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Abstract

This study investigated the effect of travelling fire scenarios, span—thickness ratios, and recurring
ages on the post-fire residual behaviour of small-scale continuous reinforced concrete slabs. The
mechanical performance of five fire-damaged continuous slabs and one reference slab were
investigated, including load—deflection curves, concrete and reinforcement strains, cracking patterns,
and failure modes, and the observations were compared with those discussed in companion papers.
In addition to considering the boundary restraint and failure criteria, this study proposed a simple
ellipse equation to determine the tensile membrane action region and residual ultimate loads of
concrete slabs at the limit state. The results indicated that the travelling fire scenario, including the
fire direction and time delay, had a slight effect on the residual behaviour of fire-damaged slabs with
larger span—thickness ratios. For fire-damaged slabs with larger span—thickness ratios, flexural failure
easily occurred with sufficient development of the tensile membrane action. The proposed ellipse
method can be used to accurately determine the residual ultimate loads of fire-damaged continuous

slabs with large span—thickness ratios.

Keywords: continuous concrete slab; post fire; residual strength; recurring age; span—thickness ratio;

ellipse equation
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Nomenclature

r aspect ratio (L/])

b parameter defining the magnitude of the membrane force (Plate (1)

b' | parameter defining the magnitude of the membrane force (Plate ()

k parameter defining the magnitude of the membrane force (Plate (1)

k' parameter defining the magnitude of the membrane force (Plate ()

ratio of yield force in the reinforcing steel along the short span to the yield force in the

* reinforcing steel along the long span

To | yield force in reinforcing steel per unit width in the long span (kN/m)

d average effective depth of reinforcement (mm)

di effective depth of reinforcement in the short span (mm)

d> effective depth of reinforcement in the long span (mm)

e overall enhancement of theoretical yield-line load due to membrane action

el net enhancement for Element 1

e net enhancement for Element 2

e3 net enhancement for Element 3

eip | enhancement due to bending action for Element 1

e | enhancement due to bending action for Element 2

e3p | enhancement due to bending action for Element 3
eim | enhancement due to membrane forces for Element 1
ezm | enhancement due to membrane forces for Element 2
esm | enhancement due to membrane forces for Element 3

g1 parameter defining the compressive stress block in flexural action along the short span
@ parameter defining the compressive stress block in flexural action along the long span
w vertical central deflection of the slab (mm)

Py | uniformly distributed theoretical yield-line load at ambient temperature

Piimit | predicted load corresponding to maximum allowable displacement w
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1. Introduction

Recently, the structural performance of reinforced concrete (RC) slabs exposed to fire has been
of significant interest for researchers. Several experimental and numerical studies have been
conducted on the fire performance of RC slabs [1-6]. However, in addition to the fire behaviour of
RC slabs, assessing the post-fire load-carrying capacities of RC slabs has been of considerable interest
[7-9] as the residual performance should be assessed to determine whether the residual load-bearing
capacity remains sufficient to ensure a safe level.

Several studies have been conducted on the post-fire mechanical performance of concrete slabs,
including five two-span continuous concrete slabs [10], unbonded prestressed concrete continuous
slabs [11], concrete slabs with polypropylene fibres [12], and glass fibre reinforced polymer RC slabs
[13-14]. However, the uniform fire scenario was often used in these studies, and inadequate focus
was given to the travelling fire scenario or different compartment fires, particularly slabs with larger
span—thickness ratios. Thus, Wang et al. [15] investigated the effect of the number and position of
heated spans on the post-fire residual behaviour of five continuous concrete slabs (4700 mm X
2100 mm x 80 mm). The results indicated that concrete spalling significantly affects the ultimate load
and failure mode of fire-damaged continuous slabs. In addition to the flexural failure mode, punching
shear failure also occurred in the fire-damaged continuous slab, particularly in the span with
considerable explosive concrete spalling. In addition, Wang et al. [16] further investigated the effect
of different factors on the residual performance of four concrete continuous slabs (4700 mm x
2100 mm x 100 mm), including different compartment fire scenarios, reinforcement ratios, and bar
arrangements. The results indicated that the residual structural stiffness and ultimate loads were
significantly enhanced with increasing reinforcing ratio, but brittle punching failure readily occurred.
The span—thickness ratios of the above two-series continuous slabs were 14.5 [15] and 18.1 [16],
respectively. Meanwhile, the average mid-span failure deflection of each span was approximately
[/50; thus, the tensile membrane action could not be sufficiently developed. In such scenario, the
conventional yield line and ACI punching shear methods can be used to determine the residual
ultimate load of each span in continuous slabs. However, in a normal engineering practice, the span—

thickness ratio of the concrete slab is often larger than 20; thus, the residual tests of thinner continuous
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slabs should be further investigated, particularly after travelling fire scenarios and longer recurring
ages (the time between the fire test and the post-fire loading).

In addition to experiments, analytical methods must be developed to assess the residual strength
of post-fire RC slabs. Bailey et al. [1, 17], Omer et al. [18-19], Li et al. [20], Wang et al. [21], Herraiz
and Vogel [22], and Burgess [23] proposed different methods of determining the ultimate load
capacity of a simply supported concrete slab. Note that for among existing methods, no simple method
of determining the tensile membrane action region of the two-way slab at the limit state exists.
Therefore, an ellipse equation to determine the ultimate loads of two-way simply supported slabs at
large deflections as well as the tensile (compressive) membrane action region was proposed [24].
With this ellipse method, the intersecting points of the three yield lines in the middle region were
assumed to be two focuses of the elliptic equation. However, the effect of the boundary condition was
not considered, particularly the negative moment along the edges of continuous slab over the supports.
Thus, in this study, the ellipse method was further developed to consider the beneficial effect of the
boundary condition, and the experimental results of the fire-damaged continuous slabs were used to
verify its effectiveness.

Therefore, the objectives of this research were as follows: (1) To investigate the residual load-
carrying capacities of post-fire continuous RC slabs with large span—thickness ratios (approximately
30); (2) observe their cracking patterns, failure characteristics (brittle or ductile failure), and failure
mode; (3) propose a simple method of determining the tensile membrane action region and predicting
the residual ultimate load of fire-damaged continuous slabs with different boundary conditions; and
(4) establish the reasonable failure criteria of the post-fire continuous RC slabs with larger span—
thickness ratios. This method can be easily modified to predict the ultimate limit loads of concrete
slabs at ambient and elevated temperatures.

In this study, residual strength tests were conducted on the post-fire behaviour of five three-span
small-scale continuous RC slabs after various travelling fires. One reference slab was tested without
exposure to fire. First, the furnace temperatures and concrete and steel temperatures of the slabs were
briefly investigated. Second, five fire-damaged slabs and one reference slab were loaded to failure at
ambient temperature. For each slab, the vertical and horizontal deflections, concrete or reinforcement

strains, cracking patterns, and failure modes were investigated. Finally, the residual ultimate limit
4
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loads predicted using the proposed method were compared with the experimental and other theoretical

results.

2. Test setup
2.1 Test slabs

Six three-span two-way continuous RC slabs (each with dimensions of 4700 mm x 2100 mm X
50 mm) with the same reinforcement ratio and arrangement were tested. One slab (Slab CS0) was the
reference slab without fire exposure, while the other five slabs (Slabs CS1, CS3 to CS6) were
subjected to different travelling fire scenarios, and the residual strength tests (Slabs CS1-PF, CS3-PF
to CS6-PF) were then conducted. After the fire test, the slabs were stored outside the laboratory
(natural environment: 518 to 830 days), and the concrete age of the reference slab was 897 days. The
details of each slab are presented in Fig. 1(a) and Table 1. Note that the residual test of Slab CS2-PF

was not conducted owing to the previous failure (due to transportation and hoisting).
2.2 Test procedure
2.2.1 Fire tests

In this study, five slabs were tested under different travelling fires, and the details of the fire tests
are available in Ref. [25]. The uniform applied loads (iron bricks) of each tested slab during the fire
test are listed in Table 1. As shown in Fig. 1(b), six thermocouple trees were used to measure the
temperature of each heated compartment. As depicted in Fig. 1(c), each thermocouple tree consisted
of six thermocouples (1-6) for concrete and four thermocouples in Points R-1 to R-4 for the

reinforcement. Other details of the fire tests are available in Ref. [25].
2.2.2 Post-fire strength tests

After the fire tests, the residual load-carrying capacities of continuous Slabs CS1-PF and CS3-PF
to CS6-PF, as well as for Slab CS0, were investigated. For the residual tests, each slab was tested
using a reaction steel frame (Fig. 2(a)). One steel plate (160 mm x 300 mm) was placed at each
loading point, and the load was applied using three hydraulic jacks. For each span, the load increment

was 8 kN (initial and middle stages) or 4 kN (near the failure or later stage), and the applied load at
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each step was maintained for 5 min. The failure criteria for each slab included concrete crushing,
reinforcement fracture, and punching shear failure. If the failure criteria was reached in a span of the
slab, the test of that span was stopped, but the loads in other spans of the slab continued to increase
until the corresponding failure occurred in those spans. Note that because of the severe deterioration
of the concrete (rehydration of CaO: volume increase) [26-27], one hole appeared in Span CS1-A
during the re-curing stage; thus, its residual strength was zero.

As shown in Figs. 2(b)-2(d), four corners were anchored by the four steel beams, and the reaction
force at each corner, denoted as Points P-1 to P-4, was measured using pressure transducers. Strain
gauges were used to measure the concrete and reinforcement strains (Fig. 3(a)). In addition, Fig. 3(b)

shows the positions of vertical points V-A, V-B, and V-C and horizontal points H-1 to H-4.
3. Results of the fire tests

The temperature variations in the furnace and concrete and steel with time during the heating
phases for the five slabs are shown in Figs. 4(a)—4(e). Note that the maximum furnace temperatures
of two unheated Spans CS1-B and CS1-C were lower than 200 °C, indicating that they had higher
residual strengths.

The maximum furnace temperatures of the heated spans in Slabs CS3 to CS6 [25] ranged from
830 to 1102 °C, with an average value of 980 ‘C (Table 1). In contrast, for Slabs CS3 to CS6, the
maximum concrete temperatures on the bottom (top) surfaces of the heated spans ranged from 640
(220) to 851 (355) °C, with an average value of 764 (274) °C. Meanwhile, the bottom steel
temperatures of Slabs CS3 to CS6 ranged from 518 to 721 °C, with an average value of 629 °C. Note
that as discussed in Ref. [15], the maximum temperatures for the bottom concrete (steel) ranged from
671 (529) to 1130 (718) °C, with an average value of 893 (645) °C. Similarly, as discussed in Ref.
[16], the average concrete (steel) temperatures on the bottom and top surfaces of the heated spans
were 828 (781) and 254 (497) °C, respectively. As expected, because of the longer heating duration
(approximately 180 min) and larger heat capacities, the maximum temperatures of Slabs S1 to S5 [15]
and B1 to B4 [16] were higher (100—200 °C) than those of the tested slabs presented here. Other
details of the tested slabs in Refs. [15-16] were shown in Table 2. Overall, compared with the fire
travelling direction and time delay, the heating duration and slab thickness considerably affected the
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maximum material temperatures of the slabs, particularly small-scale slabs.

Similar to Refs. [15-16], post-cooling concrete spalling (falling of concrete pieces) occurred
because of the moisture absorbed by the calcareous aggregate (rehydration). As discussed above, a
severe failure occurred in Span CS1-PF-A before the residual strength tests owing to the post-fire
spalling and higher experienced temperatures (Fig. 4(a)). However, for fire-damaged slabs, in Refs.
[15-16], no holes appeared before the residual tests, although the experienced maximum temperatures
were relatively higher. Thus, a concrete slab with a minimum thickness is required to prevent severe
spalling after the cooling stage. In other words, increasing the slab thickness is an effective method

of reducing the detrimental effect of post-spalling on the residual behaviour of the slab.
4. Results of the post-fire tests

This section discusses the post-fire experimental results for each slab and provides a brief
explanation of the observed behaviour, including the load—deflection curves, concrete and
reinforcement strains, cracking pattern, and failure mode. In addition, the residual behaviour of the
tested slabs was compared with those of other fire-damaged slabs in the companion papers [15-16].

4.1 Failure behaviour

Figs. 5(a)-10(d) show the cracking patterns on the top and bottom surfaces of each span in the
continuous slabs. As shown in Figs. 6(a)-10(d), for each fire-damaged slab, the red and dark lines
indicate new and original cracks, respectively, and the blue elliptic line and blue rectangular dash line
indicate the tensile membrane action region and bottom reinforcing steel yield region, respectively.
® Reference slab CSO (unheated)

For Slab CSO0, before 28 kN, no cracks appeared on the top surface. Between 28 and 36 kN, cracks
appeared in the middle region of Span B as well as at the corners. At approximately 50 kN, small new
cracks first appeared near the two internal supports. Subsequently, cracks appeared through two
internal supports at approximately 70 kN, and many arc cracks appeared at the corners of each span.
Between 80 and 100 kN, mid-span cracks appeared at the two edge spans A and C. At approximately
104 kN, concrete crushing occurred at one corner of Span A. Here, the load at Span A did not increase
and remained constant. At 106 kN, concrete crushing appeared at Span C, and then its load remained

constant. Finally, at 110 kN, concrete crushing occurred at Span B, and the test was stopped.
7
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As shown in Figs. 5(a) and 5(b), as expected, the cracking patterns at Spans A and C were similar,
and the top arc cracks appeared near the edge region. For Span B, its top cracking pattern differed
slightly from those of Spans A and C owing to its higher boundary restraint. Note that some cracks
appeared in the middle region of each span owing to the tensile membrane action (large deflection).
Moreover, the conventional yield-line failure mode or rectangular cracking pattern occurred on the
bottom surface of each span (Figs. 5(c) and 5(d)). However, in contrast to this observation, concrete
crushing easily occurred along the bottom surface of the internal supports because of the larger
concrete stresses [15-16]. This comparison indicates that the span—thickness ratio has a considerable
effect on the brittle failure mode of the internal supports, such as concrete crushing or local punching
shear failure mode.
® Fire-damaged Slab CS1-PF (heated span A)

For this slab, only Span A was heated during the fire test (180 min). As shown in Fig. 6(a), Span
A was not loaded because of the hole, and Spans B and C were simultaneously loaded during the
residual test. Before 20 kN, the width of the original top cracks gradually increased, and no new
cracks appeared. Subsequently, many new top cracks first appeared near the two internal supports,
and then arc cracks appeared at the corners of each span. At approximately 96 kN, concrete crushing
appeared at the two corners of Span C, and its load remained constant until the end of the test. At 108
kN, the cracks across Span B appeared in its middle region, and the test stopped.

Figs. 6(a)-6(d) show the cracking pattern on the top and bottom surfaces of Slab CS1-PF. On one
hand, the bottom failure mode of two spans were similar to those of Slab CS0, and no concrete
crushing appeared on the bottom surface of two internal supports. On the other hand, owing to the
lower experienced temperatures (Table 1), the ultimate loads (108 and 96 kN) of Spans B and C in
Slab CS1-PF were similar to those (110 kN and 106 kN) of Slab CSO0, and the reduction factors of
Spans B and C were 1.8% and 9.4%, respectively. Note that this observation differs from those in Ref.
[15]. For instance, compared with the Slab SO, the maximum reduction factors of the residual
strengths in Slabs S1-PF and S2-PF were 18.1% and 30%, respectively. This comparison further
indicates that as the span—thickness ratio decreases, the difference in the residual carrying capacity
among different spans tends to increase owing to various failure modes [15-16].

® Fire-damaged slabs CS3-PF to CS6-PF (three heated spans)
8
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As discussed above, for each span, the direct heating time was approximately 90 min, and the
maximum concrete and steel temperatures were similar (Table 1). During the residual strength test,
the cracking development and failure mode of each fire-damaged slab were similar.

During the initial stage, the original cracks gradually widened, and no new cracks appeared on
the top surface before approximately 20 kN. Subsequently, many new cracks primarily appeared near
the internal supports and edges. At the limit state, concrete crushing at the corners easily occurred on
one span. Note that, for any span—thickness ratio, the original crack distribution of the slab in fire was
different from the new crack distribution of the fire-damaged slabs, owing to different mechanical
mechanisms.

Figs. 7(a)-10(d) show the cracking patterns and failure modes on the top and bottom surfaces of
Slabs CS3-PF and CS6-PF. On one hand, on the top surface of each span, arc and large cracks
appeared on the edge and two internal supports, respectively. Meanwhile, in addition to the punching
shear failure (severe spalling) of Span CS4-PF-A, concrete crushing primarily occurred on the top
surface of all other spans. However, as discussed in Ref. [16], the punching shear failure or flexural-
punching combined failure occurred in six spans of Slabs B1-PF to B4-PF (total 12 spans: traveling
fire); the main reasons were the cross shape (+) of the original cracks, lower span—thickness ratio,
and concentrated loading system. In addition, four spans in Slabs S1-PF to S5-PF (total 15 spans:
uniform fire) experienced punching shear failure [15]. As discussed above, for the tested slabs, only
one span (total 16 spans) in the present fire-damaged slabs experienced punching shear failure, and
all other spans experienced flexural failure. In addition to the four-point loading system and slight
spalling, another important reason is that there were fewer network or map original cracks on the top
surface of each span, and many original arc cracks appeared at the edge of each span. No doubt, the
network original cracks led to the low bond strength and dowel actions between the concrete and steel,
i.e., the punching shear strength [5-6]. Therefore, for any span—thickness ratio, compared with the
boundary restraint, severe spalling has significant adverse effects on the residual strength, bond, stress
or strain concentration, and insufficient tensile membrane action, and it easily results in the punching
shear failure of the concrete slabs, such as for Span CS4-PF-B.
® Discussion

Based on the above observation, as the span—thickness ratio increases, the travelling fire scenarios
9
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have slight effects on the failure mode of a concrete slab, and the flexural failure mode often occurs
in each span owing to better rotation capacity. In other words, the support of the slabs with lower
span-thickness ratio is more flexible to rotate and more ductile. In this case, the smooth deflected
shape (double curved) of the two-way slab easily formed, particularly under the uniform load. Thus,
the bottom reinforcement gradually stretched with increasing deflection, and the tensile field in its
central region sufficiently developed. An important premise is that the punching shear capacity of the
fire-damaged slab is higher than the flexural capacity. As the span—thickness ratio decreased, the
punching shear failure easily occurred owing to the lower rotation capacity. The results indicated that
the span—thickness ratio, fire scenario, and loading system should be considered to determine the
reasonable failure modes of fire-damaged slabs.

Moreover, the conventional yield-line failure mode occurred on the bottom surface of each slab,
including diagonal and central cracks parallel to the short span. In contrast to the observations in Refs.
[15-16], the cracks of the tested slabs were sufficiently developed, indicating that the tensile
membrane action appeared at a large deflection (//20). Thus, as the span—thickness ratio increases
(such as >30), the beneficial effect of the tensile membrane action can be considered; otherwise, the
limit carrying capacities predicted using the conventional yield-line theory will be underestimated, as
discussed later. In contrast, as the span—thickness ratio decreases (such as <20), the tensile membrane
action can be neglected; otherwise, the limit carrying capacities predicted using the tensile membrane
action theory will be overestimated [15-16].

Overall, in addition to the fire scenario (uniform or travelling fire scenario), the span—thickness
ratio (20 or 30) and loading system (concentrated load or uniform load) have significant effects on
the failure mode of fire-damaged continuous slabs. For any span—thickness ratio, local punching shear
failure easily occurs if severe spalling occurs during the fire or in the post-cooling stage.

4.2 Load vs. displacement responses

This section discusses the vertical and horizontal deflections observed in each tested slab. For the
vertical deflections, the positive displacement is downward, while for the horizontal displacement,
positive values indicate outward and negative values of inward movement. For some spans, the data

were not measured because of holes or previous failures.

10
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4.2.1 Load vs. vertical deflection responses

Figs. 11(a)-11(e) show the load—deflection curves of each slab, and the load—deflection curve
trend of different spans were noticeably similar. In addition, the initial structural stiffness and the
energy ductility (ug) of each span are listed in Table 2. The energy ductility (uE) is (Etwotal/(2Ee)+0.5),
where Eoa1 and Ee are the elastic and total energies (the areas under the load-deflection curve) of the
fire-damaged slab, respectively, details of ug are available in Ref. [15].

(1) Initial structural stiffness and energy ductility

The initial structural stiffness (Ko) of the heated edge spans ranged from 1.55 to 3.59 kN/mm,
with an average value of 2.47 kN/mm (Table 2). In addition, the average Ko of the heated middle
spans was 3.04 kN/mm. Similar to the observation for Slab CSO0, the Ko of the middle span was
slightly higher than that of the edge span. In addition, the original cracks mainly concentrated on the
internal supports and edge of the tested slabs during the fire test, and less original cracks appeared at
the middle region of each span. Thus, the travelling fire scenario and internal original cracks hardly
affected the residual initial structural stiffness of the fire-damaged slabs with larger span—thickness
ratios. However, as discussed in Refs. [15-16], larger differences were observed among different
spans for the initial residual structural stiffness. For instance, the initial residual structural stiffness of
Slabs B1-PF to B4-PF [16] (S1-PF to S5-PF [15]) ranged from 6.0 (4.3) to 20.4 (110.5) kN/mm, with
an average value of 13.1 (26.9) kN/mm. Thus, as the thickness increased, the initial residual structural
stiffness was more sensitive to the fire scenarios since it was primarily dependent on the initial elastic
modulus (E) (or original cracks) and the thickness (h), i.e. Er*/[12(1-u?)], particularly the concrete.

Table 2 lists the energy ductility values of each span in the tested slabs. The ductility of the fire-
damaged slab was slightly higher than that of the reference slab. For instance, the ug of five fire-
damaged slabs (reference slab) ranged from 1.09 (1.29) to 3.01 (1.80), with the average value of 1.80
(1.52). Compared with the reference slab, the average increase in the ductility of the fire-damaged
slabs was approximately 18.4%. In addition, for the thinner fire-damaged slabs, the ductility
difference among these spans was small owing to the lower boundary restraint or rotation restraint.
However, for thicker fire-damaged slabs [15-16], the ur values of the concrete slabs fluctuated

significantly, particularly in the uniform fire scenario. For instance, for the fire-damaged slabs

11
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subjected to uniform (traveling) fire scenarios, ug ranged from 1.13 (1.06) to 19.91 (4.80), with the
average value of 5.15 (2.14). In other words, as the span—thickness ratio increased, the effect of the
boundary restraint on the energy ductility gradually decreased.

In summary, as the span-thickness ratio increased, the initial residual structural stiffness and
energy ductility tended to decrease, and the effect of the spreading direction of travelling fire and
delay time could be neglected. However, as the span-thickness ratio decreased, the initial residual
structural stiffness and energy ductility of the fire-damaged slabs were more sensitive to the fire
scenario, particularly to the position and number of heated spans.

(2) Ultimate load-carrying capacities

Table 2 lists the ultimate loads (Py) and ultimate deflections (Jy) of the fire-damaged slabs. Except
for Spans CS1-PF-A and CS5-PF-C, the minimum ultimate load within two or three spans was
considered as the actual ultimate load of each slab. Thus, the residual ultimate loads of Slabs CS1-PF
and CS3-PF to CS6-PF were 96 kN (Span C), 80 kN (Span B), 84 kN (Span A), 92 kN (Span A), and
88 kN (Span A), respectively, with an average value of 88 kN. For the ultimate load, the ratio for the
reference slab (104 kN) and the fire-damaged slabs ranged from 76.9% to 92.3%, with an average
value of 84.6%. Note that, compared with the limit loads of the reference Slab SO, this ratio of Slabs
S1-PF to S5-PF [15] ranged from 58.4% to 100%, with an average value of 79.3%. This comparison
indicated that as the span—thickness ratio of the continuous slabs increased, fewer limit load
fluctuations occurred among different spans. In other words, for a slab with a larger span—thickness
ratio, the effect of the traveling fire scenario, including the time delay and fire traveling direction, on
the residual limit loads can be neglected.

As the span—thickness ratio decreased, different types of failure modes verified this observation,
including the flexural failure mode, punching shear failure, flexural punching failure, and interior
support failure, as discussed in Refs. [15-16]. The flexural failure mode is primarily dependent on the
residual properties of steel, but the punching shear failure mode is dependent on the residual strength,
cracking pattern, and spalling of concrete. Thus, for the same fire scenario and reinforcement layout
(ratio), the thermal gradient gradually increased with increasing thickness, and larger residual
material property differences existed across the thickness. In addition, different original cracking

patterns easily occurred in the thicker slabs during the heating stage, including the original cross-
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shaped cracks, many cracks parallel to the short spans, and spalling region or depth. In contrast, for
the tested fire-damaged slabs, the above differences among different spans could be neglected, as
discussed above. Therefore, the loading system (uniform load or concentrated load) has significant
effects on the failure mode and residual ultimate loads of fire-damaged slabs.

As shown in Table 2, for the fire-damaged slabs, the limit deflection (du) ranged from 34.0 to
79.43 mm with an average ultimate deflection of 64.3 mm. For the thinner slabs, the ultimate
deflection was approximately //20 (72.5 mm). Note that this observation differed from the average
limit deflection /50 (29 mm) of Slabs S1-PF to S5-PF [15] and Slabs B1-PF to B4-PF [16]. Thus, for
fire-damaged slabs, the effect of the span—thickness ratio should be considered to establish a
reasonable deflection failure criterion.

Overall, for the fire-damaged continuous slabs, the residual performance was dependent on
several factors, including the furnace temperature, heating time, boundary condition, reinforcement
ratio, reinforcement layout (top continuous or discontinuous), thickness, span—thickness ratio,
original cracks, spalling, travelling fire, and uniform fire. Owing to many uncertainties related to the
above key factors, a simple and effective method should be established to predict the accurate residual
limit loads of fire-damaged slabs, particularly the reasonable failure modes and failure criteria.

4.2.2 Load vs. horizontal deflection responses

Figs. 12(a)-12(e) show the measured horizontal displacement vs. load curves for each slab. As
expected, during the early stage of loading, the horizontal deflection of each measured point was
small owing to the small vertical deflection. After approximately 40 kN, the horizontal deflection
rapidly increased until the end of the test. At the end of the residual strength test, the maximum
horizontal deflection of these slabs ranged from 1 to 4 mm. Overall, the maximum horizontal
deflection of the tested slabs were basically similar to the observations in Refs. [15-16], indicating
that the thickness or span—thickness ratio has minimal effect on the residual horizontal deflection of
the fire-damaged slabs.

4.3 Load—concrete and steel strain curves

The concrete and reinforcement strains measured for all slabs are shown in Figs. 13(a)-13(f), and

the concrete peak strain and reinforcement yield strain were identified according to Ref. [28]. A
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positive value represents the tensile strain, whereas a negative value indicates compressive strain.

As indicated in Figs. 13(a)-13(f), as expected, the concrete compressive strain at each corner
gradually increased with the load. After approximately 40 kN, the concrete strain rapidly increased,
particularly during the later stages. Compared with those of the reference slab, the concrete strains of
the fire-damaged slabs were relatively larger, indicating that they had better ductility. This observation
was consistent with the experimental results in Refs. [15-16]. On one hand, the maximum concrete
strain of Span CS0-C was approximately 3773x10°, which coincided with the conventional concrete
crushing strain, such as 3500x10° or 3800x107 [29]. On the other hand, for the fire-damaged slabs
at the limit state, the maximum concrete strains of several measured points were larger than 4000 10"
6 such as Spans CS6-PF-A and CS6-PF-B. Meanwhile, owing to the smaller thickness, higher
experienced temperatures, and larger deflections, the concrete strains of the tested slabs at the limit
states were larger than those in Refs. [15-16]. In summary, according to the above experimental results,
the concrete crushing strain of the fire-damaged slab can be considered as 4500x10° in this paper.
Note that, the concrete crushing strain was basically conformed to the experimental observation [33].

Figs. 13(a)-13(f) also show the reinforcement strain at different measured points of each span in
the tested slabs. As expected, the reinforcement strains increased with the load until the end of each
test. In addition, the load—strain trend basically coincided with the load—deflection curves (Figs.
11(a)-11(e)). Note that, similar to Refs. [15-16], large differences were observed between different
measured points owing to the stress or strain concentration.

Overall, for the fire-damaged slabs, concrete or steel strains are not suitable for the failure criteria
owing to data scatter. According to the companion papers, the mid-span deflection, i.e. /50 or /20,
is suggested to determine the residual limit loads of fire-damaged slabs with lower (<20) or larger

span—thickness ratios (>30).

5. Proposed method

In this paper, equations for predicting the strength of rectangular two-way concrete (RC) slabs
with different edge support conditions and under uniformly distributed loading are further developed

from the ellipse equation theory [24]. As shown in Fig. 14, the tested continuous slabs had two types
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of boundary conditions, including three simply supported edges and one fixed long edge (or the edge
span), and two edges fixed and two edges simply supported (or the middle span). Thus, two types of
membrane force distribution patterns are defined in this paper, namely, stress patterns I and II
(Figs.15(a)-15(f) and 16(a)-16(d)). Note that, for each stress pattern, the intersecting points of three
yield lines in the middle region are assumed to be the two foci of the elliptic equation. However,
different from the existing elliptic equation approach [24], the present method mainly considered the
effect of the boundary condition (the negative moment) on the position of the intersecting points of
the concrete slabs, as discussed later.

Similar to the yield line theory, Bailey method [17] and the reinforcement strain difference method
[21] and the elliptic equation method [24], the residual deflection or the material residual strain (such
as the concrete transient strain [34]) was also not considered in this paper, and it only focused on the

residual strength of the bottom steel and top surface concrete.

5.1 Stress pattern 1

5.1.1 Membrane forces

® TFor Plate
As shown in Figs. 15(a)-15(b), for Plate O, angle 6 is defined as [30]

sind=al /[\(aL) +(BI) ], a :@[\/Hg.mmz -1], p=04142, (1)

where a and S are two factors, L (/) is the length (width) of the slab, and r is the aspect ratio (L/]).
Note that, o and f were dependent on the boundary conditions [30]. In other words, the effect of the
boundary conditions was considered according to the two parameters.

According to the in-plane membrane force equilibrium (Figs. 15(b)-15(d)), the following

equations can be obtained:

(T, /2)sina=C,-T,, (I;/2)cosa =S, T, =bKT,(L-2al) (2a)
kbKT, k 2 2 bKT, 1 2 2
Cl - 2 (mj\/(a[‘) +(ﬁl) ’ Tz = 2 (mj\/(a[’) +(ﬁl) D

(2b)
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k= —ar; (21 i 202) +1 (2¢)
ar +p ’

where £ is the parameter defining the magnitude of the membrane force, 7o is the yield force in the
reinforcing steel per unit width (kN/m), 71 (72) is the resultant in-plane tension forces in the x- (-
aligned) rebar at the yield line, b is the parameter defining the magnitude of the membrane force, K
is the ratio of the yield force in the reinforcing steel along the short span to the yield force in the
reinforcing steel along the long span, § is the in-plane shear force along a diagonal yield line; and Ci
and C> are the compressive forces.

® Plate ®

As shown in Figs. 15(e)-15(f), for Plate 3), &' is defined as [30]

[\/1+8.7417r2 —1} . B=04142 3)

sin@'zOtL/[\/(O‘L)z H-pIY, = w

According to the membrane force equilibrium, for Plates 3 and (3, the following equations can

be obtained:

(T'/12)sin@'=C/ -T,, (T /2)cos®' =S", T' =b'KT,(L-2alL) (4a)
' klb,KTE) k’ 2 2 ' b’KT 1 2 2
= —\J(aLY +(1-p1) T ==="2| —— |J(aL) +(I-pI
@ (1+k'j\/(a J A T = (1+k'j\/(a yH=Ay (46)

,ar’(1-2a) .
a’r’+(1-B)

where k' is the parameter defining the magnitude of the membrane force, 7' (72') is the resultant in-

(4c)

plane tension forces in the x- (y-aligned) rebar at the yield line, 4' is the parameter defining the
magnitude of the membrane force, S’ is the in-plane shear force along a diagonal yield line, and C'
and C>'are the compressive forces. Note that, because the effect of the in-plane force (interior support)
is neglected, 71" is not equal to 7. In other words, the difference between 71' and 7 is equal to AT.

5.1.2 Membrane action region

As shown in Fig. 15(a), according to the geometric equation, the ellipse equation (tensile

membrane action region) is
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e+ ——=1 4.=0 (5a)
aR bV ’
LY el +J(L_“L_1ak/lc) +[1mkj (5b)
a, = bV2+(__aLj ’ By— - (1+k) : + +

\/ (aL(i;()zﬂl)z ' (aL{;E{I,);ﬂI)Z +J[L_0L_1a+kllcj2 +[£1J +\/(L_“L_1ZIZ'I +[l1;§lj2 (5¢)

(aL)2+(zﬂl)2 +\/(L—aL— akl T{ pl jz

1+k 1+k

(aL)2+(Z—2ﬁl)2 +\/(L_aL_ okl j2+[l—ﬂl)2
(1+k") 1+k' 1+k' (5e)
2

where the width of the compressive membrane action at the slab edges (Leg and Lr) are defined as

(5d)

!

X, :(Z—ﬁl)—

xc and x¢', respectively.

5.1.3 Key parameters

® Plates @'
As shown in Fig. 15(d), for Plate (', the compressive membrane action distribution at the line

EG is triangular; thus, the equilibrium equation is defined as
C, =KT,(pBl-x,)+C,cos@—T,cos0 - Ssinf | (62)
or

afbll’ (1-2¢)
(aL) + (1) )

_KT,

C, 281-2x, +(k—1)bpl - (6b)

For Plate (', the moment equilibrium (about Point E) is
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oxt 3| 1 ey iy :
T, cosOxL ) _ _KTo(/ﬁ_xc)Kﬁ"'x_c)
2 cosf |tand 3(1+k) 2 2
(7)
i k(L) +(B1)
+1C2xc—£(£—aL]+C, sindL _ ( ) +(A1) +S£cos€=0
3 2 3(1+k) 2
416 By substituting 771 (Eq. (2a)), 7> (Eq. (2b)), C> (Eq. (6b)) and S (Eq. (2a)) into Eq. (7), b can be
417  obtained as
Bl x ) _x(Bl-x.)
] — sy fe M e/
A xc)( N 3 @®)

b=

A-B+C+D+E ’
418  where

AR Y xapira-2a) g Ly
8

6(1+k) o[ (aL) +(p1) |

_ (ﬂl)z 1-2a 1 ) ) B |al I ) X
Cz(”"){ 2a _[ 2 +3(1+k>]((aL) e )] D_2(1+k)[ 2 _3(1+k)((“L) +(A) )]

B (1-2a)

4 (ar)y +(BI) |
419 As discussed in Ref. [17], the moments Moy and My, are defined as
3+g 3+g d T, | /d d, KT, | /d
o =158, Mok S e G0 /% e 3R] 2 o

420  where Mo and My, are the moments of resistance (no axial force) in the short and long spans,
421  respectively, di and d> are the effective depths of reinforcement in the short and long spans,
422  respectively, fou is the compressive cube strength of concrete, and g1 and g» are parameters defining
423  the compressive stress block in flexural action in the short and long spans, respectively.

424 ® Plates ®

425 As shown in Figs. 15(e)—15(f), for Plate (3)', the compressive membrane action distribution at the

426  line E'G'is triangular; thus, the equilibrium equation is defined as
C, =KT, (l ~pl-x/ ) +C,cos¢’ T, cosf' - S'sin @’ (10a)
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or
. KT, D, a(l-B)b'IL (1-2a
¢ Kl 21 iy 2+ (k1) (1 pr) - LU= PPIL (1220) (10b)
2 (aL) +(I-pI)
As shown in Fig. 15(f), for Plate 3, the moment equilibrium (approximately Point £’) is
L, : : ,
o cosf'xL ) | (aL) +(1-pI) —K]"O(l—ﬁl—xc){(l_m)wLxCJ
2 cosd |tan@’ 3(1+k") 2 2
(11)

sind'L K (ocL)2 +(l—ﬂl)2
2 3(1+K)

+1C2,x(,’—£ Loar +C/
3727 42

} +S’ L cos9'=0
2

By substituting 7”1 (Eq. 4a), 7> (Eq. 4b), C» (Eq. 10b), and S’ (Eq. 4a) into Eq. (11), b’ can be

obtained as

2 2 3 (12)
A—B+C+D+E ’

) )

b =

where

X (1=p)1(K" 1) x/a(1-p)IL(1-2a)
6(1+4") 6[(05L)2+(Z—/31)2J ’

1 (=B (1-2a, 1 . ,
C_2(1+k’)[ 2a _( 2a +3(1+k')J((“L) +(1-p1) )]

(a2 K . ) _(1-py PL(1-2a)
2(1+k’){ 2 _3(1+k')((aL) Hi=A) )} E_4[(aL)2+(l—,Bl)2]

2
B:%(I—Za)z

5.1.4 Enhancement factors

® cim, €2m, and e3m
As shown in Figs. 17(a)-17(f), for Plates (D and ), at the limit state (maximum displacement:

w), the moments (Mim and M>n) about the supports owing to the membrane forces are expressed as

M

—2Scost9%w (13a)

Im

=T,w+ 2T, sin Hw(l -

1 k
~2C,sin6
3(k+1)] Y
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1

M2m—|:(7”2 cose)(l— 3(k+1)]+(T2, COSQ,)(I_mj:lw+(SSine+S,Sin0')%w

{(q cos0) +[cl COSHI)X%I)}W

(13b)

W

(k+1)

!

3(k'+1)

1
3(k'+1)

M, =T'w+2T, sin9'w[1— ]—2C1' sin@'w —2S'cos6"%w+MuL, (13¢)

Mim (Eq. 13a), Mom (Eq. 13b), and M3m (Eq. 13¢) are divided by MoiL, Myl, and MoiL,

respectively, and the enhancement factors eim, e2m, and e3m are defined as

ey, =—2 (14)

® e, e2v, and e3p
For Plates (D and (), if the axial compressive force N is present, the moment capacity M is defined
as

M N N, Ixg 1-g
_:1+a —_) — —_— , a:—O, :—0’
—= G- AG a3 AT (15)

where go is the parameter fixing depth of the compressive stress block when no membrane force is
present [17].
As shown in Fig. 18(a), for Plate (U, for the yield line 4B, the distance between B and the

projection (x-axis) is x’, and the membrane force N, is

xX'(k+D

N, =bKT,( ). (16)

Thus, the moment contribution Z for yield lines AB and CD (Fig. 15(a)) is

2
Z :2IaL£dx':2aL 1+“—1b(k—1)—ﬂ(k2—k+1) , o=
RS 2 3

=S
g

Similarly, for the yield line BC in Fig. 15(b), the membrane force is constant, N=-bKTo, and we

obtain

7 =

2

L-2alL 18
) % dx=(L-2aL)1-ab-Bb). (18)

0

0

For the yield line GF in Fig. 15(d), the membrane force is constant, N=-KTjy, and we obtain
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2x g,

I ) g
2, =2} Sy = 2Ky = ). @3 fiT (19)
0 5 ,

Thus, according to Egs. (17), (18), and (19), the enhancement factor eiy is defined as

-l l 20)
"L oL 1

For Plate 2), across the yield line 4B in Fig. 18(b), at a distance of y' from 4, the membrane force
Ny’ IS

VOAD e 26D
A (1-p)!

Similarly, for Plate ), the moment contribution for yield lines A'B and 4B is

N, =bKT,( -1). 1)

M BHK’
Y=| —dy'=p1 K -k+1 22
J w Y /{ : - )} (220)
,pu-p M , UK L
Y_jo de =(1- ,H)Z[H —( —1)—%(1{ k +1)] (22b)

Thus, according to Egs. (22a) and (22b), the enhancement factor e is

_T+Y
eZb—T_ (23)

Similarly, as shown in Fig. 18(a), for Plate (3, for the yield line 4B, the distance between B and

the projection (x-axis) is x', and the membrane force Ny’ is

xX'(k"+1)

N, =b'KT,(————=-1). (24)

Thus, the moment contribution Z for yield lines AB and CD (Fig. 15(¢)) is
I _ ak M r_ alb’ ! ﬂ]brz 2 '
Z1 _2-[0 Vodx —20{L{1+T(k —1)—T(k -k +1) . (25)

Similarly, for the yield line BC in Fig. 15(e), the membrane force is constant, N=-bK7o, and we

obtain

' a 26
Z, _I”L% dx=(L-2aL)1-ab'-Bb"?). (20)

0

0

For the yield line G'F" in Fig. 15(f), the membrane force is constant, N=-K 7o, and we obtain
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Thus, according to Egs. (25), (26), and (27), the enhancement factor esp is defined as

e, =t b b (28)
L L 1

5.1.5 Ultimate limit loads

For each plate, the enhancement factor is defined as
e =€, ey, 6,76, e, e=e, ey . (29)

For the edge span, the limit load P, caee based on Ref. [30] is

P/ O B 0
y,edge 3_2a ﬂlz (1_[8)12 aLZ , A:MOZ/MOI

where M and M, are the positive bending moments of the short and long spans per unit, respectively.

For the edge span, the ultimate limit load Plimit, edge 1s defined as

P, (e L+2e,0+e,L)

B i == (2L +21) Gl
5.2 Second stress pattern 11
For the middle span, the angle 6 of Plate O in Figs. 16(a)-16(b) is defined as [30]
sing=al /[ |(aL) *@2]’ a=W1+6r -1)/(4r*), B=0.5. (32)
Owing to the symmetrical property, the ellipse equation is defined as
(X+Ax)2+(y+3y)2:1’ 4=0, B =0 (33a)

2 2
g by

WW+\/[L_ L_akzjz{ 1 ]2
.- /sz+££_“sz Y] “Tk) 20 (33b)
2 > 2 :

Similarly, two parameters k and b are defined as
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2 i—x i-l—x—c —70(1 2,)
_der(1-2a) o a4 2)T (34)
da’r +1 ’ A-B+C+D+E ’

where

(kl l) xcalez(l—Za) B:l ﬁ_asz e PrX(1-2a)
(1) 12[(aL) w12 | 2\2 6| (al) +(/2)? ]

1 [P 1-2a(, v o (@l +@72y ] B |ar k , P
(1+k)[8a 2a (et /27)- 31+k) | D_2(1+k)|: 2 _3(1+k)[(aL) +Zﬂ'

As shown in Figs.19(a)-19(b), for Plates O and ), the enhancement factors (e1m and exm)

owing to the moment are defined as

M,  4Kb( a(2-k) IP(1-2a) M,
e,=——= — || 1-2a+ - > + (35a)
ML 3+g\ 4 8[(0:L) +(1/2)2} M,
o Mo, _ b (_] 2-k __al’(1-2a) (35b)
T Mgl 3+g,\d )| 6 4[(@)%(1/2)@ '
Meanwhile, for Plates O and @), Z1, Z» and Z; are defined as
ZI“Lﬂdx 2aL[l+—(k—l)— B (K2 k+1)}=z1 (36a)

L- 2aL£ M / oo
J.o M dx =(L —2aL)1- alb lBIb) Zz7 ZJ. Edyzz(a—xc)(l_Kaz_ﬂzK )_Zs' (36b)

0

For Plates (U and ), the enhancement factors (e1 and ez) are defined as

Z 7, Z
€ :TI+TZ+73 €% :1+a2bK

2b2K2 2
(k—l)—ﬂT(k —k+1) (37)

2

el=elm+elb, e,=e, ‘e,

2m

For the middle span, the ultimate limit load Plimit, middie 1S

P _ T — (261L + 2621) Py middle (elL + ezl)
limit, middle (2L + 21) (L +l) 5
(38)
_12My 12 A
v,middle 3_2g 1_2 + ERE A=Mo2/Mo:

where Py, middie 1S the yield-line load, based on Ref. [30].
Fig. 20 shows the flow chart for analysing the ultimate loads of concrete slabs based on the above

equations.
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5.3 Comparison analysis

In this study, the proposed ellipse method (Pe), conventional yield-line method (Py), Bailey’s
method (Py), and the steel strain difference method (Ps) were used to predict the residual ultimate
loads of the tested slabs. The details of other methods are available in Refs. [17, 21, 31]. The residual
mechanical properties of fire-damaged slabs are listed in Table 4.

As depicted in Figs. 5(a)-10(d), the tensile membrane action (blue ellipse region) and bottom
steel yielding region (blue rectangular region) were predicted using the proposed method and
reinforcement strain difference method, respectively, and they were compared with the cracks
obtained from the tests. Note that the punching shear capacity of the fire-damaged slab should also
be checked at the limit state, but this is beyond the scope of this paper. In addition, to be conservative,
the concrete strength recovery was neglected in this study [32].
® Yield-line method

As indicated in Table 5, because the tensile membrane action was neglected, the Py of the fire-
damaged slabs was relatively conservative, and the ratio (Py/Py) ranged from 0.38 to 0.56, with an
average value of 0.46. However, as discussed in Refs. [15-16], the Py/P, ratio ranged from 0.43 (0.73)
t0 0.86 (1.39), with an average value of 0.61 (1.07). As the span—thickness ratio decreased, the average
Py/Py ratio gradually increased, indicating that the beneficial effect of the tensile membrane action
gradually decreased. However, we can conclude that for a fire-damaged slab with any span—thickness
ratio, the yield-line theory can be used to predict the conservative ultimate loads.
® Bailey method and steel strain difference method

As shown in Table 4, Py and Ps were in good agreement with the experimental results. For instance,
the Py (Ps) /Py ratio ranged from 0.39 (0.52) to 0.63 (0.82), with the average value of 0.49 (0.65).
Similarly, the predicted results were significantly conservative, particularly for Bailey’s method.

On one hand, for Bailey’s method, the conservative predictions were due to the inaccurate failure
mode assumption and underestimated ultimate deflection (average value: //40). For instance, the
compressive force was assumed to be concentrated over a very small area near the edge of the slab
[17]. Our experimental results indicated that a greater proportion of the slab was in compression near

the edge of the slab, i.e. xc (Figs. 5(a)-10(d)). In addition, the maximum deflection d, proposed by
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Bailey was significantly conservative (Table 4).

On the other hand, for the steel strain difference method, the reinforcement yielding region (blue
rectangular region) on the bottom surface of the fire-damaged slabs was noticeably smaller than the
cracking region (Figs. 5(a)-10(d)), which resulted in conservative predictions.
® Ellipse method

As shown in Table 4, compared with the experimental results, the predicted results based on the
proposed method were relatively better, including the residual limit loads (P.) and limit deflection
(de). For instance, the Pe/Py (0¢/0u) ratio ranged from 0.81 (0.87) to 1.19 (2.13), with the average value
of 0.97 (1.15).

As shown in Figs. 5(a)-10(d), the predicted tensile membrane action region (blue ellipse region)
was in agreement with the mid-span cracking region. Meanwhile, a remarkable observation was that,
for any span, the concrete crushing region at the corners of each span was outside the ellipse region
edge, which indicated that the proposed ellipse equation is reasonable and effective.

Table 6 shows the key parameters (xo and yo) predicted using the steel strain difference method
and the proposed method. For each span, the membrane action region predicted using the proposed
method was larger than that predicted using the steel strain difference method. As expected, for the
latter, the smaller membrane action region resulted in lower limit loads (Table 4). In addition, for the
proposed method, xc (x"c) is also provided in Table 6, indicating that the compressive membrane action
region at the edge had a certain length. The experiment verified this observation, and no concrete
crushing appeared at the middle region of the edge in each span (Figs. 5(a)—-10(d)).

In summary, according to the companion papers [15-16], for fire-damaged slabs with lower span—
thickness ratios (<15), the yield-line method is suggested to predict the residual limit loads because
the tensile membrane action is not sufficiently developed. In other words, the tensile membrane action
method tends to overestimate the residual limit loads of fire-damaged slabs. In contrast, as the span—
thickness ratio was larger than 30, the tensile membrane action method was suggested to predict the
residual limit loads of the fire-damaged slabs, particularly for uniform loads, because it can
sufficiently develop. More importantly, the effect of the negative moment should be considered when
predicting the limit loads of the slab. Otherwise, the limit loads predicted using the tensile membrane

action method (simply supported slab) were too conservative, such as for the reinforcement steel
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difference and Bailey methods.

6. Conclusion

This paper presents the experimental results of the ultimate capacity of five fire-damaged
continuous RC slabs and one reference slab. In addition, considering the effect of the boundary
condition, an ellipse equation method is proposed to determine the tensile membrane action region
and ultimate loads of fire-damaged continuous slabs. The results obtained from the tested slabs were
compared with those of other companion fire-damaged slabs and the theoretical results. Based on the
investigation, the following conclusions were drawn:

(1) Compared with the travelling fire direction and delay time, the span—thickness ratio had a greater
effect on the failure mode of the fire-damaged continuous slabs. As the span—thickness ratio
increased, several flexural failure modes easily occurred in the fire-damaged slab, that is, concrete
crushing at the corners, reinforcement fracture, larger top cracks near the interior support, and
interior support dislocation between the middle and edge spans. In contrast, the flexural failure
mode occurred easily in the fire-damaged slabs.

(2) For the continuous slabs with large span—thickness ratio (>30), the initial structural stiffness,
ductility, and ultimate loads of different spans were similar; this is because of the similar flexural
mechanism of each span.

(3) The deflection failure criterion should be established by considering the effect of the span—
thickness ratio. For a span—thickness ratio larger than 30 (or less than 20), the mid-span deflection
1/20 (1/50) can be considered as the deflection failure criterion.

(4) The span—thickness ratio and effect of the boundary conditions should be considered to establish
reasonable methods of predicting the ultimate loads of fire-damaged slabs. For a span—thickness
ratio of the slab larger than 30 (or less than 20), the tensile membrane action method (the yield-
line theory) is suggested to analyse the ultimate load of the fire-damaged slabs.

(5) The proposed ellipse equation method can be used to predict the tensile membrane action region,
ultimate loads, limit mid-span deflections, and failure modes of fire-damaged continuous slabs
with larger span—thickness ratios (>30).
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Captions

Fig. 1. Details of the tested slabs (all dimensions in mm): (a) Reinforcement details; (b) typical layout
of thermocouples in each slab; (c) thermocouples across the full-depth of each slab.

Fig. 2. Details of the test setup (all dimensions in mm): (a) Photograph of the test setup; (b)
photograph of the support; (c) plan view of the test setup; (d) cross section 1-1 of the test setup.

Fig. 3. Details and instrument layout of the tested slabs (all dimensions in mm): (a) Layout of
reinforcement and concrete strain gauges; (b) layout of vertical and horizontal displacement
transducers.

Fig. 4. Average furnace temperature and concrete and steel temperature—time curves of five slabs: (a)
Slab CS1-PF, (b) Slab CS3-PF, (c¢) Slab CS4-PF, (d) Slab CS5-PF and (e) Slab CS6-PF.

Fig. 5. Failure modes of Slab CSO0 (all dimensions in mm): (a) Photograph of cracks on the top surface;
(b) crack pattern on the top surface; (c) photograph of cracks on the bottom surface; (d) crack pattern
on the bottom surface.

Fig. 6. Failure modes of Slab CS1-PF (all dimensions in mm): (a) Photograph of cracks on the top
surface; (b) crack pattern on the top surface; (c) photograph of cracks on the bottom surface; (d) crack
pattern on the bottom surface.

Fig. 7. Failure modes of Slab CS3-PF (all dimensions in mm): (a) Photograph of cracks on the top
surface; (b) crack pattern on the top surface; (c) photograph of cracks on the bottom surface; (d) crack
pattern on the bottom surface.

Fig. 8. Failure modes of Slab CS4-PF (all dimensions in mm): (a) Photograph of cracks on the top
surface; (b) crack pattern on the top surface; (c) photograph of cracks on the bottom surface; (d) Crack
pattern on the bottom surface.

Fig. 9. Failure modes of Slab CS5-PF (all dimensions in mm): (a) Photograph of cracks on the top
surface; (b) crack pattern on the top surface; (c) photograph of cracks on the bottom surface; (d) Crack
pattern on the bottom surface.

Fig. 10. Failure modes of Slab CS6-PF (all dimensions in mm): (a) Photograph of cracks on the top
surface; (b) crack pattern on the top surface; (c) photograph of cracks on the bottom surface; (d) crack

pattern on the bottom surface.
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Fig. 11. Mid-span vertical deflection-load curves of five tested slabs: (a) Slab CSO; (b) Slab CS1-PF;
(c) Slab CS3-PF; (d) Slab CS5-PF; (¢) Slab CS6-PF.

Fig. 12. Horizontal deflection-load curves of five slabs: (a) Slab CSO0; (b) Slab CS1-PF; (¢) Slab CS3-
PF; (d) Slab CS5-PF; (e) Slab CS6-PF.

Fig. 13. Concrete and reinforcement strain-load curves of six slabs: (a) Slab CSO0; (b) Slab CS1-PF;
(c) Slab CS3-PF; (d) Slab CS4-PF; (e) Slab CS5-PF; (f) Slab CS6-PF.

Fig. 14. Stress patterns I and II of the tested slabs.

Fig. 15. Ellipse region, plates, and internal force distribution in the edge span of the concrete
continuous slab (Stress pattern I) (a) Ellipse region; (b) Plate U; (c) Plate @); (d) Plate U'; (e) Plate
®; (f) Plate @'

Fig. 16. Ellipse region, plates, and internal force distribution in the middle span of the concrete
continuous slab (Stress pattern II) (a) Ellipse region; (b) Plate (U; (c) Plate @); and (d) Plate (.

Fig. 17. Internal forces on the plates of the concrete slab (Stress pattern I) (a) Plate [J; (b) Plate @-
Side AB; (c) Plate @-Side AB'; and (d) Plate 3".

Fig. 18. Two distances proposed in the model: (a) Horizontal distance x'(from Point B) and (b)
vertical distance y' (from Point A).

Fig. 19. Internal forces distribution in the middle span of the concrete continuous slab (a) Plate D
and (b) Plate @

Fig. 20. Flow chart for analysing the ultimate loads of concrete slabs.
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