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To provide an effective basis and reference for applications of prestressed concrete thin-slab beams after a bridge fire, methods and
principles of fire-resistant design, repair, and reinforcement of such beams were discussed. Taking a simple supported and
continuous girder bridge of an expressway in service as a sample, appearance testing and nondestructive testing of the internal
structure were carried out. Four representative full-scale prestressed concrete beams were selected. Through the comparative test
of the ultimate bearing capacity of such beams, the laws of the deflection deformation, strain distribution, crack formation, and
crack development were obtained. By combining with the finite element simulation and theoretical analysis, the ultimate bearing
capacity, complex mechanical characteristics, and breakage feature and failure mechanism of such beams were studied. It was
indicated by the results the following: (1) Prestress loss will cause height reduction of the concrete shear zone, which is one of the
main reasons why the bending-shearing failure of such beams happened before the pure bending failure. (2) Under certain
operating loads, brittle fracture is more likely to occur on the bottom surface of such beams when directly exposed to fire. (3) The
bursting and spalling depth of concrete after being exposed to fire can be used as the characteristic parameters for the rapid

identification of the bottom surface of such after-fire beams.

1. Introduction

With the vigorous development of highway traffic in China,
more and more inflammable and explosive goods are
transported by road and the number of bridge fires is in-
creasing. The fire, which affects the bridges, not only causes
economic losses for the country but also brings potential
safety hazards to the service of the bridge, affecting the
normal operation of the highway. In China, prestressed
concrete bridges account for a large proportion of the
completed bridges in service [1]. Hollow slab beams are the
most common form of medium- and small-span highway
bridge superstructures, and about 35% of concrete girder
bridges adopt hollow slab structures [2].

The floor thickness of the hollow slab beam is generally
between 8cm and 15cm, which is relatively thin. Once
exposed to fire, its effective prestress will decrease, and the
overall rigidity of the beam and slab will drop, affecting the
normal service of the whole bridge. When conflagration

happened, the failure of the complete bonding between steel
strand and concrete will lead to structural failure along with
the brittle damage of the beam and plate, which will seriously
threaten the traffic safety and arouse pernicious social im-
pact. Hence, it is necessary to examine and furtherly study
the mechanical properties of those beams from fire-damaged
bridges.

Many scholars researched on the mechanical properties
of prestressed concrete beams after the fire from different
perspectives, including material properties, fire resistance
calculation method, evaluation of postdisaster bearing ca-
pacity, and new fireproof technologies. Zheng et al. [3]
carried out fire resistance tests on 15 prestressed concrete
simply supported slabs and 9 two-span unbonded pre-
stressed concrete continuous slabs. The results have shown
that concrete spalls more easily when the stress is greater on
the surface exposed to fire. Wang et al. [4] have experi-
mented on the creep of high-strength prestressed rebars
under high-temperature conditions, establishing a high-
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temperature creep model of those rebars. The necessity of
considering the creep of the concrete when analyzing the fire
resistance performance of the prestressed concrete struc-
tures was verified. Ding et al. [5] studied the temperature
field and relaxation of prestressed tendons of concrete beams
and slabs through numerical simulation and model tests
when underbridge space encountered fire. It turned out that,
after the fire, the prestress loss of the steel strands from such
beams and slabs has occurred. The higher the fire field
temperature, the greater the prestress loss. Based on the
investigation of the firing time and its temperature, after-fire
prestress loss is analyzed. And the foundation for post-
disaster assessment of bridge performance was laid. Dwaikat
and Kodur [6] established a monolithic model of high-
strength concrete bursting and spalling based on the in-
fluence of concrete pore water pressure, pointed out that the
axial constraint has an obvious influence on the bursting and
spalling performance of concrete beams, and concluded that
high-strength concrete has lower fire resistance performance
than ordinary concrete due to the effect of its surface
concrete bursting and lower permeability. Kodur and
Dwaikat [7] studied the influence of the stress-temperature
path on the prestressed concrete beams and slabs. A nu-
merical method considered the thermal-mechanical cou-
pling effect that was proposed. By combining with
experimental data, the fire resistance performance of pre-
stressed concrete beams and slabs was learned. Yun and Jeon
[8] proposed a method to evaluate the fire damage of bridge
structures based on the thermal-structure interaction then
applied this method to prestressed concrete bridges, re-
spectively. It was founded that the temperature distribution,
deflection, and its standard fit well with the standard fire test
results. Zhang et al. [9] used the thermal field coupling
calculation method to explore the failure mode of T-section
prestressed concrete beam bridges under different fire
modes. The beam rib and flange plate deformation of such
beams were tracked under different fire modes. As for the
long-span prestressed concrete box girder bridges (PC box
girder bridges). Yanagisawa et al. [10] discovered a method
that can identify the failure mode of the after-fire bridge and
reduce the fire damage by adding a fire protection panel
(FFP). And the effectiveness of the method through real
practice was forwardly testified. Taking into account the
geometric nonlinearity, material nonlinearity, and nonlinear
thermal gradient, and combining the bidirectional coupling
between thermal analysis and structural analysis, Prakash
and Srivastava [11] proposed a nonlinear thermal analysis
method for RC beam fire based on the direct stiffness
method. The results show that the framework can predict the
response of RC structure well. Alos-Moya et al. [12] cali-
brated the fire model by using the temperature results of
Valencia bridge fire test conducted by Valencia Polytechnic
University in Valencia (Spain). The results show that some of
the fire stability models are only suitable for scale bridge fire
test, not for actual bridge fire analysis. Beneberu and Yazdani
[13] carried out a full-scale single-span prestressed concrete
bridge that was tested under a combined hydrocarbon fire
and simulated AASHTO live load. The results show that
without fire prevention measures, the carbon fiber cloth will

Advances in Materials Science and Engineering

degum rapidly, resulting in serious spalling of concrete and
loss of some prestressed steel strands. Kodur et al. [14]
studied the fire resistance of composite box girder with
transverse and longitudinal stiffeners and proposed a
method to predict the failure time of arch bending moment
zone of continuous composite box girder based on deflection
ratio. The results show that the fire resistance of continuous
composite box girder can be significantly improved by
preventing the negative bending moment zone of contin-
uous composite box girder from fire.

As mentioned above, the studies about the mechanical
properties of prestressed concrete girder bridges after the fire
were mainly focused on five aspects, including material
properties, thermal performance, effective prestress loss
mechanism, fire resistance performance tests of reduced-
scale components, and numerical simulation analysis of the
entire bridge. However, research based on the mechanical
properties of full-scale beams after the fire is still lacking.
After experiencing different high-temperature burning, the
failure criteria and morphology of prestressed concrete thin-
slab beams have not been studied in depth. In this paper, to
obtain the law of deformation, strain, and crack develop-
ment, a full-scale failure test of such beams is carried out.
Combined with theoretical and numerical analysis, several
properties are studied, including the ultimate bearing ca-
pacity, force characteristics, and failure mechanism of such
beams. These results can serve as a decision-making foun-
dation for the practical fire-resistant design, maintenance,
and reinforcement of similar beams.

2. Method

2.1. Source and Classification of Test Components. A precast
9x20m prestressed concrete hollow bridge in-service on
provincial expressway is designed in split width, and each
width contains 16 hollow slab beams [15]. The minimum
floor thickness of this bridge is 15cm, the net protection
layer thickness of steel strands is 3.6 cm, and the designed
value of standard cube compressive strength of concrete is
50 MPa. Each middle beam of this bridge is equipped with 14
steel strands, and the effective length of these steel strands is
shown in Table 1. Each prestressed steel bundle is composed
of 6x®s 15.2, whose standard tensile strength of pre-
stressing tendons is 1860 MPa and the tension control stress
is 1395 MPa. The reinforcement of elevation and middle
plate are shown in Figure 1.

All reliable samples in this study come from the hollow
slab removed from the bridge above after exposure to fire
due to the oil tank truck at its bottom. The tank truck rolled
over under the sixth hole of that bridge, causing the fuel tank
to rupture and burn. The fuel flowed along the road to the
seventh hole and then burned a large area. As a result, the
bottom surface of the girder slab near the 6th and 7th holes
was directly burned by the fire nearly two hours (the side face
was not directly overfired).

According to the appearance test results, the web of the
hollow slab girder was not directly burned by the fire source,
suffering little influence on the shear bearing capacity. Thus,
little web plate damage was found. In addition, after multiple
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TaBLE 1: Effective length of strand (unit: m).
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FIGURE 1: The elevation and reinforcement diagram. (a) Elevation (the unit of elevation is m, and the unit of span is cm). (b) Medium plate
reinforcement diagram.



hoisting and transportation, most of the beams and slabs
have varying degrees of damage near the fulcrum. Therefore,
it is very important to carry out the bending bearing capacity
test, which is our main test. The hollow slabs are divided into
four categories differentiated by the degree of after-fire
damage for the later experiment. See Table 2 and Figure 2.
Among them, beam 2# is the reference beam, which is nearly
unaffected by the fire. The proving process will be discussed
in Section 3 as follows, through numerical simulation and
experimental comparison of these beams.

2.2. Loading Device. Loading devices include ultra-high-
pressure jack, rubber-bearing, welded H-type steel beam
and counterforce beam, number display pressure ring, ®32
fine-rolled rebar, and gravity ground anchor device. The
pressure generated by the jack is applied to the longitudinal
loading beam in the form of a reaction force through the
ground anchor device. Then, the force is transferred from
the longitudinal beam to the hollow slab structure through
a rubber bearing (steel pad). The maximum bending
moment in the normal section and the maximum shear
force from one-third to two-thirds of the span length has
been considered simultaneously in the test loading ar-
rangement. The loading arrangement layout is detailed in
Figure 3, and the on-site loading situation is shown in
Figure 4

2.3. Process of the Loading Test. The test of each beam is
divided into two loading conditions. The first condition
means loading until each cross section reaches or is close to
the design value of an ultimate bending moment, and the
second condition means loading to the actual ultimate
failure state or the loading to the test termination conditions.
The loading process is shown in Table 3. Refer to the relevant
specifications for test termination conditions.

2.4. Items and Methods for the Test

2.4.1. Beam Deflection and Pier Settlement Measurement.
The deflection of the beam and the test bench under various
loading conditions is measured by using AL-ML32 high-
precision leveling instrument shown in Figure 5. Numbers of
deflection and settlement at one-quarter of the span length,
three-quarters of the span length, and the midspan can be
read through the preembedded indium steel ruler.

2.4.2. Strain Measurement of the Key Sections. On both sides
of the hollow slab beams, along the height direction of the
webs, bridge strain gauges were arranged for measurement,
especially at one quarter, three quarters, one-eighth, three-
eighths of the span length, and the midspan.

The detailed arrangement of measuring points is shown
in Figure 6.

2.4.3. Crack Observation and Damage Pattern Recording.
Before the test, the initial conditions of the selected beams
were carefully checked, the original cracks were marked,
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and the original crack diagram was drawn in detail. The two
sides of the hollow slab girder web are divided into 20 cm
square grids at equal intervals as the reference coordinate
system for recording cracks on the concrete surface. During
the test, the appearing cracks were drawn on the beam and
recorded, and the corresponding load size when the cracks
appeared was marked. At the same time, several repre-
sentative cracks were selected to track and measure their
width changes.

2.5. Numerical Simulation. According to Chaowei et al.
[15], after obtaining the material’s mechanical performance
parameters, the ultimate bearing capacity of the prestressed
concrete beam was analyzed. And the finite element
analysis method was applied during this process to meet the
required engineering accuracy. The comparison between
numerical simulation and the experiment proves that the
beam 2# is almost unaffected by the fire and thus can be
used as the reference beam [15]. The general large-scale
finite element software ANSYS is used for modeling.
SOLID65 elements should be selected for concrete. The
stress-strain relationship model of concrete is an important
part of the nonlinear analysis of after-fire concrete hollow
slabs. And the dynamic hardening model is used for this
simulation. In the concrete failure criterion, the shear-
transfer coefficient of open cracks is set to 0.7 after trial
calculations based on relevant experience, and the shear-
transfer coeflicient of closed cracks is set to 0.95. The
uniaxial stress-strain of concrete can be found in [15]. Steel
strands are simulated by the LINK8 unit, without con-
sidering the bond-slip between steel and concrete, and steel
strands are simulated by the bilinear isotropic strength-
ening model BISO considering strengthening. To consider
the exact effects, ordinary steel bars are dispersed into
concrete elements in a way of defining real constants
(reinforcement ratios of stirrups and longitudinal and
transverse steel bars). In order to prevent stress concen-
tration from causing the in-advance jumping out of the
calculation, a unit with an elastic modulus 100 times that of
concrete is set at the loading position and the bridge
bearing. When dividing elements, a hexahedral mapping
grid is used. The number of bridge elements is 5918 in total,
and the number of nodes is 8266. The finite element model
is shown in Figure 7.

3. Result and Discussion

Due to the requirements for keeping the bridge ap-
pearance and the nondestructive inspection in the early
stage, the test bench bed has a clear height of 1.2m.
Because of the safety considerations and limited working
stroke of the jack, the loading test stopped in advance
before the hollow slab beam was completely destroyed.
So, there was no complete destruction of the structure,
such as concrete crushing, beam fracture, and beam slab
collapse. The main reaction of the structure during the
test was learned: (1) As the load increases, the deflection
of the beam continues to increase, and deformation



Advances in Materials Science and Engineering 5

TaBLE 2: The appearance of test beam.

No. The appearance of the floor (the floor is divided into 70 areas)

24 The concrete was fumigated and blackened in partial areas without any other damage

The color of the concrete remains unchanged. The sound of hammering in 6% of the concrete area is dull. 30% of the concrete area
3# falls off with a characteristic depth of 2.1 cm, mostly locating at the end of the beam. And a small part of the beam-end steel strand is

exposed, distributed from the fulcrum to quarter of the span

6% of the concrete area is pink. Micro-crack and coarse-crack networks appear in partial areas. The sound of hammering in 76% of the

4#  concrete area is dull. 97% of the concrete area falls off with a characteristic depth of 2.6 cm. And the steel strands are exposed in some
areas

98% of the concrete area is pink or khaki. The sound of hammering in 96% of the concrete area is dull. 100% of the concrete area falls

5#  oft with a characteristic depth of 3.6 cm. And steel strands in 25% of the concrete area have been exposed, which distributes from the
fulcrum to a half of the span

FIGURE 2: The appearance of test beam. (a) No. 2#. (b) No. 3#. (c) No. 4#. (d) No. 5#.
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FI1GURE 4: The on-site loading situation.

TaBLE 3: Loading process for hollow slab beams.

Step Description

Deadweight (including distributing beam and jack deadweight). The load will last for 15 minutes to eliminate the inelastic
deformation of the beam end support
Preload, load directly to 30% of the calculated ultimate load, last for 5 minutes, and then unload to zero. Force-control mode is
2 adopted. The main purpose is to further eliminate the inelastic deformation of the loading system and verify the reliability of the
loading system
Under formal loading, the ultimate load of hollow slab beam:s is calculated by 10 stages, and the ultimate load of hollow slab beams is
calculated by 10% for each stage. Each step loading lasts for 5 minutes and force-control mode will be adopted.

After 100% ultimate load, unloading is carried out, and then four stages of secondary loading to 100%. Finally, the hollow slab beam is
4 destroyed by intensive loading. The ultimate load of each stage is calculated by 5% ultimate load. Each step loading lasts for 5 minutes
and force-control mode will be adopted
If the deformation of all hollow slab beams cannot converge with time, that is, the deformation cannot stop, it means that they have
entered the ultimate load-bearing state, immediately stop loading, record the corresponding data and unload

1

FIGURE 5: The AL-ML32 high-precision leveling instrument.
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gradually develops from linear to nonlinear when the
total load is greater than 16 tons. (2) The original cracks
gradually widened, and the area where new cracks first
appeared was within 5m of the longitudinal distance
from the midspan and gradually extended toward the
fulcrum as the loading progressed. The average crack
spacing gradually decreased when load increases.

Cracks were spotted at the midspan where the lon-
gitudinal distance is 5.5 m. When these oblique cracks at
the oblique cracks at the main tendon under tension
firstly exceeded the vertical width of 1.5 mm, the loading
was stopped. Typical failure mode is shown in Figure 8
and Table 4. It can be seen from the table that as the
degree of beam damage increases, the failure mode of the
test beam changes; that is, the shear failure will occur
before the pure bending failure. The main reason was
founded after careful considerations. As the fire tem-
perature increases, the effective prestress of the bottom
plate at one-quarter of the span length will decrease
gradually, and the axial pressure that prevents the ap-
pearance and development of oblique cracks will de-
crease. Besides, due to the reduced strength of steel
strands and concrete materials, the damage mode of such
beams finally changes.

4. Analysis
4.1. Analysis of the Displacement

4.1.1. Normal Loaded Displacement. The normal-loaded
deflection-load curve of midspan is shown in Figure 9. From
the figure, the displacement-load relationship of the beam
2#, beam 3#, and beam 4# is linear when the total load
distributes from 0 to 16 tons (just call it “0-16t stage” in the
following passage). The displacement-load of the beam 4# in
the “0-8¢ stage” is linear. In the “15~32¢” stage, the measured
stiffness of the hollow slab beam 2#, 3#, and 4# has de-
creased, and the downward deflection value of the midspan
has accelerated. In the “5~32f” stage, the stiffness of the
hollow slab beam 4# has decreased. While before the “5¢
stage,” the reduction of the stiffness was obvious but not too
sharp during the loading process.

After the fire of hollow slab beams, due to the ap-
pearance and development of microcracks or cracks, as well
as the loss of the prestress, the structural rigidity of the
hollow slab section will be degraded. This phenomenon is
defined as the stiffness degradation for convenience. By

comparing this stiffness degradation, the precise perfor-
mances of those 4 beams will be learned. The hollow slab
beam 2# is basically not affected by the fire and thus can be
used as our benchmark for the stiffness. Under the same
level of load, the deflection ratio of the remaining beams to
the beam 2# is defined as the relative after-fire degradation
stiffness Kj; and the calculation formula is shown as follows:

Kp=2 (1)

where &, is midspan deflection of the unfired beam and §; is
midspan deflection of beam i# under the same load.

When the maximum total load under normal loading
is 32t, it can be seen from Table 5 that the maximum
bending moment of the corresponding pure bending
section in the midspan is 1906 kN m, which has reached
the design limit. It is calculated using the material-design
values for calculation, according to the regulation “JT]
D62-2004 Code for Design of Highway Reinforced
Concrete and Prestressed Concrete Bridges and Culverts”
(16]. The relative after-fire degradation stiffness Ky of
beams 3#, 4#, and 5# is, respectively, 89.4%, 81.5%, and
76.1%. Since those four selected beams were originally
located in two adjacent holes of the same bridge, the
stiffness of the 4 beams before the fire can be considered
equal, and the mass distribution of those beams after the
fire is supposed to be unchanged. The Kyvalue is consistent
with the 3, 4, 5 boundaries of the bridge natural frequency
assessment scale, which is from the regulations called
“JGJ/T J21-2011, Specification for inspection and evalu-
ation of the load-bearing capacity of highway brides” [17],
which means that the test of those four beams is very
typical.

The mechanical properties of concrete and steel rein-
forcement materials will decrease to varying degrees after a
bridge fire. When the overfire temperature exceeds 300°C,
the elastic modulus (E) of the concrete after natural cooling
is only 0.75 times that before the overfire. The higher the
overfire temperature, the greater the reduction coeflicient
of elastic modulus. When the overfire temperature exceeds
800°C, the reduction coeflicient of concrete elastic modulus
after natural cooling is only 0.03. Fire will cause the elastic
modulus of the steel bar to decrease after cooling, but its
reduction coefficient is less than that of concrete under the
same overfire temperature. And that coefficient is 0.9 when
the overfire temperature is 400°C. Although the elastic
modulus of the steel strand is hardly reduced after the fire,
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FiGure 8: The typical failure pattern. (a) No. 2#. (b) No. 3#. (c) No. 4#. (d) No. 5#.

TABLE 4: The failure mode of test beams.

Beam no.

Failure form

24# The cracks in the tensioned main steel bars near the middle of the span first exceed the width of 1 mm
3# The cracks in the tensioned main steel bars near the middle of the span first exceed the width of 1 mm
4# The width of the crack at the tensioned main steel bar at the diagonal crack near 6.5m from the middle span exceeds 1 mm
5# The width of the crack at the tensioned main steel bar at the diagonal crack near 5.5 m from the middle span exceeds 1 mm

] W %)
[ <3 [
T T 1

Total Load (t)
%3
(=}

o L ; ; ; ; ; ;
0 0.5 1 1.5 2 2.5 3
Relative Deflection (cm)

FIGURE 9: Midspan deflection-load curve of normal loading.

the effective prestress of the steel strand will decrease
anyway, which will cause the overall rigidity of the beam to
decrease too. As a result, when the fire temperature in-
creases, the stiffness of the bridge after cooling decreases
gradually.

4.1.2. Displacement under Ultimate Loading Condition.
The ultimate load results are summarized in Table 6 and
Figure 10. From the table, the ultimate bending moments of
beams 2#, 3#, 4#, and 5# are reduced successively. And the
ultimate bending moment of beam 5# is only 76.4% com-
pared to beams not exposed to fire, which is reduced by
23.6%. The corresponding deflection values of the limit
bending moment of beams 2#, 3#, 4#, and 5# are gradually
increased. Consequently, as the fire damage becomes more
and more serious, the ultimate damage mode gradually
changes from ductile failure to brittle failure, especially for
beam 5#. The ultimate failure deflection of beam 5# after the
fire is only 28.5% of that before the fire.

TaBLE 5: Maximum deflection and relative overfire degradation
stiffness in midspan under normal loading.

Beam no. Maximum deflection (cm) Relative stiffness/Ky (%)

2% 1.94 100.0
3# 217 89.4
4# 2.38 81.5
5% 2.65 76.1

TaBLE 6: Limit loading displacement results.

Beam no. 2# 3# 4# 5#
Total loading weight (f) 69.7  65.1 63.7 49.4
Limit moment (kN-m) 3429 3247 3191 2619
Relative value of the unburned 100 94.7 931 6.4
beam (%)
Limit midspan deflection (cm) 37.2 26,55 1595 10.62
80 - -
70 b -
Z60F -
E 50 b -
S a0l
a
£ 30r
ﬁ 20
10 H¥
o ; ; ; ; ; ; ; ;
0 5 10 15 20 25 30 35 40

Total Load (t)

Figure 10: Deflection-load curves of beam 2# and beam 5# in
midspan.

Figure 11 is the contrast diagram of finite element
simulation values between beam 2# and the unfired beam.
The midspan deflection of beam 2# was almost equal to the
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Figure 11: Contrast diagram of midspan deflection (simulated
value of beam 2# and the unfired beam).

simulated value before cracking. And there is only a slight
difference of the deflection before and after cracking,
which can furtherly prove that beam 2# is unaffected by
the fire and can be used as the reference beam. The
mechanical properties of concrete and steel reinforcement
materials will decrease to varying degrees after a bridge
fire. The reduction coefficient of concrete compressive
strength after natural cooling is only 0.8 times of the
strength before the fire, when the overfire temperature
exceeds 300°C [18, 19]. The strength reduction coefficient
grows when the overfire temperature increases. And that
coefficient reaches 0.2 under an overfire temperature
beyond 800°C. Fire will cause the yield strength of the steel
bar to decrease after cooling, but its reduction coefficient
is less than that of concrete under the same overfire
temperature. And that coeflicient is 0.95 at around 400°C
(which is the overfire temperature). After high temper-
ature, the yield strength of prestressed steel bars has a
certain relationship with the highest temperature and the
initial stress level [20]. The ultimate strength and yield
strength generally decrease with the increase of temper-
ature. Also, the fire not only causes the physical properties
of steel bars and steel strands to decrease, but also reduces
the bonding force between them and its wrapping con-
crete [21]. As the overfire temperature increases, the
concrete spalling becomes more serious, and the effective
stress of the steel strands is distributed more unevenly
along the longitudinal direction [22, 23]. With the gradual
increase of the load, this phenomenon becomes far more
obvious, which will cause the steel bar (steel strand) to
yield before the concrete compression crashing. And the
phenomenon is quite similar to the failure of under-
reinforced beams. The following test results of full-scale
compressive strain and diagrams of crack distribution can
turtherly prove it. (1) When beam 2# fails, the cracks that
appeared are relatively short and dense. The crack spacing
and the average width of beam 2# is much smaller than
that of beam 5#. (2) The compressive strain exceeds 0.002
for beam 2#, being 0.0008 for beam 5# when fails. Based

TABLE 7: Strain result of tensile side (measuring points 4-6#) under
normal loading.

Beam no. 2# 3# 4# 5#
Strain/ue 140 163 196 285
Qr (%) 100. 85.9 71.4 49.1
Residual strain/pe 0 3 7 17
Relative residual strain (%) 0 1.8 3.6 6

on the above two reasons, the failure mode of beams 2~5#
gradually changed from ductile failure to brittle failure.

4.2. Strain Analysis

4.2.1. Normal Load Strain. The normal loading strain results
are shown in Tables 7 and 8 and Figures 12 and 13. From the
figure, at the preliminary stage of loading (when the total
loading weight is less than 7t), the strain-load relationship is
linear. The tensile test concrete strain-load curve is obviously
nonlinear when loading weight is bigger than 7t, indicating
that invisible microcracks on the tensile side will gradually
appear at the middle and late loading process. At the last
loading process, when the total loading weight is 32.2¢, the
strain on the tension side of beams 2#, 3#, 4#, and 5#
gradually increases. In other words, the strength of beams
2#, 3#, 4#, and 5# decrease in sequence. After unloading, the
residual strains of all selected beams are less than 20%.

In a hollow slab beam fire, the concrete strength of the
hollow slab section will degrade accordingly. For simplicity,
this phenomenon is referred to as the overfire degradation
strength in later parts of this article. As mentioned before,
beam 2# is the reference beam, and its concrete strength can be
regarded as the benchmark. Thus, relative overfire-degrada-
tion strength (Qy) can be defined by the following formula:

Q=2 2

n the formula, & is the midspan deflection of the unfired
beam and ¢; is the midspan deflection of beam i# under the
same load.

From Table 8, when the maximum total load under
normal loading is 32¢, the corresponding maximum bending
moment of the pure bending section in the midspan is
1906 kN m. And the design value of ultimate bending mo-
ment of this section has been reached. The relative overfire
degradation strength Qr of beams 3#, 4#, and 5# is, re-
spectively, 85.7%, 71.5%, and 49.1%. Considering the in-
crease of the tensile strain caused by the concrete
microcracks during the later loading process, this value of
the corresponding beam is less than the relative degradation
stiffness after being exposed to fire Kp.

4.2.2. Ultimate Load Strain. The compressive strain results
of each beam at the end condition of the ultimate loading
process are shown in Table 9. In ultimate failure, the
compressive strain on the compression side of beams 2# and
3# exceeds 0.002, while the compressive strain of beam 5#,
which was most seriously damaged by the fire, was only
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TaBLE 8: Tensile strain measurements under normal loading (32.2¢).

Measuring point Bridge deck position

Strain for the point/ue

Beam 2# Beam 3# Beam 4# Beam 5#
1-6# One-eighth of the span 40 50 60 96.4
2-6# Quarter of the span 48 59 73 119.5
3-6# Three-eighths of the span 117 126 138 161.9
4-6# A half of the span 140 182 226 284.5
5-6# Five-eighths of the span 122 128 139 185.4
6-6# Three-fourths of the span 51 62 77 129.8
7-6# Seven-eighths of the span 42 51 63 69.7

300

250 |

150

strain (ue)

100 |

50 |

35

Total Load (t)

FIGURE 12: Strain history of normal loading tension side (measuring points 4-6#).
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— 2%
—— 3#
—e— 4#

—o— 5#

FIGURE 13: Strain distribution diagram of each section (tensile
side).

814pe. And the strength of concrete materials is far from
being fully utilized. The strain loading history of concrete on
the compression side of a typical beam is shown in Figure 14.

4.3. Fracture Development Analysis

4.3.1. Crack Development under Normal Loading. During
the normal loading process, no visible cracks appear in the
beam bodies.

TABLE 9: Stress and strain measurements under ultimate loading.

Beam no. 2# 3# 4# 5#
2021 1843 1429 814

Compressive strain/ue

70

60 |

50

40 +

30

Compressive strain (je)

20

0 1 1 1 1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Total Load (t)

FIGURE 14: Strain distribution of typical beam section (tension
side).

4.3.2. Crack Development under Ultimate Loading. Check
Table 10 for the loading force when visible cracks occurred in
the beam body. When visible cracks appear, the loading
tonnage of beams 2#, 3#, 4#, and 5# decreases sequentially.
Several reasons are shown as follows: (1) The bridge bottom
plates are directly burned when caught fire, resulting in the
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TaBLE 10: Loads of beams with visible cracks.

No. Load tonnage when cracked/t Remarks
Beam 2# 48.3 —
Beam 3# 46.8 —
Beam 4# 45.1 The floor starts to seep
Beam 5# 38.6 Unusual noise from the steel strand
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FIGURE 15: Schematic diagram of cracks at the end of limit loading. (a) Beam 2#. (b) Beam 3#. (c) Beam 4#. (d) Beam 5#.

loss of effective prestress and the reduction of the decom-
pression moment. (2) The tensile performance of concrete
will decrease after cooling when the overfire temperature
exceeds 300°C. (3) Other reasons, such as the reduction of
the bonding strength between the steel bar and the concrete,
will also cause the bending moment to decrease for the
beams and slabs after being exposed to fire reduce.

After the ultimate load is terminated, the cracks of the
test beam are shown in Figure 15. When the ultimate failure
occurs, the average cracks’ spacing of the 2#, 3#, 4#, and 5#
beam webs increases successively. And the proportion of
long and wide cracks increases. The average crack spacing of

beam 5# is about two times the distance of beam 2# when
destroyed.

5. Conclusion

In this paper, the appearance inspection and classification of
prestressed concrete thin slab beams removed after a fire in
an operating expressway are carried out. On this basis, four
typical full-scale beams are selected for flexural failure test
research. And the regular patterns of the mechanical
properties of such thin-slab beams after a bridge fire are
obtained. To a certain extent, these results make up for the
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insufficiency of the numerical calculation method of thermal
field coupling, and the following conclusions were initially
obtained:

(1) The drop-oft depth and area of concrete after ex-
posure to fire can be used as the characteristic pa-
rameters for the rapid identification of the bottom
surface from prestressed concrete thin-slab beams
after a bridge fire.

(2) Brittle failure is the main mode of beams that slab
concrete falling off in 97% area with a characteristic
depth more than 2.6 cm on the bottom surface when
directly exposed to fire. Thus, it is not appropriate to
use thin-slab beams for busy road networks trans-
porting hazardous chemicals.

(3) Prestress loss will cause height reduction of the
concrete shear zone, which is one of the main rea-
sons why the bending-shearing failure of such beams
happened before the pure bending failure.

(4) Only the bottom surface of the hollow slab is directly
exposed to the fire in this study. Thus, when the
typical depth of the concrete spalling of the bottom
plate after a fire is close to the net protective layer of
the steel strand, the flexural bearing capacity is only
76% of that before the fire.

(5) The mechanical properties of the prestressed con-
crete thin-slab beams whose bottom plate and web
are simultaneously burned at high temperatures
need further studies.
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