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Abstract. A number of previous analytical studies have been conducted to predict the enhanced load-
bearing capacity of slabs due to tensile membrane action. These analytical approaches are based on an 
implicit assumption that vertical supports along the slab panel boundaries at all times during a fire do 
not deform. In reality the edge beams do deform even though they are fire-protected, and thus this 
assumption may be nullified. This renders their predictions to be unconservative when there is significant 
deflection of protected edge beams. This work looks at the actual condition where the protected 
supporting edge beams do deflect, and the slab still bends in synclastic curvature. The authors propose a 
semi-analytical model which can predict the load-bearing capacity of the composite beam-slab floor 
systems under fire conditions enhanced by tensile membrane action, but reduced by deflection of the 
protected edge beams. Its feature is that the deflection of the protected edge beams can be taken into 
account of calculation of the slab enhancement factor. 

1 INTRODUCTION 
At ambient temperature, the applied load on the slab in a composite floor system is distributed from 

the slab to the secondary beams in one-way action. The load path involved in resisting the permanent and 
variable loads under ambient condition is: slab → secondary beams → main beams → columns. 

Under severe fire conditions, if the secondary interior beams are unprotected, due to degradation of 
strength in fire they lose most of their strength. As a result, the beams form plastic hinges and the load 
path at ambient temperature cannot be maintained. The load-carrying mechanism changes to a two-way 
bending system. The region involving the slab and the unprotected interior beams is known as a slab 
panel. Under severe fire conditions, the load applied to a slab panel is distributed in a load path as 
follows: slab → supporting edge beams → columns. 

The slab panel develops its load-bearing capacity in the deformed state through a combination of 
yield-line mechanism and tensile membrane action. A number of analytical studies [1-4] have attempted 
to predict the enhanced load-bearing capacity of slab due to TMA. Among these approaches, a well-
known approach, namely, the Bailey-BRE method [1], has been adopted in the SCI Publication P288 [5] 
and applied in the UK practice. These analytical approaches are based on an implicit assumption that 
vertical supports along the slab panel boundaries at all times during a fire do not deform. The task of 
providing the necessary vertical support requires the edge beams to be sufficiently protected so that 
deflections are small. This is so that the slab can bend in synclastic curvature.   

However, in reality the edge beams do deform even though they are fire-protected, and thus this 
assumption may be nullified. This renders their predictions to be unconservative when there is significant 
deflection of protected edge beams. On the other hand, tensile membrane action can still be mobilised 
although the protected edge beams deform, provided that the plastic hinges do not form on the edge 
beams. Once the plastic hinges form on the protected edge beams, tensile membrane action will 
disappear. 
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The authors’ work presented in this paper looks at the actual condition where the protected 
supporting edge beams do deflect, and the slab still bends in synclastic curvature. The authors propose a 
semi-analytical model to predict the load-bearing capacity of the slab enhanced by tensile membrane 
action, but reduced by deflection of the protected edge beams. The proposed model was developed based 
on the BRE-Bailey method. The innovative feature is that the proposed model can take account of 
vertical deflection of the protected edge beams.    

2 PROPOSED SEMI-ANALYTICAL METHOD 

2.1 Assumptions 
The following assumptions are adopted in the model: (1) the slab panel is assumed to be unrestrained 

against horizontal movement, and supported along four edges by the protected beams; (2) the load 
supported by the flexural behaviour of the composite slab is calculated based on the lower-bound yield-
line mechanism, assuming that the interior beams have zero resistance; (3) the protected edge beams are 
assumed to be simply supported without any lateral restraint; (4) the load distribution on the edge beams 
at collapse follows the shape of the segments of the yield line mechanism, i.e. triangular loading 
distribution for the short-span beams and trapezoidal loading distribution for the long-span beams; (5) 
torsional rigidity of the edge beams is assumed to be negligible; (6) the load-carrying capacity of the steel 
interior beams and the slab (enhanced due to membrane action) are added together. 

Based on the author’s test results [6], the second assumption is accurate and conservative. Therefore, 
the slab panel is considered unrestrained against horizontal movement in the proposed model. 

When calculating the load capacity of the slab, the proposed model uses the second assumption, in 
which the lower-bound yield-line mechanism in the slab is adopted. This is a short coming of the 
proposed model since it cannot take into account the interaction between the slab and the unprotected 
interior beams. The contribution of the unprotected interior beams on the load capacity of the composite 
beam-slab system in fire is considered by the sixth assumption.   

In the sixth assumption, when calculating the additional load supported by unprotected interior beams 
in fire, the beams should be considered as steel beams. To validate this assumption, comparisons between 
the proposed model and the test results are conducted with two cases, i.e. the interior beams are treated as 
composite beams and as steel beams. They are not presented in this paper. 

2.2 Failure modes 
A composite floor system may fail due to failure mechanism of the slab panel or due to the composite 

beam-slab collapse mechanisms which involve failure of both the panel and the beams. These two failure 
mechanisms, i.e. single slab panel (Figure 1) and beam-slab collapse mechanisms (Figure 2), are the two 
failure mode mechanisms.   

In terms of the failure mode of the slab panel alone, Bailey and Toh [7] proposed two failure modes 
as shown in Figure 1, based on their fire tests conducted on isolated slabs. The first failure mode is due to 
fracture of the mesh reinforcement across the short span at the centre of the slab. A second failure mode 
occurs due to crushing of the concrete in the corners of the slab where high compressive in-plane forces 
develop. 

As observed in the authors’ tests [6], the authors adopt these two failure modes of the slab panel 
(Figure 1) in estimating the enhancement factor of the slab due to TMA.          

The composite beam-slab collapse mechanisms may appear if plastic hinges form in the perimeter 
beams and the yield lines occur across the centre of the slab as shown in Figure 2. These collapse 
mechanisms were proposed by Abu et al. [8] and have been included in SCI Publication P390 [9]. 

The most important condition for the mobilisation of TMA is that the slab must bend in synclastic 
curvature. Once the ‘folding’ mechanism has formed, TMA will vanish, leading to failure of the system. 
Therefore, the edge beams must be checked to ensure a minimum required moment resistance in order 
that the composite collapse mechanisms do not occur. Verification of the resistance of the edge beams [9] 
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must be conducted in order to ensure that the failure mechanisms of single slab panel (Figure 1) will 
occur. 

Full depth crack

Yield-line pattern

Reinforcement in 
longer span fractures

Edge of slab moves towards centre
of slab and 'relieves' the strains in
the reinforcement in the short span  

 

Concrete crushing due to
in-plane stresses

Yield-line pattern
Edge of slab moves towards centre
of slab and 'relieves' the strains in
the reinforcement in the short span  

a) Tensile failure of mesh reinforcement b) Compressive failure of concrete 

Figure 1. Assumed failure modes for isolated slab panels [7] 
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a) Yield line parallel to the unprotected beam b) Yield line perpendicular to the unprotected beam 

Figure 2. Composite collapse mechanisms [8] 

2.3 Proposed enhancement factor 
The authors propose a semi-analytical model which can predict the load-bearing capacity of the slab 

enhanced by tensile membrane action by taking account of vertical deflections of the protected edge 
beams. The proposed model was developed based on the BRE-Bailey method [7], in which the load 
supported by the flexural behaviour of the composite slab is calculated based on the lower-bound yield-
line mechanism, assuming that the interior beams have zero resistance. The overall enhancement factor 
can be calculated by Eq. (1). The deformed shape of a slab-beam floor system is shown in Figure 3. 

 
* *
1 1 1
* *
2 2 2

m b

m b

e e e
e e e

= +

= +
         (1) 
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 and the overall enhancement is given by: 

 
* *

* * 1 2
1 21 2

e ee e
aµ

−
= −

+
         (2) 

where *
1me  and *

2me are the contribution of membrane forces to load bearing capacity of elements 1 and 2, 
respectively; e1b and e2b are the factors which take into account of the effect of membrane forces on the 
bending resistance due to the presence of axial force of elements 1 and 2, respectively. 

The predicted load bearing capacity of the slab enhanced by TMA is calculated by Eq. (3): 

 *
, ,s yq e pθ θ= ×          (3) 

where py,θ is the yield-load of the slab at temperature θ. 
In the Bailey-BRE method, the values e1 and e2 are calculated based on the equilibrium of elements 1 

and 2 with the vertical rigid supports. Therefore, the method has to assume that the supports along the 
edges of the slab panel remain rigid, and it cannot consider vertical deflections of the edge beams. 

In the proposed approach, the values *
1e and *

2e are calculated based on the equilibrium of elements 1 
and 2 with the vertical deformed supports. Deflection of the edge beams is determined based on the 
deflected shape.  

Element 1

Element 2

Beam 1 (EI1)

Beam 2 (EI2)

Beam 2 (EI2)

Beam 1 (EI1)

Yield line

y

x

wmax

wzx = f(x)
wzy = f(y)

 
Figure 3. Deformed shape of a slab-beam floor system 

2.4 In-plane stress distribution 
The inplane stress distribution is assumed to be similar to the Bailey-BRE method as shown in Figure 

4. It is assumed that the in-plane forces comprise compressive membrane forces around the perimeter of 
the slab and tensile membrane forces in the central area of the slab. The magnitude of the forces is 
defined by the constants k and b which depend on the dimensions of the slab. The derivations of the 
inplane stress distribution are conducted by Hayes [10] and Bailey and Moore [1]. Only the results are 
given below. 

The parameters k and b are determined from equilibrium of the in-plane stress distribution. The 
intersection point of the yield lines is defined by the parameter n calculated using the yield-line theory. 

 
( )2

2
2 2 2

4 1 2 1+1     ;     3 1 1 0.5
4 1 2

µ
µ

−  = = + − ≤ +
na n

k n a
n a a

         (4) 

where a is the aspect ratio of the slab (L/l) and µ is the ratio of the yield moment capacity of the slab in 
orthogonal directions (should always be less than or equal to 1.0). 
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Figure 4. In-plane stress distribution for membrane action 

The yield-line resistance of the slab panel at temperature θ  can be calculated by Eq. (5). 

 
( )

2

0
22

24 1 13µ
µµ

−
 
 = + − 
  

y
Mp

l aa
         (5) 

The constant b is chosen as the minimum value in the following two expressions, which are 
associated with two failure modes of the slab as shown in Figure 1(a) and (b): 

 
2

1 2
0

0

1.1 1 1     ;      0.85 0.45
8 ( ) 2 2

+ +    = = −    + + −     
ck

l d d Kb b f T
K A B C D kKT

         (6) 

where d1 and d2 are the effective depths in both orthogonal directions; , , ,A B C D
 
are the geometric 

parameters [7]. 
T0 and KT0 are the resistance of the reinforcing mesh per unit width in long and short spans, 

respectively. The bending moments M0 and µM0 per unit width of the slab in long and short spans 
respectively can be calculated by: 

 
( ) ( )0 01 2

0 0 1 0 0 2

3 3
        ;         

4 4
µ

+ +   
= =      

   

g g
M KT d M T d          (7) 

where (g0)1 and (g0)2 are parameters which define the flexural stress block in short and long spans, 
respectively; 

For element 1, the membrane force along the yield line BC (Figure 4) is constant and is equal to: 
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 0= −x BC
N bKT          (8) 

The membrane force along the yield line AB (element 1), at a distance of x from the centre point of 
the slab O is given by: 

 ( )0 0
( / 2 ) 1− −

= − + +x AB

x L nLN bKT k bKT
nL

         (9) 

The membrane force along the yield line for element 2, at a distance y from B can be expressed as: 

 ( )0 01
/ 2

= − + +y
yN bKT k bKT

l
         (10) 

2.5 Out-plane stress distribution 
Based on the fourth assumption, beam 1 (long-span beam) is subjected to a trapezoidal load with the 

maximum value q1 = ql/2. Beam 2 (short-span beam) is subjected to a triangular load with the maximum 
value q2 = q(nL). The deformed shapes of beam 1 and beam 2 are wzx(x) and wzy(y), respectively. The 
deflection of the slab is wm. The out-of-plane stress distribution is shown in Figure 5.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Out-of-plane stress distribution for membrane action 

Deformed shape of the edge beams 
Deflection of the edge beams (beams 1 and 2) at elevated temperatures consists of two components: 
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one from the trapezoidal load (beam 1) or from the triangular load (beam 2) transferred from the slab 
(Figures 6 & 7), and another from thermal gradient over the composite section of the edge beams. 

z

x
O

L

nLnL L - 2nL

B AEI1

q1 = ql / 2

 

z
l/2

y

l/2

l

EI2 B A

q2 = q (nL)

 

                 Figure 6. Load transferred to Beam 1 Figure 7. Load transferred to Beam 2 

The deformed shape of beam 1 can be calculated by Eqs. (11) and (12).  
Segment OB: 0 / 2 :≤ ≤ −x L nL   

 ( )
2 4 2 2

1
max 1 , 1

1

1
2 24 8 2

α
   

= − × − + −  
   

zx zx xO zb
x x L xw w M q T

EI
         (11) 

Segment BA: / 2 / 2 :− ≤ ≤L nL x L  

 ( ) ( )52 4 2 2
2 1

max 1 , 1
1 1

( / 2 )1 1
2 24 120 8 2

α
− −   

= − × − − + −  
   

zx zx xO zb

x L nLx x q L xw w M q T
EI EI nL

         (12) 

where , 1zbT is the thermal gradient over the total depth of beam 1, α is the thermal expansion.  
The maximum deflection maxzxw due to the load can be found from the boundary condition: 

[ ]2 0 at / 2= =zxw x L .    

 ( ) ( ) ( ) ( ) ( )44
2 2 21

max
1

1 1 18 12 2 3 2
24 8 24 2 120

   = + − + − × − +       
zx

nLq Lw nL nL L nL L nL L
EI

     (13) 

The maximum bending moment of the beam due to the load xOM
 
is: 

 ( ) ( ) ( ) ( )2 21 8 12 2 3 2
24

 = + − + − xO
qM nL nL L nL L nL          (14) 

Substituting Eqs. (13) & (14) to (11) & (12), one can obtain the deformed shape of beam 1. 
Similarly, the deflection Eq. for beam 2 due to both the load and the elevated temperatures is given in 

Eq. (15) with 0 / 2≤ ≤y l . 

 ( )
2 4 5 2 2

max 2 2 , 2
2

1 2 +
2 24 120 8 2

α
   

= − × − + × −  
   

zy zy yB zb
y y y l yw y w M q q T

EI l
         (15) 

where maxzyw  is the maximum deflection due to the load, and yBM  is the maximum bending moment of 
the beam due to the load: 

 
4

22
max 2

2

1 1    and     
120 12

= =zy yB
q lw M q l
EI

         (16) 

Substituting Eq. (16) to (15), one can obtain the deformed shape of beam 2. 
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Contribution of membrane forces to load bearing capacity ( * *
1 2,  m me e ) 

Taking moment about the support for element 1 (Figure 5), we have: 

   ( )(1) (2)/ 22 Moment due to 0− − + − − = 
 

∑∫ ∫x m zx x m zx
BC AB

L xN w w dx N w w dx q
nL

         (17) 

Substituting Eqs. (8), (9), (11) and (12) to (17): 

  
( ) ( )

/ 2 /2
(1) (2)

0 0 0
0 /2

( / 2 ) / 22 2 1

( 2 ) 0
2 4 2 6

−

−

− − −   − + − + × −      

− − − × × × =

∫ ∫
L nL L

m zx m zx
L nL

x L nL L xbKT w w dx bKT k bKT w w dx
nL nL

l l l lq L nL q nL

     (18) 

It should be noted that 1 / 2=q ql . After integrating and regrouping, with a slab deflection wm, one can 
find a value of q according to Element 1 denoted as *

1mq . The contribution of membrane forces to load 
bearing capacity according to Element 1 is given by: 

   * *
1 1 ,/ θ=m m ye q p          (19) 

where py,θ is the yield-line load of the slab at temperature θ. 
Taking moment about the support for element 2 (Figure 5), we have: 

   2 1 Moment due to 0
/ 2

  − − − =  
  

∑∫ y m zy
AB

yN w w dy q
l

         (20) 

Substituting Eqs. (10) and (15) to (20): 

   ( ) ( )
/ 2

2
0 0

0

12 1 1 0
/ 2 / 2 6

    − + × − − − × =       
∫

l

m zy
y ybKT k bKT w w dy ql nL

l l
         (21) 

It should be noted that ( )2 =q q nL . After integrating and regrouping, with a slab deflection wm, one 
can find a value of q according to Element 2 denoted as *

2mq . The contribution of membrane forces to 
load bearing capacity according to Element 2 is given by: 

   * *
2 2 ,/ θ=m m ye q p          (22) 

Effect of membrane forces on bending resistance capacity ( 1 2,  b be e ) 

The effect of the membrane forces on the bending resistance along the yield lines is evaluated by 
considering the yield condition when axial load is present. This effect does not depend on deflection of 
the edge beams. Therefore, the factors e1b and e2b are similar to the Bailey-BRE method [7]. 

After finding the factors * *
1 2 and m me e , the overall enhancement factor can be estimated by Eq. (2), 

and the load-bearing capacity of the slab enhanced by tensile membrane action can be found by Eq. (3). 

3 MODEL VALIDATION 
Verification of the resistance of the edge beams [9] must be conducted first in order to ensure that the 

failure mechanisms of single slab panel (Figure 1) will occur.  
For each specimen, the test result was compared with the prediction from the Bailey-BRE method 

and the proposed model. For the specimens without unprotected interior beams, the comparisons were 
quite straightforward. For the specimens with unprotected interior beams, the bending resistance of 
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interior beams was calculated in order to check if these beams have failed. If the interior beams had 
failed, the total test load of 15.8 kN/m2 was totally resisted by the slab. The enhancement factor 
determined from the test was compared with those calculated from the two models, i.e. the Bailey-BRE 
and the proposed approaches. 

Since the Bailey-BRE method cannot consider deflection of the edge beams, the enhancement factor 
predicted by the Bailey-BRE method is calculated with the two deflections as shown in Eqs. (23) & (24). 

       Absolute slab deflection: mw          (23) 

       ( )1Relative slab deflection: 
2

= − +r m MB PSBw w w w          (24)  

3.1 Specimens without unprotected interior beams 
Among the authors’ test series there were two specimens without interior beams, i.e. S1 and S3-FR. 

At the loading phase, the two specimens were loaded to a value of 15.8 kN/m2, corresponding to a load 
ratio of about 2.0 for S1 and S3-FR, respectively. The tests were terminated when reinforcement 
fractured above the edge beams (S1) or compression ring crushed near the corners of the slab (S3-FR). 
More details of these specimens can be found in [6]. 

Table 1 Comparison of the proposed model and the Bailey-BRE model for the specimens without interior beams 

     Total capacity Prediction / Test 

Test ptest 
MB 
defl. 

PSB 
defl. 

Slab 
defl. 

Bailey 
(Eq. 23) 

Bailey 
(Eq. 24) Model Bailey 

(Eq. 23) 
Bailey 

(Eq. 24) Model 

 kN/m2 mm mm mm kN/m2 kN/m2 kN/m2    
S1 15.6 28 58 131 15.8 12.91 13.5 1.01 0.83 0.86 

S3-FR 16.0 33 28 115 17.1 14.6 14.7 1.07 0.91 0.92 

       M = 1.04 0.87 0.89 
The comparisons for the specimens without unprotected interior beams are shown in Table 1. It can 

be seen that based on the absolute slab deflection (Eq. (23)), the Bailey-BRE method over-predicts the 
test results by 4%, whereas the method is conservative if the relative slab deflection is used instead (Eq. 
(24)). The proposed method predicts the test results more accurately than the Bailey-BRE method. It is 
because the authors’ model can take into account the deflected shape of the edge beams. The discrepancy 
between the proposed model and the test results for these specimens is 11%.  

3.2 Specimens with unprotected interior beams 
Among the authors’ test series there were six specimens with interior beams. Two specimens 

presented in the authors’ companion paper, i.e. P215-M1099 and P486-M1099, are used here for the 
comparison. 

Table 2 Comparison of the proposed model and the Bailey-BRE model for the specimens with interior beams 

     Total capacity Prediction / Test 

Test ptest 
MB 
defl. 

PSB 
defl. 

Slab 
defl. 

Bailey 
(Eq. 23) 

Bailey 
(Eq. 24) Model Bailey 

(Eq. 23) 
Bailey 

(Eq. 24) Model 

 kN/m2 mm mm mm kN/m2 kN/m2 kN/m2    P215-
M1099 15.6 38 57 124 18.0 14.2 15.0 1.15 0.91 0.96 

P486-
M1099 15.5 55 94 139 18.7 12.9 15.7 1.20 0.83 1.01 

       M = 1.175 0.87 0.985 
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The comparisons for the specimens with unprotected interior beams are shown in Table 2. It can be 
seen that based on the absolute slab deflection, i.e. the deflection of the edge beams is not taken into 
account, the enhancement factors predicted by the Bailey-BRE method are greater than the test results by 
17.5%. If the relative deflection is used instead, the Bailey-BRE method is conservative. The proposed 
model predicts the load-bearing capacity of composite beam-slab systems very well. The discrepancy 
between the proposed model and the test results for these specimens is only 1.5%. 

4 CONCLUSIONS 
This paper presents a semi-analytical model which can predict the load-bearing capacity of composite 

beam-slab floor systems under fire conditions enhanced by tensile membrane action, but reduced by 
deflection of the protected edge beams.  

The proposed model was validated with the authors’ test results conducted in Nanyang Technological 
University. The validations showed that the proposed model give conservative and more accurate 
predictions compared to the Bailey-BRE method. The model can take account of the beam-slab 
interactions under fire conditions and gives guidance on the required stiffness of edge beams which the 
Bailey-BRE method does not provide. 
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