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Abstract. This paper presents a moment-curvature method that accounts for the strength deterioration of
steel at elevated temperature in estimating the response of steel beams exposed to fire. A modification to the
EC4 method is proposed for a better estimation of the temperature distribution in the steel beam supporting a
concrete slab. The accuracy of the proposed method is verified by comparing the results with established test
results and the nonlinear finite element analysis results. The beam failure criterion based on a maximum strain
of 0.02 is proposed to assess the limiting temperature as compared to the traditional criteria that rely on
deflection limit or deflection rate. Extensive studies carried out on steel beams with various span lengths, load
ratios, beam sizes and loading types show that the proposed failure criterion gives consistent results when
compared to nonlinear finite element results.

Key words: elevated temperature; fire safety design; limiting temperature; moment-curvature method;
steel beam; limit state design.

1. Introduction

Modern fire resistance design codes (BSI 2000 and CEN 2001) provide mainly two simplified methods for
the design of beams in fire, namely the standard fire test method and the moment capacity method. In
the standard fire test method, a simply-supported load-bearing member is heated in a furnace with gas
temperatures following a standard time-temperature curve. The time taken for the member to reach a
prescribed failure criterion is the fire resistance rating of the member. This method is rather time
consuming and costly because any change to the types of structural members, supporting conditions
and applied loads would require additional tests. Simplified design charts and tables have been
produced for the prediction of the fire resistance of individual members based on a limited number of
full-scale tests (Buchanan 2001).

The moment capacity method calculates the load bearing capacity of a member at elevated
temperatures according to the temperature distribution in the member and the corresponding strength
reduction factors. This method is based on ultimate strength analysis and the deformation of member is
not considered. However, there are situations where the deformation criteria shall be applied when the
means of protection or the design criteria for separating members require consideration of the
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deformation of the load bearing structures (Lawson et al. 1996). Eurocode 3 Part 1.2 deals with this
requirement by using a modified reduction factor, which corresponds to approximately 0.5% strain in
the steel members so that the deflections are unlikely to exceed span/100. This method triggers one of
the major criticisms about ENV version of EC3 because of its (1) open end formulation, (2) lack of
functional background, and (3) exceptional material for steel (Twilt 2001). For a performance-based
design to meet the real design requirements, the deflection history of the beam should be calculated.

Although recent research has been directed to the investigation of the effect of structural continuity
on the design of floor beams (Wang 2001, Li et al. 2000, Liu et al. 2002, etc), it is simpler to idealize
beams as individual members for the purpose of design. Even though beam’s catenary action has been
well investigated, it is still not possible for all beams to be left unprotected and remained stable by
catenary action (Huang et al. 2004). This is particularly true for beams supporting compartment walls.
They are designed to satisfy certain limiting deflection criteria when exposed to fire in order to prevent
the spread of fire from one compartment to another. Although advanced nonlinear analysis methods
have been developed for analyzing large scale framework (Liew et al. 1998, 2002, Li et al. 1999, Liew
and Ma 2004), their uses require careful verification. Guidance on the use of advanced calculation
methods must be given before they can be fully implemented in practice. On the other hand, the
conventional approach based on simplified calculation method offers a flexible and reasonable
approach for checking the limit states of individual members in the whole framework.

In this paper, the effect of temperature distribution in the cross section on the structural behaviour of
steel beam is firstly discussed. Suggested improvements are made to the EC4 method in estimating the
temperature distribution of I-section beams supporting concrete slabs and the results obtained are
verified against test results. A moment-curvature method is then proposed to estimate the deflections of
steel beams at elevated temperatures, which, when combined with the thermal bowing deflection due to
the temperature gradient in the cross section, gives the total deflection history of the beams. The
calculated deflection is compared to established test and numerical results and the accuracy of the
proposed method is verified. The beam failure criterion based on the maximum strain of the beam
section reaching the effective yield strain of 0.02 is proposed to calculate the failure temperature of
beams. The results obtained are compared with those calculated from the conventional failure criteria
based on the limiting deflection or the deflection rate. The proposed failure criterion is found to be
consistent in predicting the failure temperature compared to nonlinear finite element results for a wide
range of beam parameters such as different load ratios, section sizes and loading conditions.

2. Temperature distribution in beams

Temperature increase within structural members has two effects on the structural response behaviour.
One is the reduction of materials strength and stiffness leading to a reduction in the load bearing
capacity of the structural member. For example, steel losses about 89% of its yield strength and 91% of
its elastic modulus at 800oC. Decrease in yield strength significantly reduces the ultimate load
resistance of the member and a reduction of elastic modulus means larger strain is developed for the
same stress state and thus large deformation is expected. The other effect is the strain due to thermal
expansion and it will produce thermal deformation if the member is not restrained and will induce
thermal stress if it is restrained. The real structural response could be complicated due to the multiple
interactions between these two effects.

For steel beams engulfed in a compartment fire, it is rational to assume that temperature is uniformly
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distributed along the length of the member (Franssen et al. 1995). The temperature distribution over the
beam section may be assumed to be uniform if it is heated from four sides due to the good conductibility of
steel. Simplified method for estimating the steel temperature is given in Eurocode 3 (CEN 2001).

However, for steel beams that are supporting a concrete slab, the upper flange temperature will be
somewhat lower. Fig. 1(a) shows a typical temperature distribution observed from the beam tests
(Wainman and Kirby 1987). The response of beams exposed to fire may be attributed to three affecting
factors. The first is due to uniform heating, which induces axial expansion. The second is due to linear
temperature variation in the cross section, which induces curvature bending. These two factors do not
produce internal stress if the beam is free to expand. The last influencing factor is due to non-uniform
heating in the beam section. The resultant deformation and stress state are shown in Fig. 1(b). From the
deflection point of view, the total temperature profile contributes to the loss of cross-section stiffness
while only the temperature gradient produces additional thermal deflection.

Liew (2004) provides a means to estimate steel temperature development of protected and
unprotected steel based on iteration over small time step. The method is based on the principle that heat

Fig. 1 (a) Temperature distribution over the cross-section from standard test results (Wainman and Kirby 1987,
test 3), (b) Temperature components and their resultant deformation
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is transferred to the exposed surface of steel member and the temperature of the steel member will be
uniformly increased due to the heat input. In a small time increment ∆t, the temperature increase ∆T can
be calculated as 

(1)

where Am / V is the section factor for unprotected steel member and is the ratio of the exposed
surface area to the volume of the member in unit length. ρ and c are mass and specific heat of steel,
respectively.  is the heat transfer due to the convection and is calculated as

(2)

where αc is the convection coefficient, Tf and Ts are temperatures of the fire and the steel member.
 is the heat transfer due to radiation and is calculated as

(3)

where εres is the resultant emissivity.
This method could only handle sections with uniform temperature distribution. To calculate the

temperature distribution in a steel section as shown in Fig. 2, the whole steel section is divided into
three plate components and the temperature of each component is calculated according to the simplified
method as recommended by Eurocode 4 (CEN 2002). And the section factor would be (2tf + w − tw) /
(w × tf), 2/tw and (2tf + 2w − tw) /(w × tf) for the upper flange plate, web plate and lower flange plate,
respectively.

The convection coefficient and radiation emissivity, although simply recommended by Eurocode 1
(EC1 1996) to be αc = 25 W/m2 K and εres = 0.5 respectively, are actually quite complicated and dependent

∆T
Am

V
------h· con h· rad+

ρc
------------------------=

h· con

h·con α c Tf Ts–( )=

h· rad

h· rad εres 5.6710 8– Tf 273+( )4 Ts 273+( )4–( )⋅ ⋅=

Fig. 2 The cross-section configuration for the upper flange, web and lower flange
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on several factors (Wang 2002; Wong 2001). Fig. 3 shows the temperature profile of an I-section
254 × 146UB43 calculated using the Eurocode 4 (CEN 2002) procedure and the results are compared
with the test results by Wainman and Kirby (1987). In general, the calculated temperatures are higher
than the test results and the predicted temperature difference between the upper flange and lower flange
is smaller than those observed from the test. The discrepancies are due to the fact that EC4 method does
not consider the heat conductions between the cross-section plate components, including the heat sink
effect of the concrete slab and over-simplification of the heat transfer coefficients. It has been proposed
by Wong and Ghojel (2003) that the determination of the radiation emissivity has been treated as fudge
factors to match experimental results rather than reflecting the true thermal properties related to the fire
tests and any simple constant value will not be able to fit all test results. To provide a better estimation
of temperature distribution in the steel section, the following modifications are proposed to the EC4
method:

1. The section factor of the upper flange is modified to (2tf + kw − tw) /(w × tf). The heat flow into
the upper flange through (1-k)w of the fire exposed edge is assumed to be lost to the concrete
slab. The value of k is determined to be 0.3 by calibration against the test results from Wain-
man and Kirby (1987).

2. The resultant section factors from step 1 are further modified by 0.85, 0.6 and 1.25 for the
lower flange, web and the upper flange, respectively, to account for the heat flux from the web
and the lower flange to the upper flange. 

3. The resultant emissivity εres and convection coefficient αc are modified as a function of body
temperature T:

εres = 350/(T + 590) (4)

αc = 8000/(T + 800) (5)

Fig. 3 The calculated method according to EC 4 against test results (Wainman and Kirby 1987, test 1)
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The calculated temperatures based on the above modification are in good agreement with test results
for most of the 14 test results studied (Wainman and Kirby 1987). It is noted that tests on the same beam
show some degree of variance in terms of temperature distribution; however, the calculated
temperatures are slightly higher and hence conservative. For example, the calculated temperatures in
Fig. 4 give conservative prediction for tests 2, 3 and 4 which are based on the same beam size
254×146UB43.

The proposed modifications made to the Eurocode 4 (CEN 2002) may be only appropriate for the fire
exposed duration that is similar to the British standard tests. In predicting the response of steel beams,
the modified method proposed in this section will be adopted. The deflection calculation method is
applicable as long as temperature distribution is available regardless whether it is from test data or from
any other calculation methods.

3. Deflection of steel beams at elevated temperature

For beams at normal temperature, based on theory of elasticity, bending curvature φ is related to the
moment diagram M by

(6)

where EI is the flexural rigidity of the beam. Bending curvature is the second-order differential of
the deflection δ. Therefore the tangent of the deflection curve is

(7)

φ M
EI
------=

dδ
dx
------ φ xd∫ C+=

Fig. 4 The modified calculation method against test results (Wainman and Kirby 1987, tests 2, 3 and 4)
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where C is a constant to be determined from the boundary condition. The deflection at any distance
x from the left support may be calculated as

(8)

At time t, the temperatures for the upper flange, web and lower flange of the section are known as
T1, T2 and T3. At the same time, the cross-section of the beam should satisfy two equilibrium
conditions:

(9)

(10)

where, Ni is the resultant axial force of the i th component of the cross-section, Mi is the resultant
bending moment of the i th component of the cross-section to the neutral axis of the section and
M(x) is the bending moment of the section due to the external load. From Eqs. (9) and (10), the
neutral axis and the curvature of the section can be solved. If the curvature distribution along the
whole beam length is known, the deflection can be calculated from Eqs. (7) and (8).

From Eq. (6), the curvature is proportional to the bending moment at normal temperature. It is
reasonable to assume that the curvature is also proportional to the bending moment at elevated
temperature. Eqs. (9) and (10) cannot be solved directly to obtain the neutral axis and curvature values.
An iterative method must be used. In the following sections, the material model is firstly introduced and
the iteration scheme is then explained.

3.1. Material model

The mathematical model recommended by Eurocode 3: Part 1.2 (CEN 2001) offers a convenient way
to express the stress-strain relationship of steel at elevated temperature. The original model consists of
four ranges as shown in Fig. 5.

However, the expression for the transition range εp < ε < εy cannot be directly integrated. Its fourth
order Taylor series at ε = 0.02 is used instead. The proposed mathematical model for the transition
range is

(11)

Fig. 6 shows that the new mathematical model in general gives a good approximation to the EC3
stress-strain relationship although the stress at the beginning of the transition range is slightly over-
predicted. However, its influence on the calculated deflection, as later shown in Section 3.5, is
negligible.

δ x( ) dδ
dx
------ xd
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Fig. 5 The material model according to Eurocode 3: Part 2.1 (CEN 2001)

Fig. 6 Comparison of the Eurocode 3 and proposed model for the stress-strain relationship in the transition
range, εp< ε < εy
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3.2. Cross-section stress resultants

Once the neutral axis and section curvature are known, the resultant section force and moment can be
calculated in the following way: 

The I-section is divided into three rectangular plate components. For each plate component, the
resultant axial force and moment can be obtained by integrating the stress and moment of the stress
respectively as: 

(12)
and 

(13)

where pw is the width of that section component and p1, p2 are distances of the two edges to the
neutral axis (Fig. 7). Typical values of p1, p2 and pw of an I-section are listed in Table 1 and the
neutral axis is defined as the distance to the upper edge of the section.

In view of Fig. 7, Eqs. (12) and (13) can be further written as

(14)

and 

(15)

RF i( ) pw σ Ti p,( )dp
p2

p1

∫×=

RM i( ) pw σ Ti p,( )pdp
p2

p1

∫×=

RF i( ) pw σ Ti p,( )dp
0

p1

∫ σ Ti p,( )dp
0

p2
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0
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=

Fig. 7 Calculation of the resultant force and moment for a component plate in a cross section

Table 1 Parameters of the section components for I-section

Section component Distance to neutral axis Section plate width pw

Upper flange p1 = Z; p2 = Z − tf w

Web p1 = Z - tf ; p2 = Z − h + tf tw

Lower flange p1 = Z − h + tf ; p2 = Z − h w
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Introducing the following functions: 

(16)

(17)

Eqs. (14) and (15) become

(18)

(19)

If linear strain distribution is assumed, (i.e. plane section remains plane after deformation), the strain
of a section point is related to its distance from the neutral axis by

(20)

where φ is the curvature and p is the distance of the section point to the neutral axis.
Substituting Eq. (20) into the material model of section 3.1 relates the stress of any section point to
its distance from the neutral axis p and temperature T :

(21)

Substituting Eq. (21) into Eqs. (16) and (17) gives the expressions for F(T, p) and M(T, p), the
details of which are given in the appendix.

The total resultant force and moment for the section is the sum of the resultant force and moment for
each plate component. For I- and H-section beams, the following expressions apply:

(22)

(23)
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3.3. Iteration scheme for solving the section curvature

The basic principle involved in the iterative scheme is that the curvature from the previous time step
is used as the trial value of the current time step. The neutral axis for the previous time step is then used
to calculate the resultant force of the section. If the resultant axial force is not zero, the neutral axis is
shifted until Eq. (9) is satisfied within a predefined tolerance. Finally the resultant moment for the
converged neutral axis is calculated. According to the assumption that the curvature is proportional to
the bending moment, the curvature for the maximum moment section should be

(24)

where φ is the current curvature. The curvature φmax from Eq. (24) may not satisfy RM = Mmax because the
curvature may not be strictly proportional to the bending moment. However, it makes RM closer to
Mmax. A new iteration begins until both Eqs. (9) and (10) are satisfied within a predefined tolerance.
The initial neutral axis of a symmetric cross-section is located at the half-depth h/2, while the initial
maximum curvature can be calculated from structural elasticity as 

(25)

where Mmax is the maximum bending moment along the beam length and EI is the flexural rigidity
at normal temperature.

3.4. Mechanical deflection

When the maximum curvature is solved, the beam deflection is calculated as

(26)

where k is a factor determined from the moment distribution. For example, k is 1/12 for beams having
one point load at the mid-span point and 5/48 for beams carrying a uniformly distributed load.

3.5. Thermal deflection

As the lower flange of floor beams are heated to a higher temperature than the upper flange, an
additional deflection will be induced by the non-uniform expansion of the section (Usmani et al. 2001).
Assuming an uniform temperature gradient along the beam length as

(27)

The corresponding curvature induced along the length of the beam may be written as 

(28)

where α is the thermal expansion coefficient. The total rotation angle for a beam of length L is 

φmax
Mmax

RM

------------φ=

φmax 0,
Mmax

EI
------------=

δm kL2φmax=

dT T3 T1–( ) h⁄=

φT α dT×=
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(29)

and the mid-span deflection due to the temperature gradient is (Fig. 8)

(30)

The total deflection of simply-supported beams is the sum of mechanical deflection (Eq. 26) and
thermal deflection (Eq. 30).

(31)

3.6. Verification studies

A total of fourteen tests involving five beam sizes were done on simply-supported steel beams
supporting a concrete slab in the British standard tests (Wainman and Kirby 1987). The steel beams
were non-composite, i.e., there was no shear connector between the beam and the slab. The beam
deflections calculated using the proposed method are compared with the test results. Selected
temperature-deflection curves for three beam sizes are shown in Figs. 9(a)-(c). Comparisons of tests
and predicted results show a similar trend that the calculated deflection is slightly higher than the test
results at the initial range and then become slightly lower. Nevertheless, the maximum difference in
deflection does not exceed 10 mm. At collapse, the calculated deflections increase rapidly and the
predicted limiting temperatures are 50-100 oC lower than the test results. This is expected because the
nominal design strength is used in the theoretical calculation while the real material strength should be
somewhat higher than the assumed design strength. The other reason that explains the earlier failure of
the predicted results is that the web temperature is assumed to be uniform and equal to the maximum
value. In reality, the temperature at the upper end of the web will be lower, whose influence, although
negligible, could be significant when the beam approaches failure. The same analysis is also performed

θ φT L×=

δT 1 cos φL 2⁄( )–[ ] φ⁄=

δ δm δT+=

Fig. 8 Deflection due to thermal bowing effect
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by nonlinear finite element analysis program ABAQUS, in which the nominal design strength is used
and uniform temperature is assumed for section plate component. Comparison of results show that the
proposed method gives the same initial deflection and ultimate failure temperature as predicted by
ABAQUS. In the intermediate heating range, beam deflection from the proposed method is smaller
than ABAQUS results which may be due to the over-calculation of the stress in the transition range.
However, the predicted values are closer to the test results. 

4. Fire safety design of steel beams

There are two main considerations for the design of floor beams in fire. One is the strength
requirement in which the load carrying capacity of the member cannot be exceeded. The other is
deformation requirement, or the displacement of the beam must be limited to avoid damage to
structural or non-structural components. To satisfy the second requirement, a deflection limit is
normally specified and the temperature at which the predefined deflection limit is reached is deemed as
the limiting temperature. However, from experimental observation, there is no clear indication of beam
losing its load bearing capacity when exposed to fire. The tests were often terminated when the
deformation exceeds certain criterion to avoid damage to the test furnace.

Fig. 9 Comparison of the calculated results and test results with ABAQUS results (Wainman and Kirby 1987,
test 1)
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The beam stiffness is the key parameter that affects the beam deflection. It can be observed from
Fig. 5 that when the strain of the beam flange reaches its effective yield strain, the beam loses its
stiffness rapidly and collapse is almost immediate. The proposed moment-curvature method is adopted
to study the response of steel beams exposed to fire. In the proposed method, the neutral axis Z and the
curvature φ of the section at the maximum moment location can be calculated and the maximum strain
at the bottom of the beam flange can be obtained as (Fig. 2),

(32)

It is proposed that the limiting temperature be defined as the temperature when the maximum strain
εmax in the cross section reaches the effective yield strain of 2% in accordance with EC3: Part 1.2.

BS476 (BSI 1987) also recommends a performance criterion for the load-bearing capacity of bending
members when exposed to standard fire. Flexural members are deemed to have lost its load-bearing
capacity when the following criteria are violated (BSI 1987):

a. Deflection, δ < L /20, or
b. Rate of deflection, R< L2/(9000 h) in mm/min

where L is the clear span and h is the beam depth. The rate of deflection limit should not apply
before a deflection of L/30 is exceeded.

Most of the tests carried out on steel beams exposed to fire do not allow the beams to deflect to a very
extent and hence the ultimate failure temperature at which the collapse of beam occurred cannot be
recorded. Therefore it is not possible to deduce from the test records what is the “actual” failure
temperature of the beam. However, numerical analysis can be continued until the deflection becomes
numerically infinity. The nonlinear finite element analysis program, ABAQUS, is used to check the
accuracy of the proposed method in determining the critical temperature. The critical temperature
predicted by ABAQUS is taken as when the maximum beam deflection becomes L/5 which is deemed
as sufficiently large for the ultimate failure of beams to occur. In the following sub-sections, the critical
temperature obtained based on effective yield strain of 2% is compared to the BS476 criteria and they
are checked with the results predicted by ABAQUS for beams with different span lengths, load ratios,
beam sizes and loadings.

4.1. Effect of load ratios

The parametric study is conducted on a simply-supported beam of 254×146UB43 Grade 275 steel,
length 4.5 m and 6 m and subjected to a uniformly distributed load. The loads are varied with load
ratio ranging from 0.3 to 0.8. The results, presented in Table 2, show that the proposed failure
criterion based on effective yield strain of 2% gives the limiting temperature closer to the ultimate
failure temperature predicted by ABAQUS. Although the proposed method gives conservative
prediction when compared to the ABAQUS results, the maximum temperature difference is within
13oC for a wide range of load ratios. In contrast, the limiting temperature given by BS476 is more
conservative when the load ratio is increased and a maximum difference of 70oC was observed for
beam length 6m and load ratio 0.8.

εmax h Z–( )φ=
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4.2. Effects of beam size and span length

In this study, the beam size and span length are varied and the limiting temperatures predicted by the
three methods are compared. The results are shown in Table 3. In the first series of the study, the beam
span is kept at 6.0 m while the beam size varies. In the second series, beam size UB356×171×67 is
fixed while the span length varies from 4.0 m to 8.0 m. The load ratio for all the beams is kept at 0.5.
According to the BS476 method, change of the beam geometry should have no effect on the limiting
temperature. However, the analysis results from ABAQUS show that the limiting temperature increases
when the section size is larger. The span length should not have any effects as long as the load ratio

Table 3 Comparison of the failure temperature for beams with different beam sizes and span lengths (load
ratio = 0.5)

Beam attributes Limiting temperature (oC)

ABAQUS failure 

temperature (1)

BS476

criteria (2)

Difference

(1)-(2)

2% yield strain

criterion (3)

Difference

(1)-(3)

Beam size

(L = 6 m)

UB254×146×43 618 591 27 612 6
UB305×165×54 619 600 19 613 6
UB356×171×67 623 609 14 616 7
UB406×178×74 627 615 12 620 7
UB457×191×98 628 619 9 620 8

Beam span, L

(UB356×171×67) 

4.0 m 622 616 6 615 7
5.0 m 622 613 9 615 7
6.0 m 622 607 15 615 7
7.0 m 622 600 22 615 7
8.0 m 622 595 27 615 7

Table 2 Prediction of failure temperature for beam UB254×146×43 kg/m with various load ratios and span
lengths

Span
length

Load 
ratio

Limiting temperature (oC) 

ABAQUS failure 
temperature (1)

BS476 
Criteria (2)

Difference
(1)-(2)

2% yield strain
criterion (3)

Difference
(1)-(3)

4.5 m

0.3 695 685 10 690 5
0.4 659 648 11 654 5
0.5 620 605 15 613 7
0.6 588 568 20 580 8
0.7 560 529 31 547 13
0.8 524 480 44 513 11

6.0 m

0.3 695 676 19 691 4
0.4 660 635 25 654 6
0.5 620 593 27 613 7
0.6 587 555 32 580 7
0.7 559 514 45 547 12
0.8 523 453 70 513 10
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remains the same. The deflection criteria given by BS476 seem to predict different limiting temperature
for beams with the same load ratio but different span length. On the other hand, the limiting
temperature predicted by the 2% effective yield strain criterion gives a consistence and better prediction
of beams failure temperature compared to the nonlinear finite element analysis showing a small
difference of 6 to 8oC.

4.3. Other loading conditions

In the plastic theory, the limiting temperature is defined as the temperature at which, the plastic
resistance of the section equals to the maximum bending moment of the beam. Therefore, it is
independent of the bending diagram. In this section, three typical moment diagrams generated by
various loading conditions are studied. The load magnitudes are controlled so that the moment
diagrams are different but the maximum moments are the same. The load ratio is around 0.5. The
nonlinear finite element results given by ABAQUS show that although the temperature-deflection
curves for these three beams are different, they fail at the same temperature as shown in Table 4. This is
in agreement with the plastic theory. In the moment-curvature method proposed in this paper, the
maximum strain is calculated according to the maximum moment. The effect of moment diagram is
only considered when calculating the mid-span deflection. Therefore, it is able to give uniform limiting
temperatures for all three loading types. However, the limiting temperature given by BS476 is loading
type dependent.

4.4. Fire safety design of beams

The studies show that the proposed ultimate strain criterion can accurately predict the failure
temperature with a consistent error of around 7oC for beams with various span lengths, section sizes
and loading conditions. Therefore, the 2% effective yield strain criterion is proposed for use in
situations where only the ultimate strength limit state governs the design. For beams that are sensitive to
deflection, the moment-curvature method may be used to predict the total deflection including the
effect of thermal bowing. The recommended procedure for fire safety design of floor beam is shown in
the flow chart in Fig. 10. 

Table 4 Comparison of the three criterions with respect to the loading type

Loading type
Failure temperature 

based on plastic analysis 
(oC) (1)

BS476
(oC) 
(2)

Difference
(oC) 

(1)-(2)

2% Ultimate 
strain criterion

(oC) (3)

Difference
(oC) 

(1)-(3)

622 613 9 615 7

622 607 15 615 7

622 598 24 615 7
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5. Conclusions

This paper proposes some improvements to the EC4 method for estimating the temperature distribution
in a beam that supports a concrete slab, and the improved method provides a better estimation of the
beam deflection when compared to the established test results. Based on the calculated temperature, an
iteration scheme is used to determine the neutral axis and the curvature of the beam section satisfying
the force equilibrium in the cross section. The total beam deflection, including both the mechanical and
thermal bowing deflections, can be evaluated. 

The beam deflection calculated from the proposed method is verified against the British standard tests
for 3-side heated floor beams. The results show that the proposed method gives very close estimation of
the test results except that the ultimate temperature is under estimated by 30-50 oC. The results are also
compared with those obtained from nonlinear finite element analysis and good agreement is observed.
The proposed method may be used to evaluate the beam response for general loading and fire exposure
conditions.

In cases where beam deflection is not the main concern for fire safety design, it is proposed that the
limiting temperature should be determined from the maximum strain in the cross section reaching a
value of 2%. Extensive studies on floor beams with various load ratios, beam sizes, span lengths and
load types show that the failure criterion based on 2% effective yield strain can be used to predict the
limiting temperature with better accuracy when compared to the current deflection criteria recommended by
BS476. For all the cases studied, the limiting temperature predicted by the proposed yield strain
criterion is within 7oC from the ultimate failure temperature obtained from the nonlinear finite element
analysis. Finally, an integrated design procedure considering both ultimate strength and deflection limit
states is proposed for fire safety deign of floor beams.

Fig. 10 An integrated approach for fire safety design of steel beams
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Appendix

The expression for the stress as a function of distance to the neutral axis p as shown in Eq. (21)
constitutes of four ranges. Therefore, function F(T, p) and M(T, p) as an integration of the stress over the
section could be consisted of four parts depending on the value of p. 

The expression for F(T, p) is

F(T, p) =

where

where 

The expression for M(T, P) is

M(T, p) =

where 

pwL T p,( )     p εp φ⁄≤
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