fire are examined through experimental studies and
numerical simulations.

2. Experimental Program

2.1. Specimen Design. +ree specimens of composite beams
with superposed slabs (SCB-1–3), consisting of a steel beam,
concrete superposed slabs, and shear studs, were designed
and fabricated according to relevant engineering standards.
+e total length of the composite beams was 4,300mm, and
the width of the flanges was 1,625mm. +e concrete su-
perposed slabs were composed of a 60mm thick precast base
layer and a postcast top layer. +e nominal concrete grade
for both layers was C30. A two-layer configuration of rebars
running in the two orthogonal directions was used as the
main reinforcement in the superposed slabs. +e spacings
for the bottom and top rebars were 150mm and 200mm,
respectively. In addition, truss rebars were also arranged in
the superposed slabs. +e I-section beams were manufac-
tured using Q235B hot-rolled steel with nominal dimensions
of HN 250mm× 125mm× 6mm× 9mm. +e nominal di-
ameter of shear studs was 16mm. +e dimensions and
reinforcement details of a typical specimen are shown in
Figure 1. Table 1 lists the thickness of the postcast top layers
in the superposed slabs and the spacing of shear studs which
were the main parameters examined in this study.

2.2. Material Properties. Given the construction require-
ments, the superposed slabs were manufactured in two
steps. In the first step, the precast slabs were fabricated
and set in place, after which the concrete of the postcast
top layer was poured. Along with the fabrication of the
specimens, three sets of standard concrete cubes with a
nominal dimension of 150mm were produced and cured
under the same temperature and moisture conditions.
Material property tests of unfired concrete and steel were
conducted according to the Chinese standards GB/T
50081-2002 [14] and GB/T 228.1-2010 [15], respectively.
+e tested material properties of concrete and steel are
given in Tables 2 and 3, respectively. +e material
properties of shear studs were provided by the
manufacturer.

2.3. Boundary Conditions. +e tests were conducted in the
Fire Laboratory of Shandong Jianzhu University. +e fur-
nace was modified based on the test requirements and
allowed two specimens to be tested at the same time. To
restrain the specimens, a reinforced concrete base beam and
two steel columns (Figure 2(a)) were fabricated and as-
sembled. During the fire tests, they were covered by fire-
resistant mineral wool. +e steel columns were 2,800mm
high and fixed to the based beam through steel studs. +ese
columns were made of Q235B steel and their sectional di-
mensions were HN 200mm× 200mm× 8mm× 12mm.+e
specimens were fully fixed to the steel columns throughM22
friction high-strength bolts and steel end plates that had
dimensions of 210mm× 160mm× 10mm (Figure 2(b)).+e
test setup and the composite beam specimen ready for
testing are shown in Figures 2(c) and 2(d), respectively.

2.4. Measurements. +e temperature distribution and
displacements of the composite beam were measured
during the fire tests. +e temperatures were measured at
seven locations (A–C and E–H) of the specimens. Spe-
cifically, the thermocouples at the positions A–C and H
monitored the temperatures of concrete and rebar while
the thermocouples at the positions E–G measured the
temperatures of concrete and steel beams. For the con-
crete, thermocouples were arranged with a 20mm
spacing in the slab thickness direction. Moreover, tem-
peratures were measured for top and bottom layers of
rebars, top and bottom flanges of steel beams, and the web
of steel beams. +e measurement position details are
shown in Figure 3.

+e displacements of the composite beam specimens
were measured using five linear variable differential trans-
formers (LVDTs) arranged at selected positions (D1–D5)
shown in Figure 4.

2.5. Loading Scheme. In the test, two layers of iron blocks
were placed on the top surface of the specimens to simulate a
uniformly distributed load (UDL) of 3.5 kN/m2. Figure 5
shows the layout of the iron blocks. After the UDL was
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applied, the specimens were heated according to the stan-
dard ISO-834 temperature curve.

3. Experimental Results and Discussion

3.1. Experimental Observations and Failure Modes. Two fire
tests were carried out, in which the specimens SCB-1 and
SCB-2 were tested at the same time and the specimen SCB-3
was tested separately. +e main structural responses and
failure modes of the three specimens are given below.

3.1.1. SCB-1. After being heated for 8 minutes, a bursting
sound occurred from the superposed slabs. At 10 minutes
of the fire test, an overall vibration of the composite
beam, accompanied by a loud sound, was observed. At 27
minutes, water spots began to appear near the ends of the
superposed slabs. Along with the temperature rise, the
water spots continued to grow, forming a large scope

water bay shown in Figure 6(a). At 52 minutes, the de-
flection at the midspan had been largely developed. +e
scope of the water bay gradually shrunk with the in-
creased temperature. At 75 minutes, the heating process
was terminated as severe out-of-plane buckling of the slab
occurred.

+e tested specimen was passively cooled to a room
temperature condition, during which no abnormal incident
was observed. +e main failure characteristics were as fol-
lows. (1) A large crack, as shown in Figure 6(b), on the top
surface of SCB-1 extended from one end of the composite
beam toward its midspan with gradually narrowed crack
width.+emaximumwidth of the crack was about 1mm. (2)
Vertical cracks were developed on the two longitudinal sides
of the concrete slab and mainly concentrated above the
superposing interface. Moreover, they were also observed in
the postcast joint areas. (3) Vertical cracks appeared on the
two transverse sides of the concrete slab and they were
mainly distributed above the steel beam. (4) No cracks were
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Figure 1: Specimen details: (a) plan view and (b) sectional view (unit: mm).

Table 1: Varied parameters of tested specimens (unit: mm).

Specimen +ickness of postcast top layer Shear studs spacing
SCB-1 80 150
SCB-2 60 150
SCB-3 80 200

Table 2: Material properties of the unfired concrete.

Concrete parts Design strength f ck (MPa) f tk (MPa)
+e precast slab C30 31.13 2.39
+e postcast top layers C30 46.70 3.67

Table 3: Material properties of the unfired steel.

Steel parts Sample no. Yield strength (MPa) Average of yield strength (MPa) Ultimate strength (MPa) Average of ultimate
strength (MPa)

Steel beam
1 279.7

288.3
447.5

441.72 302.7 440.8
3 282.4 436.8

Rebar
1 485.0

468.3
635.0

630.02 485.0 635.0
3 435.0 620.0
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observed on the bottom surface of the concrete slab yet local
bursts happened (Figure 6(c)). (5) At the end restraints, the
weld joint between the top flange of the steel beam and the

steel column was torn, which might be the source of the loud
sound during the test. An overall torsional deformation of
the steel beam was also observed.

3.1.2. SCB-2. When the SCB-2 was heated for 13 minutes,
the composite beam generated an overall vibration, ac-
companied by a loud sound. Another loud sound was made
again at 25 minutes. Water spots (Figure 7(a)) emerged at
the ends of the superposed slabs at 27 minutes and became a
large scope water bay given the rise of the temperature. At 45
minutes, an obvious out-of-plane instability of the com-
posite beam was captured. Due to the evaporation, the water
bay began to fade away. +e test was stopped due to the
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Figure 2: Experimental program: (a) specimen restraining scheme, (b) details of restraints, (c) test setup, and (d) composite beam specimen.
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Figure 3: Temperature measurement positions: (a) plan arrangement, (b) measurement positions for concrete, and (c) measurement
positions for rebars and steel beams.
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severe out-of-plane buckling of the slab which is shown in
Figure 7(b).

Similar to the SCB-1, the failure modes of SCB-2 were
examined after it was passively cooled to a room temperature

condition. (1) +e top surface cracks (Figure 7(c)) appeared
from both ends of the slab and grew toward its midspan
along the longitudinal direction. +e same maximum crack
width of 1mm was also measured from the SCB-2 specimen.

16
25

4300

Figure 5: Layout of the iron blocks.

(a) (b) (c)

Figure 6: Failure modes of SCB-1: (a) water bay, (b) cracks on the top surface of the slab, and (c) local bursts on the bottom surface of the
slab.

(a) (b)

(c) (d)

Figure 7: Failure modes of SCB-2: (a) water spots, (b) severe out-of-plane instability of the slab, (c) cracks on the top surface of the slab, and
(d) local bursts on the bottom surface of the slab.
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(2) Similar distribution patterns of the vertical cracks were
developed on both longitudinal and transverse side surfaces
of the concrete slab while local bursts (Figure 7(d)) also took
place on its bottom surface. (3) In contrast with SCB-1, the
weld joint for both top and bottom flanges of the steel beam
fractured and produced the loud sound.

3.1.3. SCB-3. +e overall specimen vibrations, together with
loud sounds, occurred twice after 9 and 12minutes of the fire
test. At 18 minutes, a noticeable vertical deflection
(Figure 8(a)) at the midspan of the specimen was observed.
At 29 minutes, water spots were observed at both ends and
midspan of the specimen, as shown in Figure 8(b). At 32
minutes, the out-of-plane buckling was generated in the
tested specimen and increasingly aggravated, which ulti-
mately stopped the test at 92 minutes.

Compared to the other two specimens, local concrete
bursts (Figure 8(c)) also occurred on the bottom surface of
the superposed slab, yet a relatively longer crack with a
1,205mm length was produced on its top surface. Moreover,
the weld joint for both top and bottom flanges fractured,
which led to an overall distortion of the steel beam.

3.2. Temperature Field Analysis. +e comparison of the
actual furnace temperatures of the two tests and the ISO
standard heating curve is shown in Figure 9(a), which shows
that the trends of the furnace temperature change fairly
followed the ISO standard. +e rapid temperature rise also
suggests that the fire flashover was well simulated.+e nearly
identical furnace temperature curves of the two tests indicate
that a similar temperature distribution in the three speci-
mens could be achieved. +e test results of SCB-2 are given
below and analysed to present a typical thermal response of
composite beams with superposed slabs.

As shown in Figures 9(b) and 9(c), owing to the thermal
inertia of concrete, the temperature of the composite beam
flange decreased along the height of the superposed slab
section. +e highest temperature was achieved at the bottom
of the superposed slab, whereas the lowest one was found at
its top.+emost drastic change of the temperature along the
slab cross section was found in the region with a distance of
40mm to the slab bottom. With respect to the cooling, the
temperature at the slab bottom went down faster than the
ones at other regions in the same slab section. Due to the
variation of the temperature distribution, a temperature
gradient was produced along the thickness of the superposed
slab. As a result, temperature stresses were generated within
the slab and led to a tension effect in its top region. Such
tensile temperature stresses, with the assistance of the
bending moment due to the applied load, created top surface
cracks along the longitudinal direction. Note that mea-
surement position A in Figure 9(b) and position B in
Figure 9(c) were at the superposed slab and the postcast
joint, respectively. It is shown that the temperature gradients
at these two positions were almost identical, which indicates
that the superposing interfaces between the precast slabs and
postcast top layers were not broken. In relation to the
reinforcing bars, their temperatures were basically consistent

with the surrounding concrete. +e considerable tempera-
ture differences between the top (GJ2) and the bottom (GJ1)
bars weremainly attributed to their distances to the source of
the heat.

Figure 9(d) depicts the temperature changes measured at
three positions on the midspan section of the steel beam.
Specifically, EU and ED denote the measuring points on the
top and bottom flanges, respectively, whereas EM denotes
the measuring point on the web. +e trends of three tem-
perature changes were approximately the same and the
maximum temperature of the steel beam was as high as
682°C. In the heating stage, the temperature of the top flange
was lower than the other two positions as it was connected to
the superposed concrete slab which absorbed a certain
amount of the heat. In comparison, relatively less heat loss
was caused on the web and the bottom flange of the steel
beam as they were surrounded by hot air. In the cooling
stage, the temperature of the bottom flange was lower than
the ones of the other two positions. It is noted that the
temperature of the concrete slab was higher than the one in
the furnace due to its thermal inertia. Compared to the top
flange and web, the bottom flange of the steel beam received
less heat transfer.

+e maximum temperatures of the steel beam and the
concrete superposed slab were 682°C and 354°C, respec-
tively. Such a large temperature difference led to incom-
patible deformations developed in the steel beam and the
concrete slab, which introduced restraints to the steel beam
by the concrete slab.

3.3. Displacements of Specimens. +e vertical displacement
developments at selected position of three tested specimens
are shown in Figure 10. Among these positions, D1, D3, and
D4 were located at a distance of 1/4 span to the transverse
sides of the specimens, whereas D2 and D5 were located at
the midspan. +e downward displacements are considered
positive in this study. During the test, composite beams with
superposed slabs experienced a certain degree of out-of-
plane buckling due to the torsion of the steel beams. As D4
and D5 were also located at a distance of 1/4 specimen width
to the longitudinal sides of the specimen (see Figure 4), they
were greatly affected by such a torsional effect. For SCB-1, as
these two positions were on the upward movement side of
the torsional axis, their displacement values were smaller
than the ones of corresponding positions D1 and D2 which
were approximately on the torsional axis. For SCB-2, due to
a more severe torsional effect, the displacements at D4 and
D5 shift from positive to negative, which indicates that their
directions were changed from downward to upward during
the test. In contrast to SCB-1 and SCB-2, D4 and D5 of SCB-
3 were located on the downwardmovement side with respect
to the torsional axis. As a result, larger displacement values
were obtained when compared to D1 and D3.

+e test data were collected until 287 minutes from the
beginning of the SCB-1 test, in which a maximum dis-
placement of 109.0mm and a residual displacement of
79.6mm were recorded, resulting in a deformation recovery
ratio of 27.0%. +e maximum displacement and the

6 Advances in Materials Science and Engineering



Te
m

pe
ra

tu
re

 (°
C)

0

200

400

600

800

1000

50 100 150 200 2500 300
Time (min)

SCB1&SCB2
SCB3
ISO standard heating curve

(a)

Te
m

pe
ra

tu
re

 (°
C)

50 100 150 200 250 3000
Time (min)

0

50

100

150

200

250

300

350

400

A1
A2
A3
A4

A5
A6
GJ1
GJ2

(b)

Te
m

pe
ra

tu
re

 (°
C)

50 100 150 200 250 3000
Time (min)

0

50

100

150

200

250

300

350

400

B1
B2
B3
B4

B5
B6
GJ1
GJ2

(c)

Te
m

pe
ra

tu
re

 (°
C)

0

100

200

300

400

500

600

700

50 100 150 200 250 3000
Time (min)

EU
EM
ED

(d)

Figure 9: Temperature field analysis of SCB-2: (a) comparison of temperature curves, (b) temperature changes at position A, (c) tem-
perature changes at position B, and (d) temperature changes of the steel beam.
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Figure 8: Failure modes of SCB-3: (a) vertical deflection, (b) water spots, and (c) local bursts on the bottom surface of the slab.
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deformation recovery ratio of SCB-2 were not available due
to its severe out-of-plane buckling failure. During the test
period of 300 minutes for SCB-3, the maximum and residual
displacements were found to be 70.8mm and 36.0mm,
respectively. +erefore, deformation recovery ratio of 49.1%
was achieved, which was significantly larger than SCB-1. It is
implied that a smaller spacing of shear studs would have a
negative effect on the deformation recovery capacity of the
superposed slabs.

+e comparison of the displacement developments of
SCB-1 and SCB-2 is presented in Figure 11(a). It is seen
that the two specimens exhibited almost identical

displacement increase patterns in the heating stage.
Hence, the thickness of the postcast top layer has a
negligible effect on the displacement development of the
composite beams with superposed slabs. With a further
increase of the temperature, the displacements of the
SCB-2 grew rapidly due to the out-of-plane buckling.

Figure 11(b) depicts the comparison of the displacement
developments of SCB-1 and SCB-3. Although their dis-
placement development patterns were also found to be
similar in the heating stage, the two specimens behaved
differently in the cooling stage. Moreover, the displacement
values of SCB-1 were higher than the corresponding ones of
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Figure 10: Displacement–time curves of (a) SCB-1, (b) SCB-2, and (c) SCB-3.
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SCB-3. It was largely because more shear studs with a smaller
spacing were able to transfer more heat to the superposed
slab, which further weakened its material and enlarged the
overall deformation.

4. Numerical Simulation

Finite element models of the composite beams were created
using a numerical analysis software ABAQUS. Sequenced
thermomechanical coupling analysis was performed to
simulate the fire tests and the temperature field and dis-
placement results were compared against the experimental
ones.

4.1. Material Properties. +e parameters of specific heat,
conduction, and density of concrete and steel materials at
high temperatures were determined according to an existing
research [16] and relevant standards [17, 18]. +e measured
furnace temperature-time curve was employed for the
temperature field simulation. Absolute zero degree was set as
−273°C, and the Stefan–Boltzmann constant was set as
5.67×10−8. +e comprehensive radiation coefficient of the
fire receiving surface was set as 0.5W/(m2·°C), and the
convective heat transfer coefficient was set as 40W/(m2·°C).

+e strengths, elastic moduli, and stress-strain rela-
tionships of concrete and steel at high temperature were
determined according to the existing studies [17–21].

4.2. Elements and Coupling Settings. Except for the rein-
forcement which was modelled using 2-node truss elements,
all other components were created using 8-node solid
elements.

In the temperature field simulation, the interactions
between each part of the tested specimens were defined as
“Ties” so that the heat can be transferred between different
parts. In the thermomechanical coupling analysis, the
reinforcing bars were “Embedded” into the concrete su-
perposed slabs with other settings unchanged.

4.3. Load and Boundary Conditions. +e temperature field
simulation was conducted firstly, after which the loads
and boundary conditions were applied. +e stresses of the
model in the temperature field simulation were intro-
duced as the initial stresses for the followed thermo-
mechanical coupling analysis. +e bottom ends of the
steel columns were fully fixed and a UDL of 3.5 kN/m2

was applied to the top surfaces of the superposed slab
models. +e numerical model of a typical composite beam
with superposed slabs specimen is shown in Figure 12.

4.4. Numerical Results. As the temperature distributions of
three specimens were similar, only the simulation results of
SCB-2 are presented here for illustrating a typical thermal
response. +e temperature contours of SCB-2 at the be-
ginning of heating and after 75 minutes are shown in
Figure 13 while the simulated temperature developments in
the specimen are compared against the corresponding test
results in Figure 14. It is seen that simulated temperature
distributions agree well with the test results.

+e displacement contours of the three tested spec-
imens at the end of the heating stage are shown in Fig-
ure 15, while the simulated displacement developments at
selected positions are compared against the corre-
sponding test results in Figure 16. An accurate prediction
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Figure 14: Comparison of temperature changes in SCB-2 for (a) concrete slab and (b) steel beam (note: TV� tested value and
SV� simulated value; the same applies hereafter).

Figure 12: Numerical model of the composite beam specimens.
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Figure 16: Continued.
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Figure 15: Displacement contours of three tested specimens: (a) SCB-1, (b) SCB-2, and SCB-3 (units are in m).
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of the overall displacement developments was achieved
by the numerical models.

5. Conclusion

To investigate the fire resistance of composite beams with
restrained superposed slabs, three specimens were tested.
+rough further temperature field and displacement ana-
lyses and numerical simulations, the following conclusions
were obtained.

(1) In the heating stage, the temperature of the concrete
superposed slabs decreased long their heights from
the bottom. +e most drastic change of the temper-
ature along the slab cross section was the region with a
distance of 40mm to the slab bottom.+e superposed
concrete slabs could impose restraints to the steel
beams due to their incompatible deformations.

(2) Cracks were developed along the longitudinal
direction on the top surfaces of the specimens due
to the temperature stresses and the applied load.
+e superposing interfaces between the precast
slabs and postcast top layers were not broken
during the tests yet local bursts occurred on the
bottom surfaces of the precast slabs.

(3) +e composite beams with restrained superposed
slabs have an ability to recover a certain level of
deformations after cooling.

(4) With restraints, the spacing of shear studs could have
a significant effect on the fire resistance of composite
beams, especially for their deformation recovery
capacities. In contrast, the effect of the thickness of
the postcast top layers was negligible.

(5) After simulating the temperature field and defor-
mation behaviours of the specimens, the numerical
results were found to agree well with the experiment
data, which validated the developed numerical model.
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