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1 INTRODUCTION

Fire safety is an important consideration in design. Concrete as a construction material is extensively used
in structures. Its inherent fire resistance property provides protection for life, property and the
environment we live in [1]. Moreover, concrete is a material possessing low thermal conductivity and
high specific heat capacities. These properties render its heat transfer rate very slow and fire resistance
very good [2]. Steel-Concrete-Steel, S-C-S, construction has the capacity to contribute and enhance this
function as in the case with steel deck composite floors. The steel plates on both sides of the concrete core
can provide good insulation to concrete retarding the heat flow and early spalling of concrete [3,4].

S-C-S is a robust form of construction in which the composite action can be achieved in a number of
ways, such as: the use of shear studs, overlapping shear studs, overlapping J-hooks, bi-steel welded stud
system and epoxy resin plate bonding. The applications include beams in common structures, wall panels,
tunnels and aircraft hangars to name but a few [5]. In S-C-S composite construction the conventional
reinforcement is replaced by external steel plates; its main advantage being its robustness, derived from
the composite action between these steel plates on the outside and the concrete core on the inside. The
current research programme was to extend the application of S-C-S system to shear walls in tall
buildings. The main aim was to investigate the behaviour of two different structural forms of shear walls,
a conventionally reinforced shear wall and a S-C-S composite construction. It was considered that the S-
C-S system would fully utilise the properties of both the steel and concrete making it a more efficient,
robust and durable form of structural system and performing better under variable loading conditions. An
experimental study was carried out using one of each of the two systems of wall and subjected to static
and impact loadings. The main conclusion from this preliminary study was that the S-C-S composite
system possesses significantly greater stiffness and thus significantly reduced degree of deflection
compared to that of a conventionally reinforced shear wall system. Other significant design parameters
such as strain development, crack patterns and their effects are also discussed.

2 EXPERIMENTAL MODEL

The model depicted in Figures 1 and 2 and in more detail elsewhere [5], consists principally of two shear
walls of the same size 900mm x 40mm x 300mm, one conventionally reinforced with the second
containing a S-C-S form of construction which consists of two external plates as reinforcement. The walls
were cast into a specially designed concrete block providing a rigid foundation for testing. For testing
purpose the walls were laid horizontal while still being restrained at the base.

The conventional reinforcement consisted of 6mm diameter and 1180mm length mild steel, placed
longitudinally and spaced at 23mm centres. Additionally, two horizontal reinforcement bars were placed
at the top and bottom of the wall increasing both tensile and compressive zones of the wall respectively.
Furthermore, 6mm diameter link bars at 50mm centres and at lengths of 260mm were placed at staggered
centres either side of the main horizontal steel vertically tying the reinforcement together. The second
form of reinforcement to be employed was that of steel plates, which were placed on both sides of the
externally reinforced wall, 1180mm x 0.7mm x 300mm in size. There was also reinforcement required for
the concrete block which was to consist of a steel cage of eight links of 10mm diameter steel bar. The
final element in the steel reinforcement was the addition of four reinforcing plates along the top of each

wall, 50mm x 40mm x 10mm in size with each plate having two number 100mm lengths of 6mm
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diameter steel bar welded to its base. These plates which can be seen in Figure 1 and in greater detail
elsewhere [5], were placed at loading locations on the top of both walls, their purpose being to distribute
the applied loads to reduce the local damage under the bearing plate.
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Figure 1 Shear Walls cross sections

3 MATERIAL PROPERTIES AND TEST PROCEDURES

The material properties were chosen to be representative of full size structures.

3.1 Concrete & Steel

Two different grades of concrete were used, with the first, used in the restraint block being a standard
RMC Ready-Mix design C50 grade concrete. Secondly, the concrete in the shear walls was a specially
designed micro-concrete mix with a w/c ratio of 0.4. Two cubes and two cylinders, one from each wall,
were tested for strength development at designated periods up to day of testing as in Table 1, where the
average of the two results are presented. For reinforcement two standard 0.7mm grade S275 mild steel
plate sections and two 6mm (for the shear wall) diameter bars were tested. Tensile test properties for the
steel are also given in Table 1.

Table 1 Concrete and Steel properties

Concrete Steel
Day ﬁ“ ﬁt Ec
Strength (kN/mm? : i, E
5 Materials (N/mm”) (kN/mm°)
(N/mm”) )
7 48.0 -—— 31.1 6.0 mm 490.0 —
28 52.0 32.4 0.7mm 375 225.0
plate
44 3.9
Test Day 54.0 4.0 33.1 -— — -—

3.2 Epoxy Resin

A two part cold cure epoxy resin, manufactured and supplied by Sika and commonly used for structural
bonding purposes in the UK was employed to attach the steel plates to the concrete surface.

479

PDF vytvofeno zkuSebni verzi pdfFactory Pro www.fineprint.cz



http://www.fineprint.cz
http://www.fineprint.cz

3.3 Instrumentation

Common LVDT transducers were used to measure the wall deflections under static loading. A SPECTRA
data logger system was used for data recording. Additionally a dial indicator gauge was employed to
record readings of end deflection of both walls during the static testing experiment, to an accuracy of
0.0lmm.

3.4 Static & Impact Testing

The static testing apparatus shown in Figure 2(A), consisted of a number of weights 1, 2, 5 and 10
kilograms applied manually to the walls. The measurements consisted of deflection from the transducers,
strain readings from the strain gauges and the dial gauge positioned beneath the front of each wall. The
main piece of equipment required in the impact test was the use of an impactor. This consisted of a
cylindrical steel section of 2.5kg weight which could be manually placed onto a threaded bar allowing
incremental increase in weights to be applied. The first steel section has a domed end as this impacted the
wall with the remaining sections being cylindrical in shape, 100mm long and 63.5mm in diameter as can
be seen in Figure 2(C). A hook located on the top of the bar allowed a rope to be threaded and for a pulley
mechanism to be employed. Finally, a guidance tube was used, its function being to guide the impactor
over the loading location, with the testing mechanism layouts impact loading detailed in Figure 2(B).

Figure 2 (A) Static test setup (B) Impact test setup (C) Impactor

4 RESULTS AND DISCUSSION

4.1 Deflection: Static testing

The plots of the deflection readings for both systems of the wall are shown in Figure 3. The load cycles
represent the load values from 1kg up to 40kg. It is clear from the figure that the deflections of the S-C-S
wall are considerably lower as well as linear over the span of the wall. The conventionally reinforced wall
demonstrated a greater mid span deflection and greater end span deflection. The main finding from the
presented graph is that under static loading the stiffness of the S-C-S wall is much greater compared to
the conventionally reinforced wall and over the range of the applied load its behaviour is more or less
described as linear.
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4.2 Strain: Static testing

Strain readings for the cantilever S-C-S shear wall showed that the top of the wall was in tension and the
bottom of the wall in compression under loading, as expected and can be seen in Figures 4. These Figures
also illustrate that the action of elastic deformation is taking place, with the strains increasing gradually
under increased loading in a linear fashion. Furthermore, the strains in both plates were also similar which
infers that the epoxy resin bonding gave an even distribution of strain built up in the steel plates under
static loading as also supported by the findings of Barnes et al [6]. It is noted that the obtained values
were of a very small magnitude signifying that the plates were grossly under stressed.

Deflection Location (mm)
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Figure 3 Deflection of both systems under 1kg - 40kg static loading
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Figure 4 Strain in steel plates under static loading cycles 1 and 3 (left — right)
4.3 Crack Inspection: Impact Testing

The behaviour of the walls under impact loading was recorded as observed. This being a preliminary
study no instrumentation was incorporated. All reinforced concrete structures possess cracks in order for
reinforcement to function properly, however it is important to limit the developments of these cracks in
order to achieve serviceability requirements. Throughout the experimental procedure it was visible that
although extensive cracks had formed in the S-C-S wall it was still structurally sound and the widths of
the cracks remained visually small until ultimate failure mechanism developed. At failure the behaviour
was somewhat brittle. This can be attributed to the early peeling and onset of separation of the plates near
the base from the concrete surface. In the conventional wall however, as the load increased large
deflections were taking place accompanied by wider main cracks.
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Figure 5 (A) Failure of S-C-S shear wall, (B) Failure of conventionally reinforced shear wall on impact loading

Throughout the experiment the S-C-S system possessed a visible resistance to the effects of impact
loading with little disturbance to the wall. Plate separation, reduction in shearing, small deflections and
increased ultimate strength were the characteristics at failure as observed by Oh et al [7] in their study.
All of the above mechanisms were also observed here during the test. In particular at a fairly early stage
the onset of plate peeling initiated by local buckling of the plates near the base where high compressive
stress was present was noted. It was evident from the experiment that extensive cracking of the tensile
zone of the wall took place which can be seen in Figure 5(A), which was attributed to a high tensile stress
build-up at the top of the wall caused due to a confinement of stresses. Plate buckling was also visible
from an early stage, which would imply an unsatisfactory transfer mechanism of shear flow from the
concrete to the epoxy. The ultimate failure was attributed to the plate peeling accompanied by concrete
rip-off as the contact area of concrete with the steel plate was reduced, Figure 5(A). The main
observations from the study were (a) Early peeling of plates initiated by the local buckling of the plate on
the compression side is a real possibility. (b) As the peeling progresses, the plate-concrete composite
action is reduced and appears to be controlled by brittle behaviour of the concrete. It is clear that adequate
means of preventing early buckling of plates near the base is a very important consideration in the design
of S-C-S walls.

With respect to the conventional reinforced system severe cracking was evident from an early stage as
expected in a normal R.C. construction, Figure 5(B). The impact effect caused the initiation of diagonal
cracking as well as some cracks forming in the web at the rebound effect of the impact force. The
ultimate failure mechanism was as a result of diagonal shear failure, which occurred as a continuation of
shear cracking towards the restraint position leading to local crushing in the bottom corner of the wall
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attached to the concrete block. The shear crack formed as a diagonal splitting crack inclined at 45° from
the loading plate to the compressive zone of the wall where final compression failure took place through
the break-off of concrete as can be seen in Figure 5(B).

S CONCLUSION

The following conclusions are drawn from the preliminary study of conventionally reinforced and steel-
concrete-steel shear walls subject to static and impact loading:

(a) S-C-S offers enhanced overall economical structural system with a reduction in construction time, due
in the main to reduced, less complicated cross-sections, a direct consequence of conventional
reinforcement omission.

(b) S-C-S reinforcement was found to be an inherently stronger and more robust system than the
conventional reinforcement.

(c) Plated elements can resist large degrees of static and impact loading through composite action.

(d) Failure of the S-C-S system was due to the initiation of local buckling of the plates in the lower highly
compressed area of the wall. The progress of peeling reduced the composite action causing concrete to
fail in a brittle manner.

(e) To take full advantage of the S-C-S system early buckling of the plates should be delayed. This can be
done by taking extra precaution in detailing near the base.

() S-C-S is a system highly suitable for tall buildings and other structures where robustness against
impact, fire and terrorist activities are the main design considerations.
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INTRODUCTION

With the recent increase in fundamental knowledge of structures coupled with the ease of use of
modern design tools, building designers are able to create ever more efficient structures in the
modern urban landscape. Structural design is typically governed by the well understood static load
cases in the normal range of ambient temperatures, i.e. gravity, wind and snow.

By creating highly efficient and optimised structures for very specific ambient load conditions, the
inherent strength reserve of a structure can be reduced. It is this strength reserve that a composite
steel structure relies on when subjected to abnormal loading conditions such as severe fire.
Therefore, it becomes necessary to explicitly consider fire loading during the design process to
ensure that an acceptable level of safety is maintained in the structure.

This paper reports on the case study of a failure mechanism which was observed during a structural
fire assessment of a new office building design. The structure includes long span, composite floor
systems supported by a unique connections and a highly optimised structure. When subjected to
fire, failure of the floor system occurred due to a mechanism which involved lateral stability failure
of the bottom flange of the highly optimised long span beams. This resulted in a loss of load
carrying capacity and failure of the structure.

The building presented as part of this study was a proposed design for a high-rise office building in
the City of London. This paper concentrates on a local study of the response of long span cellular
beams. The investigation was conducted using the ABAQUS Finite Element Analysis software.

A detailed investigation of the structure indicated a potential failure mechanism in the beams at the
fire limit state. The failure mechanism was further investigated using a parametric study in order to
better understand the causes of the failure mechanism. The paper shows the value of advanced
structural fire analysis for the structural design and assessment of the robustness of this highly
optimised structure with its unique beam connections.

1. STRUCTURAL DETAILS

The structural system of the proposed building is a perimeter braced frame. Vertical support around
the perimeter of the building was provided through the use of a robust diagrid megaframe. The
diagrid members were typically single- and double-web fabricated I sections.

One important structural detail is that the load bearing megaframe is located outside the main floor
plate perimeter, as indicated in Figure 1 which shows part of a typical floor plant. Therefore the
primary beam connecting into the perimeter column has an extension of approximately 1m beyond
the normal floor-plate and thus is unrestrained by the floor slab. Additionally the support of the
primary beam includes a substantial movement joint, comparable to a bridge movement joint. This
joint acts to de-couple displacements between the floor structure and the megaframe. This
movement joint allows movement in the direction indicated in Figure 1.

Internal columns were generally single- and double-web fabricated I sections.

The composite floor slabs were supported by fabricated beams that work compositely with the
concrete floor plates. The floor I-beams spanned up to 16m and were generally 700mm deep with
200mm wide flanges. They have cellular web openings and gained additional strength by acting
compositely with the concrete slab. The single spanning composite slab consisted of 150mm thick
lightweight concrete cast onto a Ribdeck 80 trapezoidal profiled metal deck that acted as permanent
formwork. The slab span ranges from 3m to approximately 4.85m.
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2. STRUCTURAL FIRE PROTECTION

The structural fire analysis of the model was primarily intended to assess the robustness of the floor
system assuming a reduced level of structural fire protection compared to code requirements. In this
case, primary and secondary beams attached to columns were provided with 90 minute protection
while intermediate secondary beams were left unprotected.

It has been shown in a number of recent analyses of tall office buildings (e.g. [1]) that this type of
fire protection layout is a safe and efficient alternative to “code compliant™ generic solutions. The
analysis presented here was conducted in order to gain an understanding of the response of the
building to fire under this engineered structural fire protection scheme. Such detailed knowledge of
the building would not be gained from merely applying standard fire protection. The analysis
utilized cutting edge modelling techniques and the latest analysis software.

Extent of concrete Slab

1 allows movement

Movement Joint

in this plane

10.5m long Protected
Primary beams
(Symmetry boundary)

(shaded)

Bl \
5 f W A - i

16m long Protected Secondary Beam

[ £ K i A0 i H & & f" he i H i o i i "
F 1 &

! 15.1m long Unprotected Secondary Beam
Figure 1: Extent of Structural Model

3. DESIGN FIRE

Our experience as consultants investigating the response of structures to Fire Limit State loading is
closely linked to the use of the Eurocode Parametric Fire equation [2]. The Authorities Having
Jurisdiction require the Eurocode Parametric Fire (PD6688.1-2)[3] to be used as the design fire.
This method often leads to an extensive design fire including a substantial heating phase and an
extended cooling phase to be applied simultaneously throughout the entire office floor plate. This
type of temperature-time curve is considered onerous and may be unrealistic for the large
compartments common in modern, open plan office buildings.

This conservatism is evident in the significant increase in temperature of protected steel members
during the cooling phase until gas phase and solid phase temperatures are equal. Combined with
the other conservatism included as part of the Eurocode calculation process, it is deemed to bring
the design basis beyond that considered a reasonable worst case.

Therefore, the decay phase of the design fire of this case study was based on the results of the
Cardington Office Fire Demonstration test. As the Cardington test was also conducted in a
compartment that is considerably smaller than the office floors that are studied here, some
modification to the Cardington test results were included to ensure the cooling phase was more
representative.

As can be seen in Figure 2, the heating phase of the design fire was follows the standard fire curve
up to 90 minutes. Previous experience has shown that the most conservative results of the Eurocode
parametric equations for this type of building gives very similar results to the standard fire curve.
To implement an appropriate cooling phase, the Cardington fire curve for the “office demonstration
test” was conservatively translated until the start of the cooling phase coincides at 90 minutes. A
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simple bi-linear curve was then fitted to the resulting test profile. As may be seen in Figure 2, the
bi-linear curve is on the conservative side of the Cardington results throughout the duration of the
cooling phase, until temperatures drop below 200°C.

The proposed design fire was compared with a number of full scale, natural fire tests (3 of the
Cardington Tests and 1 test from the 140 William Street series performed in Australia) to ensure the
cooling phase proposed captures the worst case of currently available test data from real
compartment fires in the cooling phase. The proposed bi-linear cooling phase was observed to be
consistent with the cooling phases of each of these tests. The design fire was applied to a single fire
floor only.

4. HEAT TRANSFER

The heat transfer calculations for the steelwork were conducted using the Eurocode heat transfer
equations in Eurocode 3 Part 1.2 [4] for the protected and unprotected steel members. Thermal
gradients over the depth of the beams were included to introduce additional thermal curvature
effects. Additionally, it was assumed that the voids between the beams and the underside of the
trapezoidal deck would be left unfilled, thereby increasing the temperature in the top flange of the
beams. The code [5] requires that the voids be filled with fire rated infill.

Columns were modelled assuming a uniform temperature throughout their cross section effectively
assuming that all columns will be simultaneously heated from 4 sides. These are considered to be
conservative assumptions. The temperature gradient through the depth of the slab varying with time
was modelled using a 1D heat transfer model in ABAQUS.
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Figure 2: Modified Design Fire

5. MODEL CONSTRUCTION

The model investigated for the case study is presented in Figure 3. The model is shown both with
and without the concrete slab for clarity.
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Figure 3: Structural Model (shown with and without slab)

In the model, the beams and slab were represented using 4-noded reduced integration shell
elements. Columns were represented by 2-noded linear beam elements. Shell elements were used
for the beams in order to capture local buckling behaviour, which would not be detected by beam
structural elements. All material models for the analyses were based on Eurocode recommended
values [4,6&7].

6. STRUCTURAL FIRE RESPONSE

The primary response identified by the analysis is the significant lateral deformation of the
protected primary beam, as indicated in Figure 4 and also Figure 5 which shows the deformed shape
of the beam at the onset of failure. Figure 5 shows the local buckling of the top flange and upper
web. This behaviour occurred towards the end of the heating phase, starting at approximately 45
mins into the design fire. At this point, the temperature of the bottom flange was approximately
375°C while the web was at 400°C. This temperature is significantly lower than the temperature
that a beam would normally be expected to fail (Usually 620°C). The resulted in twisting of the
entire protected beam which led to failure of the connections between the beams and the megaframe
(external perimeter) column, and subsequently collapse of the floor system.
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Figure 4: Protected Primary Beam Deflections at Mid-span
This type of lateral failure mechanism has been observed in real testing, for example the live fire

test at Mokrsko testing facility conducted on the 18th September 2008, indicated in Figure 6.
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Figure 6: Lateral failure of comparable beam in Mokrsko live fire test

A parametric study was undertaken to determine the cause of the instability of the protected beam.
The parameters investigated are indicated in Table 1. It should be noted that the increase in web
thickness and structural fire protection to steel were also incorporated in models 3-8. The
parametric study showed that failure was linked to the use of a deep beam (700mm deep) in
combination with a relatively narrow bottom flange (200mm wide). This particular section
geometry leads to a lateral instability of the beam at the fire limit state reducing the overall
robustness of the floor system.

This kind of instability has not been observed in previous projects due to the unique nature of the
building design.
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Table 1; Parametric Study

Model Parameter Detail Changed Result
1 Web thickness Protected secondary beam ine4b n:ﬁckness increased from 12 to Fails
Increased protection | Thickness of fire protection on protected secondary beams increased .

2% Fails
to steel by 10%

3 Holes in web Central rectangular holed filled Fails

4 Top flange Trapezoidal Deck voids assumed filled Fails

temperature

5 Rebar location Rebar moved to slab mid-depth to reduce temperatures Fails

6 Secondary beam Unprotected secondary beams moved to equalize slab spans to 3.5m Fails
location each.

7 Mid-span stiffener Stiffener included at the mid-span of the protected secondary beam. Fails

8 Bottom flange width Width increased from 2‘00n‘1m tq 3‘00mm (flange thlckness St‘abll‘lty

reduced to 16mm to maintain original overall section area) maintained

Note: * - The detail altered was incorporated in all following models.

7. CONCLUSIONS

This investigation was designed to assess the structural robustness of the of a proposed office
building design. The structure designed for use under the standard ambient limit states (i.e. gravity,
wind, etc) was subjected to a severe compartment fire.
The key response of the structure was a lateral failure mechanism in the protected long span
primary beams during the heating phase of the design fire. This mechanism has also been observed
in a recent large scale tests and is considered to be a realistic failure mechanism for beams with tall,
relatively narrow sections.
A parametric study was conducted and the analysis indicated that in order to maintain stability
throughout the design fire, the following alterations would need to be applied to the protected
beams spanning onto the perimeter columns:
s  Web thickness increased from 12mm to 14mm
s Fire protection thickness increased by approximately 10% above the typical 90 minute
rating
s  Width of the bottom flange of the beam would have to be increased from 200mm to 300mm
(flange thickness may be reduced to 16mm to maintain original overall section area)

This paper has shown that detailed structural fire analyses can provide significant value in the
design for robustness of highly unconventional and unique buildings. By analysing the structure in
detail a failure mechanism was observed that would not have been detected if the structure had been
protected to the usual code provisions without such an analysis.

REFERENCES
[1] A. Heise, G. Flint & B. Lane, Effect of fire on tall buildings: Case study, Proceedings of the 3 International
Conference on Steel and Composite Structures (ICSCS07), 2007

[2] BSI, Eurocode 1: Actions on structures. General actions - Actions on structures exposed to fire, BS EN 1991-
1.2:2002, 2002

[3] BSI, Background paper to the UK National Annex to BS EN 1991-1.2, PD 6688-1.2:2007, 2007

[4] BSI, Eurocode 3: Design of steel structures. General rules - Structural fire design, BS EN 1993-1.2:2005, 2005

[5] ASFP, Fire protection for structural steel in buildings 4th edition, ASFP Publications, Revised April 2008

[6] BSI, Eurocode 2: Design of concrete structures. General rules - Structural fire design, BS EN 1992-1.2:2004

2004

[7] BSI, Eurocode 4: Design of composite steel and concrete structures. General rules - Structural fire design, BS EN
1994-1.2:2005, 2005

489

PDF vytvofeno zkuSebni verzi pdfFactory Pro www.fineprint.cz



http://www.fineprint.cz
http://www.fineprint.cz

Application of Structural Fire Engineering, 19-20 February 2009, Prague, Czech Republic

PERFORMANCE OF SHEAR STUDS IN FIRE

Sengkwan Choi®, Sanghoon Han®, Sungbae Kim"®, Ali Nadjai®, Faris Ali* & Joungyoon Choi®

? FireSERT, School the Built Environment, University of Ulster, Newtownabbey, BT37 0QB, UK
R & D Division, Sen Structural Engineering, Seoul, Republic of Korea

¢ Centre of Reliability Research, Korea Institute of Construction Materials, Gunpo, Republic of Korea

INTRODUCTION

There have been significant improvements in the structural design of multi-storey buildings in
recent years, many of which have been the result of developments in composite construction. The
wide variety of automatically fabricated long-span composite structures not only has economic
benefits due to fast, light-weight and accurate construction, but also maximizes the potential for
flexibility in internal layout, which is a greatly desired feature in modern buildings. In particular,
understanding and technology surrounding fire safety design for steel and concrete composite
structures has been noticeably advanced due to the introduction of new insulation materials, the
improvement of computational modelling technology and advanced design methodologies obtained
through extensive full scale experiments in fire.

Structural fire safety calculations have been traditionally based upon prescriptive methods —
according to hourly ratings, on code requirements with respect to standard fires such as ASTM
E119 [1], BS 476 Part 20 [2] or ISO 834 [3]. Now, however, both domestic (UK) and international
regulations permit design for structural fire safety to be carried out according to performance based
concepts. This approach can be particularly beneficial when considering various types of
composite structures, such as composite truss, slim floor, cellular beams, as these can be shown to
obtain potentially significant structural performance benefits by adopting an optimal configuration
of structural sections and relevant insulation requirements.

A wide-ranging investigation of the in-fire performance of such composite structures has
highlighted various local instabilities that are deemed to likely govern the overall flexural
performance of the structures. The research presented here aims to act as a pilot study to examine
the in-fire performance of headed shear studs. These are commonly used in composite structures
over the world and appear to be a key element in maintaining the global structural integrity of
composite structures.

CONTEXT OF RESEARCH

The flexural performance of composite structures depends on the effective transfer of longitudinal
shear stress and control of uplift force at the interface between the steel and concrete constituents.
The mode of collapse initiated by failure of the bond at this interface is brittle and often catastrophic
and the appropriate use of mechanical shear connectors is therefore essential when trying to achieve
composite action of the two materials at the ultimate limit state. Similarly, there is a requirement
for the capacity of shear connectors to be maintained in fire to prevent premature brittle failure. It is
furthermore preferable for the structure be resistant to local buckling and load carrying mechanism
transition.

Although various configurations of shear connectors have been proposed and used over the last half
century, a headed stud (commonly 19 mm diameter and 100 to 125 mm pre-welded length) is now
the most widely used type of flexible shear stud in composite construction in buildings due to the
speed, convenience and reliability of the welding process involved in their placement

The strength and ductility performance of headed stud shear connectors are typically investigated
by push-out tests using a solid slab and by using the load — slip relationship obtained from the test,
composite action can be reliably designed into a flexural member. The capacities of stud shear
connectors embedded in a solid slab were first evaluated by Ollgaard, Slutter and Fisher [4].
Through the use of empirical methods, the authors developed a formula to assess the strength of a
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stud as a function of the stud area and concrete properties, with an upper limit equal to the tensile
strength of the stud:

0, =054,f,E. <41, (1)
where A, 1s the cross-sectional area of the stud shear connector
S is the cylinder compressive strength of the concrete (= 4730\/ka )
E, is the modulus of elasticity of concrete
fu 1s the ultimate tensile strength of the stud material

Eq. 1 is included in both the AISC [5] and CSA [6] codes of practice as a fundamental formula to
assess the strength of studs. In Eurocode 4 Part 1.1 [7], however, the strength of headed studs in
solid slabs is based on the simplified engineering assumption that a stud fails either in the concrete
alone (height / diameter of stud > 4) or in the steel alone as follows.

Q,=0374_./f,E. <084_f, 2)

Stark et al [8] determined the coefficient of 0.37 used in Eq. 2 by means of a statistical study, and
the upper limit is taken as 80% of the tensile strength of the stud. The design capacity of the shear
connector is introduced with a partial safety factor of 80% of the nominal strength to ensure that the
material ductility requirements and discrete nature of resistance are met [7].

In the UK, Menzies’ regression analysis of standard push-out experiments [9] is used to determine
the design strength of headed studs embedded in solid concrete slabs (provided in tabulated form in
BS5950 Pt 3 [10]). A large number of additional tests have been conducted in Europe and North
America with the aim of identifying the strength reduction effects of studs embedded in various
shapes of profiled deck slabs. However, as this work is beyond the scope of current publication,
the detail is not included. It is noted that, as the force developed in composite beams is not
identical to that developed in push-out tests, caution needs to be taken if applying the test results to
beams. It is nevertheless known that the performance of shear connectors in beams is much better
than in push-out tests.

Zhao and Kruppa [11] conducted experiments to determine the shear capacity of headed studs and
angled connectors, subject to the standard ISO fire, in conjunction with solid slabs and composite
slabs with profiled sheets. The results of this study suggest that the strength of headed studs at
elevated temperatures must be assessed using an absolute 20% strength reduction and that the
strength retention of steel material in relation to the ultimate tensile strength is:

0, =0.8(0.84,_f )SRF,, 3)
Where SRIE, 4 is the strength retention of steel at #°C with respect to the ultimate tensile strength

Eq. 3 is used in Eurocode 4 Part 1.2 [12] as verification of the shear resistance of studs in fire and,
whilst concrete crushing failure at elevated temperatures is also considered in the code, it is
generally considered that the stud failure governs the performance in fire.

The plastic resistance of composite beams (found using rectangular stress blocks) is determined
with the provision that the shear connectors have sufficient capacity to deform - hence they must
maintain resistance to shear at slips. A design application rule to accept the ductility of the
connector is implemented in a form of 5 mm available slip. Since the deflection of composite
beam in fire is often significantly larger (commonly up to span/20), care is also considered in the
subsequent levels of the stud slip.

EXPERIMENTAL PROGRMAMS

In order to investigate the performance of the stud connectors in fire, the standard push-out test was
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modified to use half of the standard set-up [13]. In the modified experiment (Figs. 1a and 1b), one
side of the solid concrete block in the standard push-out specimen was replaced with an electric
furnace to expose the steel member to fire from 3 sides. Vertical loading was applied downward
from the top of the steel section and the relative displacements were measured between the top of
the steel section and the top of concrete slab. To provide appropriate stability to the test assembly
under loading, lateral movements of the slab base and top of the steel section were restrained.
Under these boundary conditions, the development of uplift forces in the connectors could be
limited to acceptably low levels.

G Loading
Saction

Flatslab

(a) Schematic drawing of the modified push-out test (b) Instrumentation arrangements
Fig. 1. Modified push-out tests in fire

The specimen (Fig. 2a) consisted of a 650 mm length of S355 steel section (150x150x30 UC)
connected to a C30 flat concrete slab (400 mm width X 150 mm depth x 500 mm height), using two
headed studs of 19 mm diameter x 100 mm depth. A natural bond at the interface was prevented
by greasing the steel flanges before casting the slab. K-type thermocouples were installed to
measure temperature developments of the flanges and web in the steel section and locations at 10
mm, 30 mm and 50 mm depths of the headed studs from the fire exposed surface (Fig. 2b).
Tension testing of the studs reported that the average characteristic properties of the steel were yield
strength of 349 N/mm’ an ultimate tensile strength of 427 N/mm? and an elongation of 25 %.
Two specimens were loaded until collapse for cases of room temperatures (20°C), 30 minutes and
60 minutes of the standard ISO fire.
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(a) Cross-section of specimen (b) Locations of thermocouples (marked by ¢)
Fig. 2. Specimen for modified push-out test
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ANALYSIS OF RESULTS

In order to establish the shear capacity of the headed stud when subjected to the standard ISO fire
the temperature developments of the specimen were obtained for the duration of the tests, as shown
in Figure 3. It was found that the temperature difference between the 10 mm and mid-depth (50
mm) reference points was in excess of 200 °C within 30 minutes of the standard fire and
approximately 300 °C at 60 minutes. As the temperature rise at 10 mm was over 400 °C at 30
minutes, a corresponding and significant reduction of strength was seen in this area. Further, as
the temperature rise of concrete slabs is generally much lower that that of steel elements in fire, it
could be expected that the collar area of the shank will experience the highest levels of strength
reduction due to the temperature increase.

1000

— ﬁ " Bottom flange
/_..Fl"".“."...... ——
800 i Top flange

e -]
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’

600 10 mm at stud

L aeaie st 30 mm at stud
400 :

Temperatures (°C)
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200 | | ~ Gas temperature

0 10 20 30 40 50 60
Time (min)
Fig. 3. Temperature-time curves in steel and stud connector for standard fire

The load-slip relationship for stud shear connectors was monitored at ultimate limit state, 30 and 60
minutes of the standard ISO fire; the relationship per stud is plotted in Figure 4. At aslip of 5 mm,
the ultimate capacity of the stud was measured to be 120 kN at 0 minutes, 85.0 kN at 30 minutes
and 38.0 kN at 60 minutes respectively. By modifying Eq. 1 an equation can be proposed to
evaluate the stud strength at elevated temperatures:

QuQ = AxcquRF;tQ (4)

The strength of the stud at ULS when estimated using Eq. 1 (121 kN), shows very good agreement
with the test result of 120 kN at ULS. Using Eq. 4, the residual strength of the studs at 30 and 60
minutes in fire is calculated as 88.7 kN and 38.0 kN respectively, which also demonstrates excellent
agreement with the experimental results of 85.0 kN and 38.0 kN respectively.
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Fig. 4. Load-slip curves for stud connectors at elevated temperatures
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Examination of the failure mechanism exhibited by the studs, as the resistances estimated using Eq.
1 for crushing of the concrete surrounding the connector and connectors shearing off at the base are
similar, interaction of the failure modes occurred at ultimate limit state. At elevated temperatures,
shear failure consistently occurred at the weld-collar/shank interface, as shown in Figure 5. The
reasons for this behaviour are that at the weld-collar/shank interface (1) a concentration of high
stress occurs in the push-out tests and (2) a higher temperature rise develops in the area due to the
heat flux through the top flange of steel section in fire. When compared to the research of Zhao
and Kruppa [11], the observed failure mode of headed studs in fire is generally alike, but in the tests
reported here a higher strength was recorded due to the presence of lateral restraint at the bottom of
the slab.

(a) Surface of concrete section (b) Surface of steel section (¢) Failure of headed stud (601-2)

Fig. 5. Failure of stud shear connector after push-out test at 60 minutes of the standard fire

CONCLUSIONS

This pilot project was designed to investigate the capacity of headed shear studs at elevated
temperatures through the use of a modified push-out test with a solid concrete slab. An electric
furnace attached to the test assembly provided three-sided fire exposure to the specimen. At room
temperature, 30 and 60 minutes of the standard ISO fire, tests were conducted to identify the
strength retention properties of the studs. Temperature developments were measured across the
steel section and along the stud shank. The headed studs failed at elevated temperatures due to
shear of the weld-collar/shank interface. An equation was proposed to allow assessment of the
residual strength of the stud in fire and this demonstrated a very good agreement with the test
results.
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INTRODUCTION

Cellular beams (CBs) are currently being widely
used in multi-storey buildings where, as well as
reducing the total weight of the steelwork, they help
decrease the depth of floors by accommodating
pipes, conduits and ducting. They are also used in
commercial and industrial buildings, warehouses
and portal frames. CBs produced by modern —~
automated fabrication processes can be competitive -

for the construction of both floor and roof systems.

A composite concrete floor-slab has the effect of
significantly increasing the flexural resistance of a
steel section; however its effect on shear resistance  Fig. 1. Use of cellular beams in buildings

is more complex. Investigation of the behaviour of

composite beams with isolated web openings in otherwise solid webs has shown that the slab
significantly increases the shear-carrying capacity beyond that of the steel beam alone. This is due
to the enhanced flexural and shear capacity of the upper part of the beam across an opening,
although an unsupported web-post is more susceptible to buckling. In fire, the temperature
distribution across a composite member is non-uniform, since the web and bottom flange have thin
cross-sections and a greater exposed perimeter than the top flange. The deterioration of the material
properties of the web will therefore become an important effect on the overall performance of the
member in the event of fire (Figure 1). The structural behaviour of beams with opening is relatively
complex and involves the main failure modes which are included in the design model for ULS
design at ambient temperature and in fire conditions described in the literature review [1-9]

This paper describes an experimental study at elevated temperatures on the behaviour of full scale
composite floor cellular steel beams. A total of four specimens, comprising two different steel
geometries, applied load ratios and different temperature time curves. The beams were designed to
fail by web buckling, which was observed in all the tests. Failure temperature observed in the fire
tests indicated that failure by web post buckling of cellular beams in fire cannot simply be estimated
by applying temperature dependent reduction factors on stiffness, as given in codes. Simple model
was developed to calculate the deflections and ultimate loads for cellular beams in fire situations.
Also, a finite element model using DIANA was then established with both material and geometrical
non-linearity using shell elements to compare the experimental results and the simple model. The
comparison between the finite element prediction, actual tests results and simple model are quite
good in terms of failure modes, load deflection behaviour and ultimate loads.
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1 EXPERIMENTAL RESULTS TESTS AT ELEVATED TEMPERATURES

Initially two composite cellular steel beams were tested under the same fire slow curve [7]. This
fire curve was set up in order to produce lower peak temperatures but of longer duration sufficient
to permit significant heat conduction, which may produce a large build up of vapour pressure and
the creation of significant thermal expansion producing a restraint force coming from the concrete
slab. Whereas, the last two composite beams were tested under the ISO 834 temperature — time
curve subjected to 0.3 x failure load obtained from the cold tests given respectively as 108 kN and
126 kN [7]. The positions of the thermocouples (Figure 2) were located at each web post along its
depth of the section and also around the openings.

Fig. 2. Typical Thermocouples locations

The stiffness in beam (Fig 3) is linear elastic up to 13 minutes (Tg,= 717 °C) with a reading deflection of 23
mm, whereas Figure 4 stayed linear up to 16 minutes (Tg,= 748 °C) with a deflection equal to 26 mm. At 30
minutes of time (Tg,=842 °C) both beams A and B failed with a recording different respectively 179 mm and
235 mm. The instability of the beams and the rapid loss of stiffness of web post capacity occur faster than
the beams tested during the slow fire curve [7] and this is due to the severity of the [ISO834 temperature time

curve.
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Fig. 3. Time versus deflection of test A Fig. 4. Time versus deflection of test B
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2 FINITE ELEMENT MODEL AND COMPARISONS

The composite cellular steel beams in ambient and fire tests were modelled using the commercial
finite element software DIANA [10] at the University of Ulster. Shell elements with the ability to
handle large strains, large deformations, and plasticity were used to model the cellular steel beam.
Composite brick elements were used, incorporating a smeared crack approach for the concrete, to
model the composite slab. Both the steel deck, as a bottom layer, and the reinforcing mesh as a
layer within the concrete was included within the composite shell element. Due to the high density
of the shear connectors used in the test, full interaction between the beam and supporting composite
slab was assumed. This assumption is also justified from test observations [7] which confirmed that
no stud failure occurred before web-post buckling of the beam.

Imperfections were introduced, based on an Eigen value buckling analysis, with the amplitude of
the imperfections being governed by the thickness of the steel plate for local bucking and the
overall length of the section for global buckling [13]. An implicit analysis was conducted in two
steps, where the load was applied in the first step and the temperature was applied in the second
step.

Figure 5 shows the output deformed shape of the Diana program compared with the actual failure
mode of the symmetric test specimen. It is obvious when comparing the two that the same failure
mode has occurred as the web post buckles under the applied load forming and S shape caused by
the formation of hinges around the openings.

(a) Diana output (b) Test failure mode

Fig. 5. Asymmetric section at point of failure

The measured yield and ultimate tensile strength of the steel was used in the simulation. The beam
geometry was based on measured dimensions. The stress-strain curve at elevated temperatures for
steel given by EN1994-1-2 [11] was adopted. For the stress-strain of the concrete in compression, at
elevated temperatures, the relationship given in EN1994-1-2 [11] was adopted. For concrete in
tension, at both ambient and elevated temperatures, the fracture energy concept [12] is used to
estimate the ultimate tensile strain of the concrete.

Thermocouples positioned in the top, middle and bottom of the concrete composite slab recorded
the relevant values. These were applied to the model directly by defining temperature points
through the shell thickness. The temperature variation along the beam section was modelled. In the
last 10 minutes of the tests a decrease in temperature was recorded due to heat loss through a
window.
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Figure 6 shows the time-deflection comparison between the test and FEA at elevated temperatures.
A very good correlation was obtained between the predictions and test results. In both cases
(Figure 7) web post buckling is clearly observed in the modelling corresponding to the failure mode
witnessed in the tests.

Deflection (mm)

,/

0 2 4 6 8 10 12 14 16 18 20 2 24 26 28 30 32 34 36 38

Time (mins)

Fig. 6. Graph for symmetric section — ISO fire Fig. 7. Mesh Deformation

3 DEFLECTION

A method to estimate the beam mid-span (maximum) deflection is presented based on the ratio of
applied moment to moment capacity as well as a new reduction factor for the second moment of
area. The maximum deflections obtained from the experimental tests and different equations for the
symmetric and asymmetric cellular composite beams are shown in Figures 8 and 9, respectively.
The maximum deflections at the centre for simply supported beams at both ends with one centre
load and two equal loads symmetrically placed are

Pa

5=——(@3L% -4a* 1

MEN ) M
pPL?

S= 2

48El @

Where P is the applied load, L the beam length, a the distance between the load and the support, E
the Young’s Modulus and | the second moment of area. The reduction factor for E at elevated
temperatures is based on the Eurocode EN1993-1-2 [14]. The maximum thermal bowing deflection
at the beam centre can be calculated as

o AT L2
% =54

3)

Where o is the coefficient of thermal expansion, AT the temperature difference between the
top and bottom of the beam cross-section and d the height of the cross-section. The ratio of
the applied moment to the moment capacity [8] can be expressed as
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M,
M,

MR = 4

If this moment ratio is less than 1 (before the web post buckles), the moment capacity is greater
than the applied moment. Thus the deflections of the beams can be reasonably determined from the
summation of Egs. (1) and (3) or Egs. (2) and (3). However, when the moment ratio is greater than
1 (after the web post buckles), the beam deflections can not be accurately determined from the
above equations. Beyond these points the applied moment is resisted by the concrete slab.
Therefore, the moment ratio has to be taken into account in the calculation of beam deflections.

Another important issue in the calculation of beam deflections is the reduction factor for | at
elevated temperatures. For simplicity, only one-thirds of | are reduced when the moment ratio is
greater than 1 (when the temperatures at the bottom flange and bottom web are greater than 550°C).
It is shown that | reduction factor is even larger (approximately three-fifths of 1) for the asymmetric
section as shown in Figure 9. Before comprehensive conclusions can be drawn, further research
studies regarding the accurate | reduction factor at elevated temperatures will be necessary.

Symmetric Section ISO Fire (2 Point Load - 108kN) Asymmetric Section ISO Fire (1 Point Load - 126kN)
T
0 - Test 04 ——Test
19 —&—[Eq.(1) +Eq.3)] & [Eq.2) + Eq.3)]
201 BB Ea) M - mo RoKE
140
E . —8— [Eq.(1) + Eq.(3)]x Eq.(4) with I3 reduction gﬂm -8 [Eq.(2) + Eq.(3)]x Eq.(4) with I3 reduction
2w Z 1wl —— [Eq.(2) + Eq.(3) x Eq.(4) with 315 reduction
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Fig. 8. Maximum deflections for the symmetric Fig. 9. Maximum deflections for the asymmetric
cellular composite beam cellular composite beam

4 CONCLUSION

This paper describes an analytical study of the behaviour of composite floor cellular steel beams in
fire conditions conducted at the FireSERT, University of Ulster. The study suggests the following:

e The beams failed due to web post buckling and the instability resulted in sudden loss of
stiffness and strength in the beams

o The experimental data has compared well with the results from the Finite Element
Modelling, giving confidence that it can be used for further parametric studies.

o The numerical model is capable to simulate the mechanical behaviour of composite Cellular
beam sections in both cold and at elevated temperature conditions with a relatively high
accuracy.

e The deflection hand calculation approach compared very well with the experimental tests
but needs to be improved to include the concrete cracking at elevated temperatures and the
effects of the shear connectors. It is still necessary to validate the proposed approach with
more numerical and experimental data.
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1 INTRODUCTION

Cardington test and real fire disaster show that, the performance of concrete floor slabs composited
with unprotected steel decks and beams in fire condition was much better than the prediction
without considering membrane action. The observation and analyses show that, during a fire, with
the strength and stiffness decrease of the steel decks, the reinforcement and the concrete, the load
capacity of the slab offered by traditional bending mechanism will not be enough to bear the applied
load. Instead of bending mechanism, membrane action will contribute to keep the stability of the
slab by forming an elliptical tensile reinforcement mesh in the center of the slab and a concrete
compressive ring at the boundary of the slab. The development of the membrane action is shown in

Fig.1. !
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Fig.1. The development of membrane action in a floor slab

In the past decades years, many theoretical and experimental researches were performed to analyze
membrane action.

From 1995 to 1996, six localized fire tests were conducted in a full-scale, eight-storey, steel frame
building at Building Research Establishment Laboratory at Cardington. The test results showed that
although the temperature of unprotected beam was higher than 1000°C, the slabs maintained their
load bearing capacity during all the tests owing to membrane action. [2-3]

In 1999, to prove the existence of membrane action, Bailey performed a destructive test on a
9.5m*6.5m composite floor slab at ambient temperature based on the data of Cardington test. (4]
After that, in order to validate the theoretical analysis, he performed some small scaled tests on 15
reinforced concrete floor slabs. However, all of Bailey’s tests were under ambient temperature,
which might not be appropriate to verify the validity of membrane theory. B3]
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In 2008, ArcelorMittal and CTICM launched a project FRACOF in which an 8.735m*6.660m
composite floor slab was tested under ISO standard fire. The test lasted for more than 120 minutes.
Finally, the slab failed because of the fracture of the reinforcement bar. But, the fracture of the
reinforcement was due to the failure of welding line at the joint of reinforced bars, which can be
avoid by construction measures. Therefore, it caused a limitation to analyze the limit state and
failure of the slab. !

In 2008, Guo-Qiang Li and Na-Si Zhang developed a new method to estimate the load capacity of
composite floor slab under fire condition with considering membrane action. In order to observe the
development of membrane action, analyze the membrane mechanism and verify the new method, 4
full-scaled slab tests were performed at Tongji University in China under the sponsoring from
National Natural Science Foundation of China. '

2 GENERAL SITUATION OF THE TESTS

The test specimens were 4 pieces of 5.232m*3.72m composite floor slabs with steel decks
unprotected. The specimens were numbered from S-1 to S-4. The slabs were contributed with the
profiled steel sheet YX76-344-688 which is commonly used in China. The thickness of the deck
was Imm, and its strength was larger than 270N/mm’ (270 N/mm* was considered in the
calculation (). The decks were fixed on the primary beams and secondary beams (if existed) by
shear connector with a diameter of 16mm and a height of 125mm.Total depth of the slabs was
146mm and the thickness of the concrete on the top of the decks was 70mm. The reinforcing mesh
of the slabs was made by smooth reinforcement bar with the gird size of 150mm™*150mm. The
diameter of the reinforcement bar was 8mm, and the steel grade was Q235. The thickness of the
protective layer of reinforcement was 21mm for S-1 and 30mm for S-2 to S-4. S-1 and S-2 had an
unprotected secondary beam supporting the slabs in the middle, while S-3 and S-4 did not have. The
cross section of the secondary beam was 125b, and the steel grade was Q235. The slabs, the primary
beams and secondary beams were designed in according with the Chinese Code GB50017-2003'*!
and YB 9238-92"") The general situations of the specimens were shown in Table I. The
arrangement of the specimens and the cross section of the composite slab are shown in the Fig.2
and Fig.3 respectively. The grade of the reinforcement was Q235 and the grade of the concrete was
C25. The result of material property test for reinforcement and concrete are shown in Table 2 and
Table 3 respectively (Where f), f, and ¢ are the yield strength, ultimate strength and the ultimate
elongation of the reinforcement respectively. 1., is the cubic compressive strength of concrete).

In Cardington test, it was found that the reinforcement at the boundary of the slabs was fractured. In
order to simulate this phenomenon, the reinforcement in these tests was not anchored at the
boundary of the slabs, but exceeded the edge of the slab with a length of 150mm. The anchorage of
the reinforcement is shown in Fig.4.

Table 1. Constructional information of test slabs [mm)]

Specim Thickness | Arrangement | Thickness of the L
Total . Direction of
No. -ens on the top of the protective layer . Secondary beam
) depth ) . the rib
size of decks reinforcement | of reinforcement
5232% Along the In the middle of the long
S-1 146 70 08@150 21
3720 long edge edge, unprotected
5232% Along the In the middle of the long
S-2 146 70 ¢8@150 30
3720 long edge edge, unprotected
5232% Along the
S-3 146 70 e8@150 30 No secondary beam
3720 short edge
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5232%
3720

146

70

P8@150

30

Along the
long edge

No secondary beam

Table 2. Properties of reinforcement bar

Table 3. Cubic compressive strength

at ambient temperature of concrete
No. S-1 S-2 S-3. S-4 No. S-1 S-2 S-3 S-4
]ﬁ,(N/mm2) 579.06 531.84 557.04 fo(N/mm?) 26.1 21.0 22.37 22.87
f.(N/mm?) 632.05 604.85 661.35
(%) 333 36 31.33
Siltu 0.92 0.88 0.84
Primary beam Primary bean
[ r——————— ||

I i

i |

0 ]

i i

H I Direction of the ribs | \} Direction
' I | ——— H — of the ribs
Primary beam || | | Socondary Bean | f rimary beam ‘

il — Int Furnace Yall

H 5\ Furnace Wall i H

|
(1 . i
1 ——— S — ||

(a) specimens S-1 and S-2

Fig.2. Arrangement of the specimens
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o e
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Cross section of S-1
08@150 Vi1 ‘

E‘” Py ! Py ! —_=3 = ©
SR /T Sk

142|142 | 202 {

Cross section of 5-2~S-4

Fig.3. Cross section of the slabs

(b) specimens S-3 and S-4

Fig.4. Anchorage of the reinforcement at the

boundary of the slabs

The slabs were loaded at 24 points to stimulate uniform load (as shown in Fig.5 and Fig.6) with the
load ratio of 0.60~0.65 over the load-bearing capacity of the slabs at the room temperature. The
temperature-time curve of the furnace used for the tests followed ISO834 standard fire. The
displacement of slabs, the temperature at the surface and bottom of the slabs, the temperature and
strain of the reinforcements in the slabs, as well as the strain of concrete were measured in the tests.

The arrangements of the measuring points are shown in Fig.7 to Fig.10.
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3 TEST PHENOMENA

Fig.6. Loading system
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Fig.8. Arrangement of displacement meters
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Fig. 10. Arrangement of strain gauges for the

concrete

The tests were performed under ISO834 standard fire with uniform load which was applied on the

slabs in 10 steps. After all the load was applied at ambient temperature, there was only slight

deflection found in the middle of the slabs. No crack and other failure phenomena were found on

the slabs. Tests began until load and deflection were stable at room temperature. The test load and

duration for the 4 tests were shown in 7able 4.
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Table 4. Test load and duration for 4 tests

No Ultimate bearing capacity of design value | Test load | Load ratio | Duration
' (kN/m?) (kN/m?) (%) (min)
S-1 30.64 18.38 60 75
S-2 29.51 17.71 60 90
S-3 14.57 8.75 60 100
S-4 14.57 9.47 65 100

* Terminated without fail.
In test S-1 and S-2, cracks appeared beside secondary beam firstly due to the negative moment
which was caused by the decrease of the strength and stiffness of the slabs. Then, significant cracks
were found along the long edge of the slabs because of negative moment which was induced by the
large deflection in the center of the slabs. These cracks located at the weakest cross section of the
slabs (shown in Fig.11). Meanwhile, some cracks occurred along the short edge of the slabs. These
cracks developed not only on the surface of the slabs, but also extended to the side face of the slabs
(shown in Fig. 12). After the test, significant yield lines were founded at the corner of the slabs. The
concrete along the yield line was crushed (shown in Fig. 13).
The deflection of the slabs was very large. The deformation of the slabs presented as an elliptic
parabolic after the tests which validate that during the test membrane action was developed to bear
the applied load (shown in Fig. /4).
Fig.15 shows the distribution of the cracks on S-2 after the test, where cracks caused by the
membrane action can be found both at the center and at corner of the slabs. Fig./6 shows the
deflection of S-2. Although the deflection of the unprotected secondary beam was huge, no failure
was found on the secondary beam. Fig./7 shows the condition at the bottom of S-2. It is found that
the profiled steel decks did not melt down, which help the decks to keep the stability of the slabs
after 90 min under standard fire.
Water vapor sweated seriously during the test. Even after the test was finished, some water vapor
continued to sweat for a long time.
The test’s phenomena of test S-3 and S-4 were similar to that of S-1 and S-2. Since there was no
secondary beam in the center of the slabs, the concrete began to crack at the boundaries of the slabs
in test S-3 and S-4 instead of beside secondary beam in test S-1 and S-2. The distributions of the
cracks on S-3 and S-4 were shown in Fig. /8 and Fig.19 respectively. The cracks in the center of S-3
and S-4 were not caused by the negative moment but by membrane action.
No collapse was found in these 4 tests, which shows that membrane action occurred to carry applied
load on the slabs and to keep the stability of the floor system.

R

Fig.11. Cracks along the long edge Fig.12. Cracks along the short side face
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Fig.13. The yield line at the corner Fig.14. The deformation of the slab after the test

Fig.15. The cracks on the S-2 after the test Fig.16. The deformation at the bottom of S-2
after the test

Fig.17. The steel deck after the test

Fig.19. The cracks on S-4 after the test
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4 TEST RESULTS AND ANALYSES

4.1 Temperature

Fig.20 is the furnace temperature curve, which shows that the furnace temperature coincided well
with the ISO834 fire curve.

Fig.2] is bottom temperature curve in the middle of the slabs. It shows that at the beginning of the
test, the temperature of the slab at the bottom was low, and then it increased along with time. At the
time of 75 minutes, the temperature can reach to 700 or 800°C. At the time of 90 minutes to 100
minutes, the bottom of the slab can be heated up to around 800°C or 900°C.

Fig.22 is surface temperature curve in the middle of the slabs. It shows that during the whole test,
surface temperature of the slab is very low. At the time of 90 minutes, the temperature was only
around 100°C.

Fig.23 is the average temperature curves of the reinforcement. It can be found that the distance
between the reinforcement and the bottom of the slab has a great impact to the temperature of the

reinforcement.
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Fig.20. Furnace temperature curve Fig.2]. Bottom temperature in the middle of the
slabs
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Fig.22. Surface temperature in the middle of the Fig.23. Average temperature of the
slabs reinforcement of S-1 to S-4

4.2 The strains of reinforcement and concrete

Fig.24 and Fig.25 show the strains of the reinforcement along the short edge and long edge
respectively. Since the effective working temperature of the strain gauges is less than 60°C, the data
when the temperature was higher than 60°C are taken out in the figures. According to the yield line
theory, the reinforcement of these tests was located at the compression zone in the cross section of
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the slabs, therefore the reinforcement should be under compression. However, the data show that
the reinforcement was under tension during most of the test except for the beginning. This
phenomenon proves the occurrence of tensile membrane action in the test.

Fig.26 is the strains curve of the concrete at the boundary of S-4. It can be found that the concrete in
the middle of the boundary was under compression. It validates the existence of the concrete
compressive ring which can provide the anchorage for the reinforcement.

According to analysis of the data taken by the strain gauges at the corner of the slab (see Fig.10),
compressive strains were found at the corner at the angle between 30° and 60°, which coincides
with the failure phenomenon shown in Fig. /3.
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Fig.26. The strains of the concrete at the boundary of S-4

4.3 Deflection in the middle of the slabs

Fig.27 and Fig.28 show the deflections in the middle of the slabs. It is found that the deflection can
arrive at 1/25 of the short edge of the slabs. Therefore, it is reasonable to deduce that the
load-bearing mechanism of the slabs has been changed from bending mechanism to membrane
action one under such large deflection in the tests.
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S CONCLUSION

In this paper, full-scale tests were performed on 4 steel-concrete composite floor slabs. In the tests,

the temperature of the furnace, slabs, and reinforcement, the strains of the reinforcement and

concrete, and the deflection of the slabs were measured. Important conclusions can be presented as
follow:

1. Membrane action will occur to carry the applied load instead of bending mechanism due to
large deflection, when the composite floor slabs are subjected to fire. This membrane action can
help to keep the load capacity of the slabs and maintain the stability of the floor system under
fire condition.

2. Based on the data measured in the tests, the reinforcement in the slabs will be under tensile
force and form an elliptical paraboloid tensile mesh which can bear the load on the slabs. A
concrete compressive ring will be formed at the boundary of the slabs to provide anchorage for
the reinforcement.

3. Due to the membrane action, the existence of secondary beams to support the slab is not
necessary in fire condition, which can save the fire protection for secondary beams.
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INTRODUCTION

The recently approved parts of Eurocodes concerning structural fire design, opens to the
designer the possibility of using analytical and numerical methods as a way of guaranteeing
the adequate fire resistance of the structures, apart from the expensive experimental tests.
Although those documents foresee the possibility of making the use of advanced calculation
methods for the analysis of the global behaviour of the structures subjected to fire, they also
allow an analysis of single elements or parts of the structures, which is easier and more
attractive for the common designer. In an analysis of single elements, the mechanical action
of the surrounding structure, where the elements are inserted, is taken into account by the so-
called “indirect fire actions”. However, the Eurocodes allow that these actions are not taken
into account in the case of an analysis of single elements subjected to the normalized fire.
Tests and numerical studies carried out previously concerning steel columns with restrained
thermal elongation indicate that the fire resistance of these elements can be significantly
reduced with respect to the situation of free elongation [1].

This paper presents a comparison of results of fire resistance tests on steel and composite steel
and concrete columns with restrained thermal elongation carried out at the Laboratory of
Testing Materials and Structures of the Faculty of Sciences and Technology of University of
Coimbra (FCTUC), Portugal and other ones carried out at the Federal Institute for Materials
Research and Testing (BAM), in Berlin, Germany.

New three-dimensional experimental set-ups are under development in both Institutions to test
building columns in conditions similar to the ones in real buildings. In the system of FCTUC,
the stiffness of the surrounding structure to the column in fire is realized by a three-
dimensional restraining frame while in the system of BAM it is done by the so-called
substructuring method. Due to this concept the entire building is divided into two parts, which
are connected through a special hardware-software interface. One part is represented by the
column under testing in a special furnace, whereas the remaining building environment is
simulated online by a model on a computer [2].

1. EXPERIMENTAL SET UP OF FCTUC

A new test set-up was used at FCTUC to measure the fire resistance of columns with
restrained thermal elongation that are under development at this Institution (fig. 1).

The system comprised a restraining frame of variable stiffness (1) that had the function of
simulating the stiffness of the surrounding structure to the column in fire.

The columns were subjected to a constant compressive load of 70% of the design value of
buckling resistance of the column at room temperature. This load was controlled by a load
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cell of IMN located on the head of the hydraulic jack (6). This load simulated the
serviceability load of the column when part of a real structure. The load was applied by the
hydraulic jack (2) controlled by a servo hydraulic system.

The thermal action was applied by a modular electric furnace (3) that could closely follow the
ISO 834 fire curve.

The restraining forces generated in the column due to heating were measured by a load cell of
3 MN located on a steel piston (4). This piston was placed between the testing column and the
restraining frame.

The axial displacements and rotations on the top and base of the column were also measured
by displacement transducers (5) orthogonally arranged in three different points, forming a
deformation plane.

Figure 1. Test set-up of FCTUC

In the experimental programme, tests were carried out on steel and composite steel and
concrete columns, with cross-sections of HEA160 and HEA200 and with stiffness ratios of 3,
13, 39, 68 kKN/mm.

2. EXPERIMENTAL SET UP OF BAM

A central role of the substructuring method plays the BAM column furnace (Fig. 2 (a) — (b)).
Mechanical and thermal actions are applied through this device to the specimen under test.
Whereas the thermal set point is a known function of time for the mean gas temperature
before starting the test, the mechanical set point has to be calculated online during a fire test
in substructuring mode. Six electro-hydraulic control channels equipped with displacement
and force sensors are available to influence the mechanical boundary conditions, i.e. two
bending rotations each at top and bottom, one axial displacement at the bottom and one
horizontal displacement at the top. During a substructuring test, forces and moments at the
boundaries of the specimen, i.e. at the upper and lower bearings of the column, are measured
and utilized for the computation of the corresponding displacements and angles, which are
sent to the specimen in order to keep the entire building in mechanical equilibrium with its
prescribed overall boundary conditions [2].
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This closed loop for only one channel in substructuring mode is displayed in Fig. 2 (b) — (c).
According to the free body diagram in Fig. 2 (c), the experiment is driven by the thermal
displacement, which is diminished by the mechanical displacement #™" due to the stiffness

mod

c¢™ of the surrounding environment resulting in a compressive force on the column under
test. The function of the control loop is to change the (total) displacement u by moving the
mod

position of the electro-hydraulic axial cylinder in such a way that the model force f™ is
equal to the measured force f .

Entire Building

Experimental Substructure: (a) Simulated Substructure:
Specimen Building Environment

mod -
Computed § c umechf thern

Displacement u

(1) (ii)
/;: /;:
od.u

Measured mod m
£ -
Force £ ¢
u = umech + utherm
(b) ()

Figure 2 — BAM system - substructuring method

3. SPECIMENS

In order to compare the performance of both experimental systems several fire resistance tests
on steel and composite steel and concrete columns were carried out.

In FCTUC fire resistance tests, the specimens were steel and composite steel and concrete
columns HEA160 and HEA200, 3m high. The steel had the class S355 and the concrete
C25/30. In BAM fire resistance tests the specimens were HEA140 and HEB180 for the steel
columns and HEA200 for the composite columns, 3.60m in height. The steel of the steel
columns had the class S235 and the composite S355 and the concrete C25/30 (fig. 3).

The specimens were fitted with thermocouples type k (chromo-alumel) to measure the
temperatures in different points of the cross-section. All the specimens were subjected to an
initial load, constant all over the test, of 70% of the design value of the buckling load at room
temperature.

514

PDF vytvofeno zkuSebni verzi pdfFactory Pro www.fineprint.cz



http://www.fineprint.cz
http://www.fineprint.cz
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Figure 3 — Specimens in FCTUC and BAM tests

4. COMPARISON OF RESULTS

A lot of data was gathered from the tests carried out with both systems however, only some of
these results will be compared and presented in this paper (table 1). The stiffness in BAM
tests has to be corrected due to the difference of geometry between BAM and FCTUC

specimens.
Table 1 — Tests

Reference| FCTUCI [FCTUC2[FCTUC3[FCTUC4| BAMI | BAM2 BAM3 BAM4
Type steel composite steel composite
Section | HEA160 |HEA200|HEA 160|HEA200| HEA140 | HEB180 | HEA200 | HEA200
Stiffness | g2 07 | 68.07 | 68.07 | 6807 | 4698 | 6954 11.08 58.97
kN/mm

Im“&load 606.69 | 885.58 | 591.36 |1022.84| 492.38 | 1052.00 | 1202.78 1199.71

4.1. Evolutions of Temperatures

The evolution of temperatures in the cross-sections of the steel columns was more uniform in
BAM tests (fig. 5) than in FCTUC tests (figs. 4). This difference is maybe explained by the
different heating curves followed in both furnaces. The heating in the BAM tests were very
close to the ISO 834 curve and in the FCTUC tests a small delay in the heating was registered.

For the composite columns the expected thermal gradients in depth in the cross-section was
observed (thermocouples 11, 12 and 13) (figs. 6 and 7). However, the heating was quite
uniform around the cross-section (thermocouples 33 and 38, 11 and 28 of BAM tests).
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Figure 5 — Temperatures — BAM2 - Section S5
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4.2. Evolution of restraining forces

Figure 7 — Temperatures — BAM3-Section S3

Figures 8 and 9 present the evolution of the restraining forces related to the initial load in

function of the test duration.
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Figure 8 — Restraining forces —
steel columns
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In figure 8, for the steel columns, comparing the FCTUC tests between them, the HEA200
(FCTUC2) registered higher restraining forces and fire resistance than the HEA160
(FCTUCI). The comparison of the HEB180 (BAM2) with HEA200 (FCTUC2) and the
HEA140 (BAM?2) with the HEA160 (FCTUC 1) that have nearly the same slenderness, show
some differences on the pattern of the curves and in the values of the restraining forces and
the fire resistance. This is maybe explained by the different distribution of mass around the
inertia axis of the section.

In figure 9, for composite columns, comparing the FCTUC tests, the HEA200 (FCTUC4)
showed higher fire resistance then the HEA160 (FCTUC3). The BAM 4 and the FCTUC4 that
were tested with identical conditions, presented curves for the restraining forces of the same
pattern and the values of the fire resistance and the restraining forces were very close.
Comparing the BAM tests, BAM4, tested with higher stiffness, presented higher restraining
forces and shorter fire resistance than BAM3.
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Figure 10 — Axial displacements — Figure 11 — Axial displacements —
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Figures 10 and 11 present the development of the axial displacements in function of the test
duration. The main finding in these graphs is that the axial displacements experienced by the
BAM specimens were in general higher than the ones of FCTUC specimens.

5. FINAL REMARKS

These fire resistance tests allowed us to understand not only the real behaviour of steel and
composite steel concrete columns in fire, but also find specific problems of the performance
of both systems. As a main conclusion of this work it can be pointed out that the higher
stiffness of the surrounding structure induces higher restraining forces and lesser fire
resistance for steel and composite columns. Moreover, the less slender columns presented
higher fire resistance.
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INTRODUCTION

thanks to the thermal storage effect created inside the steel tube, the CFT structure has better fire
resistance than that of conventional steel structures. In this regard, In this study, we conducted an
experimental evaluation and analytical study on the fire resistance of a non-coated square tubular steel
as well as a circular tubular column (Chung K.S., et al, 2008, Park S.H., et al, 2007), and identified
that it sufficiently resisted fire for two hours or less under high axial force. We also proposed a simple
design formula with a range limitation.

However, in the Ministry of Land, Transport and Maritime Affairs Notice No. 2005-1225, the standard
of fire resistance structure under the regulation ‘Fire Resistance Accreditation and Management
Standards’ states that every column used in the construction of high-rise buildings with more than 12
floors is required to secure a three-hour fire resistance. Accordingly, in order to apply a non-coated
CFT column to a high-rise building, additional repairs and reinforcement for fire resistance should be
suggested. To secure fire resistance, a steel-reinforced non-coated steel square CFT column was set.

In a related foreign research study, Kodur (V.K.R. Kodur 1999) conducted an experiment and
analytical study on a concrete-filled steel square column or circular column specimens that were
unreinforced, fiber-reinforced and steel-reinforced. With major parameters such as the presence or not
of concrete reinforcement, external diameter, working axial force, effective length and concrete
strength, a parameter analysis was conducted. Through this, a simple design formula with range
limitation was proposed, which identified that steel-reinforced concrete-filled steel square column
offers improved fire resistance.

In this study, we designed specimens of a steel-reinforced non-coated steel square CFT column based
on existing researches, and projected the fire resistance of each specimen. A fire resistance test under
load was conducted on the steel-reinforced non-coated square CFT columns. Through this, the study
attempted to evaluate the effect of steel reinforcement in applying cross-section diameter and axial
force ratio and high-strength concrete, along with determining the effect of applying steel
reinforcement.

1 EXPERIMENT DESIGN

1.1 Specimen Design

Fig. 1 shows the details of specimens used in the experiment, which are the following: square steel
tubular column with 280mm and 360mm in cross-section diameter: 2902 mm of member length,
sectional members and sizes. The thickness of the steel column was set to be 6 mm and 9 mm whereas
width thickness ratio was set to be 46.6~40, sufficient deformation capacity being expected at room
temperature. The end-plate of a steel column was set to be 50 mm. In the case of steel reinforcing
concrete cover, the concrete cover was set to be 50mm in order to perform full fire resistance. In order
to emit internal steam of a CFT column heated at the height of 340 mm, 1311 mm and 1011 mm at the

lower end-plate of an upper column, a paired hole was made (Fig. 1). A SS400-grade steel column was
used. Table. 1 shows the result of a coupon tensile test in accordance with KS B 0810. The design
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strength of in-filled concrete used normal strength and high strength of 35Mpa and 55MPa, whereas

slump was measured at 21.5 ¢m and 25 cm, respectively. The column was filled with concrete by

inserting a tremie pipe into the top of a steel column. After concrete pouring, the top of the column
was covered, followed by curing. Fire resistance cover at the steel column was done. Table 2 shows
the parameters of specimens, which are the following.

Table 1. Material Characteristics of Steel and Concrete

Concrete Steel
Age (day) compressive thickness (mm) grade Yield Strength | Tensile strength
strength (MPa) (Mpa)
28 36.1 6 SS400 240 422
28 56.8 9 SS400 237 410
Table 2. Specimen Parameter
Concrete Steel | Axial force | Effective | poo o Fire resistance
Name | size (mm) | strength | strength ratio length KL ratio (%) time FR (min)
foc (Mpa) | Fy(Mpa) Na/Ne (mm) k Test time
APLI 36.1 240 04 - 99
ARLI | 073609 m567 237 0.4 171
BRLI 36.1 237 0.4 2902 20 158
BRL2 | [J-280x6 |  36.1 237 0.6 ° 80
BRH1 56.8 237 0.4 146
Dxt (mm) Reinforcement (concrete) fx (MPa)
A B P R H L
360x9 280x6 Plain Bar-reinforced High Low

D: cross-section diameter, t: steel thickness, fy: concrete strength,
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Fig. 1. Section and Size of Column Specimens
1.2 Experiment Method

The outline of the experimental equipment is shown in Fig. 2. A loading equipment that can exert
axial force with a column-used reheating furnace from top to bottom, in other words, a compression
tester with a loading capacity of 3000kN, was installed. Specimens were vertically installed in the
center of a reheating furnace. Oriented amounts by heat expansion and shrinkage were measured by
the linear variable differential transformer (LVDT) attached to a hydraulic cylinder. Items for
temperature measurement were Fig. 4. The experiment proceeded as follows:

(1) A CFT square column in the reheating furnace is vertically set up after fitting in the center of a
hydraulic jack.

(2) 15 minutes prior to heating, compressive force is introduced in the column center.

(3) The surface temperature of a steel column before the experiment is set to be approximately 5C,
whereas the reheating furnace’s temperature is set according to the heating curve of ISO 834 during
the experiment.
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(4) If shrinkage reaches L/100 or more of the total shrinkage, or targeted fire resistance time is met,
the experiment ends.
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2 EXPERIMENT RESULT OF FIRE RESISTANCE TEST UNDER LOAD

2.1 Temperature Distribution

As for temperature distribution by heating, specimens were compared at the surface of the steel
column, 1/4 of the concrete cross-section center and surface, and internal and external point of steel. In
looking into the temperature distribution, data regarding the steel surface in Fig. 5-(a) and concrete
surface in Fig. 5-(b) show that the distribution of average temperature is located at the position lower
than that of the standard fire curve. However, it shows a pattern similar to the standard fire curve after
the middle section. This is attributable to having little influence of the initial parameters. The spot, 1/4
of concrete cross-section in Fig. 5-(c), shows that the temperature distribution of the BRH1 specimen
drastically increases after 80 minutes of heating due to the spalling effect. The concrete cross-section
center in Fig. 5-(d) shows that the temperature distribution of a steel-reinforced CFT column is higher
than that of a non-reinforced CFT column after 40 minutes. Steel has a higher thermal conductivity
than concrete. This is because steel-reinforced CFT column has smaller concrete-only area than that of
the non-reinforced one.
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Fig. 5. Temperature Distribution of Steel and Concrete
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Fig. 6. The Temperature Distribution of Internal and External Boundary of Steel

In Fig. 6-(a) of the concrete diagonal direction boundary, the BRH1 specimen shows a
reduction in the rate of temperature change in comparison with other specimens. This is
attributable to a reduction of heat transfer by high-strength concrete, which has high density
but minimal moisture content. With the ARL1 specimen, it is considered that the
thermocouple location has changed due to the effect of concrete pouring after the installment
of the thermocouple. In Fig. 6-(b) of the external concrete central direction boundary, there
was the same distribution of temperature before 80 minutes, whereas other specimens show a
higher increase rate of temperature except for ARL1 after 80 minutes. This is because of the
thermal storage effect of the internal concrete area in which specimens with a smaller cross-
section diameter than the others tend to have a higher temperature distribution.

2.2 Axial Deformation

To classify time—axial displacement relations, there are four stages: the section for steel resistance;
load dislocation section; concrete resistance section; failure section. The section with the largest
resistance against loading is the concrete resistance section. Fig. 8 shows the concrete resistance
section collected from the Time—Curve Graph with the rate of each specimen. The 360mm cross-
section steel-reinforced ARL1 specimen had a high resistance of 89%, demonstrating longer resistance
as compared with the 77% of a non-reinforced APL1 specimen. This is because concrete-coated steel
has the effect of thermal storage, thereby creating a long resistance to loading, as shown in the
temperature distribution. Moreover, the BRL1 specimen is 79% resistance, showing a short section in
comparison with the ARL1 specimen. This is because the steel area decreased by 65%. In the case of
the BRL2 specimen, the loading rate against the strength of specimens is 0.6, which is the case of
overloading, showing a significantly low fire resistance. The BRH1 specimen is a steel-reinforced
CFT column with the application of high-strength concrete. High-strength concrete has low fire
resistance due to its lower moisture content than that of normal-strength concrete. However, with steel
reinforcement, fire resistance can be improved, thanks to the confining effect of steel. The BRH1
specimen has approximately 89% of concrete resistance section.

'30 . . n 1
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20 ARL1
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Fig. 7. The Axial Displacement by CFT column in fire ~ Fig. 8. The Sectional Ratio of Concrete
resistance under load Load resistance by each Specimen
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2.3 Failure Mode

The APL1, ARL1, BRL1 specimens were set to have an axial force rate of 0.4 for fire resistance test
under load, and 1/3 spot from the upper had local buckling. In the case of BRH1, which had steel-
reinforcement and high-strength concrete, steel column fractured at the 1/3 spot where local buckling
took place. The BRL2 specimen with an axial force rate of 0.6 had a total buckling of a column.
Except for BRL2 specimen with 90 minutes or less in terms of fire resistance time, all other four
specimens had separation on the surface of steel columns.

— :'—"1 { ; e

(a) A CFT column before the (b) BRHI1Specimen after (c¢) BRL2 Specimen after (d) Separation and column
Experiment the Experiment the Experiment Fracture of BRH1 Specimen

Fig.9. A CFT Column Before and After the Experiment

3 ANALYSIS OF FIRE RESISTANCE INFLUENCING FACTORS

3.1 The Effect of Steel Reinforcement

Fig. 10 compares a non-reinforced CFT square column (APL1) and steel-reinforced CFT square
column (ARLT1). Both specimens were set to have an axial force rate of 0.4. In the case of the ARL1
specimen, working axial force increased approximately by 14% due to the 2% increase in steel
reinforcement. As for the fire resistance, it was identified to have an approximately 70% increase,
from 99 minutes to 171 minutes. This is because the steel is coated in concrete as in Fig. 6 of the
Temperature Distribution of Boundary of Steel with up to 160 minutes of thermal storage effect, and
concrete and steel create a composite effect, securing the target three-hour fire resistance until local
buckling occurs.
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Fig. 10. The Effect of Concrete Reinforcement

3.2 The Effect by Parameters in Steel Reinforcement

Fig. 11 summarizes the comparison of a steel-reinforced CFT square column according to each major
influencing factor, such as cross-section diameter, axial force ratio and concrete strength. As the cross-

section diameter increases from 280 mm to 360 mm, the area of a CFT column increased approximately

by 65%, whereas fire resistance increased approximately by 8%, from 158 minutes to 171 minutes. As
axial force ratio was set to be 0.6 from 0.4, the working axial force increased by 607kN, whereas fire
resistance decreased approximately by 50%. Moreover, as concrete strength from 36.09Mpa to
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56.81Mpa increased from normal strength to high strength, fire resistance decreased by approximately
6%, from 158 minutes to 147 minutes. The result of the analysis shows that the axial force ratio
appeared to have the largest portion in determining the fire resistance of specimens. Moreover, as in
Fig. 9 of failure mode, when the axial force ratio was 0.4 of low axial force, local buckling occurred at
the end of fire resistance. However, when the axial force ratio was 0.6 of high axial force, total
buckling on a column occurred.
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Fig. 11. The Effect of Influencing Factors in Steel Reinforcement

4 CONCLUSION

The study was conducted to evaluate the fire resistance of a steel-reinforced CFT square column under
a certain degree of axial force. In order to meet the required three-hour fire resistance, non-reinforced
CFT square column and a steel-reinforced CFT square column were compared. The effects of the
major influencing factors in steel reinforcement on the fire resistance of the inside column, such as
cross-section diameter, axial force ratio and concrete strength change, were compared and analyzed.
The result of the fire resistance comparison between a non-reinforced CFT square column and a steel-
reinforced CFT square column shows that in the case of a CFT column with a 2% steel reinforcement,
working axial force increased approximately by 14%, whereas fire resistance increased approximately
by 70%, from 99 minutes to 171 minutes when the axial force ratio was set at 0.4. Accordingly, it was
determined that the target three-hour fire resistance was achieved.

Following the comparison of the major influencing factors with a steel-reinforced CFT square column,
it was found that 8% of fire resistance increased when increasing the area by 65%, and the cross-

section diameter from 280 mm to 360 mm. When increasing the axial force ratio from 0.4 to 0.6, fire

resistance decreased by 50%. Moreover, when increasing concrete strength from 36.09MPa to
56.81MPa, there was a strength decrease of approximately 6%. Accordingly, in the case of fire
resistance experiment designed in the study, the effect of cross-section diameter and concrete strength
appeared to be minimal, whereas the axial force ratio appeared to play a significant role as the major
parameter.
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INTRODUCTION

An accurate prediction of temperature distribution across a section for a given fire condition
plays a key role in the simulation of thermal effect in structural analyses [1, 2]. In numerical
modeling, fiber model is frequently applied to column members since it offers a good balance
between simplicity and accuracy [3, 4]. According to this model, the cross-section of a
column member is divided into a matrix of fibers; each of these fibers can have different
material, thermal and mechanical properties. Normally, to simplify the simulation, the
temperature in a fiber is assumed to be uniform along the longitudinal direction of members.
Currently, several existing methods can be used to predict the temperature distribution on
column members in numerical analysis that is based on fiber model, such as finite element
analysis (FEA) [5], boundary element method (BEM), analytical approach [6] and
engineering assumption [7]. Among these methods, FEA is the most popular tool used by
engineers to conduct heat transfer analysis. However, due to the meshing of the cross-section,
it is tedious to incorporate FEA of heat transfer into fiber model formulations. Compared with
FEA, BEM seems more convenient to be used since it only requires discretization on the
boundaries of the cross-sections of beams and columns. But, BEM will become inefficient if
the fibers have many different types of material properties. Although analytical approach is
the basis of numerical validations for FEA and BEM, its use is rather limited. Engineers
resorting to analytical approach will encounter great difficulties when dealing with a cross-
section of complex shape consisting of anisotropic material. The fourth approach —
engineering assumption supposes that the temperature distribution on a cross-section follows
a linear or quadratic function in spatial domain. This method is easy to use but lacks rigor. To
overcome the difficulties mentioned above, the authors propose a mesh-free method based on
cellular automaton (CA). The history of CA can be traced back to 1940s when Von Neumann
et al. studied biological reproduction and crystal growth [8]. Since then, CA has been used to
model complex phenomena in various areas such as fluid dynamics [9], biology [10] and
emergency evacuation [11, 12]. Basically, CA is a discrete model which consists of a regular
grid of cells, each cell in one of a finite number of states. In a CA model, time is also
discretized into finite number of steps, and the current state of a specific cell is influenced and
determined by the states of its neighboring cells at the last time step. When CA is applied to
heat conduction problems, the rules which dominate the simulation are deduced directly from
physical phenomenon instead of solving differential equations. To implement the CA
approach, random nodes are generated within a domain and along its boundary as well. Since
meshing is not required, this approach can be used to model domains with arbitrary
boundaries. Moreover, it can also be used to calculate the temperature distribution in non-
homogeneous materials. Therefore, the proposed approach provides a useful and practical
numerical tool to simulate heat conduction in composite structural members, such as
composite concrete columns with embedded I-section steel.
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1 FORMULATION

Generally, a CA model requires the spatial domain to be discretized into regular cells.
Besides, the time domain is divided into a series of intervals. As a main feature, a CA model
is established based on several local rules which relate the current state of a particular cell to
the states of its neighbouring cells at the last time step. To analyze heat conduction in solids,
this basic concept of CA is extended in the present study. Firstly, irregular grid of random
nodes in spatial domain is used to replace regular cells in traditional CA. Secondly, a virtual
time domain is generated and divided into constant intervals to match the features of CA. In
this paper, only steady-state heat conduction is discussed, although with some modifications,
the method may also be extended to transient-state
heat conduction. T
Consider an arbitrary 3-dimensional solid domain £2
as shown in Figure 1. The term 7 is the temperature P S

/ P BN
at an arbitrary point P, within £2. The point P is ' n-’“—lf. o
located at the centre of its neighbouring area which k ! N
is illustrated by a sphere with a radius r,. Within the G TN
sphere, P, is a typical node among N, monitoring VoL N
points. Similar to £, the temperature at point P is L
denoted by T, . To construct a CA model, the T

relationship between point P and other points  Figyre 1. Illustration of an arbitrary

within its neighbouring sphere is defined by Eq. (1). three-dimensional domain
N;
I, = Z T @
j=1

where @, is weighting factor where subscript i denotes point £, and j relates the congregate
effects of temperatures at neighbouring points P, . Thus, clearly, from Eq. (1), the
temperature at point P is determined by temperatures at its neighbouring points. This rule is

based on the assumption that the variable 7; will not vary too much within a very small

sphere. It is assumed that there is continuous variation of temperature over distance within the
sphere. Eq. (1) also indicates that the influence of point P, to 7; is dependant on the value of

weighting factor @, . Assuming that the material in the domain is non-homogeneous, @, is

given by Eq. (2):
N;
w, =k, +k)/ > (k +k) )
I=1

where k;, k; and k, are thermal conductivities at points F,, P,and F, respectively. One

1

N;
observes that Za)ij =1.

j=1
From Egs. (1) and (2), one finds that the temperature of each point within the neighbouring
area of P, affects the value of 7;. The definition given in Eq. (2) accords with physical law in
that, , the larger the average thermal conductivity between points F, and P,, the closer are the

temperatures at these two points.
To complete the construction of the CA model, Eq. (1) is extended to Eq. (3) by incorporating
virtual time steps t:
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T.0,)=Y 0T, ) 3)

The interpretation for Eq. (3) is that the temperature at P at 7, is determined by the
temperatures at neighbouring points of P, at previous time step 7, .
To implement the CA model described above, similarly to points P and P;, one can define

randomly many points within £2 and on its boundary. During an analysis, the temperature at
each point is updated according to Eq. (3) until it converges to a stable value. The final
values of the temperature at each point form a state which represents the solution of the
particular domain. One may realize that Egs. (1) ~ (3) are entirely based on physical intuition
of the heat conduction phenomenon. Differential equations are not involved in the derivation.
Like traditional CA model, the procedure to calculate the distribution of temperature forms a
loop which contains the following steps:

(1) Generate random nodes in the modelled domain and on its boundary.

(2) Assign an initial value to each node where temperature is unknown.

(3) Based on the state at time ¢,_, , calculate the temperature at each node at ¢, using Eq. (3).

(4) Repeat step (3) till the final time step ¢,, . At ¢,,, temperature at each node cannot be
updated compared with previous time ¢, , .

2 NUMERICAL EXAMPLES

Example 1: As shown in Figure 2, a rectangular

two-dimentional domain a-b-d-c is subjected to | ¥
thermal conditions. In the domain, the varying L i
thermal conductivity of the material is described by A7 e

the function k(x,y)=e"

where x and y
represent the physical domain. On the boundaries, it Py
is assumed that the temperatures are known as
7,=0,7T,=0,T,,=2yand T, =x. a . kv, v b
For comparison purpose, the analytical solution is f )
derived for this example. From the heat transfer
theory, one knows that Eq. (4) is the governing
partial differential equation for example 1.

[o]

Figure 2: A rectangular domain under
thermal conditions

0(koT/dx)/0x +9(kdT/dy)/dy =0 )
The solution of Eq. (4) can be obtained without difficulty. Its expression is:
T'=xy &)

The diagonals a-c and d-b can be respectively described by y =x/2and y=1-x/2. Hence,
the temperature distributions on the diagonals of rectangle a-b-d-c can be derived:
Tz{ )2, (y=x/2)

x—x*[2, (y=1-1x/2)
On the other hand, to evaluate the temperature distribution using CA method, 1200 points
inside the domain and 120 points along the four edges are generated randomly, as shown in
Figure 3. In the figure, there are 21 points (in red dots) distributed along the two diagonals of
rectangle a-b-d-c. Temperatures at these points are used for comparison with analytical
answers given by Eq.(6). The value of spatial distance of the sphere r, is set to 0.1 in the

(6)

calculation.
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Figure 4: Numerical and analytical
temperatures on diagonal lines

Both numerical and analytical results are depicted in Figure 4. It can be seen from the figure
that the CA predictions agree very well with the analytical results. In fact, to minimize
numerical errors, one can conduct several trial runs based on different distribution of random
points. The average values of all trial run results will be more accurate.

During the study, it has also been found that the accuracy of simulation is affected by the
number of nodes and the value of 7. In general, more nodes will result in more accurate

results. This feature of CA model is no different from FEA or BEM. However, large amount
of random nodes will require longer CPU time.

Example 2: Figure 5 shows the cross-section of a rectangular composite concrete column
modelling using fiber model. It can be seen that an I-section steel is embedded in the concrete
interior. The dimensions and the thermal boundary conditions are illustrated in the figure. In
the analysis, it is assumed that the temperatures on the top and bottom boundaries are

T, =100°C and T, =500°C, respectively. It is also defined that k./ks; =1/50 where k. and

k¢ denote the thermal conductivities of concrete and steel, respectively.
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00250-300

RYRERHL

| il ST

Adiabad.

0 300-350

[ 350-400

@ 400-450

[ (AT

 450-500
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Figure 5. The cross-section of a composite Figure 6. Temperature distribution on the cross-
concrete column section of a composite concrete column

It should be mentioned that the segments on the cross-section are generated for fiber model.
However, if heat conduction is required, these segments can be used to calculate the
temperature distribution based on the proposed CA model. In this problem, the central points
of all segments coincide to form a grid of CA cells, as shown in Figure 5. Thus, the present
CA approach can be directly applied.

As shown by the temperature contour in Figure 6, the temperature distribution on the cross-
section is symmetric about the column centroid x=0. Along y direction, between y=5/2

527

PDF vytvofeno zkuSebni verzi pdfFactory Pro www.fineprint.cz



http://www.fineprint.cz
http://www.fineprint.cz

and y =-b/2, the temperature increases gradually from 7; to 7, . More details can be seen in

Figures 7 and 8. However, it is noteworthy that the temperature on the column cross-section is
not linearly distributed.
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Figure 7. Temperatures along x =0 Figure 8. Temperatures along y =12.5b

3 THE RELATIONSHIP BETWEEN DIFFERENTIAL EQUATION AND CA

The two examples illustrate that the proposed CA model can be used as a numerical tool to
analyze steady-state heat conduction, although the local rules incorporated into the CA model
are deduced without the consideration of differential equation. However, it should be realized
that differential equation is an analytical tool applied to the same problem. Hence, it is
believed that there exists a relationship between the present CA model and classical
differential equation since they both describe the problem correctly. It is well-known that one-
dimensional heat conduction is governed by:
d(kdT/dx)/dx =0 (7
Based on this, one infers that kdT/dx = C, where C, is a constant. Applying classical limit
theorem to Eq. (7), one obtains:
limx,%x,‘ (ijj - kz];)/(xj -x)=C (8)
Let spatial distance A4, =x; —x, and thermal conductivity k;, =k, =(k,+k)/2=1,
arbitrarily. By applying Eq. (8) to all points within the neighbouring domain of point P,, one

obtains Eq. (9).

N, N,
ani(Tj_Z)zcleﬁ )
=l =

Thus,

Ni

N; N;
Z(ﬂjiTj )‘[Z%]Tz = CIZAJ'I' (10)
j=1 Jj=1 Jj=1

It should be noted that P; is a random point in the neighbourhood of F,. Therefore, according

N,
to statistics, the term C, Z Aﬂ — 0 when N, is large enough. For this situation, one obtains:

- N N; N;
TFZ(??,J})/Z’LFZ“’U]} (1)
j=1

j=1 I=1
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4 CONCLUSION

Based on the concept of cellular automata, a new numerical approach is developed without
the consideration of differential equation for analyses of heat conduction in anisotropic
domain. Numerical examples show that this approach can be applied to steady-state heat
conduction. Since CA is a mesh-free method, the proposed approach is convenient to use
when it is incorporated into the fiber model in structural analyses for composite concrete
beams or columns. Additionally, no complicated mathematical derivation is required during
the development of the proposed approach. The numerical implementation of this model is
simple because it is based on one local rule (Eq. (1)). After necessary improvement, such a
methodology can be used in other fields, for instance, columns subjected to torsion since this
kind of problems is governed by Poisson equation. In this study, only steady-state heat
conduction is discussed. So it would be more meaningful to develop a new CA model for
transient problems in the future.
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PARAMETRIC NUMERICAL ANALYSIS OF STEEL AND CONCRETE
COMPOSITE FLOORS EXPOSED TO ISO FIRE

Mohsen Roosefid and Bin Zhao
CTICM - Centre Technique de la Construction Méttalique, Paris, France

INTRODUCTION

In recent years, increasing interest has been observed throughout Europe in developing steel and
concrete composite construction, i.e. the floors are constructed using composite slabs with
profiled steel decking attached through shear connectors like headed studs to downstand
beams. Indeed, the full-scale natural fire tests in the steel framed buildings have shown the
beneficial effects of membrane forces in improving the load-carrying capacity of composite floor
system, compared to estimates of capacity based on only flexural behaviour. From observation
and analysis of these full scale natural fire tests, a new fire design concept (design method and
corresponding design guide) was developed in UK concerning modern multi-storey
steel-framed buildings using composite floor systems [1]. This design method is aimed at fire
resistance assessment of partially protected composite floors not only under natural fire
condition but also in a standard ISO fire situation. In order to extend this design concept to
other European countries, the dissemination project FRACOF [2] has been launched in 2007
and within the scope of this project, a demonstration full scale fire test was carried out to
show the fire behaviour of steel and concrete composite floors exposed to the ISO fire. The
steel and concrete composite floor used in this test was supported by four columns, occupying
an area of 7.35 m by 9.53 m, so around 70 m2 All steel structural members were designed in
accordance with the requirement related to simple design rules of EN1994 [3, 4].

The mechanical loading of the floor is applied using fifteen sand bags uniformly distributed
over the floor, each of which weighs exactly 15.0 kN leading therefore to an equivalent
uniformly distributed load of 3.87 kN/m? (see Fig. 1).

In compliance with the existing simple engineering design method of such type of floor, the
two secondary beams and the composite slab are unprotected. However, all the boundary
beams of the floor (all beams in direct connection with columns) are fire protected to ensure a
global structural stability under fire situation.

Unprotected
secondary beams

Composite
slab

Composite §
floor

. . Fig. 2. View below the floor inside fire furnace
Fig. 1. Loading of the floor with sand bags after the test
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The states of the floor before and after the fire are shown in Fig. 2. The experimental results
illustrated clearly the excellent fire performance of partially protected composite floors with
adequate reinforcing steel mesh under membrane action for a long ISO fire duration exposure.
Further to above fire test, based on a 3D numerical modelling validated against the
experimental results within this research project, a numerical parametric investigation is
performed in order to enlarge the verification field of the design method.

1 VALIDITY OF DEVELOPED NUMERICAL MODELLING

Before the presentation of the parametric study, it is important to get an idea about the validity
of adopted numerical model from the computer code ANSYS. In fact, the developed
numerical model is composed of two different parts, one for heat transfer analysis and another
one for structural analysis.

1.1 Heat transfer analysis

The heating of all structural members is predicted with help of 2D models using their typical
cross sections. As the validation of the numerical model concerns mainly the structural
behaviour of the floor, the thermal properties of insulation material is adjusted so that the
prediction of a heating of protected steel members is as close as possible to reality. However,

as far as steel and concrete are concerned, their thermal properties are those given in EN1994-
1-2 [4].
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Fig. 3. Temperature comparison between test and numerical calculation

A comparison of calculated temperatures with measured ones during the test for different
structural members is illustrated in Fig. 3. From this comparison, can be found an excellent
agreement between test and numerical modelling which constitutes also a good basis for
mechanical analysis.
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Fig. 5 Simulated deformed shape of the floor

1.2 Mechanical behaviour of structural members

The analysis is based on a hybrid structural model which takes account of steel beams, steel
sheet, concrete rib, concrete slab and reinforcing steel mesh (see Fig. 4).

SHALL91: solid part of
concrete slab

BEAM24:
steel column
BEAM24: steel beam,
steelsheet, and
PIPE16: connexion concrete rib
between steel beam
and concrete slab
a) Modelled structure of full scale test b) Detail of the structural modelling

Fig 4. Numerical modelling for structural analysis of full scale ISO fire test

In this structural modelling, the steel structural members are represented by 3D non-linear line
element of BEAM24. As for concrete part over the steel sheet, a layered orthotropic shell
element SHELL91 was used. The connection between steel beam and concrete slab was
modelled using 3D linear line element PIPE16.

The structural behaviour of the floor is then analysed on the basis of previously calculated
temperatures and a global structural model. The simulated structural behaviour of the floor is
shown in Fig. 5 which illustrates the deformed shape predicted by the numerical model at 120
minutes of ISO fire.

floor recoded during the heating period of test

A comparison of floor vertical displacements between numerical calculation and test is shown
in Fig. 6. It can be observed that globally the numerical modelling follows very closely the
test results. However, a very slight discrepancy seems to occur after 75 minutes of fire for
unprotected steel beams due to the fact that at about 50 minutes of fire test one of welded
joints between two steel reinforcing meshes started to break which induces a small change in
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the floor behaviour. Despite this small difference, the validity of the numerical model as well
as its capacity of predicting in good way the fire behaviour of the composite floor is proved
without any doubt. In consequence, the adopted numerical model can be applied more widely
for global parametric investigation for a deeper check of the simple design method.

2  PARAMETRIC NUMERICAL STUDY

In order to take advantage of the tensile membrane action with composite floor systems
subjected to fire, a new simple design method was proposed [1]. This simple design method
gives designers access to whole floor behaviour and allows them to determine which members
can remain unprotected while maintaining the safety level at least equivalent to that obtained
with traditional design methods. This method is based on the yield-line approach of slab
panels, which takes account of the enhancement due to membrane action of the slab and the
beam systems. The details of the formulation are given in [6].

In order to extend the verification of this assessment method to its full application domain, a
numerical parametric study on the basis of above advanced calculation model is performed, in
which several specific features, such as deflection limit of the floor and maximum elongation
of reinforcing steel are systematically checked.

2.1 Input data for parametric study

With the parametric study, the investigation of the simple design method may be extended to
its full application domain. However, a full parametric study means at least several hundreds
even more than thousand of numerical simulations, which necessitate a huge computation
cost. Considering this situation is carried out only a reduced parametric study in which the
following parameters are considered as the most representative or sensitive, resulting thus in a
total of 112 numerical simulations.

2.1.1 Gridsize of the floor

With respect to grid size of floor investigated in the parametric study, were adopted seven
values, which are respectively (in m) 6x6, 6x9, 6x12, 9x9, 9x12, 9x15 and 7.5x15 (Fig. 7). All
boundary beams are assumed protected but all central secondary beams are supposed
unprotected.

Unprotected secondary beams

\

Protected secondary beams | \/ |
(A

Primary beams /
\

|
4 T I
|

B

/|

| |
| |
| |
| |
| |
| |
1 m

6m x 6m 6m x 9m 9m x 9m 6m x 12m 9m x 1

|
|
|
2 5m 9

m 7.5m x

Fig. 7 Floors considered in the Parametric numerical study

2.1.2 Load levels

Two load combinations corresponding to load values commonly used in room temperature
design over French market, are considered in this study which are given in 7able 1.
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Table 1. Load combinations considered in this parametric study

Case Permanent load G Live load Q
1 Self weight + 1.25 kN/m? 2.5 kN/m?
2 Self weight + 1.25 kN/m? 5.0 kN/m?

2.1.3 Link condition between floor and steel columns

The numerical analysis is conducted with two link assumptions, one of which considers that
the composite slab is mechanically linked to steel columns with help of additional reinforcing
bars and another one assumes that this link does not exist at all.

2.1.4 Fire duration

Four standard fire durations, that is 30, 60, 90 and 120 minutes, are investigated. As the
necessary total depth of the composite slab depends directly on these fire durations, the
minimum values according to the simple design method are adopted which are respectively
120, 130, 140 and 150 mm in case of open trapezoidal steel decking. Also, the size of all
reinforcing steel mesh is derived directly from this simple design method. In addition, their
axis distance is always taken as 45 mm. It has to be pointed out here that this parametric study
considers only the steel decking of COFRAPLUSG60. The reason of using such steel decking is
due to the fact that it is not only, for the time being, the most commonly used one over French
market but also the most open trapezoidal steel decking for composite slabs. One can
understand easily that the composite slab using such steel decking will be the most critical
from the point of view of mechanical resistance under fire situation. Therefore, if the simple
design method is checked with this steel decking, the conclusion will be equally valid for any
other types of steel decking.

2.1.5 Heating of boundary beams

In this parametric study, all peripheral beams are supposed to be heated up to 550 °C which
corresponds to the critical temperature proposed for French market using such design concept.

2.2 Results of parametric study

For each numerical analysis, two special points of corresponding numerical results have been
systematically checked, which are related to:

e maximum deflection of floor
e maximum mechanical strain of reinforcing steel

Concerning the deflection of floor, the first step of current investigation is to check whether
the maximum allowable deflection is reached or not. In consequence, the maximum deflection
obtained by numerical analysis in two cases, that is with and without link condition between
floor and steel columns is compared to the maximum allowable deflections according to
simple design method (SDM limit) and the results are illustrated in Fig. 8. It can be found that
in any case, the maximum allowable deflection used as the validity limit of the simple design
method is beyond the maximum deflection according to numerical analysis by assuming that
the composite slab is mechanically linked to steel columns. Even if this link condition does
not exist, the simple design method remains still valid as its deflection limit is exceeded only
in very few cases.

In addition to the deflection of the floor, the elongation of reinforcing steel is the second
feature which is investigated in detail in this parametric study. In reality, as the reinforcing
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steel mesh is put over the whole area of the floor, it is certainly continuous across all beams
including protected boundary beams. In this case, as the central part of the floor deflects
largely under fire situation and meanwhile the protected boundary beams bows much less
with their reduced heating, the reinforcing steel will then subject to important stretching in
particular at the supports of protected boundary beams and around columns. If the elongation
becomes too important, the failure could occur which may lead to following consequences:
firstly the loss of integrity and insulation performance of the floor and secondly the reduced
load bearing capacity as the continuous condition of the slab disappears. However, the
question arises about the criterion to be applied to elongation capacity of reinforcing steel.
According to EN1992-1-2 [5], the minimum elongation capacity among all types of
reinforcing steel is at least 5%. Therefore, this value is taken as the maximum elongation that
one can accept in this parametric study for reinforcing steel mesh.
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Fig 9. Predicted maximum mechanical strain of Fig. /0. Comparison between predicted fire ratings
reinforcing steel assuming no link condition according to deflection criterion of span/30

Fig. 9 shows the predicted maximum mechanical strain of reinforcing steel according to
numerical analysis by assuming no link condition, considering the most critical case. It can be
found that the predicted maximum deflection of the floor varies in general between 2% and
5% which once again is satisfactory.

In addition, the fire resistance of a beam can be also expressed by fire ratings based on a total
deflection limit not exceeding span/30 of all assembled structural members (primary beams,
secondary beams, slabs). A special investigation is made in the numerical analysis to check
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the necessary duration to reach this deflection criterion. If these durations are compared to
corresponding standard fire ratings to be looked for (see /ig. /0), one can find that the ratio
between them is always beyond one and in certain cases even more than two. Such results are
very meaningful to show the validity of the simple design method which apparently provides
the conservative fire ratings in comparison with advanced calculation tools.

Conclusion

The objective of the parametric study is to make a detailed investigation of simple design
method with help of advanced calculation models validated against ISO fire test. This
investigation should lead to the improvement of simple design method if necessary. From
obtained results, it can be concluded that:

e with respect to deflection criterion, the simple calculation method gives conservative
results compared to advanced calculation models;

e concerning the elongation of reinforcing steel mesh, it remains generally below 5%, the
minimum allowable elongation capacity recommended by EN1992-1-2 for all types of
reinforcing steel.

The results derived from this parametric study show clearly that the simple design method is
capable of predicting in a safe way the structural behaviour of composite steel and concrete
floor subjected to ISO fire condition and there is no need to include additional limitation to
this simple design method in its application to assess the fire performance of composite floor.
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INTRODUCTION

Cellular beams offer long uninterrupted clear spans, which are ideal for offices. However,
increasingly, questions are being asked about the performance of cellular beams in fire situation.

In order to overcome the present lack of knowledge, a research project, Flre resistance of long span
CEllular Beams (FICEB), has been carried out for more than one year [1]. In this project, four full-
scale fire-tests of composite steel and concrete cellular beams were conducted over a fire furnace at
the test facilities of Efectis France, the subsidiary of CTICM which is one of the partners of the
project. These experiments aimed at investigating the fire behaviour of cellular beams under
different configurations.

All these beams were made of a steel profile with circular and/or elongated web openings,
connected by shear studs to a composite slab composed of a reinforced concrete part and a
trapezoidal re-entrant deck spanning perpendicularly to the profile. The steel profile consisted of
two “tees” from standard I-sections, which were welded together.

The first part of this paper describes the experimental set-up, whereas the results of the tests are
given and discussed in the second part.

1 EXPERIMENTATION SET-UP

1.1 Beam geometric and material properties

An overall view of the four beams is shown in Fig. /. As parts of composite floors, beams 1, 3 and
4 were considered to be secondary beams, and beam 2 was considered as a primary beam. They
were fire designed according to [2].

2900 mm 3000 mm 2900 mm
(beams 1, 3 and 4) (beams 1, 3 and 4) (beams 1, 3 and 4)

3200 mm (beam 2) < 2400 mm (beam 2) < 3200 mm (beam 2)
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Fig. 1. Elevation view of the composite beams
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The main geometric and material properties of the beams are shown in Table I [1, 2, and 3]. In
addition to the web stiffeners at load points and at its end supports, For beam 4, there was a one-
side stiffener at each web-post. The upper steel flange was fully connected to the 120 mm deep
composite slab, which comprised a COFRASTRA 40 ® re-entrant deck, via Nelson headed studs.
The slab width was 2.20 m which equals to the effective width b.s according to Eurocode 4 part 1.1
[4],i.e. 2x L/8. As for the reinforcement steel, a mesh of 252 mm?/m was used.
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Beam 1 Beam 2 Beam 3 Beam 4
Top tee section IPE 360 IPE 450 IPE 360 IPE 360
Top tee depth /¢, (mm) 255 275 255 255
[Bottom tee section IPE 450 IPE 450 HEB 450 IPE 450
[Bottom tee depth Ay, (mm) 300 275 300 300
Stiffener thickness (mm) 20 20 20 20/ 15
Span : L (mm) 8800
Overall slab length: L; (mm) 9100
Slab width : b.;; (mm) 2200
Number of openings 13 13 13 14
Number of circular openings 12 11 12 14
Number of elongated openings 1 2 1 0
Number of semi-infilled openings 0 2 0 0
Cell diameter (mm) 375 335 375 375
[Reinforcement mesh A252
Number of shear studs 59
Shear stud diameter (mm) 19
Shear stud length (mm) 100
Shear stud spacing (mm) 150
Mechanical load (kN) 1490 | 160 [ 160 [ 140
Steel grade S355
NWC compressive strength (MPa) 310 [ 330 | 335 | 295

Table 1. Geometric and material properties of the fire-tested beams
1.2 Mechanical load

A mechanical load was applied through a hydraulic pump, and then distributed via a steel beam to 2
horizontal steel cylinders, providing two loading lines corresponding to the stiffeners’ location. The
hydraulic jack had a 400 mm stroke.

1.3 Thermal load

The thermal load was applied from beneath: hence, the steel profile was fire-exposed on 3 sides,
while only the lower side of the slab was fire-exposed (see Fig. 2).

None of the four beams was fire-protected. For beams 1, 3 and 4, a 30-min exposure to the standard
fire was assumed, whereas a specific bi-linear fire curve was used for beam 2, in order to simulate
the heating regime of a fire protected beam.

For beams tested under ISO fire condition, despite their failure criterion occurred prior to 30
minutes, the thermal load was maintained until 30 minutes (see 7able 2) in order to investigating
the heating of the beams to the lowest standard fire rating commonly defined by the fire regulations.
The average furnace temperatures are given in Fig. 3.

Beam 1 Beam 2 Beam 3 Beam 4
[Heating phase (min) 30 80 30 30
Collapse time (min) ~18 ~73 ~26 ~19
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Table 2. Test duration
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1200 : ‘ ‘ ‘ ‘
— —Beam 1 | | | |
100 4 — -Beam2 | FoTTo ittt R moos
1000 4| —-Beam3d3 | L _
—Beam 4
900 1| ——standardfirecurve | ___——" L
£ 8001 e B SR
| | |
0 1 2 e
g 790 | - 1
2 600 | -7 R
© - ! !
i — | \X
& 500 : ! B W
g- | | | \
@ 4007 """f”"""""”i ******* i*"\*"
04, o ——— Nh SRR =
\\,. | |
200 ‘ ‘ ‘ l Aoy l l
O T
| | | | | |
0 : : : : : : : :
0 10 20 30 40 50 60 70 80 90
Time (min)

Fig. 3. Furnace average temperature vs. time

1.3 Measurement of experimental results

For each test, about 100 thermocouples were disposed in the furnace and at various locations along
the beams in both the steel profile and the composite slabs, though most of them were located in the
steel profile. Transducers were also used to check the rotations near the supports, the bond-slip
between the steel profile and the slabs, and the vertical displacements in the central part of the slab.
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2 RESULTS AND DISCUSSION
2.1 Temperatures

Fig. 4. shows the temperatures of a steel cross-section around mid-span of all tested beams [3]
(cross-section without cell in the central zone of webs), which was the hottest one due to the
shadow effect. In each graph, the failure time is given by the vertical line.

It is observed that there was always a significant thermal gradient, i.e. about 150 °C, between the
top flange, which was the “coolest” steel part, and the remained parts of the cross-section,
especially for beam 1 and 4, which underwent very close temperature rises. Moreover, the
maximum temperature values were recorded in the web, reaching up to 820 °C in the secondary
beams after 30 minutes of ISO fire and up to 690 °C in the primary beam after 80 minutes of fire
(fire temperature: 735 °C).
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Fig. 4. Temperatures in a central cross-section

2.2 Deflections

The deflections recorded at a L/4 distance from the supports and at mi-span are shown in Fig. 5 [3].
As long as a mechanical load was applied, the beams underwent vertical displacements increasing
progressively and linearly until a heating around 700 °C for beams exposed to ISO fire and 550 °C
for beam subject to protected situation. Afterward, their deflections increased very quickly with the
temperature rising until the collapse.

A slight deflection decrease was observed once the hydraulic jack reached its stroke limit and was
taken away. However, after this decrease, some beams continue bending downwards under their
self-weight without any additional mechanical load until maximum thermal load.
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It must be reminded that all the beams exposed to ISO fire had the same top tee section and in
particular the beams 1 and 4 had exactly the same cross-section. Nevertheless, in spite of its one-
side additional stiffeners, beam 4 underwent approximately the same deflections as beam 1. In fact,
the behaviour of these two beams is very close if it is related to the their heating instead of the time.
Besides, beam 3 behaved stiffer than both beam 1 and beam 4, as its bottom tee section was more

resistant.
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Fig. 5. Deflection vs. time

2.3 Failure mode

For both beam 1 and beam 3, the failure was due to web-post buckling near the beam supports (see
Fig. 6), which is one of the usual modes of failure observed for such beams in fire situation. This
web-post buckling could even generate a tee welding breakage.

Besides, because of its web-post stiffeners, beam 4 could only have a flexural bending failure, as it
behaved like an “ordinary” beam. Hence, as beam 1 and beam 4 had the same cross-section, and as
their deflection vs. time graphs are very close, beam 1’s collapse might have been caused by
combined web-post buckling and flexural bending.

As for the primary beam, i.e. beam 2, no web-post buckling was observed, which leads to the
conclusion that this beam also failed by flexural bending.
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Fig. 6. Deformed beams

CONCLUSION

The tests carried out on cellular composite steel and concrete beams at elevated temperatures have
highlighted two modes of failure:
- a web-post buckling near beam supports, when the web stiffeners were located only in the
loading zone (and at the beam ends);
- a flexural bending, when the beam’s web was thicker, or when its web-post was stiffened,
making the beam behave like an “ordinary” beam without cells.
It should be noticed that no particular damage, such as concrete crushing, occurred in the composite
slabs.

The next step of actual investigation is to use these results for validating finite element models such
as ANSYS, Cast3M and Safir to predict the fire resistance of this type of structural members.
Afterwards, these models will be used to conduct parametric studies for the development of
corresponding simple fire design rules.
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INTRODUCTION

In the last years several research results have been published which discuss the load bearing
characteristics of composite floor systems in case of fire. Diverse design methods were presented to
calculate the load bearing capacity using assumptions that the slabs behave like a membrane due to
large deflections (e. g. [1]-[3]). However, results of fire tests performed on such structures in the
last years show some discrepancies between the available design methods and the real behaviour (e.
0. [4]). Therefore, this paper presents some new approaches which may describe the influence
factors on the load bearing characteristics.

1 STRESSESDUE TO TEMPERATURE CHANGESOVER THE CROSS-SECTION

The temperature distribution in concrete and composite slabs which are exposed to fire at one side
is highly nonlinear. In addition, the thermal strains of concrete are not straight proportional to the
temperature of the material. Therefore, aso the strains in a concrete sab are distributed nonlinearly.
Fig. 1 shows such a temperature and strain curve of a 100 mm thick unprotected concrete slab
which is exposed to the standard fire curve (ISO 834). The temperatures and temperature-strain
relations can be found in Eurocode 4 [5].

1000 0,016
900 1. _ N I 0,014
800 ~ \
— 700 | ‘\ —— temperature - 0012
bt — — thermalstrain 001§
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=1 173
B 500 1 L 0,008
1 :
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distance from heated surface[mm)]
Fig. 1. Temperature and resulting strain distribution in a concrete slab

If these curves are used to anayse larger structures, avery high effort of calculation is necessary. A
caculation by hand is virtually impossible. It is more practical to use linear strain distributions but
not easy to find an appropriate approach. Furthermore, it is necessary to take into account that the
nonlinear strain distribution leads to additional stresses. Related effects occur in hot-rolled steel
sections during its production where non-uniform cooling generates self-equilibrating stresses. In
contrast to sted sections a concrete slab cannot yield in such a way that these stresses can be
neglected at design.
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2 INTERNAL FORCESAND LOAD TRANSFER

Some of the following thoughts are mentioned in [3] and described in more detail in [6]. Here some
new aspects shall be discussed. The temperature distribution over the depth of a cross-section is
simplified considered as linear and the thermal expansion factor ot as constant. This leads to linear
thermal strains which can be divided into a constant part Agy,ir and alinear strain gradient Ax.

Agumf — (ZT . Aetop +2A9bottom
Ak = aT . Aetop +hA9bottom

In a smple beam which is horizontally unrestrained the constant part causes a longitudinal
extension uyys and the gradient causes a uniform curvature and bowing of the beam.

Upir =A& - L

For fast heating like the standard fire curve, large curvatures result and geometrical nonlinear
approaches are necessary to calculate deformations. Second order theory assumes small
deformations and is not sufficient. An unrestrained beam with uniform curvature deforms to a

circular arc.
W, :i 1-co Azc-L
AK 2

The arc length is the original length of the beam and the ends must move together (Ugrg). In Fig. 2
theserelations areillustrated.
Uyog = L—i-Sin(AK-%]

9 Ax

‘ Ag

unif ‘

Fig. 2. Horizontal displacement of an unrestrained beam under uniform extension and curvature

If the beam is horizontally fixed on both ends, constraining forces occur. This can be visualized as
an unrestrained beam which deforms under thermal loading and afterwards the support is shifted
back to its initia position. Depending on whether the total horizontal extension wy is positive or
negative the constraining forces are either an ailmost uniform compressive norma force with a
positive bending moment in curved shape or atensile force with a negative bending moment. In the
specia case when both extensions are the same size there will be no constraining forces (see Fig. 3).
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Fig. 3. Resulting constraining forces in a horizontally fixed beam

Slabs which are subjected to the fast heating of the standard fire curve will get a high curvature and
in relation a small uniform extension. The curvature changes in both directions of the slab but even
at unrestrained slabs the edges cannot move together. The deformations are restrained due to the
development of acompression ring around the perimeter of the dlab. In this case the therma loading
leads to a tensile force and a negative bending moment in the slab. The height of these forces
depends on the bending stiffness of the dlab but the tensile force easily reaches the tensile strength
of the reinforcement. The negative bending moment generates cracks on the top surface of the slab
unless mechanical loads generate contrary moments. On the basis of these facts, it is imaginable
that working loads can have positive effects on the structura integrity of dlabs or even that slabs fail
without any working load only due to the exposure to thermal loading. The influence of the height
of the load has not been sufficiently investigated by fire tests until now. If the reinforcement already
yields under therma loading, the contribution to the transfer of mechanical loads becomes very
small. It seems that mechanical loads like the dead load of the slab or working loads are mainly
transferred by reduction of the bending moment. This kind of load transfer can be compared with
the behaviour of prestressed concrete structures.

If the dab is heated slower likeit probably isin real fire conditions, the uniform expansion becomes
more important and the slab will get under compression. In this case the additional loads can be
transferred by reducing the compression force and after that, generating membrane tensile forces.

3 TENSION STIFFENING

In most engineering models only the reinforcement makes contribution to the load transfer because
the concrete cracks at tension. Thus, the deflection of the dab only depends on therma and
mechanicd strains of the reinforcement. But actually the concrete does not completely crack.
Between the cracks stresses occur in the concrete and in the cracks the strains of the reinforcement
increase. The dab becomes stiffer and the reinforcement is not stretched constantly. This so-called
tension stiffening, which is well-known a ambient temperatures, aso appears at eevated
temperatures. For the design of beams and plates in bending, this effect does not influence the load
bearing capacity but only the deflection. But in the engineering models using membrane action the
load bearing capacity depends decisively on the deflection. Therefore tension stiffening must be
included when the dabs are designed. In [7] approaches are published how these effects can be
handled at ambient temperatures and for high reinforcement ratios p = A,/ A, . Here it is discussed

what happens at low reinforcement ratios.

Fig. 4 shows the stresses in a rebar related to its strain. Line a) is for a ssimple rebar without
concrete. The curve is linear until it reaches the yield stress f, with the related yield strain &,. Then
it beginsto yield, the stresses only rise slowly until the bar cracks at the ultimate stress f, and strain
ey. It is the well-known simplified stress-strain curve of stee with a linear elastic part and a
hardening slope.
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If the rebar is embedded in a small concrete section, the reinforcement ratio is high and the stress-
strain curve of the rebar looks like line b) in Fig. 4. In the first part the concrete is not cracked, it
acts together with the rebar and the beam is very stiff. At the first bend of the curve the tensile
strength of the concrete is reached and the first cracks appear. The stress in the rebar at this point

can be calculated as follows;
E
Gs,cr = fct (l + —S)
p Ey

After the second bend the cracking is finished and the curve runs parallel to line @). The yield and
ultimate stresses are the same as for line a) but the related strains are smaller. The reason is that the
strains are concentrated in the cracks and in Fig. 4 an average strain over the length of the beam is
shown.
Line c) shows the behaviour of a slightly reinforced beam. With rising strains the stress in the rebar
theoreticaly rises higher than the yield stress. The reason is that the force which is necessary to
reach the tensile strength of the concrete cross-section is higher than the force which the rebar can
absorb. If the beam is stretched further, afirst crack appears in the concrete and the force falls down
to the tensile strength of the rebar. After a short hardening the beam fails with a small elongation.
This curve can only be generated in a displacement-controlled test and is rather theoretical.
Moreredisticisline d). There the concrete beam is pre-cracked like it is the case at composite slabs
in fire. The stiffness of the beam is higher than the stiffness of a simple rebar but lower than the
stiffness of a reinforced concrete beam without cracks. Like for line c) the total possible
deformation is much smaller than for a smple rebar.
Transferred to dabs in fire the tension stiffening effects can explain why some specimen in tests
failed before the estimated deflection was reached. Reaching the yield stress of the reinforcement
cannot be the only failure criterion. The ductility of the whole slab must aso be taken into account.
This ductility is influenced by the reinforcement ratio and the ductility of the reinforcement itself.
The load bearing capacity of concrete and composite slabs in fire can be increased on the one hand
by increasing the reinforcement ratio. It not only increases the bearable load of the reinforcement
but also the tension stiffening effects decrease and the slab becomes softer. On the other hand,
reinforcement with higher ductility enables larger displacements and hence higher load bearing
capacities without need of additional reinforcement. Unfortunately most fire tests were not run until
the dabs failed. The estimated deflections and load bearing capacities are therefore difficult to

prove.
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