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Abstract

In Germany, regulations for hollow spaces in slab systems require 30 minutes standard fire
resistance of the load-bearing steel construction. Within a current national research project
a natural fire scenario for the hollow space was developed based on realistic fire loads and
ventilation conditions in the hollow space. Assuming this realistic fire scenario in the hol-
low space, two large scale tests on an innovative composite floor system were performed
to evaluate the influence on the load bearing behaviour of the floor system.

The integrated and sustainable composite floor system consists of a prestressed concrete
slab, an unprotected, bisected hot rolled I-profile with composite dowels either in puzzle
or clothoidal shape, and removable floor panels on the top of the [-profile. This floor system
ensures the opportunity to adjust the technical building installations in accordance with the
use of the building. This integrated and sustainable composite floor system was developed
in several research projects. The standard fire resistance R90 for the fire scenario below the
slab system has already been proven successfully.

In this paper, experimental investigations regarding the heating and load bearing behaviour
of the innovative composite floor system under the newly developed natural fire scenario
of hollow spaces are presented. In doing so, the special test set-up to realise the fire tests
for the fire scenario hollow space will be described in detail. After the fire scenario for the
hollow space, the specimen was subjected to the ISO standard fire curve to establish the
failure temperature of the unprotected I-profile. In addition to the temperature development
and the load bearing behaviour inside the innovative floor during the heating phase, the
cooling phase and the influence of a web opening on the load bearing behaviour will be
discussed.

Keywords: innovative composite floor system,; natural fire scenario; load-bearing behav-
iour; thermal behaviour in cooling and heating phase

1. Introduction

At the present time, the importance of a re-
source-saving and sustainable construction re-
ceives a significant part in the design stage of a
structure because of regulations for climate pro-
tection. Therefore in several research projects
[5], an integrated and sustainable composite
floor system was developed considering of a
high flexibility and adaptability of the usage over
the entire life cycle of the building without af-
fecting the load-bearing structure. The integrated
and sustainable composite floor system (so-

called InaDeck) consists of a prestressed con-
crete slab, an unprotected, bisected hot rolled I-
profile with composite dowels either in puzzle or
clothoidal shape, and removable floor panels on
the top of the I-profile (see Fig. 1).

The removable floor panels form a hollow
space between the concrete slab and the flanges
of the I[-profiles and enable the opportunity to ad-
just the technical building installations in ac-
cordance with the use of the building. The web
openings of the hot rolled I-profile ensure an
adaptable usage for a changing installation of the
building as well.
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Fig. 1. Overview of the innovative composite floor system /naDeck.

The integrated and sustainable composite
floor system /naDeck was developed as a precast
system for systems length up to 16 m with a slen-
der prestressed concrete slab, a live load of
5 kN/m?, and for the usage in multi storey build-
ings. As shear connectors composite dowels ei-
ther in puzzle or clothoidal shaped are used ac-
cording to the German approval [3]. Composite
dowels are recently developed shear connectors
to build innovative composite structures. The
standard fire resistance of 90 minutes (R90) for
the fire scenario below the integrated and sus-
tainable composite floor system has already been
proven successfully [5],[6]. Besides the require-
ments for the fire scenario below slab systems as
well as regulations for the hollow space are nec-
essary to consider. In Germany, these regula-
tions for the hollow spaces in slab systems re-
quire a minimum of 30 minutes standard fire
resistance of the load-bearing steel construction
(R30) [1], [2]. In doing so, the steel construction
of a composite beam requires external fire
protection. Consequently, composite slab sys-
tems are uneconomic in comparison to other slab
systems because of the necessary fire protection
of the [-profile.

However, the fire loads and ventilation con-
ditions in the hollow space may be not sufficient
enough to reach temperatures comparable to the
ISO standard fire curve. Therefore, in a current
national research project a natural fire scenario
for the hollow space was developed based on re-
alistic fire loads and ventilation conditions in the
hollow space [7], [8]. Assuming this realistic fire
scenario in the hollow space, two large-scale
tests on the system I/naDeck were performed to
investigate the load-bearing behaviour.

In this paper, the experimental investigations
on the system InaDeck will be presented.
Throughout the heating phase, the specimens
were subjected to the fire scenario for hollow
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space and the ISO standard fire curve. Besides
the load-bearing behaviour of the slab system,
the influence of the web opening on the load-
bearing behaviour and the cooling phase of the
materials will be discussed.

2. Experimental investigations

2.1. Fire scenario “hollow space”

As aforementioned, it has to be investigated
what fire scenario is appropriate for the real fire
loads in the hollow space, which consists mainly
of electric cables [7], [8]. To develop this spe-
cific fire curve, a number of small-scale tests
were performed, on which basis a simplified fire
scenario for the hollow space was derived (see
Fig. 2). The fire scenario hollow space covers the
95% fractile value of all fire tests. Characterising
for the simplified curve of the fire scenario hol-
low space are three significant branches. The
first branch is the linear increase of the tempera-
ture up to 500 °C within 5 minutes. Second is the
constant temperature level of 500 °C for 10
minutes after the linear development of the tem-
perature. The last part of the simplified curve is
an exponential decrease of the temperature until
the temperature reaches the room temperature
again,

As an approximation of the simplified curve
for the furnace temperature of the fire tests, the
descending branch of the temperature was esti-
mated linearly. Moreover, after the fire scenario
hollow space the specimens were subjected to
the ISO standard fire curve until the failure of the
composite slab system. The ISO standard fire
curve was started in the cooling phase after 25
minutes. Based on the assumption that at this
stage the specimen overcomes the fire scenario
hollow space.
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Fig. 2. Temperatures versus time curves of
fire scenario for hollow spaces and the fur-
nace temperature.

2.2. Structure of the test specimens

The load-bearing behaviour of the two speci-
mens each with a length of 7.8 m and one speci-
men with a web opening were investigated in the
fire scenario hollow space. The specimens
consist of a bisected HES800A with composite
dowels in clothoidal shape with a longitudinal
distance ex of 100 mm according to the German
approval [3] and a prestressed concrete slab with
a width of 1.25 m and a thickness of 100 mm
(see Fig. 3). Moreover, the influence of a web
opening of 750 mm x 250 mm for installation in
the transverse direction on the load bearing be-
haviour during the fire scenario hollow space
was taken into account. The web opening was
positioned typically at the side of the slab sys-
tems with a distance of 1025 mm from the edge
of the specimen (see Fig. 4).

HES00A —E5 ]
Surface of S1
fire exposure
Prestress- S2 345
ing steel
TCconerete ¢ nerete \ Concrete
each 25 mm\: axis L-I axis L-IT v
" Concrete ~ C1% 50 \{ / X ;
2 - 0
sb_ 3k *il\lgo

le——250 >l 375 ’| S3
————325 ————>100>«—200—> [mm]
x: TC location Symmetry

Fig. 3. Cross-section of the specimens.

To realise system length up to 16 m the con-
crete slab of the system InaDeck is prestressed.

On the basis of previous project [5], the speci-
mens were prestressed according to the self-
weight gk (including the removable floor panels)
and the live load of 2.5 kN/m?. In doing so, the
value of prestress of each prestressing steel
amounts Gpmo 1075 N/mm?. To realise the pre-
stressing of the concrete slab four prestressing
steels with a diameter of 12.5 mm are utilised.
On the basis of the design of the slab system, the
diameter of the longitudinal reinforcement was
chosen as 16 mm and the diameter of the upper
reinforcement and concrete reinforcement of the
composite dowels were chosen as 8 mm. The ar-
rangement of the reinforcement of the composite
dowels corresponds to the German approval [3]
(see Fig. 5).
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Fig. 4. View of positions of thermocouples in
longitudinal and transversal direction.

The temperature during the fire tests are
measured with thermocouples (TC) of type K
and are assembled at the I-profile and in the con-
crete slab of the floor system. The temperature
of the bisected HESO0A was measured at the
flange (S1), in the middle of the web (S2), and at
the beginning of the composite dowel (S3) (see
Fig. 3). To evaluate the influence on the heating
behaviour of the web opening two extra TC at
the web opening were applied; one TC above and
one beneath the web opening. The temperatures
in the concrete slab were measured every 25 mm
in the concrete slab (see Fig. 5). Besides the tem-
perature distribution through the height the tem-
perature field in longitudinal and transversal di-
rection was recorded (see Fig. 4).

Furthermore, the material properties of each
part of the specimens were determined (see Ta-
ble 1). The cube compressive strength of the con-
crete was determined after 28 days and as well
on the date of the fire test to obtain the concrete
material properties and to evaluate increase in
the compressive strength over the time.
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Fig. 5. Reinforcement of composite dowels of
the specimens and temperature measuring points
in the concrete and at the steel (I-profile).

Table 1. Material properties of the different parts
of the cross-section.

Material Measured values
fay= 446 N/mm?

Steel i )
3355 fan= 546 N/mm

E.=210,000 N/mm?

fe.cubem (28 d) = 75.5 N/mm? *
Concrete fecube,m (113 d) = 77.4 N/mm? **
C50/60 fecyl,m (28 d) = 70,4 N/mm? *
E (28 d) = 45,500 N/mm? *

Reinforce-
ment fi024m= 551 N/mm? *
BSt500 fs,m= 648 N/mm? *
(@8 @16) Es,m = 202,412 N/mm? *
Prestressing
steel fp02x= 1660 N/mm?
St1660/1860 fp= 1860 N/mm?
(212.5) E, = 196,000 N/mm?

* Mean value of 3 specimens
** Determination on date of fire test

section (see Fig. 6(b)). Instead of loading the
specimens in the third points following the pro-
cedure of a four-point bending test, the speci-
mens are loaded at both ends and fixed in the
third points of the specimen (see Fig. 6(b)). Nev-
ertheless, the same stress behaviour of the ro-
tated specimen is realised due to the adjusted
loading situation and adjusted boundary condi-
tions. Despite the change in the statical system,
the thermal expansion of the specimen is not im-
peded.

F. Fo . Foo Frg |
V'~ l lEAA i L i ir’Bll
[P %

[e———————» lS_\'stem: 7.5 m
ls_\slem: 7.5m

Section: Section:
A-A | B-B |

Fig.  6(a). Statical Fig. 6(b). Statical
system of four-point system of test set-up in
bending (normal Situa- fire test.

tion).

Fig. 6. Comparison of different statical sys-
tems of test set-up for the fire test.

Besides the measurement of temperature over
time, the displacements of the specimens are
measured at the load introduction and in the mid-
dle of the specimens (see Fig. 7). To assess a pos-
sible bending along the longitudinal axis of the
specimens at each measuring axis two measuring
points are installed with a distance of 250 mm to
the edge of the specimen. The displacements in
the fire test are measured with potentiometers.

2.3. Test set-up and procedure

In the assembly situation, the system /naDeck
is usually integrated with the concrete slab in the
tension zone of the cross-section (see Fig. 1).
The load-bearing behaviour would be estab-
lished within a fire test by a four-point bending
test (see Fig. 6(a)). In consideration of the bound-
ary conditions and limitation of the displacement
of the test facility (furnace), there is no oppor-
tunity to enable the fire scenario hollow space in
the usual assembly situation of the floor system.
Therefore, a special test set-up was developed to
realise the fire test for the natural fire scenario.
In this special test set-up the assembly situation
of the specimens is modified. In doing so, the
specimens are rotated along the longitudinal axis
so that the concrete slab is at the top of the cross
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To realise the boundary conditions of the spe-
cial test set-up the specimens are suspended with
a steel construction in the furnace (see Fig. 8).
The suspension of the specimen in axis Il and III
is realised by a steel construction consisting of
HE180B I-profiles. The connection between the
suspending construction and the specimen is en-
sured by a bolted connection. Therefore, steel
plates are welded to the web and the flange of the
I-profile.

Fig. 8. Test set-up of the fire test.

In the fire test, the loading of the specimen
followed the procedure according to DIN EN
1363-1 [4]. The load applied is derived on the
basis of the utilisation factor of the floor system
with a length of 16 m. The utilisation factor of
the specimens in the fire tests with a length of 7.5
m (17.5m) is equal to the utilisation factor of the
16 m system (1ism) of 29.5 %. During the fire
test, the applied loads on the specimens are kept
constant over the time. In the fire test, the speci-
men is subjected to the natural fire scenario hol-
low space followed by the ISO standard curve.

%00 —m8M
E-_)‘ 750 ~
E 600 - Fire scenario
Z 450 hollow space
E 300 l
£ \ Average furnace
= 150 temperatures of test

[
0 10 20 30 40 50 60 70
Time [min]

Fig. 9. Comparison of the designated and meas-
ured temperature versus time curves of the fur-
nace.

The ISO standard fire curve is applied after
25 minutes of the fire scenario hollow space.
This implies that once the fire scenario /ollow

space is not critical for the load bearing behav-
iour of the floor system the failure temperature
of the floor system is determined under standard
fire conditions. The designated temperature ver-
sus time curve of the fire impact and the average
temperature time curves of the measured furnace
temperatures are shown in Fig. 9.

3. Results

3.1. Thermal behaviour of specimen

The temperatures of the steel section and the
concrete slab of the specimens are measured dur-
ing the heating and the cooling phase. The aver-
age temperature time curves of the steel section
of the specimens during the heating phase are
shown in Fig. 10. The temperature evaluation of
the specimens are almost identical. During the
natural fire scenario hollow space, the tempera-
ture of the flange of the I-profile is only reaching
approximately 350 °C. Once the specimen is
subjected to the ISO fire curve, the temperature
in the steel section of the specimens are rising
continuously. The steel temperatures are rising
until failure of the system occurs. At this stage,
the part of the I-profile directly exposed to the
fire impact has a temperature of approximately
800 °C. This temperature can be designated as
failure temperature of the system.

900 — ; - !
Fire scenario e !
hollow space e !

750 - P Z -

-~ A - L
— ,;‘ 7 ]
£ 600 4 .
© / " 1
5 s 4 S
£ 450 § ¢ N i -
5 1 o -
(=} i ,‘--‘,\ ! Y
c ! ; .
§3004f % .
= e #
] ’ L/ s
l| K. R
i L
150 LT/ — Test 1
YL --- Test 2
0 T T T T T T

0 10 20 30 40 50 60 70
Time [min]

Fig. 10. Average temperature versus time
curves of the I-profile in the heating phase.

Furthermore, the temperatures distribution of
the concrete slab during the heating phase are
shown in Fig. 11. Within the fire scenario hollow
space, the temperatures in the concrete slab are
only reaching values of approximately 140 °C at
the fire exposed surfaces. The temperature in the
concrete slab is decreasing with increasing dis-
tance to the fire exposed surface. A decrease or
a plateau in the temperature evaluation similar to
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the steel section after 15 minutes is not noticea-
ble in the concrete slab. Equally to the tempera-
tures in the steel section of the specimen, the
temperatures in the concrete slab are increasing
once the specimen is subjected to the ISO stand-
ard fire curve (see Fig. 11). As aforementioned
the temperatures in the concrete slab are meas-
ured in three axes (L-I, L-II, L-III, see Fig. 3 and
Fig. 4). The position of the measuring axis (L-II)
is in the shear joint of the specimen (see Fig. 3).
The temperatures in the concrete slab in the shear
joint of the specimen are reaching maximum
temperatures of approximately 400 °C. The tem-
peratures in axis L-II are correlating with the
measured temperatures at the composite dowels
of the I-profile (see Fig. 10). In comparison to
this measuring axis L-II, the temperatures in the
concrete slab (L-I) are only reaching values up
to approximately 275 °C. The temperature in the
concrete slab of the shear joint is influenced by
the heat transfer of the I-profile. The evaporation
of the pore water in the concrete slab is repre-
sented due to the plateau at approximately 25 to
40 minutes (see Fig. 11). The temperature distri-
bution in the transversal direction of the speci-
men is constant. Therefore, the axis LI represents
the axis L-III of the concrete slab.

500 + L ::ﬂ_ — Test 1

--- Test 2

400

300

200

Temperature [°C|

100

0

0 10 20 30 40 50 60 70
Time [min]

Fig. 11. Average temperature versus time curves
of the concrete slab in the heating phase.

Besides the heating phase of the specimen,
the temperatures are documented during the
cooling phase of the specimen. The cooling be-
haviour of the steel and concrete are similar (see
Fig. 12). During the cooling phase of the materi-
als steel and concrete, the temperatures are drop-
ping continuously. A plateau in the temperature
versus time curves compared to the plateau
caused by the evaporating of the pore water of
the concrete is not noticeable in the cooling
phase.
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Fig. 12. Average temperature versus time curves of
the steel and concrete in the cooling phase.

3.2. Mechanical behaviour of slab system

As aforementioned, the displacement of the
specimens is measured at the load introductions
and in the middle of the specimen. Moreover, the
displacement is measured at points in the
transversal direction to evaluate a possible influ-
ence of bending along the longitudinal axis of
the specimen. Nevertheless, a bending along the
longitudinal axis of the specimen is not ob-
served. Also, the displacement behaviour of the
load introduction axis I and IV (see Fig. 7) are
similar and hence only one displacement curve
is considered in the following. Once the load is
applied on the specimen (without a web opening)
a displacement of approximately 7.5 mm oc-
curred (Fig. 13).

Due to the direct exposure of the unprotected
I-profile of the cross-section to the fire impact
the I-profile heats up more rapidly compared to
the concrete slab. On the basis of this, a signifi-
cant temperature gradient occurs in the cross-
section of the specimen. As a consequence of the
thermal gradient in the cross-section, the thermal
expansion of the I-profile is higher than the ther-
mal expansion of the concrete slab. This results
in a bending of the specimen towards the con-
crete slab. Based on the induced thermal expan-
sion bending of the specimen, the specimen ex-
pands at the load introduction axis with a
positive displacement in the z-axis (see Fig. 13).
The resulting bending of the specimen due to the
thermal expansion of the specimen decreases af-
ter reaching a critical temperature of approxi-
mately 700 °C in the I-profile. Once the maxi-
mum displacement of 70 mm caused by the
resulting thermal bending of the specimen is
reached, the displacement increases until failure
due to bending occurs after 68 minutes. At this
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stage, a maximum displacement of approxi-
mately 125 mm occurs. The maximum displace-
ment after the heating and cooling of the speci-
men without a web opening is approximately
275 mm relating to the 7.8 m system length.

200

lFL v v FLl '
150 - fu A1

Axis I
100 ~

Test 2 (web
opening)

h
=
1

=]

Displacement u [mm]

n
=
1

Test 1

-100

0 10 20 30 40 350 60 70
Time [min]

Fig. 13. Comparison of displacement behav-
iour of the specimen with and without a web
opening at the load introduction axis I.

The displacement behaviour at the load intro-
duction axis of the specimen with the web open-
ing is considered separately. The behaviour of
part of the specimen without the web opening
performs similarly to the load bearing behaviour
of the first specimen. Indeed, the part of the spec-
imen with the web opening performs differently.
Compared to the first specimen, the displace-
ment of the part of the specimen with the web
opening amounts approximately 14 mm. This is
approximately twice the magnitude of displace-
ment compared to the part without a web open-
ing. Over the time of the fire test, the load-
bearing behaviour of the part with the web open-
ing performs similarly to the system without a
web opening. Due to the thermal expansion of
the I-profile, the thermal induced bending of the
specimen occurs as well. Certainly, the displace-
ment of the part without a web opening is only
half of the magnitude of the specimen with the
web opening (see Fig. 13). The thermal induced
bending of the specimen with the web opening
leads to a maximum expansion of the specimen
in the vertical direction of approximately
35 mm. This value is half the magnitude of the
vertical displacement of the specimen without a
web opening and is correlating to the perfor-
mance of the specimen once the load is applied.
Nevertheless, the maximum value of the induced
thermal bending displacement in vertical direc-
tion occurs at an earlier stage compared to the
specimen without a web opening. The difference

between the maximum values of the vertical dis-
placement is 5 minutes. The difference in the
load-bearing behaviour of the specimens with
and without a web opening is caused by the re-
duced stiffness of the web.

3.3. Results of fire tests

The fire test with the natural fire scenario ro!-
low space proves that the realistic fire scenario
in the hollow space is not endangering to influ-
ence the composite floor system in such a way
that failure occurs. As a result of the fire test, ad-
ditional fire protection of the I-profile is not nec-
essary whereas the newly developed natural fire
scenario is applied. Moreover, the fire tests indi-
cate that even 30 minutes standard fire resistance
can be reached without any fire protection of the
I-Profile before failure of the composite system
occurs.

The floor system failed in both cases due to a
bending failure. Nevertheless, the failure of the
second specimen is dominated by the load-bear-
ing behaviour of the web opening. Although the
I-profile of the specimen is in the compression
zone of the composite floor system, a buckling
of the web is not observed in the fire tests. More-
over, no spalling effects of the concrete occur in
the fire tests despite temperatures of 850 °C are
reached in the furnace.

100 mm
100 mm

Fig. 14. Regular transversal crack pattern in
longitudinal direction on the top of the con-
crete slab.

On the top side of the specimens, a regular
crack pattern occurred. The crack pattern oc-
curred in the bended part of the concrete. The
cracks occur with a regular distance of 100 mm
(see Fig. 14). The cracks appear adjacent to the
composite dowels in the longitudinal direction of
the specimen. As aforementioned, the second
specimen was dominated by the failure of the
web opening. At the web opening, the “Vieren-
deel effect” occurs and the local displacement
behaviour of the web opening is opposite to the
global displacement behaviour of the specimen.
Due to the Vierendeel effect, the composite
dowel on the side of the web opening orientating
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to the middle is pressed into the concrete slab
(see Fig. 15).

Area of
cracks

Top view on
concrete slab [g

§ oG T

i o

Pressed in area of
composite dowels

Press in

Fig. 15. Displacement of web opening and
crack pattern caused by the pressed in com-
posite dowel on top of the concrete slab.

4. Conclusion and Outlook

In this paper, a special test set-up for evaluat-
ing of the load bearing behaviour of a floor sys-
tem in consideration of a newly developed natu-
ral fire scenario for hollow spaces is presented.
Based on the natural fire scenario hollow space,
two fire tests with the innovative composite floor
system InaDeck are performed to investigate the
load-bearing behaviour. Moreover, the influence
of a web opening on the load bearing behaviour
is investigated in the fire test. The fire tests prove
that a fire protection of the I-profile of the com-
posite floor system is not necessary to overcome
the fire scenario hollow space. Moreover, a crit-
ical failure temperature during the fire scenario
hollow space is not reached. Once the specimen
is subjected to the ISO standard fire curve after
the fire scenario for hollow spaces the system
failed after approximately 32 minutes of expo-
sure to the ISO standard fire curve. In fact, the
composite floor system with the unprotected I-
profile is able to fulfil the fire resistance of 30
minutes. Furthermore, the temperatures in the
cooling phase of the floor system are measured.
The materials steel and concrete showed an ex-
ponential decrease in temperature during the
cooling phase.

Based on this experimental investigations a
numerical model will be developed and vali-
dated against the test data to evaluate the load-
bearing behaviour more in detail. Moreover,
studies on the web opening (size, position), uti-
lisation factor will be performed for a detailed
understanding of the behaviour of the innovative
composite floor system /naDeck.
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