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Abstract: Traditionally the response to fire of a building will be estimated on the base of the fire resis-
tance of its individual structural members. The paper presented deals with the fire resistance of a
symmetrical half of a concrete framework as an integrated part of entire structural system, and derives
results from experimental and theoretical investigations for fire engineering design.
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Betonarme Cerceveler Uzerine Yangin Deneyleri Ve Sonuclarin Analizi

Ozet: Genellikle bir yapmnin yangm davranisi, bu yapiyr olusturan yapt elemanlarinin bireysel yangin
davranigina gore degerlendirilmektedir. Bu c¢alismada, betonarme cerceve tasiyici sistemlerin yangin
davranisi teorik ve deneysel olarak analiz edilmistir

Anahtar Kelimeler: Yangin giivenligi, betonarme tasarim, ¢erceve sistemler, yangin direnci

1. Introduction
1.1 Status of the realisations, output questions
Facilities for fire testing of entire load bearing systems, combined of vertical columns and walls and
corresponding horizontal beams and slabs have been missing both in Germany and abroad. The column-
framework test stand of this special fire research area at Braunschweig Technical University makes it
; now however possible to close this gap. Thus,
= 1 both buckling and bending of monolithical
' | 5 Ram for Loads load-bearing elements under fire attack can be
T VAR i examined experimentally. The cross-section of
, ) i ; the special furnace for these fire tests is shown
Flue P
— =03 IR in Fig. 1.1. Investigations of complex load-
: bearing structures are in the case of fire of
certain special importance, because their
mutual interaction determines the fire
resistance and the type of failure of these
systems.
The mechanical loading combined with the
heating changes the behaviour model of the
i structure:
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Fig. 1.1: Special furnace for structural fire tests
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a) Redistribution of internal forces in slender compression members changes the buckling length
b) In elements exposed to bending, plastic deformations take place resulting in mechanisms.

In complicated frame structures, these effects change the load-bearing system. For example, when the
thermal expansion is even partially restrained, additional normal forces appear during the heating period.
Important results can therefore, be obtained by studying statically indeterminate structures in fire.
Theoretical investigations for these systems have been carried out in many places during passed decades.
Developing computing codes have not proven to be however, due to restrictive assumptions fully reliable
[1,2].

In the context of SFB148', a new code [3] enables also the theoretical investigation of the framed
systems under fire attack with consideration of material and geometrical non-linearity. In this
contribution, test results will be presented, performed for a half of framework in the special furnace of
SFB 148. The theoretical investigations are shown as well. The results are compared with each other
proving an excellent agreement between them.

2. Applied numerical method
The global principles and the applicability of the computing procedure are described in [3, 4]. In this
context, only short introduction is presented.

Bearing Sysytem Swstem Bar Element Discrete Element

Discreation of the Bearing System

Fig. 2.1: Axial and cross-sectional discretisation of a bearing system in case of fire

To get meaningful approximations in the analysis of non-linear structures, the piecewise linearization
in the axial direction of each beam and column is adopted. When refining the linearization steps the
consideration tends to the exact solution. This linearity creates the effect called High-Temperature
Rigidity. When the linearization of the strain field is extended to the cross-section plane, traditional
calculation methods can be utilised.

The procedure is based on the determination of the stable equilibrium state of the structure. This
condition is checked at discrete points of the elements. In the computerised calculation the iteration is
continued, until equilibrium is obtained. In each iteration cycle, a new cross section analysis is performed
at the discrete points along the bar axis due to modified demands of the equilibrium.

! Sonderforschungsbereich 148, Brandverhalten von Bauteilen. TU-Braunschweig. (Ger.)
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Table 3.1: Parameters varied in the test program

71

Nr Geometry Loading Conditions Flaming Conditions Boundary Conditions Statical System
L h, b/d, A,
19 - High axial Force Column allsided Hinged Support ; |
. nvarie L tl;)ej’:lg;;elflglumn Girder 3 sided at column end 150 834
Small Axial Force
3 - on the column ==
P=85kN e
A High axial Force Column and Girder ]
- on the frame column 3 sided 50834 t
Column allsided Thermal Expansion 5N
5 Girder 3 sided restricted = o8
5 Column and Girder . =i
- " 3 sided J— ) 834[
7 Small Axial Force Column allsided ,,._.“*r
’ on the column Girder 3 sided ——— 150834

Finally the failure state in the framework is achieved either by theoretically increasing deformations
tending to infinity, in case of a stability failure or by the failure of a discrete element as consequence of
exceeding the load bearing capacity.

On the basis of the most important moment curvature relations of the reinforced concrete elements,
computing procedure enables to consider also the influence of local plastic zones on the load-carrying
behaviour of the system.

3.Test results and the numerical analysis
3.1.Test program

For experimental investigations a precise test program was performed as shown in Table 3.1. The
program was planned to verify the computational results [3, 4] by varying the boundary conditions used
generally. Thus, the geometry and the reinforcement were kept unchanged in separate 7 tests. Boundary
conditions, the loading and the exposure to fire of the frame column were chosen to be the parameters.
First, the framework was designed after DIN 1045 for the admissible loads in Service State and the
reinforcing in the corner was chosen in accordance with the recommendations in [5].

The tests 1 and 2 were performed with a high and the test 3 with a low vertical load on the column of
the framework, in order to determine the influence of the axial force on the fire resistance. The theoretical
investigations resulted with higher loads in the stability failure on the frame corner. In case of lower load,
a higher fire resistance of the system was reached on. In this case, the fire resistance is attained when
plastic hinges are arisen forming a mechanism.

In the test 4, the structural system represented an end framework and the frame column was exposed in
addition to high loading to fire from three sides. One side of the column was insulated and protected
against the fire attack. Computational investigations showed that the fire resistance was extended
significantly, when the curvature of the frame column due to temperature development is in the different
direction compared to the curvature due to the bending moment.

Trakya Univ J Sci, 6(2), 75-82 ,2005
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Fig. 3.1: Measured and calculated temperatures in case of
1SO834-Fire

3.2 Developing of the member forces
3.2.1 Developing of the bending moments at frame corner

In Fig. 3.2, the computed moment developments at the frame corner are illustrated on the base of the
test series 1 by applying the theory of the first and second order. The computational investigations
resulted in following consequences:
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In the fire tests 5 to 7, the relaxation conditions
in buildings are examined. In the tests 5 and 6,
the influence of the magnitude of the axial force
of the column, while in test 7 the positive
influence of exposing the column to fire from
three sides is examined when at the same time
the thermal expansion is prevented.

3.2 Temperature development

In order to determine the temperature field in the
elements of a frame, a finite difference method is
used as presented in [6]. The heat transfer
conditions are determined on the base of the
detailed investigation of the SFB-Furnace. The
calculated and measured values of temperatures
are presented in Fig. 3.1. They are in a good
agreement with each other. It is very important,
particularly under a long fire exposure, because
the computational procedure was corresponding
to real fire temperatures and it is of greatest
importance when predicting the load bearing
capacity of the whole system.
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Fig. 3.2: Development of the calculated corner moments of the frame-work in case of fire



Fire Tests on Concrete Frameworks - Analysis of the Results 79

1. The corner moments increase with continuing fire
duration; after reaching the maximum value they
decrease again steadily, it means that the bending
stresses move towards the span. This effect is
discussed in paragraph 3.2.2 and proven also
experimentally (Fig. 3.2).

2. The framework in the test 1 shows clearly that the
corners with negative bending moment (tensile at
the outer face) are releasing down steadily during
continuing fire duration. It is even to be noticed
that this moment changes its sign before the final
fire resistance is reached (tensile at the inner
face). The agreement between calculation and
tests regarding this process is shown in Fig. 3.3,
where tensile cracks occur due to insufficient
reinforcement on this side.

3. The calculations show also that plastic
deformations occur on the inner side of the corner
when the final fire resistance is reached, due to
exceeding of the yield stress. This effect is also
confirmed in the test (see Figs. 3.5 & 3.6).

Fig. 3.3: Failure of the frame corner in test No. 4 in case of fire

3.2.2 Developing of the support reactions

Calculation 17 %- —s00

o L e 7 The horizontal support reaction H at the column end,
o “om presented in Fig. 3.4, shows a typical development process
[s ] a~+H during the fire. Test 2 presents the development of the H-
Ep Column b/d = 30/30 ¢m .
280 T e . —— force when all four sides of the column are exposed to fire.

Test 4 shows the same on the other hand, when three sides of
the column are exposed only. The two presentations enable
to identify the same tendencies in the development of the
corner moments as in Fig. 3.2.

The good agreement between calculated and measured
\ data becomes particularly distinct in the following aspects:

240

200}

160!

120

Both processes have an ascending and after reaching the
maximum a descending branch. The descending branch
shows in particular the loss of stability of the frame column
with progressive fire exposure.

80

40

———————=  Support Force H [kN]

h
20 [ 60 a0\ 100 120 %0
| Fire Duration [min]

-40

-80

Fig. 3.4: Measured and calculated horizontal support reactions

Trakya Univ J Sci, 6(2), 75-82 ,2005



80 Ataman HAKSEVER

1. When three sides of the column are exposed to fire the maximum horizontal force is delayed
when compared to the case of four side exposure (about 20 min) when the horizontal force
achieves its maximum value clearly sooner. This emphasises again the fast loss of rigidity when
all sides of the column are exposed to fire.

2. The magnitudes of support reactions differ also clearly from each other. When three sides of the
column are exposed only, the support reactions are developing faster, since substantial
restraining occurs in the system. This can be explained by realising the curvatures due to the
external loading and fire to be of various sign.

3.3 Total deformation picture of the frame system

In the initial stages of the fire attack the curvature due to the bending moments predominantly
determine the deformation behaviour. This influence goes down in the column with progressive fire
exposure, and it outweighs the influence of the non-linear temperature distribution over the cross-section.
This effect will be obvious in case of three-side fire exposure of the frame column, in particular under
low-intensity vertical loads on the frame corner.

1 6.00 m
R q

First Order Theory q =25 kNm
————— Second Order Theory N = 568 kN

Test Nr. 4

Collapse State: Stability Failure
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Fig. 3.5: Calculated deformation of Frame Work No. 4 in case of ISO-Fire

In Fig. 3.5, the computationally determined deformation modes of the framework No. 4 are presented,
when three sides of the column are exposed to fire. The deformations are drawn both according to first
and second order theory. The positive influence of the three-side exposure of the column becomes
obvious in smaller difference between deformation curves. The curvatures are noticeably changing in the
framework with progressive fire exposure.

The collapse is taking place as stability failure after 98 minutes exposure, as it was also predicted (see
Fig. 3.5). The computational deformation mode in the 90 minutes shows clearly the development of a
critical zone at the column mid span. The correctness of this prognosis is acknowledged in the
experimental collapse failure of the same framework, where this zone is situated approximately at mid
span of the column height shown in Fig. 3.6.
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Fig. 3.6: Collapse of frame work No. 4 in case of ISO-Fire

Conclusions

The fire tests performed for the half of reinforced concrete frame in SFB148 supplied valuable results
though their number in the first stage of the research work was small. The geometry of a monolithical
frame clearly defined the behaviour of the whole structure in the fire. The fire tests gave at the same time
an important possibility for critical examination and verification of the computing code, developed for
this purpose.

The following results from the tests can be drawn:

1.

The deformation sensitivity of the reinforced concrete framework increases with the increasing
fire exposure.

The total deformation of the structure consists of three components in plane; each point takes a
vertical and horizontal translations accompanied by a rotation component.

The vertical support reaction has a stiffening effect for the deformations.

The meaning of the geometrical non-linearity becomes more important under increasing fire
exposure and normal force of the column.

In some cases, plastic hinges occur in the overloaded places of the column.

The high normal force loading of the column leads sometimes to a premature collapse of the
system as stability failure.

The continuity at the corner of the system plays a stiffening role for the load carrying behaviour
of the framework

A good agreement between calculation and fire test results became obvious overall, both with respect
to the critical fire duration and the deformations of the system.

Trakya Univ J Sci, 6(2), 75-82 ,2005
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