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This paper proposed one new method to determine the residual ultimate loads of the fire-
damaged beam-slab specimens. Based on the conventional yield line method, the
stiffness and deflection of the edge beam was considered to establish the theoretical
method, and the residual ultimate loads of several beam-slab specimens in the literature
were analyzed, and the predicted results were compared to the experimental results.
Results show that the conventional simply-supported and fixed-end vyield line method
tended to underestimate or overestimate the residual ultimate loads of the specimens, and
the present method can reasonably predict the ultimate loads of the beam-slab
specimens.

Keywords: beam-slab specimen, post fire, deflection, residual strength, failure mode

1 INTRODUCTION

In recent years, several experimental and theoretical studies on the post-fire performance of the
concrete slabs have received considerable attention (Tom et al., 2017; Hajiloo and Green, 2018;
Nguyen et al., 2018; Shachar and Dancygier, 2020; Wang et al., 2020; Wang et al., 2021a; Thomas
etal, 2021), including the isolated concrete two-way slabs, three-span continuous slabs, the one-way
concrete slabs and GFRP (Glass-Fiber Reinforced Plastic) slabs. Results show that most of the
concrete slabs did not collapse after fire, and possibly repairs and strengthening operations should be
proposed. However, it is noted that most researchers focused on the residual behavior of the simply
supported slabs or continuous slabs. In fact, the simply supported slabs are less common in the real
buildings. In other words, the effect of the edge beams on the residual performance of the slab panels
needs to be investigated based on the further experimental results and theoretical analysis. Thus, one
of the authors (Chen, 2022) conducted the residual strength of the two-span fire-damaged beam-slab
specimens and the reference specimens (4900 mm X 2400 mmx70 mm). The results show that
compared to the reinforcement layout, the reinforcement ratio has considerable effect on the
ultimate loads of the beam-slab specimens, increasing the reinforcement ratio of the panel led to its
higher carrying capacity and the brittle failure easily appeared.

Apart from the simply-supported slabs and continuous slabs tests, several tensile membrane
methods were developed to predict the ultimate loading capacities of two-way concrete slabs,
including Bailey’s method (Bailey and Toh, 2007), Li’s method (Li et al., 2007), Dong’s method
(Dong and Fang, 2010), Omer’s method (Omer et al., 2010), Burgess’s method (Burgess and
Sahin, 2018), the steel strain difference method (Wang et al., 2018) and the ellipse equation
method (Wang et al., 2021b). However, each method has its own advantages and shortcomings, as
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FIGURE 1 | Details of steel reinforcement layouts in the five specimens (all dimensions in mm).(A) Specimen S1-PF (S4) (B) Specimens S2-PF and S5 (S3-PF) (C)
Reinforcement details of the longitudinal edge beam (D) Reinforcement details of the transversal edge beam.

discussed in Ref. (Wang et al., 2021a; Wang et al., 2021b).
Particularly, the common character is that these analytical
approaches were based on an implicit assumption that the
vertical supports along the slab panel boundaries do not
deform, and they do not consider the interactions between
the slab and the protected edge beams of the slab panel.
However, in reality, the edge beams often deform, and thus
this assumption is not always valid. Otherwise, the load-bearing
capacity of the beam-slab slab system will be overestimated due
to the overestimated internal force work. Recently, Nguyen and
Tan (Nguyen and Tan, 2015) proposed a semi-analytical model
to predict the load-bearing capacity of the composite beam-slab
specimens, and the vertical deflection of the protected edge
steel beams were considered. However, as discussed in Ref.
(Nguyen and Tan, 2015), when calculating the lower-bound
yield-line load, a potential drawback of this model is that it does
not consider the interactions between the slab and the interior
beams. Meanwhile, this method is suitable for the composite
beam-slab specimens in fire, and may be not suitable for the
conventional reinforced concrete beam-slab systems. It can be
seen that the new theoretical approach should be further
established to determine the ultimate loads of the reinforced
concrete beam-slab panel.

In all, the objective of this paper is to propose a simple method
to determine the residual ultimate load of the fire-damaged beam-
slab panels reported in Ref. (Chen, 2022). For this method, the
stiffness and deflection of the beam were considered based on the
conventional yield-line method.

2 POST-FIRE STRENGTH TESTS

2.1 Test Specimens

As discussed in Ref. (Chen, 2022), five beam-slab specimens
(4900 mm x 2400 mm X 70 mm) with different reinforcement
ratios and layouts were tested. Three specimens (named
Specimens S1 to S3) were subjected to the same 1SO834 fire
scenarios (3 h). For Specimens S1 to S3, each interior beam L7
was directly heated during each test, and then the burners were
shut-off. The residual strength tests (named Slabs S1-PF to S3-PF)
were then conducted. In addition, two unheated specimens
(Specimens S4 and S5) were the reference specimens. The
details of each specimen are presented in Figure 1A-D. Other
details of the fire tests are available in Ref. (Chen, 2022).

After the fire tests, the residual load-carrying capacities of
Specimens S1-PF to S3-PF, as well as two reference Specimens S4
and S5, were investigated. The vertical mid-span deflection of
each panel (Points V-A and V-B) was measured, as shown in
Figure 2A,B. The material properties and the experienced
maximum temperatures of the specimens, as shown in Table 1.

2.2 Residual Test Results

Figure 3A-E show the load-mid-span deflection curve of each
panel in five specimens (Chen, 2022). On one hand, the limit
loads of Specimens S1-PF, S2-PF, S3-PF, S4 and S5 were 130, 120,
70, 140 and 140 kN, respectively. In addition, for the fire-
damaged specimens (the reference specimens), the limit
deflection of these panels ranged from 70.9mm (108.7) to
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FIGURE 2 | Details of the test setup and the measured points (A) Photograph of the test setup (B) Layout of deflection measured points.

O Vertical displacement

Layout of deflection measured points

TABLE 1 | Maximum experienced temperature and residual deflections of the specimens.

Specimen Span Top Concrete feu (MPa)
Temperature (°C)

S1-PF A 311 14.6

B 311 15.4
S2-PF A 229 15.7

B 253 15.3
S3-PF A 260 15.0

B 330 15.1
S4(S5) — — 30.9

105.4 mm (160.5), with the average value of 94.3 mm (131.5). On
the other hand, for the panels, the flexural failure (concrete
crushing at the corners) and local punching shear failure
appeared, and for the beams, the flexural-shear cracks
appeared near to the connection as well as the concrete
crushing at the column end. In all, for the fire-damaged
specimens, they still had higher limit carrying capacities and
ductility, and the specimens with higher reinforcement ratio have
larger residual carrying capacities.

3 PROPOSED METHOD

According to the conventional yield line theory, the stiffness and
deflection of the beam was considered to establish the new
theoretical method, and the residual ultimate load of the
beam-slab specimens can be solved.

3.1 Basic Assumption

In this paper, the basic assumptions are as follows:

1) According to the observed cracking patterns of the test
specimens (Chen, 2022), the yield line failure model was
assumed (Shen et al., 1993) in this paper, as shown in
Figure 4A. The position parameters £, & and 7 do not
change with the vertical deformation of the specimens.

Bottom Reinforcement fy, (MPa) Residual Deflections
temperature (°C) (mm)
785 323.1 48.2
758 333.5 32.9
698 357.0 55.2
714 347.7 42.7
800 333.6 54.7
762 343.0 44.3
- 4246 -

2) When the bending stiffness of the beam is large, the negative
bending moment (M,) at the slab edge and the positive
bending moment in the middle span can sufficiently
develop. However, when the bending stiffness of the edge
beam is small, the linear interpolation method is used to
determine the bending moment of each panel, and the
bending moment is assumed to be (1-x)M,, and x is the
ratio between the mid-span deformation of the beam and the
mid-span deformation of the slab (x;, y;, x, and y,).

3.2 Key Parameters
3.2.1 Bending Moment Ratio (M;'/M,)
As shown in Figure 5A-C, the boundary of the secondary beam
can be assumed as a fixed support (Figure 5B) and the spring
support (Figure 5C), according to the torsion stiffness of the
main beam.

As shown in Figure 5B, the negative bending moment (M) at
the fixed support is

_ —Dgp

3
Ml _ qu 1

B S W L S 1
8, P T 3Er TP 2EI W

As shown in Figure 5C, the negative bending moment M at
the elastic supports is

L2 —4x? 1 1
k'=—1 K=o Ko=5

_AZP
M = , ,
4Gﬁhb3L1 622
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TABLE 2 | Torsional coefficient f8 of rectangular section component (Liu, 1985).
h/b 1.0 1.2 15 2.0 2.5 3.0 4.0 6.0 8.0 10.0 )
B 0.141 0.166 0.196 0.229 0.249 0.263 0.281 0.299 0.307 0.313 0.333
A Torsional Stiffness K,

Beam

y direction strip

FIGURE 6 | Strap division of the panel (A) y direction strip (B) x direction strip.

x direction strip

Where [ (I;) are the width of the slab (short-span beam);
L (L) are the length of the slab (long-span beam); E is the
elastic modulus; I is the inertia moment of the secondary beam;
x is the distance (Figure 5A); G is shear modulus; § is the

torsional coefficient of the rectangular section member
(Table 2). h and b are height and width of the beam,
respectively.

According to Egs 1, 2, the ratio (M YMi/M,) is
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b
M, Op+k

3)

3.2.2 Ratios a, and ay
As shown in Figure 6A, the panel is divided into a series of the
strips. According to Eqs 1, 2, the negative moment of each
strip under the elastic support can be calculated as well as the
total negative moment (M’l)y Similarly, under the fixed
supports, the total negative bending moment M;, can be
obtained by integrating, and the ratio (Mly/Mly) can be
established.

As shown in Figure 6A, for y direction, the negative bending
moment M,, under fixed support boundary is defined as:

—ApL, l Eh3

M,, = , A "6 -
YT ey, T 3D WTOD T T 12(1- @)

4)

where D is the flexural stiffness of the slab, h” is the thickness, y is
the Poisson’s ratio.

For y direction, the negative bending moment M iyunder the
elastic support is defined as:

L

) 2 =Ap 3 L1+2R1
M =2 ————dx=-ApL,GBhb —1
v J 611y+k whGP R, L - 2R,
, Lf—4x2
= L >+
K= segmor R = uyliGAY + 4 (5)

where x is the distance from the center of the strip to the center of
the beam O (Figure 6A).
Therefore, the moment ratio («,) is

Mi,_R; L1+2R1l , . 1 1

1 Ry =08y, GBhb, Ky = —— Ky = —

% My, Ry DL 2, R OGPk Ky = Ko =g
(6)

Similarly, for x direction, the negative bending moment under
fixed support is:

—Allpll ' q;Ls L
M, = A= B8 = 7
1 811x 1P 11 2D ( )

For x direction, the negative bending moment under elastic
support is:

I i
' 2 —=Ap 5 11 + 2R,
M,=2| ————d -A, LG hb
! ,[ Ouix + k s = 1#h G 11 2R,[
’ lZ 4y lZ
R2 8111, GBhb® + L 8
» T 4GpHDL, uhi GRRb™ + ®

where y is the distance from the center of the strip to the center of
the beam O (Figure 6B).
Therefore, the moment ratio «, is

Mlx
Mlx

I, +2R,

1
~— K=
11—2R2 !

1
611)( k;/
©)

Oy =

, R, =8,,GBhb’, K, =
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3.3 Boundary Conditions

As shown in Figure 7A-D, the boundary conditions of one beam
include several cases, including two ends fixed, one end fixed and
one end simply supported and two sides simply supported. In
addition, the load type included two cases, including the
trapezoidal load type and the triangular load type, and the
details can be found in Ref. (Chen, 2022).

According to Ref. (Chinese National Standard, 2015), the
short-term stiffness By of reinforced concrete members is

EAR
T 115y 102+ 2=

1+3. 5r

(10)

where E; is the elastic modulus of reinforcement; E. is elastic
modulus of concrete; Ay is the cross-section area of longitudinal
reinforcement in tension zone; h is the effective height of the
beam; y is the parameter. ag = EJ/E; p is the reinforcement ratio;
r{ is the ratio.

The stiffness reduction coefficient of the beam is calculated as
(Shen, 1993):

w ol M,<0.3M, (11)
7 104+0.875(1-M,/M,) 03M,<My<M,

where M,, is the ultimate bending moment; M, is the bending
moment.

According the stiffness reduction coefficient «y, the short-term
stiffness By'is:

B, = aB, (12)

For different boundary conditions, the mid-span deflection of
the beam is:

(1) Two sides simply supported

As shown in Figure 7A, under the trapezoidal load, the mid-
span deformation of the beam is:

q1< 274 5 1 44)
max(a) = — | — —n* L+ —L' + —n'L =ql/2,
Wmax(@) = - 148"1 384 1 120 9 =/
1
neo - (13)
27 2L,

where Wiax(a) is the maximum displacement of the mid-span, g is
the ultimate load of the slab; g, is the load transferred from the
slab to the long side of the beam (Figure 7A). n is the parameter.

As shown in Figure 7B, under the triangular load, the mid-
span deformation of the beam is:

4

gt
1203 1208, 2 = 9" (14)

wmax(b)
where Wiax(p) is the maximum displacement of the mid-span, g is
the ultimate load of the slab; g, is the load transferred from the
slab to the short side of the beam (Figure 7B).
(2) One side fixed and one side simply supported

The cross-section bending moment is defined as:
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The rotation angle and the deflection of the beam can be
expressed as:

dw M (16)
dx* B,
. M, 1 L 2 1 /L 4
dwl:J Ydx = a —(L—nL)<—+x> - <—+x>
dx B, 2B, |2 2 12nL\2
3 1 2
+—(1-2n7 +n3)<5— Z) ] +C,
dw,. 1 3 L 5
We J Yot g = 4 —(L—nL)<—+x) - (—+x>
d 2B. |6 2 60nL \2
L! X

17)

The bending moment is defined as:

L 1 /L P 1 L L
MCZ:g (L—nL)(——x)——(——x) ——(1—2n2+n3)<——f) , -—-nL<x<—
2 2 3nL\2 4 2 L 2 2

Similarly, the rotation angle and the deflection of the beam can
be expressed as:

4

%:J&dxz 1 [—%(L—nL)(%—x)2+ ! (E—x>

dx B, 2B, 12nL\2
19)
L3 1 x 2 (
+— (1-21% + 3(———) +C,
(1-2n ) 2 L) | 2
dw. 1 L 3 1 /L 5
wczzj Y gy = 4 ——(L—nL)(——x) +—(——x>
dx 2B.| 6 2 60nL \2
; 20)
L4 1 3 (
-—(1 —2n2+n3)(——f> +Cux + D,
24 2 L)
The bending moment is defined as:
L* 1 L? 1
My =1 —x2+——7n2L2——(1—2n2+n3)<7—f> ,
2 4 3 4 2 L
21

L L
—(——nL>£xs——nL
2 2

Similarly, the rotation angle and the deflection can be
expressed as:

dw, M, 1 L* 1
w3=J dx = 1 [—x3+<—n2L2>x

dx B, 2B;L 3 4 3
r 1 2
+— (1-21* + n3)(f - f) +Cgs
8 2 L
(22)

dw, 1 1/L* 1
W = J 9 e = 1 [——x4 i e e
dx 2.1 127 "2\4 73
L 1 3
2 (1-21 + 113)(5 - f) j| +Cux+ D

L

The boundary conditions are:
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According to the above boundary conditions, the mid-span
deflection of the beam is defined as:

_qQ ( . 1
'max (¢ L rS
Wmax(o = B 3841 48 120

1118 (1-2n +1)

L} bl 4L4> g2
16B,

Xic = (24)
As shown in Figure 7D, under the triangular load, the mid-
span deflection of the beam is:

5q,12

6 (25)

1 l4 1 12
Wnax = —q + —Xx , X1d = —
ax(d) IZOBS 21 16BS 144 !

3.4 Ultimate Loads
According to the principle of virtual work, the external work of
the specimen is:

2 1
W = q— [6/\ - (E + f’)] + gq(l’llsl + thz + ]’l3S3 + h4S4) (26)

12
xnl x(2-n)l
A=Lfl by = e by = ey
PP+ 4 (2-n)L+4
_ )’151 . ) 5,1
eeed o \ERs

[ is+s']m7
[L §5+5']m

where x;. X, y; and y, are the ratio between the beam’s
ultimate displacement W (Wpax(a)~Wmax(p) and the slab’s
ultimate displacement (//20); #, & and & are the position
parameters.

The internal work done by each slab yield line is defined as

A , A
D= (1+ﬂ1)(1—xl)%+(1+ﬁ1)(l—x2)22_

R A=) (14 B) (- 22) | M

M;/My;ﬁ; = oc),M’;/My;

B, = &M, [M; By = a,M, [ M,

k= Mx/My; B, =a, .

If D = W, we have
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A,
q=24M," " (28)

7 A,

A1=(1+/31)(1—x1)%+(1+ﬁ1)<1—xz) !

2-n

k , k
+(1+8,)(1 —)’1)2+ (1+B)(1 —)’z)g»
A, = [6/\ - (E + E’)]lz +4(I S, + 1S + h3Ss + hySy)
3.5 Calculation Process

According to the above equations, the calculation process of the
model is as follows:

(1) Firstly, it is assumed that all beams are not damaged.

Calculate : kx Eq.(5); k Eq (8); ax Eq.(9);
a,Eq.(6); By, b1 s B2 ,ﬂz Eq.(26)

Calculate: g Eq.(28)

Calculate:w Eq.(13,14,24,25) and
X1, Xy, J1, Yz according to ¢

Calculate: ¢;
Eq.(28)

Calculate: ¢'
Refs [21, 22]

' 1

Calculate: Bs Eq.(12); Calculate: By Eq.(12);
ay Eq.(11) a, is 0.4

Calculate:w Eq.(13,14,24,25)
and x;, X, , y1, ¥, according to ¢,

Calculate:w Eq.(13,14,24,25)
and x;, X, , y1 , ¥, according to ¢,

Calculate: ¢, Calculate: g3

Eq.(27) Eq.(27)
the ultimate load is ¢, @
Yes No

1 1

the ultimate load is ¢'

the ultimate load is ¢3

“
=
(=%

FIGURE 8 | Flow chart of the present method.
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TABLE 3 | Comparisons between the experimental results and predicted results of the specimens.

Slab Span Piost Ps Ps/Prest
S1-PF A 130 96.9 0.746
B 130 100.3 0.771
S2-PF A 140 106.8 0.763
B 120 104.0 0.867
S3-PF A 75 52.8 0.704
B 70 54.2 0.774
S4 A 150 132.7 0.884
B 140 132.7 0.948
S5 A 140 132.7 0.948
B 140 132.7 0.948

The vertical deformation of the beams is not considered,
i.e, x1, X3, ¥; and y, are 0. Only the torsional stiffness effect of
the edge beam is considered, and the torsional stiffness effect of
the interior beam is not considered.

The torsional stiffness (k’. and k’) of the edge beam is
calculated as well as the ratio («, and «y). Then, according to
Eq. 27, the ratio (81, ', B2 and f',) is calculated. The ultimate
load of the slab (g) can be obtained by Eq. 28.

(2) Secondly, it is assumed that all beams are not damaged.

The vertical deformation of all beams are not 0. In other
words, the ratios of the mid-span ultimate displacement of the
beam (W (Wmax(a)~Wmax(@)) and /20 (x;. x2v y1+ ¥2), and
repeat Step (1), the ultimate load of the slab (q;) is calculated
by Eq. 28.

(3) Thirdly, it is assumed that all beams are damaged.

The torsional stiffness of the edge beam is considered, and the
parameters (k’, and k’)) are calculated as well as the bending
moment ratios (a, and «,). Next, according to Eq. 27, the ratio
(Bis B'1v Pav P'2) is calculated. Based on the three methods
discussed in the literature (Xing, 1993; Huang et al., 2013), the
minimum value of the limit load (q") is obtained.

(4) If g, is less than g, the beam will not fail, only the panel fails.
According to Step (2), recalculate the ultimate load (g,) of the
panel. Note that, g in step 2 is replaced with g;.

(5) If g is larger than the q’, both the beam and slab are damaged.
For the short-term stiffness (B;), the parameter o is 04.
According to step 2, g in step 2 is replaced by g, the ultimate
load of the slab is g3. In this case, if g3 is less than g, the ultimate
load is g;. If g is larger than g, the ultimate load is q".

The flow chart of the present method is shown in Figure 8.

3.6 Comparable Analysis

Table 3 shows the calculated and experimental values of the
ultimate load of concrete slabs calculated by the three methods,
including the yield-line method (four edges with simply

P, f P, f/ P, test P, sp P. sp/ P, test
190.2 1.463 135.4 1.042
193.6 1.489 136.3 1.048
200.3 1.430 137.8 0.984
197.4 1.645 137.2 1.143
101.0 1.347 73.6 0.981
102.5 1.464 74.8 1.068
265.3 1.769 143.4 0.956
265.3 1.895 143.4 1.024
265.3 1.895 143.4 1.024
265.3 1.895 143.4 1.024

supported), the yield-line method (four edges with fixed-
end) and the present methods. On one hand, for two yield-
line methods, the ratios (Py/Pies; and Py/Pys) are 0.835 and
1.629, respectively. The reason is that the effect of the
boundary condition was underestimated or overestimated.
On the other hand, for the present method, the ratio (P,,/
Piesy) is 1.029.

4 CONCLUSION

Based on the conventional yield line method, the influence
of the edge beam’s torsional and flexural stiffness was
considered to predict the residual ultimate loads of the
fire-damaged beam-slab specimens, and the influence
factors were proposed in this paper. Results show that the
conventional simply-supported and fixed yield line method
tended to underestimate or overestimate the ultimate
loads of the specimens, and the reason is that the effect of
the boundary restraint and deflection of the beam was
not considered. In contrast, the present method can
reasonably predict the ultimate loads of the beam-slab
specimens, since the effect of the edge beam deflections was
considered.
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N OTATI O N U Poisson’s ratio

&y, &y moment ratio of x and y direction

My’, My, Myy's Myy, Myy's Myy bending moment
L, 1 length and width of the slab panel

By short-term stiffness of reinforced concrete members

& stiffness reduction coefficient

Ly, 1, long-span and short-span of the beam ,
1, fy fong-sp P By’ short-term stiffness according the stiffness reduction coefficient

I, I inertia moment of beam and slab .
Wax(a)~ Wmax(d) deflection

G shear modulus
X1 Y1~ X2+ Y2 the ratio between the beam’s ultimate displacement w

E elasticity modulus (Wmax(a)~Wmax(a)) and the slab’s ultimate displacement (//20)

D flexural stiffness of the slab 7. &, & position parameters of yield line

h, b height and width of the beam q ultimate load

h” thickness of slab M,, My ultimate bending moment of plate per unit width in x and y

K; bending stiffness of secondary beam direction
K3, Ksy Ky torsional stiffness of main beam A aspect ratio of slab
Ky Kly bending stiffness of strips ﬁl\ I;,h ﬂz\ ﬁ'z ratio of bending moment
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