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Abstract

Fire safety is a critical criterion for designing reinforced concrete structures. With the introduction of
performance based design, structural engineers need design tools to assess the capacity of different
elements during fire exposure. This paper proposes an analytical method to predict the shear
capacity of RC beams exposed to elevated temperatures. The proposed method extends the use of
existing ambient temperature methods by accounting for the effect of elevated temperatures on
material properties. It involves heat transfer analysis, evaluation of the material properties at elevated
temperatures and application of the Modified Compression Field Theory to estimate the shear
capacity. The method is validated using experimental results by others. A parametric study is then
conducted to investigate the effects of different parameters on the shear capacity of RC beams

exposed to fire.
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1. Introduction

Reinforced Concrete (RC) is one of the most commonly used construction materials. It has
advantages including strength, durability, and flexibility to be formed into irregular and complicated
shapes. Concrete has also excellent characteristics with respect to fire resistance. It is non-
combustible, and, thus does not propagate fire, nor produce toxic gases (Denoel, 2007). Its low
thermal conductivity delays the increase of temperatures of the section’s inner core and the
reinforcing steel bars. Regardless of these benefits, concrete resistance to fire should not be taken for
granted. Concrete undergoes complex reactions and changes when exposed to elevated temperatures.
These changes reduces the concrete strength and increases the corresponding strains.

Fire resistance of RC structural elements can be determined either experimentally or
analytically. The high cost of fire tests makes them unsuitable for regular design. Analytical methods
include the Finite Element Method (FEM) (Kodur and Wang, 2004). It requires performing a
coupled thermal-stress analysis, which cannot be easily performed by design engineers.

Currently, concrete structures are being designed for fire safety using prescriptive methods that
are based on experimental investigations. These methods usually specify the minimum cross-section
dimensions and clear cover to achieve specific fire ratings. They tend to be conservative and do not
give engineers any design flexibility (Purkiss, 2007). As new codes are moving towards
performance-based design, simplified methods are needed to facilitate the prediction of the load-
carrying capacity of RC elements during exposure to elevated temperatures. El-Fitiany and Youssef
(2009, 2010) developed and validated a sectional analysis method to predict the flexural and axial
behavior of RC members exposed to fire conditions. Based on this method, they developed stress
block factors for concrete beams exposed to fire (El-Fitiany and Youssef, 2011), a simplified

analysis technique for continuous RC beams exposed to fire (El-Fitiany and Youssef, 2014a), and a
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simplified technique to sketch the axial force-moment interaction diagram for RC sections exposed
to fire (El-Fitiany and Youssef, 2014b).

Many researchers have studied the shear capacity of RC sections at ambient temperature
(Vecchio and Collins, 1986 and 1988; Kotsovos GM and Kotsovos MD, 2013; Murty and PapaRao
2013 and others). However, the shear capacity for sections exposed to fire has not been thoroughly
investigated. There is a clear lack of analytical methods that can assess the shear behavior of
concrete elements exposed to fire (Bamonte et al., 2009). The provisions of the current design
standards are set based on the flexural capacity of a structural member during fire and needs to be
modified to account for the shear capacity at elevated temperatures.

The aim of this paper is to develop a reliable and simple method to estimate the reduced shear
capacity of RC beams exposed to elevated temperatures. The method involves the use of heat
transfer analysis to determine the temperatures within the cross-section and the Modified
Compression Field Theory (MCFT) by Vecchio and Collins (1986) to predict the shear capacity. The
paper also presents a parametric study to investigate the effects of various design parameters on the

shear capacity of RC beams during exposure to fire.

2. Proposed method

The proposed method assumes that the shear capacity at elevated temperatures can be derived
using existing ambient temperature methods while accounting for the effect of elevated temperatures
on the materials (Masaad and Chefdebien, 2007). Figure 1 summarizes the main steps for this
method, which include determining the temperature distribution within the studied cross-section,
evaluating the reduced strength properties of concrete and steel bars, and calculating the shear

resistance of the cross-section.
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2.1 Heat transfer analysis

The temperature distribution within a concrete cross-section during exposure to fire includes the
FEM, the Finite Difference Method (FDM) as well as many simplified methods. The FEM is the
most general tool to predict the thermal distribution but it is time consuming. The FDM (Lie, 1992)
is considered a simplified version of the FEM and is utilized in this paper to evaluate the temperature
distribution within the studied sections.

The boundary conditions for the studied section including dimensions, number of exposed faces,
and the fire duration are first defined. The section is then divided into 45° mesh elements as shown
in Figure 2. The temperature at the center of each element represents the temperature of the entire
element. The thermal conductivity (k¢) and specific heat capacity (C.) are assumed using the
equations reported by Lie (1992). The incremental temperature increase at the surface of the cross-
section is determined based on the relationship between the fire temperature and its duration. Part of
the heat energy conveyed to the boundary elements is used to increase their temperatures while the

remaining energy is transferred to the inner elements.

2.2 Properties of materials at elevated temperatures
Youssef and Moftah (2007) provided an assessment of the available models of the material
properties of concrete and steel at elevated temperatures. Their recommended models are utilized in

this paper and are summarized below.
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2.2.1 Concrete compressive strength
Hertz’s model (Hertz, 2005) is used to predict the reduced concrete compressive strength at

elevated temperatures (f”.1):

fc'
2 8 64
1
1+T+(Tj+(Tj+ T (1)
15,000 800 570 100,000

Where (T) is the temperature in degree Celsius, and (f’.) is the concrete compressive

.fclT =

strength at ambient temperature.

2.2.2 Concrete tensile strength
Youssef et al. (2008) recommend the use of Eq. 2 to predict the tensile strength of concrete at

elevated temperature (f;7).

I

Jo =1 % 7

)

Where (f;) is the concrete tensile strength at ambient temperature and can be defined using

Eq. (3) by Bentz (2000).

f; =045x(f)™ 3)

2.2.3 Fire-induced strains in concrete

Total concrete strain at elevated temperatures (&) is the summation of three terms:
instantaneous stress related strain (&,r), thermal strain (&), and transient strain (&.-). This paper
focuses on unrestrained elements, and, thus thermal strain does not have an effect. Transient strain is

induced during the heating of concrete and is considered the largest component of the total strain.
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Terro’s model (1998), Eq. 4, is used to predict the transient strains at elevated temperatures.

g =g, (0.032 +3.226£,J(Lj
/.

0.65 4)

c

Where, 1, is the volume of aggregate and

£, =43.87x10°=2.73x10°T=6.35x10°T* +2.19x107°T* - 2.77x107"° T*

2.2.4 Yield stress of Steel
The model presented by Lie (1992) is used to predict the reduced yield strength of

reinforcement steel at elevated temperatures (fyr):

[ T
1+ x 0<T <600°C 5
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T >600°C (5b)
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2.2.5 Young’s modulus of steel
The model presented by Lie (1992) is used to predict young’s modulus of steel at the

elevated temperature (E7):

E =|1+ T < E 0<T <600°C (6a)
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2.3 Prediction of shear capacity

The MCFT was developed by Vecchio and Collins (1986) based on experimental observations of
a large number of RC members. It uses equilibrium, compatibility and stress-strain relationships to
predict the relationship between shear and normal stresses as well as the resulting deformations. The
MCEFT has been successfully implemented in a number of computer programs including Response
2000 (Bentz, 2000), which is utilized in this paper.

When a beam is exposed to fire from three sides, the pattern of temperature distribution within
the beam cross-section takes the shape of the contour lines shown in Figure 3(a). This varying
temperature within the beam cross-section poses a challenge while defining the temperature to be
used to calculate the reduced strength properties of materials.

To utilize the method of sectional analysis during fire exposure, El-Fitiany and Youssef (2009)
divided the concrete section into layers and assigned an average temperature to each layer,
Figure 3(b). The same approach is valid while evaluating the shear behavior as the MCFT can be
applied using a layered approach (Vecchio and Collins, 1988). A further simplification that involves
the use of one average temperature for the whole section is examined by developing two models for
six concrete sections. In the first model (Figure 4a), each section is assumed to have five layers with
different temperatures assigned to each layer. The second model (Figure 4b) uses an average
temperature for the whole section. Table 1 gives the details of the six analyzed sections. The shear
capacities predicted by the two models are then evaluated using the MCFT. Figure 5 compares the
shear capacities predicted by the two models, which have a maximum difference of 4%.

As the vertical legs of the stirrups provide shear resistance, their temperatures are used to

7
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calculate the material properties. Temperatures at mesh points that lie on the vertical legs were
obtained from the heat transfer analysis. The average of these temperatures is then calculated. The
use of such average is justified because the distance between the mesh points are equal and shear
stresses are assumed to be constant along the stirrup height. The average temperature was then

utilized to calculate the reduced strength properties of the shear reinforcement.

3. Validation of the proposed method

The proposed method to estimate the shear capacity of RC beams during exposure to fire is
validated by comparing its predictions with the experimental and analytical data found in the
literature. It has been quite difficult, however, to find literature discussing the shear resistance of RC
beams exposed to fire. The majority of the research on fire resistance of concrete structural elements

has mainly been conducted to study flexural resistance rather than shear resistance.

3.1 Experimental work by Desai et al. (1998)

Desai (1998) tested five RC beams that were exposed to fire from three sides to evaluate their
shear capacity. All beams were 200 X 300 mm in cross-section. They had 1600 mm overall length
and 1400 mm supported span. The beams were reinforced using 3¢20 mm and 2¢12 mm at their
bottom and top, respectively. Concrete cover was 25 mm. Table 2 gives details about the stirrups
and the concrete compressive strength for the tested beams. Figure 6 shows the cross-section of
beam B501. Desai (1998) proposed the use of a center bar to enhance the fire resistance. The tensile

strength of the steel reinforcement at ambient temperature (f;) was 460 MPa. Beams B102, B202,

B301, B401 and B501 were exposed to ISO 840 fire curve while supporting a midspan load of 70,
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80, 90, 110, and 120 kN, respectively. The fire durations resulting in shear failure were recorded.

Analysis steps for beam B501 are given as an example of the application of the proposed method.

3.1.1 Temperatures in concrete and steel during exposure to fire

Heat transfer analysis was performed to determine the temperature distribution within the
cross-section of the beam. The section was divided into 45° mesh elements and the temperature for
each element was obtained. The cross-section was then divided into 120 layers and the average
temperature for each layer is calculated. Figure 7 shows the variation of average temperatures for the
whole section at different fire durations. The average temperature in concrete reached 617 °C after
approximately two hours of fire exposure.

Figure 8 shows the increase in temperatures in the steel bars during the fire event. Locations
of steel bars are identified in Figure 6. The temperatures of bars located at L1, L, L3, and L4 reached
643, 565, 370, and 460 °C, respectively, after two hours of fire exposure. It can be seen that bars L
and L experienced a higher temperature increase as they are located close to the fire-exposed faces
of the beam. On the other hand, bar L3 (the center bar) experienced the lowest temperature increase.
Temperatures resulting from heat transfer analysis were recorded along the vertical leg of the
stirrups at 4 mm spacing. The average temperature within the leg was then calculated. Figure 8

shows that the average temperature in stirrups reached 640 °C after two hours of fire exposure.

3.1.2 Properties of materials during fire
The strength properties for steel and concrete during fire exposure are shown in Figure 9 to
Figure 12. The stirrups and the tension steel bars, located at the bottom side of the beam,

experienced high reduction in strength properties as shown in Figure 9 and Figure 10. Figure 9

9
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shows that the yield strength of the stirrups decreased by 70% after two hours of fire exposure as
compared to only 26% decrease for the center bar. Young’s modulus of the stirrups decreased by
59% after two hours of fire exposure as compared to a decrease of only 17% for the center bar as
shown in Figure 10. The concrete compressive strength decreased by 69% after two hours of fire

exposure, Figure 11. The reduction in the concrete tensile strength is shown in Figure 12.

3.1.3 Reduction of shear capacity during fire exposure

Figure 13 shows the reduction of the shear capacity of beam B501 during exposure to a fire
as predicted by the MCFT. The beam failed in shear after 1.72 hrs of fire exposure as its shear
capacity was reduced to 42% of its initial shear capacity. Desai et al. (1998) reported that the beam

failed after 1.78 hr of fire exposure.

3.1.4 Shear capacity predictions for the remaining beams

Figure 14 shows the reduction in the shear capacities of beams B102, B202, B301, B401 and
B501. Desai et al. (1998) reported that beams B102, B202, B301, B401 and B501 failed after
1.88,1.68,1.70,1.76,and 1.78 hrs of fire exposure, respectively. For the same shear forces, the
proposed method predicted the beams to fail after 1.77,1.55,1.56,1.75 and 1.72 hrs of fire
exposure. Figure 15 presents a comparison between the predictions of the proposed method and the
experimental results for all beams. It is clear that the proposed method predicted with sufficient

accuracy the shear capacity of fire-exposed beams during exposure to a fire.

3.2 Hsu and Lin’s analytical work

Hsu and Lin (2008) developed an analytical model that incorporates thermal and structural
10
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analyses to assess the shear capacity of RC beams during fire exposure. They used the finite
difference method to model the temperature distribution within the cross-section. The shear capacity
was then evaluated using the equation of the American Concrete Institute design standard (ACI,
2008) while considering the influence of elevated temperatures on the properties of steel and
concrete. They analyzed a beam that had 300 X 500 mm cross-section. It was reinforced with
4925 mm at its bottom and 2¢25 mm at its top. Stirrups of ¢ 10 mm spaced at 100 mm were used.
The ambient compressive strength of concrete was 20 MPa and the ambient yield strength of the
steel bars was 400 MPa. The proposed method is applied to the same beam. Figure 16 shows a good

match between the prediction of the proposed method and results by Hsu and Lin (2008).

4. Parametric study

A total of 26 beams were analyzed, Table 3. Three beam heights (300 , 400 and 500 mm), three
beam widths (200,300 and 400 mm), two longitudinal reinforcements ratios (1.5% and 2.5%), four
transverse reinforcement ratios (0.0%,0.2%,0.4% and 0.6%), two concrete covers (30 and
40 mm), and two concrete compressive strengths (30 and 50 MPa) were considered. These beams
were subjected to fire from three sides. Fire temperatures were based on the standard ISO 840 fire
curve (Lie, 1992). The following sections provide a detailed analysis of the effect of each parameter

considered in this study.

4.1 Effect of the transverse reinforcement ratio (p,)
Figure 17 tacks the shear capacity reduction, during exposure to elevated temperatures for beams
with different percentage of transverse reinforcement. Figure 18 shows the relationship between the

percentage of transverse reinforcement and the shear capacity at different durations of fire exposure.
11
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The reductions in the shear capacity after 1 hr and 2 hr of fire exposure are 22% and 57% for B2,
and 26% and 60% for B4. These numbers suggest that the reduction rate of the shear capacity
during fire is not significantly affected by the transverse reinforcement ratio. By increasing the
transverse reinforcement ratio (p;) from 0.2% to 0.4%, the shear capacity increased by 49% at
ambient temperature, and by 40% and 37% after 1 hr and 2 hr of fire exposure, respectively.
Similarly, by increasing the transverse reinforcement ratio (p;) from 0.4% to 0.6%, the shear
capacity is increased by 27% at ambient temperature, and by 24% and 20% after 1 hr and 2 hr of
fire exposure, respectively. It can be noted that the benefit of using additional shear reinforcement

decreases during fire because of the reduction of the steel strength properties.

4.2 Effect of the longitudinal reinforcement ratio (p;)

Figure 19 tracks the shear capacity reduction, during exposure to elevated temperatures, of four
beams B2, B4, B5 and B7 that have the same cross-section dimensions. Beams B2 & B5 have same
web reinforcement (0.2%), and two different percentages of longitudinal reinforcement (1.5% and
2.5%). Beams B4 and B7 have same web reinforcement (0.6%) and two different percentages of
longitudinal reinforcement (1.5% and 2.5%).

a) Beams with 0.2% transverse reinforcement:
The shear capacity of beam B2, which has longitudinal reinforcement of 1.5%, is reduced by
22% and 57% after 1 hr and 2 hr of fire exposure, respectively. The shear capacity of beam
BS5, which has a longitudinal reinforcement of 2.5%, is reduced by 20% and 55% after 1 hr and
2 hr of fire exposure, respectively.

b) Beams with 0.6% transverse reinforcement:

The shear capacity of beam B4, which has a longitudinal reinforcement of 1.5%, is reduced by
12
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26% and 60% after 1 hr and 2 hr of fire exposure, respectively. The shear capacity of beam B7,
which has a longitudinal reinforcement of 2.5%, is reduced by 24% and 59% after 1 hr and 2 hr
of fire exposure, respectively.

Increasing the percentage of longitudinal reinforcement slightly increases the shear capacity of

beams. However, it does not affect the shear capacity reduction rate during exposure to fire.

4.3 Effect of concrete cover
Figure 20 tracks shear capacity reduction, during exposure to elevated temperatures, of beams
B2, B4, B8, and B10. Beams B2 & B4 have a 30 mm concrete cover, while beams B8 & B10 have a
40 mm concrete cover.
a) Beams with 0.2% transverse reinforcement:
The shear capacity of beam B2, which has a 30 mm concrete cover, is reduced by 22% and
57% after 1 hr and 2 hr of fire exposure, respectively. On the other hand, the shear capacity of
beam B8, which has a 40 mm concrete cover, is reduced by 14% and 44% after 1 hr and 2 hr
of fire exposure, respectively.
b) Beams with 0.6% transverse reinforcement:
The shear capacity of beam B4, which has a 30 mm concrete cover, is reduced by 26% and
60% after 1 hr and 2 hr of fire exposure, respectively. On the other hand, the shear capacity of
beam B10, which has a 40 mm concrete cover, is reduced by 20% and 50% after 1 hr and 2 hr
of fire exposure, respectively. Increasing the concrete cover from 30 mm to 40 mm increased

the shear capacity by 8% and 24% after 1 hr and 2 hr of fire exposure, respectively.

13
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4.4  Effect of beam height (h)

Figure 21 tracks the shear capacity reduction during exposure to elevated temperatures for
beams B1, B3, B11, B13, B21 and B23. Beams B1 and B3 have a 300 mm beam height and web
reinforcement percentages of 0% and 0.4%, respectively. Beams B11 and B13 have a 400 mm
beam height and web reinforcement percentages of 0% and 0.4%, respectively. Beams B21 and B23
have a 500 mm beam height and web reinforcement percentages of 0% and 0.4%, respectively.

a) Beams with no transverse reinforcement:
The shear capacity of beam B1, which has a 300 mm beam height, is reduced by 25% and 64%
after 1 hr and 2 hr of fire exposure, respectively. The shear capacity of beam B11, which has
a 400 mm beam height, is reduced by 20% and 52% after 1 hr and 2 hr of fire exposure,
respectively. The shear capacity of beam B21, which has a 500 mm beam height, is reduced by
18% and 48% after 1 hr and 2 hr of fire exposure, respectively.
b) Beams with 0.4% transverse reinforcement:
The shear capacity of beam B3, which has a 300 mm beam height, is reduced by 26% and 59%
after 1 hr and 2 hr of fire exposure, respectively. The shear capacity of beam B13, which has a
400 mm beam height, is reduced by 24% and 58% after 1 hr and 2 hr of fire exposure,
respectively. The shear capacity of beam B23, which has a 500 mm beam height, is reduced by
22% and 56% after 1 hr and 2 hr of fire exposure, respectively.
Increasing the beam height results in a higher shear capacity. The reduction rate of this capacity
during exposure to a fire event is not affected by increasing the beam height for beams with web
reinforcement. This is due to the fact that increasing the beam height has a minor effect on the

temperature of the web reinforcement.

14
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4.5 Effect of beam width (b)

Figure 22 tacks the shear capacity reduction, during exposure to elevated temperatures, of four
beams B21, B23, B24 and B26. Beams B21 and B24 have no transverse reinforcement and two
different widths 200 mm and 400 mm, respectively. Beams B23 and B26 have 0.4% transverse
reinforcement and two different widths 200 mm and 400 mm, respectively.

a) Beams with no transverse reinforcement:

The shear capacity of beam B21, which has a 200 mm beam width, is reduced by 18% and

48% after 1 hr and 2 hr of fire exposure, respectively. On the other hand, the shear capacity of

beam B24, which has a 400 mm beam width, is reduced by 8% and 16% after 1 hr and 2 hr of

fire exposure, respectively.
b) Beams with 0.4% transverse reinforcement:

The shear capacity of beam B23, which has a 200 mm beam width, is reduced by 23% and

56% after 1 hr and 2 hr of fire exposure, respectively. On the other hand, the shear capacity of

beam B26, which has a 400 mm beam width, is reduced by 18% and 39% after 1 hr and 2 hr

of fire exposure, respectively.

It can be seen that beams with larger width are less affected by fire hazards. Increasing the beam
width is an effective way to maintain the shear capacity during fire as the concrete core is protected
from fire temperature. Beams with large width and transverse reinforcement experienced higher
reduction rates of shear capacity than beams with no transverse reinforcement. This is due to the fact

that temperature of web reinforcement is not affected by the beam width.

4.6 Effect of concrete compressive strength (f',)

Figure 23 tracks the shear capacity reduction, during exposure to elevated temperatures, of
15
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beams B1, B3, B4, B17, B19 and B20. To investigate the effect of concrete compressive strength
(f'.), the beams are divided into two groups: beams B1, B3 and B4 have a concrete compressive
strength of 30 MPa, while beams B17, B19 and B20 have a concrete compressive strength of
50 MPa. Beams (Bl & B17), (B3 & B19) and (B4 & B20) have web reinforcement percentages of
0.0%, 0.4% and 0.6%, respectively.
a) Beams with no transverse reinforcement:
The shear capacity of beam B1, which has a 30 MPa compressive strength, is reduced by
25% and 64% after 1 hr and 2 hr of fire exposure, respectively. On the other hand, the
shear capacity of beam B17, which has a 50 MPa compressive strength, is reduced by 23%
and 57% after 1 hr and 2 hr of fire exposure, respectively.
b) Beams with 0.6% transverse reinforcement:
The shear capacity of beam B4, which has a 30 MPa compressive strength, is reduced by
26% and 60% after 1 hr and 2 hr of fire exposure, respectively. On the other hand, the
shear capacity of beam B20, which has a 50 MPa compressive strength, is reduced by 27%
and 63% after 1 hr and 2 hr of fire exposure, respectively.
Using higher compressive strength (f'.) slightly increases the shear capacity of the beam.
The effect of using higher concrete compressive strength becomes less pronounced for longer fire
durations for beams with web reinforcement. This is due to the fact that web reinforcement has a
greater contribution to the beam shear capacity and at high temperatures the effect of the

deterioration of web reinforcement overcomes the deterioration of concrete strength.

5. Summary and conclusions

An analytical method to predict the shear capacity of RC beams exposed to elevated
16
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temperatures is proposed. The proposed method extends the use of existing ambient temperature
methods while accounting for the effect of elevated temperatures on the materials. The finite
difference method is implemented to perform a heat transfer analysis. The deteriorated concrete and
steel strength properties are then calculated based on the elevated temperatures. Shear capacity was
subsequently estimated using the modified compression field theory. The predictions of the proposed
method were found to have a good agreement with the experimental and analytical results found in
the literature. Additional research is needed to further improve the proposed method to account for
concrete spalling, and, thus be valid for high strength concrete.

A parametric study was then conducted to investigate the effects of different parameters on
the shear capacity of RC beams exposed to fire. The parametric study provided data about the
sensitivity of shear capacity to different parameters and confirmed the relative importance of each

parameter.
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Tables

Click here to download Table: Tables.docx

Table 1 Details of the six concrete cross-sections used to assess the average temperature

approach
Beam Model (1) Model (2)
Beam | Dimensions Average Shear
No. & Stirrups | Layer | Layer height Temp. | Shear Capacity Temp Capacity
(mm) | No. (mm) (°0) (kN) °0) (kN)
1 150 358
2 60 370
200 x 300
1 » 3 40 436 87 420 85
¢6@200mm
4 25 555
5 25 760
1 150 358
2 60 370
2
no stirrups
4 25 555
5 25 760
1 200 355
2 80 363
200 x 400
3 x 3 54 395 118 404 121
¢6@200mm
4 35 501
5 31 731
1 200 355
2 80 363
200 x 400
4 x 3 54 395 65 404 63
no stirrups
4 35 501
5 31 731
1 250 350
2 100 355
200 x 500
5 * 3 65 370 194 391 190
¢9@200mm
4 45 455
5 40 690
1 250 350
2 100 355
2
no stirrups
4 45 455
5 40 690




Table 2 Details of beam specimens (Desai et al., 1998)

Beam No. f. (MPa) Center bar Stirrups
B102 39.40 - -
B202 34.40 1p16 mm -
B301 42.00 1920 mm -
B401 42.00 - e6mm@200 mm
B501 38.50 lol6 mm | p6mm@200 mm




Table 3 Parametric study beams

Beam # | f,'(MPa) | b(mm) | h(mm) | p1(%) | pt (%) | Cover (mm)
B1 0.00
B2 0.20
1.50
B3 0.40
B4 0.60 30
BS5 0.20
300

B6 2.50 | 0.40
B7 200 0.60
B8 0.20

30
B9 0.40 40
B10 0.60
B11 0.00
B12 0.20
B13 0.40

400

B14 0.00
BI15 300 0.20
B16 0.40
B17 1.50 | 0.00
B18 0.20

50 300 30
B19 0.40
B20 200 0.60
B21 0.00
B22 0.20
B23 0.40

30 500
B24 0.00
B25 400 0.20
B26 0.40




Figure 1
Click here to download Figure: 01- Proposed Method to Predict shear capacity of a RC beam exposed to fire..tiff
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Figure 3a
Click here to download Figure: 03a-Contour lines.tiff
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Figure 3b
Click here to download Figure: 03b-Concrete Layers.tiff
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List of notations

List of Abbreviations and Symbols

b cross-section width

B, Beam designation number “n”

C. specific heat capacity.

E initial modulus of elasticity of steel at ambient temperature
Er initial modulus of elasticity of steel at elevated temperatures
f'. compressive strength for concrete at ambient temperature

fy yield strength of steel bars at ambient temperature

f'or reduced compressive strength at elevated temperatures

ft tensile strength for concrete at ambient temperature

fer reduced tensile strength at elevated temperatures

fyr reduced yield strength of reinforcing bars at elevated temperatures
h cross-section height

ke thermal conductivity.

T fire temperature in degree Celsius

v, volume fraction of aggregates



Etn unrestrained thermal strain in concrete

Etot total concrete strain at elevated temperatures

Etr concrete transient strain

Eot strain at maximum stress at elevated temperatures
€03 transient creep strain for initial stress of 0.3 f”,
P1 longitudinal reinforcement ratio

Pt transverse reinforcement ratio



