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Abstract

The present study is concerned with behavior of composite steel deck-concrete slabs
under the effect of high temperature. Twenty-eight slabs were prepared for this matter and
divided into eight groups. The parameters included in this study are, slab depth, additional
reinforcement (reinforcing bars, welded wire mesh, transverse spot-welded wires), and
temperature level.

The specimens were tested as simply supported slabs with two-point load. The ultimate
load capacity, mid-span deflection, slip at ends of slab, failure mechanism and crack
pattern are studied.

The ultimate load capacity for composite slabs decreases significantly when subjected
to high temperature. The decrease in the ultimate load capacity becomes less when
additional reinforcement is used in composite slabs.

-

ol el 5 ) gl il Can Al yZT) 5 paslf i o L8yl Alb O & plug LIS sl ) (Gl
AL Slaw ;o Aol ] 238 A diacaial] O il | gsalae Glad () Lassde (i il fig] Crusm 4D g pic
(i) lalll I3 Y D] g1 s gl aliall] o3 ) ) 5 LSV lidia o A ohall malail]) ALY sl
Bl da oy

Ly A iy ¢ mad¥) Janl) Ll 3 Ciaiy o a5 oliny/ iéyw GBS #ilail] asnd b

Cetdaadl] plaiinaly Ji leadill 18 ) 5 Llled) 5 )] ] lguis po die iy 48 pal) ALY ad¥) Josd) )i
A pall gl 4 LY

189



Journal of Engineering and Development, Vol. 13, No. 1, March (2009) ISSN 1813-7822

1. Introduction

One of the major dangers confronting buildings is the exposure to fire. Nowadays, and
in spite of civilization progress in the world in many fields of life especially in the field of
building and construction and in spite of the high technology in the design of buildings and
the full control of the progress, fire (caused by wars or uncontrolled conditions or simply
because of errors that would happen) endangers people's life and makes the building unsafe. It
IS necessary that the building should be provided with sufficient structural fire resistance to
give occupants time to escape before strength and, or stability failure ensure.

Both concrete and steel reinforcement are not able to burn, but if they are exposed to fire
the behavior of both will not be acceptable (negative behavior, i.e. physical and geometric
properties) and the degree of acceptability depends on the degree of temperature during the
fire, the period of the fire and the distribution of the temperature in the internal section of the
concrete and the steel ™.

In composite construction, the degree of fire protection that must be provided is one of
the factors that influence the choice between concrete, composite, and steel structure, and here
concrete has an advantage .

Composite construction has been widely used for building structures over the past
(50 years). Initially, developed for beams and girders in building and bridges, composite
elements now also include columns and shear walls, and are frequently utilized in high-rise
structures, owing to their high axial load capacity and stiffness. The last few years have seen
the development of the complete composite frame, where the advantages of steel and concrete
are combined to provide structural systems of great strength and stiffness .

The composite slabs formed using by profiled sheeting as a permanent formwork and as
a tensile reinforcement to a concrete slab, have now become a common form of construction
of floor decks in steel framed buildings. Nowadays approximately (40%) of all new multi-
storey buildings, Fig.(1), in the UK use composite floor construction . This type of
construction is structurally efficient because it exploits the tensile resistance of the steel and
the compressive resistance of the concrete.

In-Situ Concrete

Wire mesh

Figure (1) Composite slab ™
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The decking performs a number of roles and is an important part of structural system;
some of the benefits are [*):
1. Profiled sheeting acts as stay-in place formwork.
2. It offers an immediate working platform.
3. It acts as slab reinforcement.
4. It saves up till (30%) concrete material.
5. It makes easy transportation and installation.
6. It accommodates service ducts.

2. Experimental Investigation

2-1 Test Slabs
Twenty-eight slab specimens are divided into eight groups, two groups consist of five
slabs for each one and the other remaining groups consist of three slabs for each. The
specimens of the two groups were heated to four levels of temperature of (150, 300, 600 and
800°C), and the other groups were heated to two stages of temperature of (300 and 600°C)
with exposure time was (90 minutes), and a slab was tested at room temperature (30°C) for
each series to compare the result of the heated specimens with the unheated ones. Table (1)
describes the eight groups of slabs included in this study.
The test slab specimens are divided into eight groups, these groups are described below:
Group (CSA): It is cast without any additional reinforcement, and has slab depth of (80 mm).
Group (CSMA): It is cast with welded wire mesh of $5 mm placed at the middle of concrete
thickness, and has slab depth of (80 mm).

Group (CSTA): It is cast with transverse spot-welded wires of $6 mm welded @ 140 mm on
the top of steel deck, and has slab depth of (80 mm).

Group (SCLA): It is cast with additional longitudinal tensile reinforcement by using bars of
10 mm in diameter and has slab depth of (80 mm).

Group (CSB): It is cast without additional reinforcement, and has slab depth of (110 mm).

Group (CSMB): It is cast with welded wire mesh of $5 mm placed at the middle of concrete
thickness, and has slab depth of (110mm).

Group (CSWB): It is cast with welded wire mesh of $5 mm welded on the top of steel deck,
and has slab depth of (110 mm).

Group (CSLB): It is cast with additional longitudinal tensile reinforcement by using steel
bars of $(10 mm), and has slab depth of (110 mm).

Figure (2) shows the details of test specimens.
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Table (1) Slab specimens properties

ISSN 1813-7822

2 5| Tupe | Stab | Length | Width | Depth | fo | Additional Tsf;g‘;
0 z| 'YP No. | (mm) [ (mm) | (mm) | (MPa) | reinforcement °C)
Room
S 31.55 temp.
S, 29.65 . 150
1 CSA S, 700 300 80 3297 Without 300
S, 34.78 600
Ss 32.44 800
Welded wire Room
Ss 3387 | mesh ¢5mm | temp.
2 CSMA S; 700 300 80 30.15 pl_aced at 300
middle of
Ss 33.42 concrete 600
thickness
: 20ss | orveied | oo
3 | CSTA =g — 700 | 300 | 80 35351 @ 140mm 300
Sit 31.33 | along steel deck 600
S12 33.82 rein-;gpcselzlrient Ea?r?gn
4 | CSLA T 700 300 80 32.91 | by using steel 300
Sia 33.23 bars ¢$10 mm 600
Room
Sis 31.55 temp.
Sis 29.65 . 150
5 CSB S, 700 300 110 32,22 Without 300
Sis 34.78 600
Si9 32.44 800
Welded wire Room
S20 33.87 mesh ¢5 mm temp.
6 CSMB Sn 700 300 110 30.15 pl_aced at 300
middle of
S» 33.42 concrete 600
thickness
Sz 29.88 | Welded wire z‘?ﬁg“
7 CSwB 700 300 110 mesh welded on —%——
Sau 30.32 top of steel deck 300
Sas 3133 | P 600
S 33.82 reiangp;Irs\ent I?e?ﬁ;n
8 CSLB Sy, 700 300 110 32.91 by using steel 300
Sog 33.23 bars ¢$10 mm 600
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Figure (2) Details of test specimens (all dimensions in mm)
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2-2 Loading Setup and Measuring Devices

The specimens were tested over a simply supported span of (650mm), where two-line
loads were applied at L/3 from supports. The slabs were tested by using (3000kN) capacity
universal testing machine, as shown in Fig.(3).

Dial gauge of (0.01mm) was placed on its position by using a magnetic holder to
determine the deflection at mid-span. End slip was measured at each end of specimens by
using dial gauges of (0.01mm) fixed over small steel plates which were bonded to each end by
adhesive material. Figure (3) shows the loading arrangement.

At zero loading, initial readings of dial gauges were recorded, then load was increased
gradually in steps while deflection and end slip measurements were recorded simultaneously
until failure occurred (defined as the highest capacity beyond which loading drops).

Figure (3) Loading set up and measuring devices

3. Experimental Results

3-1 Ultimate Load Capacity

The failure loads measured for each group in tests are given in Tables (2) to (9). It is
shown that the ultimate load (defined as the highest capacity beyond which loading drops) for
all specimens decreases with the increase of temperature, but this decrease is less at
temperature of (150 °C) for (S2) group (CSA) and (Sis) group (CSB) where the percentages
decrease for (S;) and (Sis) are (4.5%) and (6.25%) respectively from their ambient
temperature load.
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Table (2) Test results of slab specimens of group (CSA)

Specimen Temp. Re_3|dual Percgntage Maxmpm Maximum
: e o ultimate residual deflection X
identification | stage (°C) | | .q kN) | load (%) (mm) slip (mm)
S; Room temp. 40 100 24.46 5.915
S, 150 38.2 95.5 24.92 6.45
S3 300 28 70 25.27 6.94
S4 600 21 52.5 26.83 7.93
Ss 800 15.2 38 28.67 8.81
Table (3) Test results of slabs specimens of group (CSMA)
. Residual | Percentage [ Maximum .
_ SleEgimsn Temrz. ultimate residual deflection ML
identification | Stage (°C) load (kN) load (%) (mm) slip (mm)
Se Room temp. 52 100 24.43 5.40
S; 300 39 75 25.37 6.11
Ss 600 311 59.81 27.02 7.82

Table (4) Test results of slabs specimens of group (CSTA)

: Residual | Percentage | Maximum .
SR Tempo. ultimate residual | deflection LGB
identification | Stage (°C) | | ,oq kN) | Load (%) (mm) slip (mm)

So Room temp. 56 100 9.87 2.05
S10 300 48 85.71 10.79 3.13
S 600 34.3 61.25 12.13 4.53
Table (5) Test results of slabs specimens of group (CSLA)
: Residual Percentage | Maximum .
_ SIEEITET Temp;. ultimate residual deflection SIS
identification | Stage (°C) Load (kN) Load (%) (mm) slip (mm)
S12 Room temp. 74.1 100 10.86 3.01
Si3 300 67 90.42 11.51 4.03
S 600 48 64.77 13.02 5.73
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Table (6) Test results of slabs specimens of group (CSB)

Specimen Tem Residual | Percentage | Maximum Maximum
| oPecimet po ultimate residual deflection ;
identification |  Stage (°C) | | .4 (kN) | Load (%) (mm) slip (mm)

Sis Room temp. 64 100 12.85 6.58
Si6 150 60 93.75 13.24 6.86
S17 300 44 68.75 14.20 7.25
Sis 600 29.3 45.78 15.33 8.32
S19 800 21 32.81 16.09 9.02

Table (7) Test results of slabs specimens of group (CSMB)

. Residual | Percentage [ Maximum .
 [peEE Temrz. ultimate residual deflection GBI
identification | Stage (°C) | | .4 (kN) | Load (%) (mm) slip (mm)

Soo Room temp. 76 100 19.85 6.425
Sn 300 70 92.11 20.51 7.15
S22 600 55.2 72.63 22.15 8.11

Table (8) Test results of slabs specimens of group (CSWB)

: Residual Percentage | Maximum .
_ SO Tempo. ultimate residual deflection MR
identification |  Stage (°C) | | -4 kN) | Load (%) (mm) slip (mm)
So3 Room temp. 92 100 6.57 2.21
S 300 86 93.48 8.55 3.82
Sas 600 67.6 73.48 10.32 4.24

Table (9) Test results of slabs specimens of group (CSLB)

Specimen Temp. Re§|dual Perc_entage MaX|m_um Maximum
. P i ultimate residual deflection .
identification | Stage (°C) | | ‘a4 kN) | Load (%) (mm) slip (mm)
Sz Room temp. 108.5 100 7.82 3.32
Sy 300 101 93.1 9.96 4.82
Sos 600 78.3 72.17 12.05 6.03
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The decrease in the ultimate load of group (CSMB) (having welded wire mesh at
middle of concrete thickness) is less than that of specimens of group (CSB) (without
additional reinforcement) at the same elevated temperature because the welded wire mesh
leads to increase the stiffness of compressive zone (by acting as the compression
reinforcement in ordinary reinforced concrete structure) where Bresler Bl'and during his study
about the causes of collapse of the slab in buildings subjected to fire, found that one of the
main causes of collapse, is that the slab had no compression reinforcement in positive
moment region although it is unnecessary in the normal condition. The effect of welded wire
mesh in group (CSMA) has a little effect on residual load capacity where the percentage
decrease of (S7) at (300 °C) and (Sg) at (600 °C) are (25% and 40.19%) respectively if
compared with percentage decrease of specimens of group (CSA) at the same temperature.

The decrease in the ultimate load of group (CSTA) (having spot-welded wire welded on
top of steel deck) is less than that of group (CSA) at the same temperature where the residual
loads of (Sio) at (300 °C) and (S1;) at (600 °C) are (85.7%) and (61.25%) respectively from
the ambient temperature load, as shown in Table (4). But the residual loads of (S3) and (Sy)
are (70% and 52.5%) respectively from ambient temperature load, as shown in Table (2). The
ultimate load of group (CSWB) (having welded wire mesh on the top of steel deck) decreases
with a little percentage if compared with the decrease of ultimate load of group (CSB) at the
same temperature where the percentage decreases in the ultimate load of (Sy4) at (300 °C) and
(S25) at (600 °C) are (6.52% and 26.52%) respectively if compared with the ultimate load of
unheated specimen.

Reinforcing bars are often provided in the composite slab ribs to enhance the fire
response where the decrease of ultimate load of group (CSLA) (having reinforcing bars) is
less than that of group (CSA) at the same temperature where the residual ultimate loads at
(300 °C) and (600 °C) are (90.42% and 64.77%) respectively from the ambient temperature
load, as shown in Table (5). From these results, it can be concluded that the effect of bars is
obvious on residual ultimate load if compared with results of other groups (CSMA and
CSTA) but the effect of bars in group (CSLB) on residual ultimate load is close to the results
of groups (CSMB and CSWB) at the same temperature.

3-2 Load-Deflection Relationship

The load-deflection curves for the different temperatures for each group are shown in
Figs.(4) to (11). The eight groups, show that for each value of load, the deflection increases
clearly with the increase in temperature and for specimens at temperature of (150 °C) and
(300 °C), the load-deflection curves have only minor deviation from the ambient temperature
curves (i.e., the effect of temperature upon the load-deflection curves at first is quite small).
This effect is more obvious in the specimens which have the additional reinforcement. Above
this range, the shape of the load-deflection curves changes, because both concrete strength
and steel strength are reduced at high temperature and the specimen becomes very weak to
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resist even a small applied load. Therefore, only a very small load can destroy the specimen

and causes high value of deflection.
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Figure (11) Load-deflection relationship for various temperatures
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3-3 Load-Slip Relationship

The slip between the concrete and the steel deck is measured at ends of specimens. The
load-slip curves for the different temperatures for each group are shown in Figs.(12) to (19).
The slip is measured at each gradual increment in the load level. At first, these curves show
that for each value of load, the slip increases with the increase in temperature. The load-slip
curves for unheated specimens display two stages of slip. Initially, load increases
insignificantly with no or relatively very small slip up to a critical value of applied load, and
with the increase of load beyond this point, the rate of slip increases significantly with load
increase until failure occurs. The first stage becomes more obvious at the specimens having
interlocking devices and specimens having tensile bars. The appearance of two stages is due
to the fact that the bond (chemical bond and mechanical interlocking) between concrete and
steel deck prevents the slip occurrence in first loading stages and whenever the bond is more
secured, the occurrence of slip will be delayed. Hence, it can be considered that, initial slip is
due to the loss in bond and crushing the concrete surrounding the interlocking devices. Also,
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the concrete strength is reduced to such an extent that the concrete beneath the ribs of bars
fails during the heating cycle ® and that becomes clear at high temperature. It is observed that
at temperature of (150 °C and 300 °C), the load-slip curves have only little deviation from
ambient temperature curves and this is more obvious for specimens that have the depth of
(110 mm). Above this range, the shape of the load-slip curves changes at higher temperature
(600 °C and above), the bond nearly diminishes and the observed two stages in the curve at
lower temperature, cannot be recognized.

Temperature C

—@— Room

150
300
600
800

Load (kN)

Slip (mm)

Figure (12) Load-slip relationship for various temperatures
for group (CSA)

60

504

Ze o
—— 300
Slip (mm)
Figure (13) Load-slip relationship for various temperatures
for group (CSMA)
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3-4 Ultimate Load-Temperature Curves

The residual load-temperature curves for both groups which have slab depth of (80 mm)
and (110 mm) are shown in Figs.(20) to (21) respectively. It is observed that for all groups,
the residual load is less than the load of unheated specimens and for all the studied range of
temperature. For both groups (CSA) and (CSB) (without additional reinforcement), which are
subjected to temperature levels of (150, 300, 600 and 800 °C), three stages for load behavior
under elevated temperature are recognized. Initially, a little decrease in the ultimate load takes
place when the temperature increases from room temperature to (150 °C). Then, and at
interval from (150 to 300 °C), a clear decrease in the ultimate load is observed. Then, the third
stage shows a continuous decrease in the ultimate load with temperature increase. With
respect to other groups, which are subjected to temperature levels of (300 and 600 °C), two
stages appear in load-temperature curves where a clear decrease in the ultimate load takes
place when temperature increases from the ambient to (300 °C). Then, a continuous decrease
in the ultimate load with temperature increase is observed.
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Figure (20) Variation of ultimate load with temperature for different additional
reinforcement for slabs of depth of (80 mm)
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Figure (21) Variation of ultimate load with temperature for different additional
reinforcement for slabs of depth of (110 mm)
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3-5 Failure Mechanism and Crack Patterns

Most of slab specimens fail by shear-bond failure and this becomes more obvious
gradually with the increase in exposure temperature in comparison with room temperature.

Shear-bond failure arises from the loss of composite action because of inadequate shear
transfer at the interface between the concrete slab and the steel deck. It is characterized by the
formation of a major diagonal crack in the concrete at or near one point load and by horizontal
slip and vertical separation between the concrete and the steel .

For the specimens without additional reinforcement, the major crack occurs in shear
span towards the line load, and vertical separation occurs under line load near the major crack.

With respect to the specimens which have welded wire mesh placed at the middle of
concrete thickness, flexural cracks appear near line load and a vertical separation occurs at
mid-span of specimen and this separation increases with the increase of temperature. Yielding
of steel plate occurs at this separation. Cracks in top surface of concrete continue from major
cracks to other side and no additional cracks appear at the top surface of concrete, because the
welded wire mesh leads to increase the concrete stiffness and prevents the occurrence of
additional cracks.

For specimens which have spot-welded wires, flexural cracks appear near line load and
no separation is observed at room temperature but when the exposure temperature increases,
the diagonal tension crack with a vertical separation near the support is observed because the
bond becomes less when the temperature increases. With respect to the specimens having the
welded wire mesh welded at top of steel deck, no separation between concrete and steel deck
is observed at the studied ranges of exposure temperature and a diagonal tension crack
appears and extends toward the line load in all specimens and for all temperature levels.

For specimens having additional tensile reinforcement, number of flexural cracks at the
region of constant moment is observed and before the ultimate load is reached, the diagonal
tension crack appears and grows towards the line load. This is observed for a specimen
subjected to temperature (300 °C and below), but at high temperature, the major crack will
appear near the support extends towards the line load. No yielding of steel deck was observed
at room temperature, but with the increase of temperature, the yielding of steel deck was
observed under line load and especially at separation region. Number of cracks, in top surface
of concrete initiated from transverse major crack and extended towards the end of specimens
and this crack increased gradually with the increase in temperature. The failure mechanism is
shown in Fig.(22).
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Figure (22) Failure mechanism

4. Conclusions

1. The ultimate load capacity for composite slabs decreases significantly when subjected to
high temperature and the percentage reduction depends mainly on the temperature level
and time of exposure.

2. The decrease in the ultimate load capacity becomes less when additional reinforcement
is used in composite slabs where:

(i) The slabs with welded wire mesh placed at the middle of concrete thickness have a
significant resistance to high temperature if compared with slabs without additional
reinforcement. This is more obvious for slabs which have the large depth, where an
increase in the ultimate load of about (18 %, 59 % and 88%) at (room temperature,
300 °C and 600 °C) respectively takes place when welded wire mesh is used.

(if) The composite slabs with interlocking devices (spot-welded wires and welded wire
mesh welded on top of steel deck) show ultimate load greater than slabs without
additional reinforcement and for all studied ranges of exposure temperature. An
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increase in ultimate load is about (40%,71% and 63%) at (room temperature, 300 °C
and 600 °C) respectively when spot-welded wires are used and it is about (43 %,
95% and 130 %) at (room temperature, 300 °C and 600 °C) respectively when
welded wire mesh welded on steel deck is used.

(i1i) The decrease in the ultimate load capacity become less when tensile bars are used in
composite slabs and these slabs show higher load capacity if compared with other
slabs with other additional reinforcement. An increase in ultimate load takes place at
(room temperature, 300 °C and 600 °C) which is about (85%, 139% and 129%) for
slabs having the small depth and it is about (70%, 130% and 167%) for slabs having
the large depth.

3. The load-deflection curve is affected by the increase in exposure temperature, where at
high temperature the relationship becomes with flatter slop than those at room
temperature. This is noticeable at temperature above (300 °C) and the load-deflection
curves at temperature (300 °C and below) have only a minor deviation from the ambient
temperature curve.

4. The load-slip curves for unheated specimens display two stages of slip. Initially, load
increases with no or relatively very small slip then the rate of slip increases with the
increase of load until failure occurs and when the exposure temperature increases,
specially at temperature on (600 °C), the two stages cannot be recognized and the curve
becomes with flatter slop than those at room temperature.

5. At normal and high temperature, shear-bond failure is a common failure mechanism
which takes place in most of slab specimens characterized by the formation of a major
crack at or near one line load and by a horizontal slip and vertical separation between
the concrete and the steel. This mode of failure becomes more obvious gradually with
the increase in the exposure temperature.
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