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Abstract

Current building codes address the design of comeralls for fire by specifying minimum
thicknesses and concrete covers based on requnedatings. As building codes move
towards performance-based design for fire, it ipanant to provide engineers with tools to
design concrete walls to resist fire. The out-@fra flexural capacity of a wall is critical to
resist loads associated with the hose stream dudniegighting efforts, wind loads, and
movements perpendicular to the wall longitudinalain this paper, a parametric study is
conducted to evaluate the effect of different paatems on the out-of-plane flexural capacity.
A simplified sectional analysis method is utilizedsketch the moment-curvature diagrams of
different walls.Results are examined to assess the effect of ddblk considered parameters
on the wall out-of-plane performance and capacity.

Keywords: reinforced concrete, walls, fire resistance, diedaemperature, structural
behaviour, out-of-plane, flexural capacity

INTRODUCTION

Reinforced concrete walls form an integral parthef structure of many buildings. They resist
gravity, in-plane, and out-of-plane loads and pdlevifire separation between different
compartments within a building. Designing concregdls to resist the effects of fire is critical
for the performance of structures and the safetguiifling occupants and fire fighters. Fire
affects the performance of concrete members bycreduhe strength and stiffness properties
of concrete and steel and introducing new strairiee concrete in the form of thermal strains
and transient creep strains. Currently, engineessgd concrete walls for fire by specifying
minimum thickness and concrete cover from applieablandards and building codes.
However, building codes are moving towards perforoeabased design for fire and as a
result there is a need to provide engineers wihrgle method to design concrete walls for
fire. One of the critical loads to be consideredhis design is the pressure applied by the
hose stream during fire fighting efforts (CPCI 2D0&s this load is applied in the out-of-
plane direction, it is critical to establish thet-@fiplane capacity of concrete walls during
fire. This paper addresses this need by utilizingiraplified sectional analysis method
developed by El-Fitiany and Youssef (2009) to penfoa parametric study and sketch
moment-curvature diagrams for various walls. Thieatfof several different parameters,
including axial load level, fire orientation, fiduration, concrete cover, and wall thickness,
on the performance and capacity of the wall is shated discussed.

1 MODEL DESCRIPTION

A detailed description of the method used to manbeicrete walls in this paper has been
presented by El-Fitiany and Youssef (2009). In samynthe model uses the well-known
sectional analysis method to predict the flexurad axial behaviour of reinforced concrete
sections during exposure to elevated temperatiites finite difference method is utilized to
predict the temperature distribution throughoutdketion as a function of time. The section
is divided into layers and temperature dependeopgaties of concrete and steel are then



calculated for each layer. The stress-strain lahip for concrete and steel at elevated
temperatures proposed by Youssef and Moftah (2097xdopted in the model. This
relationship accounts for the effects of transiematep by shifting the value of the strain at
peak stress by the transient creep strain.

The average temperature of each layer is useddalate the induced thermal strains. As the
distribution of thermal strains is not linear thghwut the section, an equivalent linear strain is
evaluated such that the axial forces and bendingents in the concrete and steel are in self
equilibrium. For each layer, the difference betwé#®n evaluated linear strain and the actual
thermal strain represents the induced mechanicahstequired to retain the linearity of the
section. This procedure ensures that plane sectemsain plane, which is still the case at
elevated temperatures (El-Fitiany and Youssef 200Bg¢se induced mechanical strains are
included as initial strains in the model. Once disribution of the thermal strains is known,
the mechanical strain in each layer can be cakedlay subtracting the thermal strain from
the total strain. Sectional analysis can then bdopeed using temperature dependent
properties and the stress-strain relationship roeatl above. The advantages of this model
are its simplicity and efficiency as compared toté element models.

2 MODEL VALIDATION

Although this sectional analysis model has beeripusly validated (El-Fitiany and Youssef
2009; El-Fitiany and Youssef 2008), these validatibave only considered column and beam
specimens. Additional validation of the model foetcase of walls was performed in this
paper. The wall specimen tested by Crozier andayanj(2000) was 150 mm thick and 3.2 m
long, and was exposed to fire on its tension si@encrete strength was 52 MPa.
Reinforcement ratio of 0.25% was arranged in twela and was placed considering a clear
cover of 30 mm. The specimen was placed on its amdesimply supported at each end, and
was thus laterally loaded by its own self-weighaddition to an applied eccentric axial load.
Results were presented in terms of mid-span deflectf the wall for up to one hour of fire
exposure. The specimen was modelled using the mhatlescribed in section 1, and the
resulting curvature at various temperatures wad ts@redict the mid-span deflection of the
wall. The good agreement between the predictecectesh and the measured deflection,
Figure 1, provides further validation for the mqdsgiecifically in the case of walls.
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Fig. 1 Model Validation

3 PARAMETRIC STUDY

A parametric study was performed to investigateetffiects of various parameters on the out-
of-plane flexural capacity of concrete walls. A suary of the parameters included in the
study, the range over which the parameters wersidered, and the percentage effect on the



capacity is presented in Tables 1 to 3. Becauseaxied load level was found to have a
significant influence, results are presented foo separate axial load levels, 0 and 0.4. An
axial load level of O represents the pure flexwagbacity of walls, and is valid as well for
standard slabs. An axial load level of 0.4 corresisato the approximate balance point on the
interaction diagram for the wall. The results arespnted for walls exposed to fire from their
tension side, their compression side, or both sifibs tables show the percentages for the
maximum change in capacity caused by varying eacanpeter within the range shown.

Tab. 1 Results - Fire on Tension Side of Wall

Parameter Rangd Effect on Flexural Capacity| Effect.on Flexural Capacity
(axial load level = 0) (axial load level = 0.4)
Fire Duration (hrs) 0-2 49.4% 79.7%
Concrete Clear Cover (mm)  20-60 65.6% 102.6%
\Wall Thickness (mm) 210-400 32.8% 27.7%

Tab. 2 Results - Fire on Compression Side of Wall

Parameter Rangs Effect on Flexural Capacity Effect. on Flexural Capacity
(axial load level = 0) (axial load level = 0.4)
Fire Duration (hrs) 0-2 73.5% 53.5%
Concrete Clear Cover (mm)  20-60 109.7% 108.4%
\Wall Thickness (mm) 210-400 26.5% 22.6%

Tab. 3 Results - Fire on Both Sides of Wall

Parameter Rangd Effect on Flexural Capacity Effec'; on Flexural Capacity
(axial load level = 0) (axial load level = 0.4)
Fire Duration (hrs) 0-2 39.8% 46.9%
Concrete Clear Cover (mm)  20-60 69.2% 103.3%
\Wall Thickness (mm) 210-400 28.2% 22.1%

Concrete and steel strength and reinforcement vadi@ not included in the parametric study
as previous studies had shown that these parantegeslittle effect on the capacity of a
concrete wall (Crozier and Sanjayan 2000; O’'Meaginail Bennetts 1991; Lee and Lee
2012). The walls were analyzed as sections onlg, thns height-to-thickness ratios and
buckling effects were not considered. All walls redeinforcement ratio of 0.15%, concrete
strength of 30 MPa, steel yield strength of 400 M&ad were composed of siliceous type
concrete. The reinforcement ratio of 0.15% correggoto the minimum amount of

reinforcement required by the Canadian concretadsta (CSA 2004). The effect of each of
the different parameters is discussed in the faligvgections.

3.1 Axial load leve

The presence of axial load had a significant effectthe moment capacity, increasing the
capacity by up to 975%. This is due to the lowfaatement ratio in the walls, which results

in lower moment capacity for walls with no axiahth The presence of a compressive axial
load reduces or entirely eliminates any tensioodan the wall. Results for a 210 mm thick

concrete wall that was exposed to fire for one hmurits tension side and had a concrete
cover of 20 mm are shown in Figure 2. As illustdate the figure the presence of axial load
had a large beneficial impact on the capacity efwhll. The figure also illustrates that an

axial load level of 0.4 corresponds to the appr@tenbalance point on the interaction

diagram.
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Fig. 2 Effect of Axial Load Level

The effects of higher axial load illustrated in &g 2 were similar for all other fire
orientations, fire durations, concrete covers, wadl thicknesses. As illustrated in Tables 1
and 3, the presence of axial load also had a signifimpact on the effectiveness of concrete
cover for walls exposed to fire on the tension sidéom both sides. The flexural capacity of
such walls with no axial load was significantly eaffed by increased cover, whereas the
capacity of walls with higher levels of axial loags marginally affected by increased cover.

3.2 FireOrientation

Changing the fire exposure from one to two sides feand to decrease the capacity of the
wall up to 62% for walls exposed to fire on thesien side and up to 48% for walls exposed
to fire from the compression side. As illustrated Rig. 3, for the case of fire on the

compression side of the wall the effect of two-didiee exposure was markedly reduced by
either increasing the axial load level or incregsihe amount of concrete cover. All

specimens shown in Figure 3 had a thickness ofi210 were exposed to fire for one hour,
and in cases of one-sided fire exposure were exjpiosire on the compression side.
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Fig. 3 Effect of Increased ALL or Cover on Reducihg Impact of Two-sided Fire Exposure

For cases of 20 mm cover and no axial load, wadfpsed to fire on the tension side were
approximately 70% weaker than the same walls expésedire on the compression side.
Walls with 60 mm cover and no axial load had appna#ely the same capacity whether fire
was applied to the tension or compression side.lSMaith an axial load level of 0.4
performed approximately 20% better when exposdité¢aon the tension side as opposed to
the compression side. This is due to the fact shah walls failed in compression, with the
compressive strength further reduced due to fiposure.



3.3 Fireduration

As illustrated in Tables 1 and 2, increasing thre filuration from 0 to 2 hours in walls
exposed to fire from either the tension or the casgion side significantly lowered the
moment capacity. As is expected and as illustratédgure 4, the effect of increasing the fire
duration was slightly more pronounced in the cagesalls exposed to fire from both sides,
up to a maximum of 40%. All walls shown in Figurdndd a thickness of 210 mm, cover of
20 mm, and were exposed to fire from both sides.
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Fig. 4 Effect of Fire Duration on Walls ExposedHice on Both Sides

3.4 Concrete cover

As illustrated in Tables 1 and 3, decreasing thecezie cover from 60 mm to 20 mm
decreased the capacity of the walls by a maximu®5ef0%. This is because an increased
concrete cover provides better temperature insuidtr the reinforcement, thus lowering the
impact of the fire on the strength of the reinfonemt. This reduction of capacity was only
representative of walls with both a low axial |l exposure to fire on the tension side. As
illustrated in Figure 5, the effect of increasitg tconcrete cover for cases of an axial load
level equal to 0.4 was negligible, and in the mgjaf cases slightly decreased the capacity.
All walls shown in Figure 5 had a thickness of Ziith, were exposed to fire on the tension
side only, and had an axial load level equal to 0.4
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Fig. 5 Negligible Effect of Cover with a Higher AatiLoad Level



3.5 Wall thickness

The results show that wall thickness is one ofntlest important parameters to be considered
in the design of concrete walls for fire. As illeged in Tables 1-3, the effect of varying the
wall thickness from 400 mm to 210 mm was approxatyatiniform throughout all sections
considered, ranging from 22% to 35%. In general dffect of the wall thickness on the
capacity was approximately 5% greater for caseB ait axial load level of O as opposed to
cases with an axial load level equal to 0.4.

4 CONCLUSION

The results of this research show that all fiveapeters considered have a significant impact
on the design of concrete walls for fire. Incregdine level of axial load up to a level of 0.4
significantly increased the out-of-plane flexurapecity of all walls considered. The
significant effect of axial load level illustratéise importance of considering different load
cases during the design of concrete walls for fa®the case of minimum axial load will
likely govern the out-of-plane capacity. Anotheasen to consider different axial load cases
is the fact the failure mode of the wall is deparidm the axial load level.

Changing the fire exposure from one to two sidgaiicantly reduced the capacity of many
of the walls considered. In the case of fire ontéresion side of the wall, this effect was less
significant in walls with a thickness of 400 mm.the case of fire on the compression side of
the wall, this effect was less significant in walgh a higher axial load level or increased
concrete cover. The varying effects of fire ori¢iota illustrate the importance of considering
all possible fire loading scenarios in the desifoancrete walls.

The results show that concrete cover is a sigmfiparameter only in cases where the tension
side of the wall is exposed to fire and there lsvaamount of axial load. In cases where these
requirements are not met an increased amount afreten cover was either negligible or
slightly decreased the capacity of the wall.

Finally, the results show that wall thickness i® @i the most important parameters to be
considered. The beneficial effects of increased thadkness were approximately uniform for
all cases considered.
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