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Abstract: To investigate the shear capacity and failure mechanism of RC beams after fire exposure,
fourteen full-scale beams without stirrups were tested at ambient temperature and after fire exposure.
Three parameters, including the loading ratio, shear span-to-depth ratio and longitudinal reinforce-
ment ratio, were considered in static load tests. The deterioration mechanism of the shear bearing
capacity at the diagonal section of RC beams without stirrups after fire exposure was experimentally,
numerically and theoretically revealed, and a calculation formula for the shear capacity of post-fire
beams without stirrups was proposed. The results show that the shear capacity and stiffness of the
specimens decreased after fire exposure, and the shear strength loss of the beams increased with fire
exposure time. The shear capacity and stiffness of fire-damaged specimens decreased as the shear
span ratio A increased, and the shear strength loss of the beams decreased with A. Compared with
the theoretical calculation and experimental results of beams without stirrups, the average of the
absolute errors was 10.48%. Therefore, this formula can better calculate the residual shear capacity of
beam without stirrups after fire exposure.

Keywords: fire exposure; shear capacity; shear span ratio; load ratio; longitudinal reinforcement ratio

1. Introduction

When a fire occurs in a building, the high temperature can seriously degrade the
bearing capacity of reinforced concrete (RC) members. The internal force and stress redistri-
bution resulting from the high temperature can have a complex impact on the shear bearing
capacity of the RC members. The bearing safety of the diagonal section of members after
fire exposure should be of great concern, and the steel bars affected by the high temperature
should be strengthened. It is thus urgent to accelerate research on the shear bearing capacity
of beams exposed to fire.

Xiao et al. [1] analysed the effects of high temperature on the strength and deflection
of concrete, focused on the differences in fire resistance between ordinary concrete and
high-strength concrete, and systematically studied the phenomenon and mechanism of
concrete bursting after fire exposure. Zhang et al. [2] assessed the performance of RC
structures under high temperature and put forward effective suggestions on how to carry
out effective structural repair and reinforcement. Jiang et al. [3] conducted the shear
tests on twenty-five beams to study the difference in their shear performance before and
after fire exposure, and developed a simplified evaluation process to evaluate the shear
capacity of RC beams after fire. Xing et al. [4] carried shear load tests on seven beams
to investigated the effect of shear span ratio and heating positions on shear behavior of
beams, and presented a simplified approach for evaluating the residual shear strength.
Higuchi et al. [5] studied experimentally the remaining shear capacity of high strength RC
members to confirm resilience after high temperature rise to 1000 °C degrees or more, and
proposed the measures to protect the fixing parts from damage. Fu et al. [6,7] analysed
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the temperature field distribution of RC frame joints and RC beams under the standard
ISO 834 temperature curve. Liu et al. [8] studied the failure mode of reinforced concrete
beams with carbon fibre cloth exposed to fire. Lie et al. [9,10] conducted an experimental
study on the properties of reinforced concrete compression-bending members under high
temperature. El-Hawary et al. [11,12] conducted fire tests of eight reduced-scale beams and
analysed the effects of fire time and concrete protective thickness on the ultimate bearing
capacity of the beams.

Although the behaviours of RC beams subjected to high temperature have been studied
by many researchers, studies on the failure mechanism and shear capacity of RC members
exposed to fire are still very limited. The shear properties of fire-damaged RC beams were
studied on the basis of beams without stirrups. Fourteen full-scale RC beams without
stirrups were designed, considering the effects of the loading ratio, fire exposure time, shear
span ratio and longitudinal reinforcement ratio on the shear capacity of RC beams. The RC
beams were exposed to three-sided fire conditions with the standard ISO 834 temperature
curve [13]. Based on the ABAQUS finite element analysis (FEA) software [14], a numerical
analysis method of RC beams after fire exposure was established, and the accuracy of this
method was verified according to the experimental results. Based on this FEA method, the
shear span ratio, fire time, and longitudinal reinforcement ratio were selected as critical
parameters to study the shear performance of forty-eight beams without stirrups, and a
shear capacity calculation formula of post-fire beams without stirrups was proposed.

2. Experimental Tests
2.1. Test Specimens

To investigate the shear capacity of an RC beam without stirrups after fire exposure,
fourteen full-scale RC beams without stirrups were fabricated: one was unfired and em-
ployed as a reference, and the others were fired according to the size of the furnace chamber
(9000 x 4500 x 1500 mm). The length of the beams was 4000 mm, and the cross-section
and reinforcement details of all beams are presented in Figure 1 and Table 1. The specimens
were designed according to ‘strong bending and weak shear’ following the Chinese design
code [15]. The cover thickness to the longitudinal reinforcement for all beams was kept
at 25 mm. Stirrups were placed in the beam ends. The tested yield strengths fy of C20
and C25 for longitudinal reinforcement were 413 MPa and 451 MPa, respectively. The
tested average compressive strength of the three concrete cubes (150 x 150 x 150 mm)
was 31.6 MPa. In the names of the specimens, ‘'NBH’ indicates that the specimen was
not subjected to fire, while those without ‘N” were subjected to fire. ‘P, indicates the
ultimate load bearing capacity of the beam at ambient temperature, and ‘p’, ‘A’, ‘t' and ‘6’
indicate the longitudinal reinforcement ratio, shear span ratio, fire time and load ratio at
high temperature, respectively.
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Figure 1. The cross-section and reinforcement details of beams (in mm). (a) Scheme of beams.
(b) p =1.96% (c) p = 1.61% (d) p = 1.47%.
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Table 1. Design parameters of specimens.

Specimens Cross-Section RLe ?2?;::;‘3; Shear Span  Fire Time Load
Size/mm X Ratio A t/min Ratio §
Ratio p/%

NBH1 250 x 400 1.96 2.1 0 /
BH1 250 x 400 1.96 2.1 60 /
BH2 250 x 400 1.96 2.1 90 /
BH3 250 x 400 1.96 2.1 90 0.4 P,
BH4 250 x 400 1.96 2.1 120 /

NBH2 250 x 400 1.96 2.6 0 /
BH5 250 x 400 1.96 2.6 90 /
BH6 250 x 400 1.96 2.6 90 0.4 Py

NBH3 250 x 400 1.96 3.3 0 /
BH7 250 x 400 1.96 3.3 90 /

NBH4 250 x 400 1.61 2.1 0 /
BHS 250 x 400 1.61 2.1 90 /

NBH5 250 x 400 1.47 2.1 0 /
BH9 250 x 400 147 2.1 90 /

2.2. Test Setup and Instrumentation

After curing, the beams were transferred to a furnace chamber for heating following
the temperature curve prescribed by standard ISO 834 [13], as shown in Figure 2a. The
underside and two sides of the beams were fabricated in the furnace, as illustrated in
Figure 2b. Before heating, the load was first added to the applied load. After the load
stabilized, the heating began. This load was kept constant during the fire test, and the
general arrangement of the test setup is shown in Figure 3. Four thermocouples were
installed along the furnace length to monitor the temperature of the furnace. To calibrate
the temperature distribution under fire exposure, a series of K-type thermocouples were
installed in the cross-section of beams, as shown in Figure 4. After reaching the set fire
time, the furnace chamber was switched off, and fire-damaged beams were allowed to cool
down naturally to room temperature.

Figure 2. Layout of the fire test. (a) The furnace chamber (b) Specimen arrangement in the furnace.
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Figure 3. Fire test setup (dimensions in mm). (a) Vertical load (b) Location of LVDTs.
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Figure 4. Location of thermocouples (dimensions in mm). (a) Location of thermocouples (b) 1-1 section
(c) 2-2 section.

A schematic diagram of the static load test setup, strain gauges and linear displacement
transducers (LVDTs) are shown in Figure 5.
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Figure 5. The static load test setup (dimensions in mm). (a) Configuration of the test setup (b) Beam
during the test (c) Location of the strain gauges.
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3. Experimental Results and Discussion

3.1. Thermal Response

Figure 6 shows the temperature at various locations inside the beam and the furnace.
Strict temperature control according to ISO 834 could not be conducted due to the lim-
itations of the furnace equipment. For the furnace temperature, the average of the four
thermocouples installed along the length of the furnace is reported, as shown in Figure 6a.
It is evident that the furnace temperature was lower than the ISO 834 temperature [13]. In
an electric furnace, heating is applied along three faces, and the temperature difference
between the bottom and top of the beam is large, resulting in an uneven temperature distri-
bution. With increasing section height, the temperature of the measuring point decreases;
that is, the temperature is related to the distance from the fire surface, and the temperature
increases with decreasing distance from the fire surface.
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Figure 6. Cont.
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Figure 6. Temperature-time curves of beams. (a) Temperature-time curve in the furnace.
(b) Temperature—time curve of BH1. (c) Temperature—time curve of BH3.

3.2. Structural Responses
3.2.1. Failure Modes

Considering the large number of beams, only the failure modes and crack distributions
of the partial beams in the static load test are illustrated in Figure 7 for simplicity, where
the red lines in Figure 7 is the main crack of beams. The final failure mode of all beams
was shear failure. Compared with the beam at ambient temperature, the beams exposed to
high temperature generated many more and wider cracks. In addition, the distribution of
diagonal cracks was more extensive in the shear-bending zone.

(b)

Figure 7. Cont.
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(d)

(8)

Figure 7. Diagonal cracks in beams resulting in their ultimate destruction. (a) NBH1 (b) NBH2
(c) NBH3 (d) BH1 (e) BH3 (f) BH5 (g) BHY.

3.2.2. Shear Capacity of Specimens

The output load of the hydraulic jack, the occurrence of flexural and diagonal cracks,
and the strains of longitudinal reinforcements were presented simultaneously during the
loading procedure. The ultimate shear load P, and shear cracking load P, are listed in
Table 2. For a simply supported beam, the load value in the Table 2 is the one-point load
value. the following conclusions can be obtained:

1.  The shear capacity of the specimens without stirrups decreased after fire exposure,
as shown in Figure 8. For instance, compared with the specimen NBH1 at room
temperature, the shear bearing capacity of BH1 decreased by 10.5%. The shear strength
loss of beams increased with increasing fire exposure time ¢, such as those of BH1, BH2
and BH4 (10.5% < 24.7% < 36.8%). The relationship between the residual shear capacity
and fire time ¢ is shown in Equation (1), where ‘P,1" and ‘P,,” indicate the ultimate load
bearing capacity of the beam after fire exposure and at room temperature, respectively.

Pyr= (1.23 — 0.38t + 0.04t%) P, (1)
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Figure 8. The effect of t on the residual shear capacity of beams. (a) Residual shear capacity
(b) Reduction coefficient of shear strength (c) The relationship of Pyt vs. t.

Table 2. Shear capacity of beams without stirrups.

No. psvl% pl% A t/min J Py/kN Py /kN fimm
NBH1 0.00 1.96 21 0 / 50 190 13.12
BH1 0.00 1.96 2.1 60 / 50 170 15.35
BH2 0.00 1.96 2.1 90 / 40 143 14.22
BH3 0.00 1.96 2.1 90 0.4 0 80 9.09
BH4 0.00 1.96 2.1 120 / 40 120 15.55
NBH2 0.00 1.96 2.6 0 / 35 175 9.72
BH5 0.00 1.96 2.6 90 / 50 140 18.06
BH6 0.00 1.96 2.6 90 0.4 40 98.5 9.81
NBH3 0.00 1.96 3.3 0 / 50 140 11.72
BH7 0.00 1.96 3.3 90 / 40 115 15.63
NBH4 0.00 1.61 2.1 0 / 60 180 12.22
BHS8 0.00 1.61 2.1 90 / 40 138 15.23
NBH5 0.00 1.47 21 0 / 60 170 11.46
BH9 0.00 1.47 2.1 90 / 50 120 16.62

2. The shear capacity of fire-damaged specimens decreased with increasing preload,
such as those of BH2 and BH3 (143 kN > 80 kN), BH5 and BH6 (140 kN > 98.5 kN),
as shown in Table 2. Compared with residual shear capacity of no preloaded beam
BH2 and BHS, that of thermo-mechanical beams BH3, BH6 is reduced by 44.1% and
29.6%, respectively. Therefore, the residual shear capacity degradation of beams
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under the coupling of fire and constant load was higher than that of beams only
under fire without constant load. That is, the shear capacity of beams undergoing
thermo-mechanical coupling could be further degraded.

3. The shear capacity of specimens exposed to fire decreased with increasing A, such as
those of BH2, BH5 and BH7 (143 kN > 140 kN > 110 kN), which is consistent with that
of the specimen at ambient temperature, as shown in Figure 9. The shear strength
loss of the beams decreased with increasing shear span ratio A, such as those of BH2,
BH5 and BH7 (24.7% > 20.0% > 17.8%). The relationship between the residual shear
capacity and shear span ratio A is shown in Equation (2).
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Figure 9. The effect of A on the residual shear capacity P of beams. (a) Residual shear capacity
(b) Reduction coefficient of shear strength (c) Relationship of P, vs. A.

4.

The shear capacity of fire-damaged specimens increased as the longitudinal reinforce-
ment ratio p increased, such as those of BH2, BH8 and BH9 (143 kN > 138 kN > 120 kN),
which is consistent with that of the specimen at ambient temperature, as shown in
Figure 10. The shear strength loss of the beams increased as the longitudinal reinforce-
ment ratio p increased, such as those of BH2, BH8 and BH9 (24.7% > 12.2% > 8.8%).
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P (kN)

The relationship between the residual shear capacity and longitudinal reinforcement
ratio p is shown in Equation (3).

Pyr= 1.130%1bhy (3)
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Figure 10. The effect of p on the residual shear capacity P of beams. (a) Residual shear capacity (b)
Reduction coefficient of shear strength (c) Relationship of P, vs. p.

Combined with the test results, considering the relationship of the residual shear
capacity Py, shear span ratio A and longitudinal reinforcement ratio p on beams after high
temperature, by fitting the data in Table 2, the three-dimensional relationship of P,, A and
o of post-fire beams without stirrups is shown in Figure 11, and its expression is shown in
Equation (4).

Pyr =198(%) 7bh0 (4)

SRS
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Figure 11. The three-dimensional relationship between P, A and p.

3.2.3. Specimen Stiffness

The load—deflection curves of different specimens are shown in Figure 12. By analyzing
these curves, the following conclusions can be obtained:

1. Both the shear capacity and the stiffness of post-fire beams without stirrups declined.

2. Figure 12a,b,d show that the stiffness of the specimens decreased as the fire exposure
time (), shear span ratio (A) and load ratio () increased.

3. Figure 12c shows that the stiffness of the specimens increased with increasing longitu-
dinal reinforcement ratio p.
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Figure 12. The load—vertical displacement curves of various specimens. (a) Fire exposure time ¢
(b) Shear span ratio A (c) Longitudinal reinforcement ratio p (d) Load ratio.
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3.2.4. Strain Distribution

Figure 13 shows the load-strain curves of the post-fire specimens. Strain gauges were
attached to the longitudinal reinforcement to measure the strains at the mid-span section.
For all the specimens, the strain in the longitudinal reinforcement did not reach the yield
value because all specimens failed due to the major shear cracking, as shown in Figure 13b.

200 200
—=—BHL BHS
—e—BH2 ——BH6
—— BH3 —e—BH7
1501, gHs ——BH8 150+
—v— BH9
2 ~
1004 5 1004
o o
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50- —4— BH3 —»—BH4
—— BH5 —<—BH6
—— BH7 —e—BHS8
, —— BH9
400 60 99 500 1000 1500
Concrete Strain (pe) Steel strain (1ic)
(a) (b)

Figure 13. The load-strain curves of various specimens after fire exposure. (a) Concrete strain
(b) Steel strain.

4. Finite Element Analysis

There are two methods used to evaluate the damage of concrete after fire exposure:
(1) to obtain the fire damage directly through field tests; (2) to evaluate the extent of the
damage to the section by numerical simulations or a simplified method. Finite element
analysis can be used to supplement the deficiencies of experimental research in quantity
and micro observation.

The finite element (FE) software package ABAQUS [14] was used to realize the pro-
posed FE model. The constitutive models for concrete and steel were defined within the
framework for the software package; the modelling of RC beams exposed to fire was
undertaken using the sequentially coupled thermomechanical procedure. In this procedure,
the mechanical analysis depends on the heat transfer analysis, but no reverse dependency
exists. Therefore, the FE analysis included two steps: (1) a heat transfer analysis of the RC
beam exposed to fire and (2) a mechanical analysis based on the heat transfer analysis

4.1. Heat Transfer Analysis

To clarify the effect of the shear span ratio, fire exposure time and longitudinal rein-
forcement ratio on the shear capacity of RC beams without stirrups after high temperature,
the FE software package ABAQUS [14] was used to simulate the existing specimens. Fig-
ure 14 shows a configuration of the specimen’s FE model, whose size and reinforcement
are consistent with the previous tested specimen, as shown in Figure 1. In this FE model,
the concrete and reinforcement framework are associated by using the surface-based tie
constraint provided in ABAQUS, and the rectangular specimen shown in Figure 14 is
exposed to fire on three surfaces.

For surfaces subjected to high temperature, the convective heat transfer coefficient is
assumed to be a constant of 25 W/(m-K), and the thermal emissivity is suggested to be
0.7 [16]. For the surfaces without fire, the convective heat transfer coefficient is assumed
to be a constant of 9 W/(m-K). For the whole model, the Stefan—-Boltzmann constant is
assumed to be 5.67 x 1078 W-m~2.°C~4.
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Figure 14. The FE model.

The thermal properties of concrete and steel, including the density, specific heat
capacity, and heat conductivity, have been well investigated in previous research [17-20].
The density and specific heat capacity of the concrete and steel can be determined according
to Eurocode 2 [17], and the heat conductivity of the concrete and steel is defined according
to Lie [18]. The temperature rise curve used in the simulation is the measured temperature
rise curve of the fire test, as shown in Figure 6. Figure 15 shows the temperature distribution
of the beam under FE model.

TEMP
(Avg 75%)

Figure 15. The temperature field distribution of the beam.

4.2. Mechanical Response Analysis

During the mechanical response analysis, the FE mesh remained the same as that used
in the preceding heat transfer analysis, but the thermal elements were replaced with stress
elements, which were eight-node continuum elements with reduced integration (C3D8R)
for concrete and two-node link elements (T3D2) for the reinforcing steel. The total fire
exposure period was divided into small time steps to ensure numerical convergence even
for a highly nonlinear problem.

During the mechanical response analysis, the constitutive models of concrete and
reinforcement are the main contents [21-25], and the concrete [21,22] is assigned the concrete
damaged plasticity (CDP) constitutive model in ABAQUS. In the mechanical calculation,
because the concrete adopts a solid element with continuity, which is not suitable for
cracking and complex mechanical properties, ABAQUS/Explicit can be used for explicit
dynamic analysis, and concrete cracking and crushing can be realized through element
deletion. The contact constraint is set in the whole model, the interface friction coefficient
is 0.3, and the interface normal direction adopts hard contact.

4.3. Validation of the FE model

The thermal performance coefficients of concrete and reinforcement and the mechan-
ical properties of materials after high temperature are reasonably selected, the thermal
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mechanical coupling model of the concrete beam after high temperature is established, and
the model is verified by the experimental results, as shown in Figures 16 and 17.
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Figure 16. Comparison of load-vertical displacement curves for beams. (a) Fire time (b) Shear span
ratio (c) Longitudinal reinforcement ratio.
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Figure 17. Failure model of the FE results and test results for the beams. (a) BH1 (b) BH2 (c) BH4.

5. Evaluation of the Residual Shear Capacity

There are several models for calculating shear strength of beams. Most of the sug-
gested models were established through the regression analysis of the experimental data.
Compared with the above experimental studies, the relationship between various parame-
ters and the shear strength of beam without stirrups after fire exposure is mainly related to
fire exposure time, the shear span ratio, concrete strength, cross-section size, longitudinal
reinforcement ratio and so on.

Zsutty [26] proposed a simple model using dimensional and statistical regression anal-
ysis to estimating the shear strength of beams without stirrups, as shown in Equation (5).

!
Vy= 2.2(%")1/319;10 (5)

The cylinder’s compressive strength f ' is directly proportional to the axial compressive
strength f., which can be calculated by the conversion coefficient. Therefore, Equation (6)
was suggested, which provided a reasonable estimate of the shear capacity of beams
without stirrups:

B
o = a(4L) by ©)

Based on the experimental and numerical analysis, taking shear span ratio A, fire time
t and longitudinal reinforcement ratio p as the parameters, the above numerical simulation
method was used to carry out a parametric expansion analysis of the beams without
stirrups after high temperature, and the influence of various parameters on the residual
shear capacity of postfire beams without stirrups are studied. The temperature rise is
controlled by the standard ISO 834 temperature curve [13]. The specimen shows obvious
shear failure in the shear-bending area. The simulation results are shown in Table 3.

Table 3. Shear capacity of beams without stirrups under different fire times.

No. t/min A pl% Py/kN
Bl 0 1.0 1.47 301.47
B2 0 1.0 1.96 320.31
B3 0 15 1.47 234.34
B4 0 15 1.96 282.63
B5 0 2.0 1.47 160.16
B6 0 2.0 1.96 179.79
B7 0 2.5 1.47 134.47
B8 0 2.5 1.96 150.73
B9 0 3.0 1.47 112.06

B10 0 3.0 1.96 121.03

B11 0 3.5 1.47 92.06

B12 0 3.5 1.96 104.62
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Table 3. Cont.
No. t/min A pl% Py/kN
B13 60 1.0 1.47 198.29
B14 60 1.0 1.96 208.20
B15 60 15 1.47 188.37
B16 60 1.5 1.96 193.33
B17 60 2.0 1.47 148.85
B18 60 2.0 1.96 158.63
B19 60 2.5 1.47 116.54
B20 60 2.5 1.96 127.18
B21 60 3.0 1.47 92.06
B22 60 3.0 1.96 108.34
B23 60 35 1.47 76.48
B24 60 3.5 1.96 96.25
B25 90 1.0 1.47 188.42
B26 90 1.0 1.96 178.46
B27 90 15 1.47 170.34
B28 90 1.5 1.96 173.26
B29 90 2.0 1.47 141.14
B30 90 2.0 1.96 158.63
B31 90 25 1.47 107.58
B32 90 2.5 1.96 126.54
B33 90 3.0 1.47 89.65
B34 90 3.0 1.96 94.89
B35 90 3.5 1.47 75.32
B36 90 3.5 1.96 89.50
B37 120 1.0 1.47 154.82
B38 120 1.0 1.96 158.63
B39 120 1.5 1.47 143.44
B40 120 1.5 1.96 149.83
B41 120 2.0 1.47 126.54
B42 120 2.0 1.96 143.76
B43 120 2.5 1.47 103.63
B44 120 2.5 1.96 126.54
B45 120 3.0 1.47 80.68
B46 120 3.0 1.96 94.19
B47 120 3.5 1.47 66.95
B48 120 3.5 1.96 77.87

Combined with the simulation results in Table 3, the relationship of the shear capacity,
shear span ratio A and longitudinal reinforcement ratio p for beams without stirrups under
different fire times is shown in Figure 18.

The constants « and f for different fire times are given in Table 4. In order to propose
a unified model for fire time f, the constants for their corresponding fire time are plotted in
Figures 19 and 20. A polynomial trend-line is fitted for each constant, yielding an excellent
R-squared value. Therefore, the constants « and S for the fire time f can be written in the
following form:

a= 113> — 4.79t + 8.23 (7)

B= 0.06t> — 0.29t + 0.83 (8)
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Figure 18. The relationship of Py, A and p for beams without stirrups under different fire times.
(a) t =0 min (b) t = 60 min (c) t = 90 min (d) t = 120 min.

Table 4. Values of « and S for different fire times.

t/h o B R?
0 8.26 0.83 0.94
1 4.39 0.59 0.87
1.5 3.83 0.55 0.85
2 3.08 0.49 0.81
8
y =1.13x* —4.79x +8.23
64
3
44

1
t(h)

Figure 19. Variation of « with the fire time.
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Figure 20. Variation in p with the fire time.

Generally, when the load value under high temperatures is small, the influence of the
load under high temperatures can be ignored. When the load under high temperatures
is large, the influence of the load value ¢ at high temperatures should be considered.
The shear bearing capacity of a loaded beam under high temperature can be calculated
by multiplying the shear bearing capacity without load under high temperature by the
reduction coefficient [27,28], which can be expressed by the following formula:

7= (0.163\ — 0.584)6°+1 )

Therefore, the residual shear capacity of the RC beam without stirrups after fire time ¢
can be expressed by Equation (10).

vur= ((0.163A — 0.584)6% + 1)(1.13t> — 4.79¢t + 8.23)(%)(0‘069_0'2%*0'83) bhy  (10)

The shear capacities of all beams in the experimental and numerical studies were
calculated using the simplified evaluation process, as shown in Table 5 and Figure 21,
where Ve is judged by the results obtained from the analysis shown in Table 3 and the
experimental results shown in Table 2, and V. is judged by the results obtained from the
proposed formula. Comparing the calculation and the experimental results, the calculation
values of the beam without stirrups after fire exposure is in good agreement with the
experimental values, and the average absolute error is 10.48%. Although the test data are
scattered to a certain degree and there are some differences between the calculation and
experimental results, the calculation formula can still evaluate the shear capacity of beams
without stirrups after fire with acceptable accuracy.

400

300

Viest (KN)
N
(=]
2

100+

0 100 200 300 400
Vcal (kN)

Figure 21. Comparison of V., and Vst for beams.



Buildings 2022, 12, 1706

19 of 21

Table 5. Comparison between the theoretical and experimental values of the beams without stirrups.

s‘]))l;tcaes No t/min A pl% Viest!kN Vea/kN (Viest — Vea)/Viest/%
B1 0 1.0 147 301.47 276.05 8.43
B2 0 1.0 1.96 32031 350,50 942
B3 0 15 147 23434 197.16 15.86
B4 0 15 1.96 282.63 25034 11.42
B5 0 20 147 160.16 155.28 3.04
B6 0 20 1.96 179.79 197.16 —9.66
B7 0 25 147 134.47 129.03 404
B8 0 25 1.96 150.73 163.83 —8.69
B9 0 3.0 147 112.06 110.91 1.02
B10 0 3.0 1.96 121.03 140.82 ~16.35
B11 0 35 147 92.06 97.59 —6.01
B12 0 35 1.96 104.62 123.91 —18.44
B13 60 1.0 147 198.29 200.65 119
Bl4 60 1.0 1.96 208.20 238.45 ~1453
B15 60 15 147 188.37 157.32 16.48
B16 60 15 1.96 193.33 186.96 3.29
B17 60 20 147 148.85 132.38 11.07
B18 60 20 1.96 158.63 157.32 0.83
B19 60 25 147 116.54 115.79 0.64
B20 60 25 1.96 127.18 137.60 —819
B21 60 3.0 147 92.06 103.79 1274
B22 60 3.0 1.96 108.34 123.35 ~13.85
B23 60 35 147 76.48 94.62 —2372
B24 60 35 1.96 96.25 112.45 ~16.83
Table 3 B25 90 1.0 147 188.42 170.96 9.27
B26 9 1.0 1.96 178.46 199.12 ~11.57
B27 90 15 147 170.34 137.90 19.04
B28 90 15 1.96 173.26 160.61 7.29
B29 9 20 147 141.14 118.40 16.11
B30 90 20 1.96 158.63 137.90 13.07
B31 90 25 147 107.58 105.19 222
B32 90 25 1.96 126.54 122,52 3.18
B33 9 3.0 147 89.65 95.50 —653
B34 90 3.0 1.96 94.89 111.23 1722
B35 90 35 147 75.32 88.01 ~16.85
B36 90 35 1.96 89.50 10251 —1453
B37 120 1.0 147 154.82 158.31 225
B38 120 1.0 1.96 158.63 182.27 ~14.90
B39 120 15 147 143.44 129.78 9.52
B40 120 15 1.96 149.83 149.43 0.27
B41 120 20 147 126.54 112.72 10.92
B42 120 20 1.96 143.76 129.78 9.72
B43 120 25 147 103.63 101.04 2.49
B43 120 25 147 103.63 101.04 2.49
B44 120 25 1.96 126.54 116.34 8.06
B45 120 3.0 147 80.68 92.41 ~1453
B46 120 3.0 1.96 94.19 106.40 ~12.96
B47 120 35 147 66.95 85.69 —27.99
B48 120 35 1.96 77.87 98.66 —26.69
NBHI 0 21 1.96 190 189.34 0.34
BH1 60 21 1.96 170 152.78 10.13
BH2 90 21 1.96 142 134.38 5.36
BH3 90 21 1.96 115 132.30 —15.04
BH4 120 21 1.96 120 126.72 —559
NBH2 0 26 1.96 175 158.58 9.38
BH5 90 26 1.96 140 119.99 14.28
Table 2 BH6 90 26 1.96 98,5 118.77 —20.58
NBH3 0 33 1.96 140 130.11 7.06
BHY 90 33 1.96 110 105.76 3.86
NBH4 0 21 1.96 180 130.11 27.71
BHS 90 21 1.61 138 128.19 7.10
NBH5 0 21 1.96 170 142.28 1630
BHY 90 21 147 125 122.15 227
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6. Conclusions

In this paper, shear strength tests of five room-temperature beams and nine post-fire
beams without stirrups were conducted, and the factors that influenced the shear capacity
were investigated. Based on ABAQUS, a numerical analysis method of RC beams after fire
exposure was established, and a simplified calculation formula was proposed to evaluate
the shear capacity of post-fire beams without stirrups. The following conclusions can
be drawn:

1.  The shear capacity and stiffness of the specimens decreased after fire exposure, and
the shear strength loss of the beams increased with fire time. Compared with the
beam at ambient temperature, the residual shear capacity of beams subjected to fire
on three sides for 60 min, 90 min and 120 min were reduced by 10.5%, 24.7% and
36.8%, respectively.

2. The shear capacity and the stiffness of fire-damaged specimens decreased as the
shear span ratio A increased, and the shear strength loss of the beams decreased with
A. For the beams without stirrups subjected to fire on three sides for 90 min, the
residual shear capacity of beams with different shear span ratios of 2.1, 2.6 and 3.3
were reduced by 24.7%, 20.0% and 17.8%, respectively.

3. The shear capacity of fire-damaged specimens increased as the longitudinal reinforce-
ment ratio p increased, and the shear strength loss of the beams increased with the
longitudinal reinforcement ratio p. For the beams without stirrups subjected to fire on
three sides for 90 min, the residual shear capacity of beams with different longitudinal
reinforcement ratios of 1.47%, 1.61% and 1.96% were reduced by 8.8%, 12.2% and
24.7%, respectively.

4. Comparing the theoretical results and the experimental results, the theoretical value of
the beam without stirrups after fire exposure is in good agreement with the experimen-
tal valued, and the average absolute error is 10.48%, so this formula can still evaluate
the shear capacity of post-fire beams without stirrups with acceptable accuracy.

5. The findings of this study are expected to be useful to researchers and designers
looking to improve the performance of beams without stirrups when exposed to fire.
However, the theoretical study on shear capacity of RC beams after fire exposure were
not conducted in this study, and should be further investigated in future researches.
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