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Abstract

Structural engineers are in need of analytical oadHo assess the performance of Reinforced
Concrete (RC) frames during fire events. Existingnerical methods require extensive
knowledge of heat transfer calculations and thiéeefialement method. This paper proposes a
practical approach to track the fire performancendeterminate RC frames during ASTM-
E119 and ISO 834 standard fires exposure. The peampmethod utilizes a finite difference
method to predict the temperature distribution imitthe section of the RC frame. The
predicted elevated temperatures are then usedniducba sectional analysis. The effective
flexural and axial stiffnesses are evaluated aretl us predict the overall behavior of the
structure during fire. The proposed approach igdagtd by comparing its predictions with
analytical results by others.

Keywords. concrete, fire, elevated temperatures, sectiamallyais, indeterminate structures,
thermal restraint.

INTRODUCTION

Fire initiates when combustible materials igniteem, it spreads horizontally and/or vertically
depending on the compartment boundaries. A temyrerajradient is generated through
exposed RC elements. These elevated temperatwies tiae element’s stiffness to degrade
and produce thermal deformations. Structural fisdety of RC structures is currently
evaluated based on the fire ratings of single efdsye.e. columns, beams, walls, and slabs.
However, the overall behavior of the structure nlgira fire should be assessed to ensure the
safety of the occupants and the fire fighters duewacuation.

Fire testing is the most reliable approach to asHesfire endurance of a structure but its use
for concrete frames is very limited. This is mairdgcause of its cost, which makes it
unsuitable for regular design. Finite Element (F&g)ls are very powerful and capable of
analyzing RC structures during fire events. Drawbanf using the FE method including: the
need for a comprehensive computer program, thecwlify to comprehend its results and to
identify potential modeling errors, and the longming time make it impractical for design
engineers. This paper provides engineers with etiped approach to predict the fire response
of statically determinate or indeterminate RC framEhe proposed method extends the work
done by El-Fitiany and Youssef, 2009 that propose@ne-dimensional (1D) sectional
analysis method to predict the flexural behaviothe#f heated section at different axial load
levels @).

1 PROPOSED METHOD

For a given fire duration, the proposed methodlmapplied using the following steps:

1. determining of an equivalent one-dimensional aversgnperature distribution for the
cross-section of the heated elements.

2. identifying the needed constitutive models for ieated elements.

3. predicting the unrestrained thermal deformatiomgtie heated elements.



4. evaluating the flexural and axial stiffnesses @& Heated elements based on their axial
forces and moments.

5. Analyzing the fire-exposed frame under the effddhe applied loads while accounting
for the thermal deformations using linear elastmalgsis. The flexural and axial
stiffnesses obtained in step 4 are utilized in gtép. The moments and axial forces are
redistributed based on the assigned stiffness salue

6. Recalculating the flexural and axial stiffnessessiep 4 for the revised moments and
axial forces obtained in step 5.

Steps 4, 5, and 6 are repeated until the chante iabtained axial forces and moments is less
than an assumed tolerance. The following sectigpkam these steps.

2 AVERAGE TEMPERATURE CALCULATION

At specific fire duration, a heat transfer analysisconducted to predict the temperature
distribution using the Finite Difference Method (KMIP(Lie et al, 1992). The cross-section is
then divided into horizontal layers and an avertegeperaturel,,, is calculated for each
layer. T,,,4 represents the algebraic average temperaturi, iof the elements within each
layer and is suitable for calculating the thermatl dransient creep strains as they are
temperature dependent (El-Fitiany and Youssef, 2009

3 CONCRETE AND STEEL CONSTITUTIVE RELATIONSHIPS

Fire temperature reduces the mechanical propestiesncrete and steel. It also induces new
strains, i.e. thermal and transient creep straiie following sub-sections provide a brief
summary of the concrete and steel models usedsipéper.

3.1 Concrete Strains

The total concrete strain at elevated temperatg)ds composed of three terms: unrestrained
thermal strain(e;;, ), instantaneous stress related st(aj), and transient creep strafe,).
The total strain is given by Eqg. (1).

E= &p + &, + &r Q)

The free thermal strairg,,;,, is a strain resulting from fire temperature aat be predicted
using the Eurocode 2 model for siliceous and caateoooncretes.

The value of the instantaneous stress-relatechsfra) at the peak compressive strefs ),

i.e. g,r, defines the stress-strain relationship during &xposure. For loaded concrete, the
effect of elevated temperatures eg- is negligible. The variation of,r + &, with fire
temperature is proposed by Eurocode 2. A lineatiogiship, Eq. (2), is chosen to represent
the Eurocode 2 recommendation. Such a relationsinyplifies the sectional analysis and
results in good prediction of the flexural and &sigfnesses.

Eor + €y = 2.52 X 1075 Tpyyg 80 °C < Ty, < 1200 °C (2)

3.2 Concrete Ultimate Strain

Concrete ultimate strain is the strain at whichorete crushing occurs. Elevated temperatures
increase this strain. Eurocodeptposes a linear relationship betwegn andT,, . This
relationship can be represented by Eq. ) is defined in Eurocode 2 as the strain
corresponding to zero compression stress. Therdifte betweere,; and e,; + &, IS
constant and equal to 0.02.

yr = 2.52 X 107> Tppg + Ae = gor + & + 0.02 (3)



3.3 Concrete Compressive Strength

Concrete compressive strength experiences signifidagradation at elevated temperatures.
Eurocode 2 predicts the reduced compressive shreffgf.) for siliceous and carbonate
concretes as a ratio from its ambient valfie)( The reduction irf’ . for siliceous concrete

is represented by Eq. (4), as it allows reachingead form solution for flexural stiffness.

[l o/ =176 X 107° Tppy® — 3 X 1076 Tppg® + 2.5 X 107 Ty + 1.00 (4)

3.4 Concrete Stress-Strain Relationships

A general and simple approach to estimatefthe- ¢.; descending branch is proposed by
Eurocode 2 and represented by Eq. (5). Egs. (2)4ndre used to calculate,{ + ;) and

f' . /f' s respectively.

2
fCT = f’CT [2 (go'::'Tgtr) - (sg;i‘TStr) ] SCT S (EOT + gt?") (Sa)
= f' o [P (o7 + £0r) < Ecr < Eur (5b)

3.5 Sted Stress-Strain Relationships

The model proposed by Lie et al (1992), is usegrexdict the reduced yield strength of
reinforcing barsf,r) and the stress-straifif — £,7) relationship.

4 PREDICTION OF THE UNRESTRAINED DEFORMATION

A sectional analysis approach suitable for the y@malof rectangular RC beams at elevated
temperatures was proposed by El-Fitiany and Youg880. Fig. 1a shows the fiber model of
a typical RC cross-section subjected to fire frbme¢ faces. The average temperatiig,(
distribution, Fig. 1b, can be calculated using fieite Difference Method (FDM)T,,,
induces thermal strains that can be evaluated tisentpllowing method:

1. The nonlinear thermal strairz.f) distribution, Fig. 1g, is calculated usirfy, . The
thermal strain of steel bars is calculated baseith@mlevated temperature at their locations.

2. & is then converted to an equivalent linear thersti@in €;,), Fig. 1d, by considering
self-equilibrium of internal thermal forces in coete and steel layers,; is represented by
the value of the center axial straig;)(and the curvatureyy). &; and y; define the
unrestrained thermal deformation of a heated sectio

3. Fig. 1f shows the differences between the equitdieear and nonlinear thermal strains,
which represent the self-induced thermal stramg).(These strains are assigned as initial
strains for the concrete and steel when calculativeg flexural and axial stiffnesses. The
following sections present a simplified approachcédculates;; using the predictedy,,,
distribution and material models presented eairi¢his paper.

4. Fig. 1f shows the differences between the equitdieear and nonlinear thermal strains,
which represent the self-induced thermal stramg).(These strains are assigned as initial
strains for the concrete and steel when calculativeg flexural and axial stiffnesses. The
following sections present a simplified approachcédculates;; using the predictedy,,,
distribution and material models presented eairli¢iis paper.
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Fig. 1 Sectional analysis approach for heated RGoses

5 EVALUATION OF THE FLEXURAL AND AXIAL STIFFNESSES

Fig. 1a shows the applied axial fordg,f,) and momentN,,,) on a RC section exposed to
fire from three faces. The use of sectional analysi evaluate the flexural and axial

stiffnesses for this section involves the followstgps:

1. The self-induced thermal strains,{), calculated in the previous section, are assigrsed
initial strains for the concrete and steel to motle corresponding self-induced self-
equilibrating thermal stresses. The terms, ¢., and & are lumped into an equivalent

mechanical straia.; , EQ. (6).
e=Fp + (e + & ter) =Fp ter (6)

2. For assumed values of; at the center of the section athg; , the internal stresses in the

concrete and steel are evaluated. The correspoimgigal axial forces are then calculated.
To satisfy equilibrium between the calculated in&tiforces and the external loads, Rg,,

andM,,,, iterations are executed by changing the valueeofers.; andy.r. This process
can repeated for different valuesif,,,. A typical relationship betweep.r andM,,,, for a
constant?,,,,, is sketched in Fig. 2.

3. The secant slope of tié-y. diagram represents the section’s effective fleixura
stiffness £1.5f) at Mg, (El-Fitainy and Youssef, 2012). The correspondiffgative axial
stiffness £4.fr) equals td?,,, divided by the center axial straigf).

As shown in Fig. 2, heating RC sections from th#&dm face and the two sides cause the

bottom concrete fibers to thermally expand moren ttiee top concrete fibers and results in
;. The acting moment induces a mechanical curvdturg ), which is either added to or



deducted fromp; . As shown in Fig. 2a, a positive (sagging) moniedtices a curvature that
adds to the initial curvature. For negative (hogyimoments, compression stresses are
applied on the bottom fibers. Curvature causedkgéd stresses opposes the initial curvature,
Fig. 2b.
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(a) sagging moments (M) (b) hogging moments (M)
Fig. 2 M)—(@) diagrams for RC sections during fire

For a specific fire duration, the effect of thernsttain on theM—p relationship is not
governed byM,,,. It represents the unrestrained/free thermal esipanof the unloaded
concrete element and results in shifting tfey and diagram by a valugh;, Fig. 2.
Consequently, the total curvaturg)(is the sum of the unrestrained thermal curvafyr®
and the mechanical curvatur@ ) and can be expressed in terms of the effectifeess
(El.fr) as follows.

Y= Y + Mapp/EIeff (7a)

Similarly, the total center axial strain)(is the sum of the unrestrained thermal strain &nd
the center mechanical straia.{) and can be expressed in terms of the effectival ax
stiffness £A.5f ) as follows.

E= & + Papp/EAeff (7b)

The following sections present a simplified apptoée calculateEl, s, andEA. ¢ using the
predictedl,,, distribution and material models presented eairi¢his paper.

6 VALIDATION CASE (IDING ET AL., 1977)

Iding et al, 1977 has analytically investigated ledavior of RC frames during fire exposure.
Fig. 3 shows a schematic of a single bay RC framalyaed using FIRES-RC I, a
comprehensive FE software developed at Univerditgalifornia, Berkeley. The beam and
column dimensions args5 mm X 711 mm. The frame was exposed td & hr of ASTM-
E119 standard fire over its entire length whilemaging the vertical loads shown in Fig. 3.
The frame was analyzed assuming siliceous concaett a compressive strength of
27.6 MPa. The yield strength of the reinforcing bars W&§.8 MPa.

This frame is analyzed using an elastic FE softwaAd?2000, and analyzed using the
degraded flexural and axial stiffnesses. The eftdcthermal expansion is considered by
modeling ¢; and y; as an induced deformation for all fire-exposed R€mbers. The



predicted deformed shape is shown in Fig. 3. A goadch is found between the proposed
method and the nonlinear FIRES-RC Il FE softwatee @ifference in deformations can be
due to using different material models.
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Fig. 3 Layout for a RC frame exposed to ASTM-E1it® [Dims inmm, loads inkN]

7 SUMMARY AND ACKNOWLEDGMENT

The overall behavior of RC framed structures igligth in this paper. A practical approach
based on superimposing the effects of thermal estpanand material degradation is
introduced. The nonlinear thermal expansion is edd to an equivalent uniform thermal
distribution, which can be represented by the uraged thermal axial straim; and
curvaturey;. The degradation effect in material strength issodered by accounting for the
reduction in the effective flexural and axial stéksesEl.;; andEA.¢¢, respectively. The
proposed method is validated by comparing its tesulth a case study for a single storey RC
frame analyzed by Iding et al, 1977. A good agmeanis found between the finite element
method predictions and the results of the proposeithod for both case studies.
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