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Abstract
This paper presented the results of numerical analyses on the fire resistance of composite columns with partially encased

steel columns (PEC). This investigation used 2D and 3D finite element models and assessed for the design method of

composite elements under compression according to the Annex G of Eurocode 4. New proposals were presented to

determine the buckling resistance of PEC under standard fire. The 2D and 3D numerical models were based on American

and European steel profiles. The 2D thermal model was used to improve the design method of the current version of the

Eurocode 4, enhancing the balance summation model, which is currently used to determine the plastic resistance to axial

compression and the effective flexural stiffness of the four components of the cross-section. The 3D thermomechanical

model used the temperature field for each fire rating time (30, 60, 90, and 120 min) and applied the incremental load step

solution method, based on the Newton–Raphson, to determine the buckling load of partially encased columns with 3 and

5 m, considering different supporting conditions. These results present a safer buckling curve when compared to curve ‘‘c’’.
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List of symbols
Ac Concrete cross-sectional area

As Cross-sectional area of the reinforcinbars

As,h Cross-sectional area of the reinforcing bars at

elevated temperatures

Aw Cross-sectional area of a steel web

E Characteristic value for the modulus of

elasticity

Ea Characteristic value for the modulus of elas-

ticity of structural steel at 20 �C
Es Modulus of elasticity of the reinforcing bars

at 20 �C

Ea,h Characteristic value for the slope of the linear

elastic range of the stress–strain relationship

of structural steel at elevated temperatures

Es,h Characteristic value for the slope of the linear

elastic range of the stress-strainrelationship of

reinforcing steel at elevated temperatures

Ecm Secant modulus of elasticity of concrete

Ec,sec,h Characteristic value for the secant modulus of

concrete in the fire situation, Given by

fc;h=ec;sec;h
(EI)fi,eff,z, Flexural stiffness in the fire situation

(EI)fi,eff,z,f Flexural stiffness of the flanges in the fire

situation

(EI)fi,eff,z,w Flexural stiffness of the web in the fire

situation

(EI)fi,eff,z,c Flexural stiffness of the concrete in the fire

situation

(EI)fi,eff,z,s Flexural stiffness of the reinforcing bars in

the fire situation

Ht Parameter for height reduction of the web

Iz Second moment of area of the cross-section

for bending around the weak axis in the fire

situation
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Is,h Second moment of area of the reinforcing

bars for bending around the weak axis in the

fire situation

L Reference length of a column

Lfi Buckling length of a column

Nfi,Rd Design value of the resistance of a member in

axial compression in the fire situation

Nfi,cr,z Elastic critical load in the fire situation

Nfi,pl,Rd Design value of the plastic resistance to axial

compression of the total cross-section in the

fire situation

Nfi,pl,Rd,f Design value of the plastic resistance to axial

compression of the flanges in the fire situation

Nfi,pl,Rd,w Design value of the plastic resistance to axial

compression of the web in the fire situation

Nfi,pl,Rd,c Design value of the plastic resistance to axial

compression of the concrete in the fire

situation

Nfi,pl,Rd,s Design value of the plastic resistance to axial

compression of the reinforcing bars in the fire

situation

bc Width of the partially encased column

bc,fi,h Horizontal width reduction of the encased

concrete

bc,fi,v Vertical width reduction of the encased

dc Height of the partially encased column

fck Characteristic value for the compressive

cylinder strength of concrete

fc,h Mean value of axial tensile strength of con-

crete in the fire situation

fay characteristic or nominal value for the yield

strength of structural steel at 20 �C
fsy characteristic or nominal value for the yield

strength of reinforcing steel at 20 �C
fsy,h Maximum stress level or effective yield

strength of reinforcing steel in the

firesituation

hw,fi Reduction in the height of the metal profiles

web

kIM,t Empirical coefficient related to the section

factor

kf,t Empirical coefficient related to the thickness

of the steel profile flange

kw,t Empirical coefficient related to the thickness

of the steel profile web

ks,t Empirical coefficient related to reinforcing

bars

kb0,t Empirical coefficient of a reference distance

kAc,t Empirical coefficient related to the concrete

area

kbc,t Empirical coefficient related to steel profile

width

kE,h Reduction factor for the modulus of elasticity

of steel at temperature h
t Fire exposure time

tf Thickness of the flange of the steel profile

tw Thickness of the web of the steel profile

(u/A)p Section Factor

us Geometrical average of the axis distances u1

and u2

u1 The axis distance from the outer reinforcing

bar to the inner flange edge

u2 The axis distance from the outer reinforcing

bar to the concrete surface

a Imperfection factor for buckling curves

ac convective heat transfer coefficient

cM,fi,a partial factor for the strength of structural

steel in the fire situation

cM,fi,c partial factor for the strength of concrete in

the fire situation

cM,fi,s partial factor for the strength of reinforcing

bars in the fire situation

/ Diameter of the reinforcing bar

hf,t Average temperature of flanges of the steel

profile

hw,t Average temperature of web of the steel

profile

hc,t Average temperature of concrete

hs,t Average temperature of reinforcing bars

h0,t Temperature reference value in a period of

exposure to fire

kh;fi Non-dimensional slenderness ratio in the fire

situation

vf,i Reduction factor due to flexural buckling in

the fire situation

1 Introduction

Concrete and steel are the most used materials in civil

construction. Urban and economic development in the

world today is so significant that it would be impossible to

imagine everyday life without the use of these materials

[1, 2].

Partially encased steel columns (PEC) are usually made

of hot-rolled steel profiles reinforced with concrete

between the flanges. The composite section is responsible

for increasing the torsional and bending stiffness without

increasing the section dimension when compared to the

same cross-section of steel profile, being the concrete

portion very significant to increase the fire resistance [3].
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Since the thermal conductivity of concrete is relatively

small, the temperature field in the composite cross-section

is highly non-uniform. There isn’t a simplified method is

available to solve the heat transfer analysis; therefore, a

numerical simulation is required to analyze the fire effect.

The current design standard in Europe is included in the [4]

that presents the balanced summation model for calculating

the fire resistance of PEC for bending around the weak axis

when exposed to fire all around the column, according to

the standard temperature–time curve [5].

In the last century, research involving the safety of

structures has been among the main concerns of both

designers and policymakers. [6] and [7] evaluated the

effects of high temperatures on concrete columns. Later, in

1978, [8] proposed a simplified method, called the isotherm

method of 500 �C, considering the cross-section under

fire.This method assumes that concrete with temperatures

higher than 500 �C is disregarded for the load-bearing

capacity. In this way, the concrete of this inner region is

considered with the original properties at room tempera-

ture. Other important research about composite section

profiles on structural elements that stand out were [9, 10],

in addition to the study in [11].

In [12], the authors conducted a comprehensive study of

cast iron columns’ behavior and fire resistance based on

numerical simulations using ABAQUS software. The

numerical model was validated against six fire tests and

then used to investigate the effects of several parameters

(column slenderness, load factor, load eccentricity,

imperfections of columns, cross-section, and axial

restraint) on column behavior cast iron under fire. The

parametric analysis results indicate that the applied load

governs the fire resistance, and these columns are sensitive

to load eccentricity. Based on the comparison between

numerical simulation results, the authors concluded that the

method in [13] provides a safe and reasonably accurate

estimation of cast iron columns’ strength and fire

resistance.

[13] and [14] are examples of other experimental studies

on composite columns in fire conditions that should be

highlighted for evaluating the performance of these ele-

ments at high temperatures. In 2006 [15] developed

experimental tests on built-up PEC with high and normal-

strength concrete at room temperature. High-strength

specimens concrete had a more brittle failure mode than

normal-strength concrete; however, this situation was

overcome by introducing steel fibers. The study developed

by [16] in 2006, presented a new design concept called the

residual area method to calculate the equivalent thickness

of concrete for temperature analysis of concrete-encased

I-sections in fire. The design of the equivalent concrete

thickness was based on a regression analysis which is

verified by experimental results. The proposed method

makes use of the Eurocode 3 provisions to formulate the

temperature response of each representative point along the

steel profile using a 1D heat transfer model. The proposed

method is applied to concrete-encased I-sections exposed

to hydrocarbon, external and parametric fire curves. The

results demonstrated that the residual area method is

intrinsic to the geometric configurations (cross-sections) of

concrete-encased I-sections, but independent of heating

conditions.

Another relevant experimental and numerical study on

composite columns in fire situations was developed in [17].

[16] presented an experimental study of PEC with

restraining to thermal elongation, [18] in 2010 concluded

that the [4] was conservative for all the concrete-encased

steel composite columns with some exceptions. In [19], the

authors developed experimental tests to show how the

building structure influences the performance of PEC when

subjected to fire.

[20] carried out an experimental and analytical study on

the load capacity of reinforced concrete (RC) columns

under the effect of high temperatures. The authors con-

cluded that the initial stiffness of RC columns with a cir-

cular cross-section exposed to 500 �C was 13 times lower

than that of unexposed RC columns. Thus, the authors

proposed an analytical model to predict RC columns’

residual axial load-carrying capacity.

[21] investigated the fire resistance of concrete-encased

steel (CES) composite columns produced with high-

strength concrete (C120) and high-strength steel (S500/

S690). The same authors, in [22] proposed two solution

methods, one based on an artificial neural network (ANN)

and the other using analytical equations, to predict the fire

resistance of axially-loaded CES columns made of high-

strength concrete. The authors concluded that the ANN and

the analytical equations provided results accurate results to

the fire resistance values for these CES columns; and rec-

ommend modifying the current fire-resistant design meth-

ods of CES columns made of high-strength concrete.

In [23], the authors performed an interesting case study

on the structural response ina 16-storybuilding affected by

a fire.They conclude that columns involved by a layer of

masonry resisted the fire and that failure started in the

ceiling trusses.

Other studies have been carried out to improve the

design procedures presented in [4], in particular the fire

resistance of partially encased beams, the resistance to

compression, and the effective flexural stiffness of

PECunder fire, following the works developed in [24–27].

More recently, [28] concluded that the load-bearing

capacity of the composite columns reduces significantly

with eccentric loading under fire and increases when PEC

changed from two exposed sides to four exposed sides.
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The fire resistance of PEC depends on the temperature

evolution during fire exposure. This study aims to evaluate

the Balanced Summation Method’s effect on PEC’s flex-

ural buckling design. The 2D analysis is devoted to

improving the calculation of the axial buckling load at

elevated temperatures, particularly the plastic resistance to

axial compression and the effective flexural stiffness of the

cross-section. New formulations are proposed to calculate

the average temperature of the cross-section on the four

components of PEC improving the accuracy, and suggest-

ing modifications to Annex G of [4]. The simplified method

is based on new formulations for specific fire ratings R30,

R60, R90, and R120 when submitted to the standard fire

curve [5]. New formulations are presented to determine the

average temperature of the flanges, the average tempera-

ture of the web, the residual areaand the average temper-

ature of concrete, and the average temperature of the

reinforcements.

This research also proposes a new imperfection factor

(buckling curve) for the reduction factor associated with

the buckling resistance of PEC under standard fire curve

[5]. This proposal uses a Geometrically and Material Non-

Linear Imperfection Analysis (GMNIA) on a full 3D finite

element model.

In this context, the present work aims to enhance thes-

implified method used to determine the axial buckling

resistance of PEC under fire, proposing new formulas and

coefficients for a wide spectrum of structural steel profiles.

2 Materials and Methods

The finite element software ANSYS was used for the non-

linearsolution of the 2D thermal analysis of the PEC cross-

section and the non-linear thermo-mechanical solution of

the 3D PEC model. The 2D numerical results of the tem-

perature evolution of the cross-section were obtained

through an incremental solution time, withan iterative

process regarding the temperature dependence of the

materials involved. At first, the 2D numerical models were

developed to determine the temperature field in the 42

selected steel sections for each required fire rating time of

30, 60, 90, and 120 min. With these results, a new for-

mulation is presented to determine the average temperature

in the four components of the cross-section improving the

current proposal of [4].The 3D numerical models belong to

the second phase of this research and include four solution

steps.The first step consisted of the thermal analysis based

on the non-linear solution to determine the temperature

field from a shorter number of the 22 composite columns

under fire for each fire rating time of 30, 60, 90, and

120 min. This temperature field has been used in a different

step process for the mechanical analysis, as a nodal thermal

load. The second step was the elastic buckling analysis to

determine the critical load and mode of instability, using

the 22-section profiles for each of the three bending con-

ditions and the two lengths (3 and 5 m). The third step

consisted of the GMNIA model to find the plastic resis-

tance to axial compressionin the fire situation, assuming the

same material model behaviour in the four required fire

ratings. Both steps 2 and 3 could have been developed

using simple calculation methods, but it was decided to use

the results from the numerical analysis.The fourth step

consisted of the GMNIA model to find the buckling load

under fire for each fire rating, column length, and end

condition.

Tables 1 and 2 present the principal dimensions and

characteristics of the cross-sections studied the number of

reinforcing bars, their respective diameters, concrete cov-

ering thickness, and section factors.

The mechanical properties used for the materials fol-

lowing the European standard are present in Table 3 at

room temperature.

The European standard [29] defines the reduction factors

for the mechanical properties of hot-rolled steel. [30]

defines the reduction factors for mechanical characteristics

of concrete at elevated temperatures.

3 New Proposal

The [2] defines, for the design buckling resistance of PEC,

the value of the plastic resistance to axial compression and

the value of the effective flexural stiffness under fire con-

ditions. The simplified calculation method was initially

developed by [31] to calculate the fire resistance of the

partially encased columns, dividing the cross-section into

four components: flanges, web, reinforcing bars, and con-

crete, according to Fig. 1.

The current design method, defined in[4] complies with

the corresponding principlesand is based on simple for-

mulas and empirical coefficients,which appeared to be

unsafe. Unsafe means over-predicting the components’

temperature, as demonstrated by the 2D analysis and over-

predicting the buckling resistance, as demonstrated by the

3D analysis. Each component should be evaluated based on

the evolution of its temperature and its effect on the yield

strength and the modulus of elasticity. The design value of

the plastic resistance to axial compression and the effective

flexural stiffness of the cross-section was obtained by the

balanced summation model. Steel and concrete’s strength

and deformation properties at elevated temperatures were

according to material models presented in [29] and [30].

The design buckling resistance for composite columns

under fire, Nfi;Rd, requires the calculation of the plastic
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Table 1 Characteristics of the Americansteel sections under study

Profiles u=Að Þp tw tf bc dc n8
r.b

/ u1 u2 As

AsþAc

tw
tf

[m-1] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

HP 250 9 62.0 (H) 15.94 10.5 10.7 256.0 246.0 4 20 50 50 2.28% 0.98

HP 250 9 85.0 (H) 15.57 14.4 14.4 260.0 254.0 4 20 50 50 2.27% 1.00

HP 310 9 79.0 (H) 13.22 11.0 11.0 306.0 299.0 4 25 50 50 2.40% 1.00

HP 310 9 93.0 (H) 13.09 13.1 13.1 308.0 303.0 4 25 50 50 2.41% 1.00

HP 310 9 110.0 (H) 12.95 15.4 15.5 310.0 308.0 4 32 50 50 3.94% 0.99

HP 310 9 125.0 (H) 12.82 17.4 17.4 312.0 312.0 4 32 50 50 3.94% 1.00

HP 310 9 132 (H) 12.76 18.3 18.3 313.0 314.0 4 32 50 50 3.94% 1.00

W 250 9 73.0 (H) 15.78 8.6 14.2 254.0 253.0 4 25 50 50 3.56% 0.61

W 250 9 80.0 (H) 15.66 9.4 15.6 255.0 256.0 4 25 50 50 3.56% 0.60

W 250 9 89.0 (H) 15.50 10.7 17.3 256.0 260.0 4 25 50 50 3.55% 0.62

W 250 9 101.0 (H) 15.36 11.9 19.6 257.0 264.0 4 25 50 50 3.56% 0.61

W 250 9 115.0 (H) 15.16 13.5 22.1 259.0 269.0 4 25 50 50 3.56% 0.61

W 310 9 97.0 (H) 13.05 9.9 15.4 305.0 308.0 4 32 50 50 3.93% 0.64

W 310 9 107.0 (H) 12.97 10.9 17.0 306.0 311.0 4 32 50 50 3.94% 0.64

W 310 9 117.0 (H) 12.88 11.9 18.7 307.0 314.0 4 32 50 50 3.94% 0.64

W 310 9 129.0 (H) 12.78 13.1 20.6 308.0 318.0 4 32 50 50 3.94% 0.64

W 360 9 91.0 (H) 13.54 9.5 16.4 254.0 353.0 4 32 50 50 4.11% 0.58

W 360 9 101.0 (H) 13.45 10.5 18.3 255.0 357.0 4 32 50 50 4.11% 0.57

W 360 9 110.0 (H) 13.37 11.4 19.9 256.0 360.0 4 32 50 50 4.11% 0.57

W 360 9 122.0 (H) 13.29 13.0 21.7 257.0 363.0 4 32 50 50 4.13% 0.60

W 410 9 46.1 19.25 7.0 11.2 140.0 403.0 4 20 50 50 2.48% 0.63

W 410 9 53.0 16.26 7.5 10.9 177.0 403.0 4 25 50 50 3.04% 0.69

W 410 9 60.0 16.15 7.7 12.8 178.0 407.0 4 25 50 50 3.02% 0.60

W 410 9 75.0 15.95 9.7 16.0 180.0 413.0 4 25 50 50 3.03% 0.61

W 410 9 85.0 15.85 10.9 18.2 181.0 417.0 4 25 50 50 3.03% 0.60

W 460 9 52.0 17.60 7.6 10.8 152.0 450.0 4 25 50 50 3.17% 0.70

W 460 9 68.0 17.34 9.1 15.4 154.0 459.0 4 25 50 50 3.16% 0.59

W 460 9 82.0 14.82 9.9 16.0 191.0 460.0 4 32 50 50 4.15% 0.62

W 460 9 97.0 14.65 11.4 19.0 193.0 466.0 4 32 50 50 4.14% 0.60

W 460 9 106.0 14.57 12.6 20.6 194.0 469.0 4 32 50 50 4.15% 0.61

W 530 9 66.0 15.93 8.9 11.4 165.0 525.0 4 32 50 50 4.10% 0.78

W 530 9 74.0 15.83 9.7 13.6 166.0 529.0 4 32 50 50 4.10% 0.71

W 530 9 85.0 15.79 10.3 16.5 166.0 535.0 4 32 50 50 4.12% 0.62

W 530 9 92.0 13.32 10.2 15.6 209.0 533.0 4 32 50 50 3.22% 0.65

W 530 9 101.0 13.25 10.9 17.4 210.0 537.0 4 32 50 50 3.22% 0.63

W 530 9 109.0 13.19 11.6 18.8 211.0 539.0 4 32 50 50 3.22% 0.62

W 610 9 125.0 12.00 11.9 19.6 229.0 612.0 4 40 50 50 4.04% 0.61

W 610 9 140.0 11.94 13.1 22.2 230.0 617.0 4 40 50 50 4.05% 0.59

W 610 9 155.0 9.45 12.7 19.0 324.0 611.0 4 40 50 50 2.82% 0.67

W 610 9 174.0 9.40 14.0 21.6 325.0 616.0 4 40 50 50 2.82% 0.65

W 610 9 195.0 9.33 15.4 24.4 327.0 622.0 4 40 50 50 2.81% 0.63

W 610 9 217.0 9.28 16.5 27.5 328.0 628.0 4 40 50 50 2.82% 0.60
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resistance to axial compression Nfi;pl;Rd, the calculation of

the elastic critical load under fire Nfi;cr;z. This elastic critical

load depends on the effective flexural stiffness around the

weak axis of the cross-section. EIð Þfi;eff ;z. The strength

classes of materials and their mechanical and thermal

properties were used as parameters to calculate the load-

bearing capacity of PEC under fire. The new proposal is

presented in the following sections. The results of the

thermal and mechanical models were validated with

experimental results [28]. Thus the new proposal should

accurately predict the real temperatures of the components

and the deformation at elevated temperatures.

3.1 Flanges of the Steel Profile

A new formulation is presented for calculating the average

temperature on the flanges, Eq. 1, where a new parameter

was introduced for the agreement between the numerical

results with the new proposal. The 2D numerical results

from the thermal analysis were used to determine the

average temperature of the flanges for each fire rating time.

The average flange temperature from the 42 Brazilian

cross-sections was compared with that of the European

profiles [25–27]. The database used to calculate the average

temperature of the flange was formed by 83 different types

of cross-Sects. (42 American and 41 European). However,

when using some differentconcrete cover dimensions (u1
and u2 parameters) for the same cross-section, 123 different

cross-sections were analyzed. The general conditions of the

applicability limit of this design step are the PEC exposed

to standard fire [5] on all sides, with the conditions of

having a section factor greater than 9.0 [m-1] and the

thickness of the flanges less than 30 [mm]. With the

applicability limit presented here in for commercial steel

profiles, 13 cross-sections were excluded and not consid-

ered in the thermal simulations. The average temperature

on the steel profile flanges should be determined by:

hf ;t ¼ h0;t þ kIM;tðu=AÞp þ kf ;tðtf Þ ½�C� ð1Þ

where the sub-index t represents the fire rating in minutes,

hf;t is the average temperature of the flanges, expressed in

degrees Celsius [�C], h0;t. is a reference value expressed in

degrees Celsius [�C], according to Table 4. The parameter

u=Að Þp. is the section factor of the PEC. The parameters

kIM;t and kf;t are empirical coefficients that are directly

related to the section factor and the thickness of the flange

(tf) for each required time of fire resistance, respectively.

The parameters and coefficients are defined according to

Table 4.

Lear regression was used to calculate the best polyno-

mial that fits the numerical rults. The regression model’s

coefficient of determination (R2) to estimate the average

flange temperature was 0.98 for R30, 0.97 for R60, 0.96 for

R90, and 0.94 for R120. From Eq. 1, one can determine the

factors ky;h and kE;h, to reduce the mechanical properties of

steel flange components (yield stress and the modulus of

elasticity).

The plastic resistance to axial compression and the

effective flexural stiffness of the flanges can be determined

from Eq. (2) and Eq. (3).

Nfi;pl;Rd;f ¼
2 � bc � tf � fay;h;f

� �

cM;fi;a

N½ � ð2Þ

EIð Þfi;eff ;z;f¼
Ea;h;f � tf � b3c

6
N:mm

2
h i

ð3Þ

Table 2 Characteristics of the European steel sections under study

Profiles u/Að Þp tw tf bc dc n8
r.b

/ u1 u2 As

As + Ac
.

tw
tf

[m21] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

HEB200 20.00 9.0 15.0 200 200 4 20 50 50 3.87% 0.60

HEB220 18.18 9.5 16.0 220 220 4 25 50 50 4.96% 0.59

HEB240 16.67 10.0 17.0 240 240 4 25 50 50 4.14% 0.59

HEB260 15.38 10.0 17.5 260 260 4 32 50 50 5.72% 0.57

HEB280 14.29 10.5 18.0 280 280 4 32 50 50 4.89% 0.58

HEB300 13.33 11.0 19.0 300 300 4 32 50 50 4.25% 0.58

HEB320 12.92 11.5 20.5 300 320 4 32 50 50 4.00% 0.56

HEB340 12.55 12.0 21.5 300 340 4 40 50 50 5.88% 0.56

HEB360 12.22 12.5 22.5 300 360 4 40 50 50 5.55% 0.56

HEB400 11.67 13.5 24.0 300 400 4 40 70 50 4.98% 0.56

HEB450 11.11 14.0 26.0 300 450 4 40 70 50 4.42% 0.54

HEB500 10.67 14.5 28.0 300 500 4 40 70 50 3.97% 0.52
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3.2 Web of the Steel Profile

The new proposal differs from the simple calculation

method in Annex G.3 of [4] where only a residual web area

is considered. The new proposal considers the entire area of

the web to determine the resistance of this component.The

mechanical properties of the web will be affected by the

elevated temperature of this component, using a similar

procedure that has been used for the flange. This proposal

is only valid for PEC section factor greater than 9.0 [m-1]

and with a flange thickness smaller than 30 [mm].

Parameters were also established considering the size ratio

between the height and width (dc/bc). The average tem-

perature in the steel profile web must be determined using

Eq. (4).

hw;t ¼ h0;t þ kIM;t � ðu=AÞp þ kw;t �
1

Aw

� �
�C½ �

ð4Þ

where t is the standard fire rating in minutes, hw;t is the

average temperature ofthe web, in Celsius [�C], h0;t is a

reference value in Celsius [�C]. The parameter u=Að Þp is

the section factor of the PEC. The parameters kIM;t and kw;t
are empirical coefficients that are directly related to the

section factor and the inverse of the area of the web 1
Aw

� �
,

respectively.The parameters and coefficients for deter-

mining the average temperature on the web are defined

according to Table 5.

The coefficient of determination (R2) for this regression

model was 0.99 for R30, 0.97 for R60, 0.96 for R90, and

0.96 for R120. Once the average temperature is deter-

mined, the reduction factors can be applied to the web of

the steel profile. The yield stress and the modulus of

elasticity of the web at elevate temperature defines the

Table 3 Materials and general mechanical properties

Standard Material Denomination Parameters Values

American

steel

section

Structural profile

steel

ASTM A572

Gr.50

Ea GPa½ � 200

fay MPa½ � 345

Concrete C20 fck MPa½ � 20

Ecm GPa½ � 30

Reinforcement

steel

CA-50 Es GPa½ � 200

fsy MPa½ � 500

European

steel

sections

Structural profile

steel

S275 Ea GPa½ � 210

fay MPa½ � 275

Concrete C20 fck MPa½ � 20

Ecm GPa½ � 30

Reinforcement

steel

S500 NR

Class B

Es GPa½ � 210

fsy MPa½ � 500

Fig. 1 Partially encased columns and the balanced summation model under fire

Table 4 Parameters for the flange temperature

Standard fire resistance h0,t
[8C]

kIM,t

[m.�C]
kf,t
[�C/mm]

R30 730 1.80 -5.50

R60 905 1.50 -3.30

R90 965 1.30 -1.00

R120 1015 1.15 -0.64
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effective flexural stiffness for the weak axis and the plastic

resistance to axial compression.

Unlike the current proposal G.3 of Annex G of [4], this

new proposal is affecting the modulus of elasticity, keeping

constant the area of the web. The plastic resistance to axial

compression is also affected due to the yield stress reduc-

tion coefficient at elevated temperatures.The design of the

plastic resistance to axial compression and the effective

flexural stiffness of the steel web under fire shall be

determined by Eq. (5) and Eq. (6).

Nfi;pl;Rd;w ¼ fay;h;w �
dc � 2tf
� �

� tw
cM;fi;a

" #

N½ � ð5Þ

EIð Þfi;eff ;z;w¼ Ea;h;w �
dc � 2tf
� �

� t3w
12

� 	
N:mm2

 �

ð6Þ

3.3 Concrete

The temperature field developed in the concrete core

between the flanges and the core of the steel profile of the

composite cross-section is based on the position of the

500 �C isothermal. This criterion has been introduced to

determine the amount of concrete to be neglected for the

load-bearing capacity. The nodes belonging to the tem-

perature field with a limit of 500 �C were used to determine

the average temperature of the concrete core of the PEC

cross-section. It is worth mentioning that in the current

version of the [4], it is possible to assume an average

concrete temperature above 500 �C using the same amount

of reduction of the concrete part in both principal direc-

tions, depending on the fire rating and section factor of the

PEC. This last assumption is not in agreement with the

temperature field observed for this component, which jus-

tifies to use the reduction in the horizontal direction (flange

direction) different from the reduction in the vertical

direction (web direction).

Considering that the external isothermal region of

500 �C has already significantly lost its structural strength

due to the action of fire, the criterion of the isotherm of

500 �C was observed where the entire portion of concrete

above this temperature was neglected. In this sense, the

part of the concrete with a temperature below 500 �C was

considered. The nodes belonging to the temperature field

with a limit of 500 �C were used to determine the average

temperature of the concrete in the cross-section. For each

fire rating of R30, R60, R90, and R120, the average tem-

perature of the remaining portion was calculated. This

average temperature was used to determine the reduction

coefficient of the compressive strength of the concrete.

Considering the data obtained numerically from the

concrete temperature field between the flanges and the web

of the PEC cross-section, Eq. (7) is presented, which esti-

mates the average temperature inside the concrete core,

considering that the load-bearing resistance of concrete has

a maximum temperature of 500 �C. The new coefficients

for the parameters of Eq. (7) are presented in Table 6.

hc;t ¼ h0;t þ kIM;t � u=Að ÞpþkAc;t �
1

Ac

� �
�C½ � ð7Þ

The value of (Ac) represents the residual area of the

concrete in [m2]. If the temperature of the concrete esti-

mated by Eq. (7) exceeds 500 �C, then it means that the

entire portion of the contribution of the concrete in the

calculation of the plastic resistance to axial compression

and effective flexural stiffness of the concrete must be

neglected. The coefficient (R2) of the regression model

used to estimate the average concrete temperature presents

the value 0.99 for R30, 0.98 for R60, 0.97 for R90, and

0.97 for R120. Assuming a different reduction in both

principal directions, the horizontal outer layer of concrete

to be neglected is determined by Eq. (8). The coefficients

of the parameters presented in the equation are shown in

Table 7.The concrete area (Ac) value should be in [m2].

bc;fi;h ¼ b0;t þ kIM;t � u=Að Þ2pþkAc;t �
1

Ac

� �
mm½ � ð8Þ

The coefficient (R2) of the regression model used to

estimate the concrete reduction presents a value of 0.25 for

R30, 0.74 for R60, 0.89 for R90, and 0.86 for R120.

The reduction of vertical outer layer to be neglected

should be calculated using Eq. (9). The coefficients

Table 5 Parameters for determining the average temperature in the web

Standard fire resistance dc/bc B 1.7 dc/bc[ 1.7

h0,t
[8C]

kIM,t

[m.�C]
kw,t
[mm2.�C]

h0,t
[8C]

kIM,t

[m.�C]
kw,t
[mm2.�C]

R30 -47.65 23.06 -0.05 35.51 6.92 0.24

R60 -25.59 38.25 -0.15 17.72 22.72 0.08

R90 86.59 42.09 -0.19 27.76 35.83 -0.19

R120 204.78 41.28 -0.19 84.58 40.88 -0.29
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presented in the equation are determined according to the

application limits, and values are shown in Table 8.

bc;fi;v ¼ b0;t þ kIM;t � u=Að Þ2pþkbc;t �
1

bc

� �
þ kf ;t �

1

tf

� �

mm½ �
ð9Þ

The value of the width of the profile bc and the thickness

of the flange tf should be in [m], see Fig. 1. There is also a

differentiation in the application limit between the first and

second set of coefficients to estimate the value of the

vertical thickness of concrete, depending on the ratio

between the height and width of the cross-section.

The coefficient (R2) of the regression model to estimate

the polynomial curve that fits the numerical data tothe

vertical thickness of the concrete has a value of 0.93 for

R30, 0.92 for R60, 0.95 for R90, and 0.97 for R120.

Once the horizontal and vertical reduction distances are

determined, the average temperature of the concrete may

be calculated based on the total number of nodes included

in this region. It is worth mentioning that the mesh is

regular and small (see Fig. 2) to accurately determine the

position of the 500 8C isothermal. Using the results of the

average temperature of the concrete and the residual area

of concrete, the factor kc;h was determined to reduce the

mechanical properties of concrete at elevated temperatures.

The characteristic value of the compressive strength of

concrete in fire conditions fck;h directly interferes with the

plastic resistance to axial compression and the effective

flexural stiffness of the concrete. The design of the plastic

resistance to axial compression and the effective flexural

stiffness of the concrete in the fire situation should be

determined according to Eq. (10) and Eq. (11).

Nfi;pl;Rd;c¼
0:86 � dc�2tf �2bc;fi;v

� �
� bc� tw�2bc;fi;h
� �
 �

�As;h

� 

� fck;h

cM;fi;c

N½ �

ð10Þ
EIð Þfi;eff ;z;c¼ Ec;sec;h

�
dc � 2tf � 2bc;fi;v
� �

� bc � 2bc;fi;h
� �3�t3w

� �

12

2

4

3

5� Is;h

8
<

:

9
=

;
N:mm2

 �

ð11Þ

Considerations regarding the area and the second

moment of area of the longitudinal steel reinforcement in

the fire situation are presented in the section referring to the

temperature of the reinforcing bars.

3.4 Reinforcing Bars

The Annex G of [4], considers the reduction factor for the

elastic modulus kE;t and yield stressky;t, depending only on

the position of the reinforcing bars in the cross-section. The

new proposal considers the average temperature hs;t and
position of the reinforcing barsus, the thickness of the

flange tf ,and the diameter of the reinforcing bars /. The
average temperature of the cross-section of the reinforcing

bars has an application limit regarding the parameters

Table 6 Coefficients for estimating the average temperature of the

concrete core

Standard fire resistance h0,t
[8C]

kIM,t

[m.�C]
kAc,t
[m2.�C]

R30 27 13.00 0.45

R60 55 16.80 2.75

R90 105 16.00 6.75

R120 125 15.80 11.00

Table 7 Coefficients for reducing the horizontal thickness of the

concrete core

Standard fire resistance b0,t
[mm]

kIM,t

[mm.m2]

kAc,t
[mm.m2]

R30 10.7 0.0025 0.025

R60 17.5 0.0055 0.450

R90 18.0 0.0355 1.150

R120 14.0 0.1311 1.950

Table 8 Coefficients and parameters for reducing the vertical thickness of concrete core

Standard Fire Resistance dc/bc B 2.0 dc/bc[ 2.0

b0,t
[mm]

kIM,t

[mm.m2]

kbc,t
[mm.m]

kf,t
[mm.m]

b0,t
[mm]

kIM,t

[mm.m2]

kbc,t
[mm.m]

kf,t
[mm.m]

R30 -1.35 0.005 0.40 0.08 0.31 0.015 0.45 0.03

R60 8.15 0.035 2.15 0.05 18.55 0.235 -6.85 0.02

R90 -25.25 0.195 13.15 -0.11 -20.95 0.255 12.65 -0.09

R120 -54.55 0.435 22.85 -0.21 93.55 1.950 -53.65 -0.91
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included in Eq. (12). The application limit of this design

step stands for standard fire [5]. The section factor should

be higher than 9.0 [m-1], and the thickness of the flanges

should be smaller than 30 [mm]. The average temperature

in the reinforcing bars should be determined by Eq. (12).

hs;t ¼ h0;t þ kIM;t u=Að Þpþks;t usð Þ �C½ � ð12Þ

where t is the fire rating time in minutes, hs;t is the mean

temperature of the reinforcing bars in [�C], h0;t is a refer-

ence temperature in [� C], following the values presented in
Table 9. The parameters kIM;t and ks;t are empirical coef-

ficients that are directly related to the section factor and the

parameter us.This new value us is determined by Eq. (13).

The numerical simulations showed a strong correlation

between the increase in the average temperature of the

reinforcing bars with some geometric parameters of the

PEC section, such as the horizontal and vertical axial dis-

tance vu1 and u2, the thickness of the flange tf and the

diameter of the reinforcement used / in [mm].

us ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u1 þ tf
� �2þu22 þ /2

q
mm½ � ð13Þ

The parameters and coefficients used to estimate the

average temperature of the reinforcing bars are defined in

Table 9.

The parameters used in Eq. (12) depend on the ratio

between the height and width of the cross-section of the

PEC and the section factor. The coefficient (R2) of the

regression model to estimate the average temperature of the

reinforcing bars presented the value 0.94 for R30, 0.98 for

R60, 0.98 for R90, and 0.97 for R120. The reduction fac-

tors kys;h and kEs;h were determined for the average

temperature of the reinforcing bars. The contribution of this

component to the effective flexural stiffness and the plastic

resistance to axial compression is given by Eq. (14) and

(15).

Nfi;pl;Rd;s ¼
As;h � fsy;h
cM;fi;s

N½ � ð14Þ

EIð Þfi;eff ;z;s ¼ Es;h � Is;h N:mm2

 �

ð15Þ

Table 10 compares the current version of the balance

summation of the [4] and the new proposal, considering the

same four components.

4 Advanced Calculation Method

The calculation of the temperature field in the cross-section

of PEC was obtained by the Finite Element Method, using

ANSYS software, based on the 2D analysis of the cross-

section and 3D analysis of the entire PEC column.

The temperature depends on the space and

time,T ¼ T x; y; z; tð Þ and the solution is non-linear by the

effect of the temperature dependence and boundary con-

ditions. The emissivity for steel and concrete has been

defined at 0.7, the thermal conductivity of the concrete has

been considered with the upper limit, and the concrete’s

moisture established at 3%. The boundary conditions for

the 2D and 3D thermal models are applied following the

recommendations of the [32]. On the exposed surface,

radiation applies, using the ef = 1 and the gas temperature

from [5]. The convection condition should also be applied

using the convection coefficient ac = 25 [W/m2.K]. The

initial condition was defined in 208C applied to all nodes.

Material properties were determined according to the

Eurocodes dedicated for each material. [33] already carried

out the validation of the numerical model.

The nonlinear thermal analysis is solved with an inte-

gration time step of 60 s, with the possibility of reducing to

1 s. The convergence criterion uses a heat flow tolerance

Fig. 2 Mesh size used for the analysis of the cross-section

Table 9 Parameters for determining the average temperature in the

reinforcing bars

Standard fire

resistance

dc/bc B 1.7

(u/A)p B 20.0

dc/bc[ 1.7

(u/A)p[ 20

h0,t
[8C]

kIM,t

[m.�C]
ks,t
[�C/
mm]

h0,t
[8C]

kIM,t

[m.�C]
ks,t
[�C/
mm]

R30 290 1.05 -1.20 220 8.85 -1.35

R60 435 8.65 -1.65 505 11.50 -2.45

R90 535 12.90 -1.75 690 10.85 -2.75

R120 675 12.50 -1.95 725 12.65 -2.35
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value of 0.1% with a minimum reference value of 1 9 10–6

[W].

The thermo-mechanical solution of the entire PEC col-

umn is also obtained through an incremental loading pro-

cess and iterative due to non-linearities. Different boundary

conditions have been applied depending on the end con-

ditions of the PEC. The temperature field is considered

steady for each fire rating time, and the load is increased up

to reach the ultimate equilibrium position. The buckling

resistance of each PEC was calculated by the incremental

displacement and iterative solution model using Newton

Raphson method. The geometric imperfection was based

on the elastic buckling mode shape with updating of the

nodal coordinates. This update was based on the mode

shape and based on the maximum imperfection expected

on the mid high of the column corresponding to L/150.

Typical incremental displacement of 0.2 mm was applied,

with minimum possible incremental displacement of

0.1 mm and maximum possible incremental displacement

of l mm. The criterion for convergence was based on dis-

placement with tolerance value of 5%. The nonlinear

buckling analysis is a static analysis with large deflection

(equilibrium deformed configuration), extended to a point

where the structure reaches its ultimate limit state (plas-

ticity, modification into a mechanism). The buckling load

bearing is the maximum load determined from the reaction

on the bottom of the PEC. The 3D thermomechanical

model was already validated in the work of [28].

4.1 The 2D Thermal Model

The 2D model uses the PLANE55 finite element, with four

nodes and one degree of freedom per node, allowing the

transient nonlinear thermal analysis to be performed. The

selected element uses linear interpolation functions to

determine the conductivity matrix and four integration

points (2 9 2 Gauss point).The high number of elements is

justified by the need to measure the residual area of con-

crete. The reinforcing bars were assumed with a square

geometry to ensure a regular mesh, their sides are related to

the original circular area. This model considers perfect

contact between the four components, see Fig. 2.

Table 10 Comparison between [4] and the new proposal

Element [4] New proposal

Flange Area: Not reduced;

Temperature: Linear trend:

hf;t ¼ h0;t þ kt u=Að Þp
Ea: (affected by temperature);

fay: (affected by temperature)

Area: Not reduced;

Temperature: New proposal:

hf;t ¼ h0;t þ kIM;t u=Að Þpþkf;t tfð Þ
Ea (affected by temperature);

fay (affected by temperature)

Web Area: Reduced based on empirical equation (fire resistance class and

geometry);

hw;fi¼ 0.5 dc - 2tfð Þ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 0.16 Ht=dcð Þ

p
 �
.

Temperature: Not calculated;

Ea: (not affected);

fay: (affected by temperature)

Area: Not reduced;

Temperature: New proposal:

hw;t ¼ h0;t þ kIM;t � u=Að Þpþkw;t � 1

Aw

� �

Ea: (affected by temperature);

fay: (affected by temperature)

Concrete Area: reduced with equal reductions in the two main directions;

Temperature: Table;

Ecm: (affected by temperature);

fck: (affected by temperature)

Area: Reduced with different reductions in the two main

directions;

Temperature: New Proposal:

hc;t ¼ h0;t þ kIM;t � u=Að ÞpþkAc;t � 1
Ac

� �

Ecm: (affected by temperature);

fck: (affected by temperature)

Reinforcing

bars

Area: Not reduced;

Temperature: (by inverse method);

Es: (affected by temperature);

fsy: (affected by temperature);

Geometrical position rebars:

us ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
u1 � u2

p

Area: Not reduced

Temperature: New proposal:

hs;t ¼ h0;t þ kIM;t � u=Að Þpþks;t � usð Þ
Es: (affected by temperature);

fsy: (affected by temperature);

Geometrical position rebars:

us ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u1 þ tfð Þ2þu22 þ /2

q
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The temperature results are presented in Fig. 3, as an

example, for PEC section defined by the steel profile HP

250 9 62.0. One can see the need to differentiate the

residual area of concrete in both principal directions.

4.2 The 3D Thermal Model

The 3D model uses the SOLID70 finite element, which has

eight nodes, each with a single degree of freedom, the

nodal temperature. This element will be applied to the steel

profile, concrete, and reinforcement volume material,

assuming perfect contact between materials. The interpo-

lating functions are linear and the element uses full inte-

gration points (2 9 2x2 Gauss point) to define the

conductivity matrix.

4.3 The 3D Mechanical Model

The 3D model uses the SOLID185 finite element to ana-

lyze the steel profile and the reinforcing bars, while the

SOLID65 finite element has been used to the concrete. The

SHELL181 finite element was used to assess the rigid

plates on both ends of the PEC column. These rigid plates

help distribute the localized effect of the support and load.

The SOLID185 finite element has eight nodes with three

degrees of freedom at each node (ux, uy and uz), and uses

linear interpolation functions. The element has plasticity

and can be used with large displacements. The full inte-

gration option with the B-bar method was used. The B-bar

method helps to prevent volumetric locking in almost

incompressible cases. It replaces the volumetric deforma-

tion at the Gauss integration point by the mean volumetric

deformation of the elements (selectively reduced integra-

tion technique).The SOLID65 element was used to the

concrete mesh. This element includes eight nodes with

three degrees of freedom in each node (displacements) and

uses linear interpolating functions with a complete inte-

gration scheme (2 9 2x2 Gauss point). The model does not

include the option for crack and crushing detection. The

thermo-mechanical modelis composed of three types of

Finite Elements and four types of materials, as shown in

Fig. 4. The steel profile and the reinforcing barsuse the

SOLID185 finite element. The concrete core between

flanges uses SOLID65. Two end plates are used in the

extremities, simulating highly rigid material, as mentioned

before.

Figure 5 represents the deformed shape mode of the

PEC after 30 min of fire exposure. Von Mises stress is

plotted to show that the material undergoes elastic and

plastic deformations.

4.4 Numerical Model Validation
and Convergence Test

The numerical model was validated in the analysis of PEC

under a fire situation in two stages. The first step consisted

of developing the numerical models in the ANSYS soft-

ware with cross-sections, mechanical properties, and

boundary conditions similar to numerical and experimental

analyses in the literature and comparing the thermal anal-

ysis results of these works with the results of the numerical

models found.

The second step consisted of using the results of [28] for

the validation of the mechanical model and the ANSYS

software with the same boundary conditions and mechan-

ical properties of the materials.

The numerical thermal validation process aimed to

guarantee that the temperature values obtained by the

computational modelling agreed with the results obtained

experimentally by other authors.

In the numerical thermal model, the boundary condi-

tions took into account the phenomena of heat exchange

between the medium and the structural element, as well as

the normative coefficients that define them and the regions

where they are applied.

Fig. 3 Temperature results: HP 250 9 62.0 for each fire rating
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Fig. 4 Three-dimensional element meshes used in numerical simulations

Fig. 5 Deformed shape of the PEC under fire (profile W 410 9 60), after 30 min fire exposure
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Only conduction heat transfer was considered in the

internal part of the structural element. The under exchanges

by radiation and convection on the faces exposed under the

fire were then modelled.

The numerical models were validated by comparing the

variation of temperatures over time at the points considered

in the experimental analyses. The comparison of the

numerical models and the validation of the thermal model

can be consulted in detail in [33].

These authors carried out an experimental and numerical

study to evaluate how high temperatures affect the strength

of the PEC. For the first cross-section, the evolution of the

reinforcement bars temperature was analysed after expo-

sure to standard fire temperatures [5] and following the

criteria established by [34]. The results obtained by the

authors were also compared with the results of [35]. In this

validation, at a specific point on the reinforcement bar, the

ANSYS numerical model reached a temperature of

388.1 �C in 90 min of fire exposure. In the work by [34],

the temperature obtained was 403.0 �C, a relative differ-

ence of 3.8% between the values. In [35], the experimental

model reached 389.5 �C, and its mathematical model pre-

dicted 357.9 �C at this exact point. Thus verify a relative

difference between the values of this author of 0.4% and

7.8%, respectively. Therefore, in this first validation, the

ANSYS numerical model obtained thermal analysis results

within acceptable experimental and numerical parameters

in the literature.

For the second numerical validation, [36] survey is an

experimental study on lateral torsional buckling in PEC

under fire. The fire of the cross-section of the numerical

models showed the expected behaviour of temperature rise,

using fire with a constant rate applied directly to the

table nodes of the structural profile. Because of this, the

need to calibrate the parameters of the computational

model according to the data obtained experimentally is

evident to perform numerical analyses that reflect, in the

best possible way, the natural phenomena. It was found that

the parameters used in the numerical model satisfactorily

represented the expected temperature evolution in a full-

scale test using the fire curve [5].

The experimental and numerical work by [37] was used

for the third numerical validation. Later, other authors,

such as [38], used this study and evaluated the structural

resistance of similar construction elements when subjected

to the effect of temperature rise. The relative difference in

most results was less than 15% between the values

obtained numerically and the experimental values from

[37], thus showing significant similarity.

Regarding the mechanical model validation was first

performed by of [28], which developed the 3D finite ele-

ment model to validate the numerical results based on the

experimental results presented by [17]. The 3D model was

created with the HEA160 profile, and the material steel

S355, concrete class C25/30, was used to compare the

experimental and the predicted numerical results.

Comparisons between experimental temperature results

and numerically predicted temperature versus time curves

of the PEC column showed good agreement. A reasonably

good agreement was found between the numerical predic-

tions and the experimental results. The numerical results

were slightly higher than those of [17] and the material is

considered in perfect contact, which can explain higher

temperatures on the numerical results, however, in the real

cases contact may not be perfect.

The numerical results of the axial restraining forces over

the fire exposure time were compared with [17]. The

numerical results were almost similar to the experimental

results, with a less than 10% difference. Therefore, the

numerical results agree with those of the experimental

results, and the model proved to be accurate in predicting

the load-bearing capacity of PEC under fire. The validation

of the mechanical model can be consulted in detail in [28].

Thus, the validation process of the numerical model

ensures that the temperatures used later as results of

numerical simulations to determine the thermos-structural

behaviour of the PEC have good agreement with experi-

mental results found in the literature.

Regarding the mesh convergence test of 2D and 3D

models was performed with different meshes sizes due to

best represents the PEC from computational limitations.

The 2D mesh of finite elements was modelled in a

rectangular shape, with the finite elements of all cross-

sections under study measuring 1.15 mm on each side. The

longitudinal reinforcement bars were modelled with a

square geometry, with approximately the same cross-sec-

tional area, their sides equivalent to the original circular

section. In addition, the model considers the perfect contact

between the four components.

A large number of mesh elements is justified by the need

to precisely measure the residual area of the concrete,

taking into account the 500 �C isotherm, obtaining good

resolution of the respective horizontal and vertical dis-

tances from the residual area to the face of the section

flange transverse.

For the definition of the finite element mesh, the best

computational cost–benefit was considered, considering the

time taken to run the simulations, the large volume of data,

and the accuracy of the results. Thus, respecting the pro-

portionality of its dimensions, values between 1:1:3 and

1:1:20 were adopted, with the maximum proportion being

1:1:50. Therefore, results were obtained with accept-

able precision in the field of temperatures and in the

resistant efforts of the three-dimensional models of PEC in

fire situation.
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Fig. 6 Comparison of the average temperature of the flanges

Fig. 7 Comparison of the average temperature of the flanges separately
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Fig. 8 Average temperature of the web of steel profiles

Fig. 9 Average temperature of the web of steel profiles separately
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Regarding the limit for vertical displacement and geo-

metric imperfection, to ensure the integrity of the building

in a fire situation, the British standard [39] outlines the

general principles for determining the resistance of struc-

tural elements when subjected to standardized fire condi-

tions. To determine the load-bearing capacity, the standard

establishes a performance criterion in which the element

must maintain its support capacity during the test duration.

For elements subjected to vertical loads, the [39]

establishes crushing limits and vertical contraction rate of

the element subjected to axial load. The maximum

deflection must also be evaluated, as well as the evolution

of the deflection rate. In a simplified way, only the crushing

limit was used to establish the end of the numerical sim-

ulation and obtain the resistance values to the plastification

of the PEC under fire.

As for the criterion of maximum geometric imperfection

for the non-linear analysis of PEC, the limit established by

item 6.7.3.6 of [40] was applied for the case of bending

around the weak axis.

The limit values of geometric imperfections were used

to update the deformed geometry of the structural element

(initial position of the nodes) and thus impose the criteria

of geometric imperfections in the numerical simulations.

To obtain the axial force for calculating PEC under fire

in the nonlinear numerical simulations, the physical non-

linearities of the materials, the nodal temperatures at each

instant of interest, and the geometric imperfections of the

structural element were considered.

The present work evaluates the numerical models in

their thermal response to reformulate the determination of

the average temperature in each of the components of the

cross-section and the mechanical response that considers

the effects of mechanical actions and geometric imper-

fections, in addition to thermal actions in materials where

the variation of its mechanical properties change a function

of temperature, to suggest the use of a new imperfection

factor to adjust the buckling curve in the design of PEC

cross-sections in the fire situation.

5 Numerical Results

The temperature and displacement will be presented in this

section for every fire rating time. The thermal analysis was

based on a 2D model to develop the new proposal for the

balanced summation model. The thermal analysis based on

a 3D model was developed to find the temperature of the

entire element to establish the thermo-mechanical analysis.

This full 3D model can determine complex deformed shape

modes, with localized effects on PEC that are not

detectable by any other analysis technique, such as the 3D

Beam models.

5.1 Nonlinear Transient Thermal Analysis 2D
and 3D

The results of the thermal analysis were obtained with

ANSYS, respecting the standard fire [5] and the boundary

conditions defined in [32]. The average temperature will be

determined for each component and compared with the

current version [4] and the new proposal.

Fig. 10 Average concrete temperature
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Fig. 11 Average concrete temperature separately

Fig. 12 Horizontal thickness reduction of the concrete area
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Fig. 13 Horizontal thickness reduction of the concrete area separately

Fig. 14 Vertical thickness reduction of the concrete area
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Fig. 15 Vertical thickness reduction of the concrete area separately

Fig. 16 Average temperature of the reinforcing bars
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5.1.1 Temperatures of the Flanges of the Steel Srofiles

The arithmetic average of the nodal temperature of the 2D

mesh provided in the flanges of the profile is determined.

Figure 6 depicts the temperature of the flange depending

on the section factor and fire rating. This figure compares

the temperature determined by [4], with the numerical

results and the new proposal. The current recommendation

of [4] overestimates this temperature for the case of lower

fire rates and underestimates for the possibility for higher

fire rates.

Figure 7 shows the comparison of the average temper-

ature of the flanges separately for each fire rating.

The relative difference between the numerical results

and the new proposal, Eq. (1), is in the order of 1%, which

reflects a good approximation. Maximum relative

Fig. 17 Average temperature of the reinforcing bars separately

Fig. 18 Comparison of the average temperature of the flanges- (a) [4] (b) New proposal
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differences are in the order of 15%, especially in higher fire

ratings and for lower section factors. The higher the tem-

perature developed in this component, the greater the

reduction in the mechanical properties of the materials,

which means that the structural element will present a

lower bearing capacity. So, when [4] admits lower tem-

perature values than those being determined in the cross-

section, the current standard seems to be unsafe.

Fig. 19 Comparison of the average temperature of the web—(a) [4] (b) New proposal

Fig. 20 Comparison of the average temperature of the concrete- (a) [4] (b) New proposal

Fig. 21 Comparison between the horizontal thickness reduction of the concrete area

1336 International Journal of Civil Engineering (2023) 21:1315–1342

123



5.1.2 Temperatures of the web of the steel profiles

This temperature was estimated using the average of the

nodal temperatures. Figure 8 depicts the effect of the sec-

tion factor and the fire rating when considering the original

web area (without reduction). [4] does not present any

simple calculation method for the temperature of this

component.

Figure 9 shows the comparison of the average temper-

ature of the web of steel profiles for each fire rating.

The average temperature determined by Eq. (2) presents

a good agreement with the numerical results. The most

significant differences are determined for R90 and R120

minutes and section factors higher than 22.

5.1.3 Concrete: Average temperature and residual section

The average temperature of the concrete core of the PEC

cross-section was determined by the average nodal tem-

perature included in the residual area.The location of the

5008C isotherm defined the residual area. The modified

500 �C isotherm method has been adapted to PEC sections

to determine the heat-damaged zone, which comprises a

general reduction of the cross-section size. Therefore, the

500 �C isotherm criterion was used, and the entire portion

of concrete above this temperature was neglected. The

nodes belonging to the temperature field with a limit of

500 �C were used to determine the average temperature of

the concrete core of the PEC cross-section. This criterion

should not be confused with the 500 8C isotherm method,

initially developed by [8] and included in [30]. In this case,

the temperature of the residual area is not considered at

room temperature. It is also worth mentioning that in [4], it

is assumed the average concrete temperature above 500 �C,
depending on the fire rating and section factor of the PEC.

The average temperature of the new proposal may be

determined by Eq. (7). Figure 10 presents the average

temperature of the concrete, depending on the section

factor and fire rating. There is a good agreement between

the new proposal and the numerical results. [4] overesti-

mates the concrete temperature for lower section factors

and underestimates for higher section factors.

Figure 11shows the comparison of the average concrete

temperature for each fire ratings.

The new proposal presents different approximations for

the affected zones of the concrete in the main principal

directions, bc;fi;h.perpendicular to the web and bc;fi;v in the

parallel direction to the web. This decision is based on the

temperature field determined for the cross-sections. These

results are presented for the position of the 500 8C isotherm

for each fire rating time. Figure 12 shows the reduction

layer of concrete to be neglected for the load bearing in the

direction perpendicular to the web, depending on the sec-

tion factor and fire rating. The results show a good

approximation between the new proposal and the numeri-

cal results. Most of the results, except for R120, are above

the prescribed values in [4], showing that with this criterion

(new proposal), the residual area is smaller than the pro-

posed reduction of the [4], reducing the load-bearing

capacity of the PEC.

Figure 13 shows the comparison of the horizontal

thickness reduction of the concrete area for each fire rating.

Figure 14 shows the reduction layer of concrete to be

neglected in the direction parallel to the web bc;fi;v. All the

results obtained by the new proposal recommend a higher

reduction in the concrete affected by temperature.

Figure 15 shows the comparison of the vertical thick-

ness reduction of the concrete area for each fire rating.

According to the results, this new proposal is leading to

a higher reduction of the affected zone, suggesting a

decrease in the load-bearing capacity of this component.

Fig. 22 Comparison between the vertical thickness reduction of the concrete area
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5.1.4 Temperature of the reinforcing bars

The same procedure was established to determine the

temperature of the reinforcing bars. It is worth mentioning

that the temperature of the reinforcing bars is not directly

obtained by the current version of the [4]. The resistance of

the reinforcement bars under fire is obtained from calcu-

lating a coefficient that mainly depends on the geometric

position of the reinforcement bars in the cross-

Fig. 23 Reduction factor for PEC. Comparison between the current standard and the new proposal

Table 11 Imperfection factors for buckling curves

Buckling curve a0 a b c d

Imperfection factor a 0.13 0.21 0.34 0.49 0.76
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section. Figure 16 compares the average temperature of the

new proposal with the numerical results. The section factor

and fire rating depict this value but also depend on its

position and the geometry of the cross-section.

Figure 17shows the comparison of the average temper-

ature of the reinforcing bars for each fire rating.

6 Comparison of Results

This section presents the comparison between the results of

the current version of [4] and the new proposal. The graphs

shown in Figs. 18, 19, 20 show a good agreement between

the new proposal and the numerical results. For all graphs,

a tolerance of 10% is presented, highlighting the safe

location of the results. The difference between the current

proposal for the average temperature is also noticed.

The comparison regarding the affected zone of the

concrete is presented in Fig. 21 and Fig. 22. These results

confirm that the residual area of concrete used to determine

the load-bearing capacity is smaller when using the new

proposal when compared to the current version of [4]

The 3D model results are available in the thesis devel-

oped by [33] in 2021, and were determined for two PEC

lengths (3 and 5 m), for three different end conditions

(pined-pined, fixed- fixed and pinned-fixed), and for the

four fire ratings. Most of the numerical results presented a

higher critical load when compared to results obtained

from [4]. The calculation procedure may be justified this

because the 3D numerical model is using all the nodal

temperatures to affect the mechanical properties of every

local material, while simplified methods use simplifications

and average temperatures of the four components to per-

form the calculation. Similar comparisons, such as the

elastic critical load, have been developed for intermediate

results.

The relationship between the elastic critical load and the

plastic resistance to axial compression is an important

parameter for the design of partially encased columns

(PEC) under fire, as it allows us to determinate the non-

dimensional slenderness under fire. When the standard

predicts a higher load-bearing resistance value than the

value the structural element can withstand, the standard

may be considered unsafe. The analytical and numerical

results point to a smaller value of the ratio between the

elastic critical load and the plastic resistance to axial

compression as the fire exposure time increases. It was also

observed that for PEC with the same length, 3 m or 5 m,

the buckling length with different end conditions signifi-

cantly affects the difference between the ratio values of the

critical load and plastic resistance for the same fire expo-

sure time. For very slender columns, buckling represents a

failure mode, while for compact columns, a very high

elastic critical load is required for the structural element to

reach the axial force that the column can support in the

imminence of buckling. Thus the plastification of the cross-

section occurs long before the critical load is established.

So, to ensure structural safety, reduction coefficients, and

slenderness limits are applied to the structural elements in

the design criteria.

The plastic resistance to axial compression is another

critical parameter for designing PEC under fire. For this

reason, the GMNIA was used to determine the plastic

resistance of the cross-section. This procedure was used to

Fig. 24 Axial buckling load of PEC under fire (numerical results)
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keep only results from the numerical analyses, avoiding

mixing results from the simplified formulas. For this type

of analysis, some considerations need to be presented to the

constitutive model of the materials. The elastic-perfectly

plastic model was used in the simulations for all the

materials, including the concrete, assuming that part of this

material is confined between the flanges.

For the axial compression in PEC, the reduction factor v
is determined for the appropriate non-dimensional slen-

derness kh. This value depends on the buckling curve.

According to the current version of the [4], curve ‘‘c’’ from

[41] is prescribed. This reduction factor v determines the

design buckling resistance of the PEC in the fire situation.

Figure 23 shows the comparison of the reduction factors

when using both simplified methods ([4] and the new

proposal). The results obtained from [4] are usually higher

than the ones determined by the new proposal.

This difference may be justified by the improved accu-

racy of the new proposal to determine the correct temper-

ature of all the components and the modifications applied

to the affected zone of the concrete. Assuming that the new

proposal presents accurate results, [4] presents results for

some end conditions of the PEC and fire ratings, which

appear unsafe.

7 Axial Buckling Load at Elevated
Temperatures

The load-bearing capacity of the PEC is currently deter-

mined by the curve ‘‘c’’ of the Eurocode for steel structures

[29]. The full 3D simulation of PEC under compressive

load was developed to demonstrate the need for a different

buckling curve. This section presents the results of the

thermo-mechanical analysis using the GMNIA solution

method. The thermo-mechanical analysis uses a steady

state temperature field, determined for every fire treating

time, with an incremental load step and iterative solution,

based on the Newton–Raphson method. The full 3D ther-

mal analysis extracted the temperature field after 30, 60,

90, and 120 min. Based on the first instability mode, an

equivalent imperfection has been established, with a

maximum amplitude of L/150. All materials involved use a

perfect elastic–plastic constitutive model. Only 22 types of

cross-sections are included in this part of the study, using

three end conditions associated with two PEC lengths (3

and 5 m). The reduction factor due to flexural buckling

under fire vfi, depends on the imperfection factor, the

coefficient a, and assumes a value of 0.49. The European

standard for the design of steel structures [41] admits five

imperfection factors, as shown in Table 11.

Each buckling curve is assigned to calculate the reduc-

tion coefficient vv and thus determine the design axial

buckling load, depending on the cross-section classifica-

tion. [4] recommends the use of the imperfection factor

a = 0.49, corresponding to the curve ‘‘c’’ of [41]. The

numerical results reveal that curve ‘‘c’’ is unsafe for

practically all PEC studied. Therefore, there is a need to

select a new imperfection factor to adjust the buckling

curve to improve the safety level of PEC under fire.

According to the results presented in Fig. 24, the imper-

fection factor that best fits the numerical results is 2.0, see

Fig. 24.

Therefore, the proposal to improve the simplified cal-

culation method of [4] comprises new formulations to

obtain the average temperatures of the four components

and use an imperfection factor equal to 2.0.

8 Conclusions

The load-bearing capacity of the PEC under fire depends

directly on the temperature evolution of the materials when

exposed to fire. In this sense, two different solution

methods were presented to determine the buckling resis-

tance of the PEC when exposed to the standard fire [5].

This research was focused on the bucking resistance of

PEC under fire, using a detailed analysis of the 2D thermal

behaviour and a detailed analysis of a 3D thermo-me-

chanical model.

The simplified method, defined by the balance summa-

tion model, was presented using the current version of [4].

The new proposal modifies the method on the average

temperature of the four components. The advanced calcu-

lation methods were validated, and a parametric analysis

was developed based on 2D and 3D models.

In thefirst part of this research, a 2D model was used to

present the new proposal for the balance summation model.

Regarding the temperature of the flanges, the relative error

of the values of the new proposal compared with the

temperature determinedusing ANSYS was between ?

2.5% and -2.4% for all PEC sections. The relative dif-

ference between the current proposal and the numerical

results was higher, reaching values between ? 11.2% and -

13.0%. Regarding the web temperature, the relative dif-

ference of the new proposal values compared to those

obtained by ANSYS is between ? 8.8% and -12.3% for

American profiles and between ? 9.5% and -19.6% for

European profiles. For the concrete temperatures, the rel-

ative difference of the new proposal compared to the values

obtained by ANSYS was between ? 5.0% and -8.9% for

all PEC sections. The relative difference of the values

determined by the current proposal is much higher,

changing between ? 29.9% and -28.4%, for all PEC sec-

tions. Concerning the reduction of the concrete layer in the

direction perpendicular to the web, the relative difference
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between the new proposal and the numerical results is

between ? 17.4% and -23.1% for all PEC sections.

Despite a relatively high relative difference, the values

change between ? 4.4 mm and -6.2 mm. The relative

differencebetween the current version of [4] and the

numerical results vary between ? 299.8% and -8.5%, for

all PEC sections, corresponding to a difference

between ? 84 mm and -35.9 mm.

Regarding the reduction of the concrete layer in the web

direction, the relative differencebetween the values of the

new proposal and the numerical results are between ?

23.9% and -15.3% for American profiles and between ?

23.9% and -29.9% for all PEC sections. Again, despite a

relatively high relative difference, the maximum absolute

values change between ? 13.1 mm and -13.8 mm. The

relative difference between the current proposal of [4]and

the numerical results are much higher, corresponding

to ? 356.8% and -16.7%, for all PEC sections, corre-

sponding to an absolute difference between ? 84 mm and

-146.5 mm. For the average temperature of the reinforcing

bars, the relative difference between the new proposal and

the numerical results was ? 14.8% and -8.1% for the

American profiles and between ? 14.8% and -13.6% for

all PEC sections.

In the second part of this research, a full 3D analysis was

developed, including non-linear thermal analysis, elastic

buckling analysis and GMNIA solution methods to deter-

mine the plastic load-bearing capacity and buckling resis-

tance of PEC under standard fire. With the 3D buckling

analysis was found a new buckling curve corresponding to

a different imperfection factor. It is worth noting that some

simplifications of the real behaviour of a single PEC ele-

ment under fire were carried out. These simplifications

include the perfect contact between materials, the consti-

tutive law of the materials, the initial equivalent imper-

fection and the inexistence of the thermal restraints.
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