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Abstract 

This paper presents an analytical method for generating the interaction diagrams of uniaxially reinforced concrete (RC) 

columns that are subjected to four-face heating. Twenty-one (21) specimens obtained from previous case studies that were 

subjected to four-face heating (with different fire test times ranging from 63 to 356 fire minutes) are used to validate the 

proposed uniaxial interaction charts. The results obtained from the case studies and from the proposed charts are also 

compared with the finite element software (FIN EC). The 500°C isotherm as well as the zone method are used in the 

computer software program to find the required load capacities. The proposed method's values fall within the range of 

values obtained from laboratory tests and computer software, which suggests its validity. Also, the zone method in FIN-

EC software is reliable for evaluating load-bearing capacity, while the 500°C method is useful in situations with shorter 

fire times. The results obtained provide a valuable tool for designing and evaluating structures that may be exposed to fire. 

Nonetheless, the study is restricted by its concentration on a particular type of column under four-face heating, which may 

reduce its relevance to other types of structures and heating situations. 
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1. Introduction 

In the construction industry, reinforced concrete (RC) columns are widely used as load-bearing components in 

buildings due to their durability, strength, and cost-effectiveness. However, they are vulnerable to fire, which can 

significantly reduce their load-bearing capacity and cause structural collapse [1–3]. Investigating the fire resistance of 

RC structures, particularly columns, is crucial for building stability. Columns are vertical members that transfer loads 

from upper floors to lower levels and to the soil through the foundation. They are classified as concentrically or 

eccentrically loaded based on the load position on their cross-section, as shown in Figures 1 and 2 [4]. Reinforced 

concrete (RC) columns are prone to significant reductions in their load-bearing capacity when subjected to higher 

temperatures caused by fire. This is due to the degradation of strength and stiffness in both concrete and steel materials. 

However, predicting the fire resistance of RC columns is challenging due to the complex distribution of temperatures in 

the column's cross-section, resulting in a shortage of simplified and rational methods for predicting fire resistance [5]. 

Numerous studies have focused on experimental methods for investigating the fire resistance of reinforced concrete 

columns, and their experimental results revealed that several factors, such as the concrete cover, the reinforcement's size 

and location, and the type and duration of the fire exposure, significantly affect the fire resistance of reinforced concrete 
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columns. However, the cost and time involved in conducting such tests are often prohibitively high, making it 

challenging to conduct a sufficient number of tests to develop a comprehensive understanding of the behavior of 

reinforced concrete columns under fire conditions [6–13]. 

 

Figure 1. Concentrically Loaded columns 

 

Figure 2. Eccentrically Loaded Column 

Current concrete structure design standards are mostly based on national and international code guidelines, such as 

ENV 1992-1-2 (European Council for Standardization, 1995) [14]. In order to construct fire-exposed concrete columns, 

these codes give tabular data with the requisite concrete cover for various fire durations. Nevertheless, this process 

should be augmented with engineering theory-based easy computation methods [15]. Concrete material characteristics 

under fire circumstances have been studied, and simpler techniques for estimating the fire resistance of RC columns 

have been devised [1-3, 16-18]. Due to the complicated temperature distribution in the cross-section of RC columns and 

the significant dispersion of experimental data generated by spalling of the concrete [19, 20], the application of simple 

and logical approaches for predicting fire resistance in RC columns is still restricted. 

Analytical calculations offer a faster and cheaper alternative to traditional experiments. Developing quick and 

efficient methods for the design prediction of concrete columns under fire conditions is essential, particularly as 

simulating concrete members' behavior during a fire is difficult, and consulting engineers may not have access to the 

necessary numerical tools [17]. The latest knowledge gap is the need for more efficient and quick analytical formulations 

for predicting fire resistance in RC columns to withstand fires. 

This study presents a method for generating interaction diagrams of uniaxial reinforced concrete (RC) columns 

exposed to four-face heating. These interaction diagrams presented, account for the various values of gamma (𝛾), 

concrete compressive strength (𝑓𝑐
′), and steel reinforcement ratio (ρ). Using interaction charts, numerical examples will 

also be analyzed to determine the values of (PN) and (MN). These formulated uniaxial interaction charts are validated 

using twenty-one (21) specimens obtained from previous case studies [7, 8, 17] and subjected to four face heating 

(having different fire testing time ranging from 63 to 356 fire minutes). Furthermore, the results obtained from the case 

studies are compared to those obtained from the finite element simulation software (FIN EC) [21]. In the computer 

program, the 500°C isotherm and zone method are used to calculate the required axial load capacities of RC columns 

subjected to four-faced heating. 

Interaction diagrams are commonly used to represent the strength of reinforced concrete columns by relating the 

design axial load ∅𝑃𝑛 to the design bending moment ∅𝑀𝑛. Figure 3 [18] shows the column interaction curve (∅𝑃𝑛 −
∅𝑀𝑛) at ambient temperature and when exposed to a shorter and longer duration of fire. With an increase in temperature, 

the force-moment interaction diagram (P-M) contracts. A heating curve, such as ISO 834 [22] can be used to determine 

the relationship between temperature (T) and fire exposure time (t). By comparing the initial applied load with the failure 

load at a given fire exposure time, it is possible to ascertain the occurrence of column failure. 
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Figure 3. (∅𝑷𝒏 − ∅𝑴𝒏) Interaction curve exposed to elevated temperature [18] 

According to the structural architecture depicted in Figure 4 [19], a building's columns may be vulnerable to fire on 

one, two, three, or all four sides. While estimating the fire resistance of RC columns, it is essential to evaluate the 

deterioration of concrete and steel properties, as well as the movement of the neutral axis. In this study, the authors are 

only considering the middle columns of the building, which are normally subjected to four-face heating. To determine 

the approximate column capacity (4-face heated) under different fire exposure times, the proposed method will develop 

interaction charts in SI (system international) units for any internal column of the building. 

 

Figure 4. Columns in a compartment with different thermal boundary conditions [19] 

2. Fire Reduction Factors 

The fire reduction factors used in this research are obtained from a study done by Tan & Yao [5]. In the event of a 

fire breaking out in a reinforced concrete (RC) building, there is a significant reduction in the strength of concrete and 

steel rebars. Thus, the reduction factors in calculating the respective strengths serve as critical components when 

determining the new design strengths of RC columns. Dotreppe et al. [7] conducted a thermal analysis and employed 

the SAFIR [23] computer code to evaluate the behavior of RC columns subjected to ISO 834 fire. As a result, they 

determined that the expressions, 𝜙𝑐−4 and 𝜙𝑦−4, are suitable to represent the strength reduction factors for concrete and 

corner steel bars, respectively, when the columns are exposed to four-face heating. 

The reduction factor for the concrete having four face heating (𝜙𝑐−4) is provided in Equation 1: 

𝜙𝑐−4 =
𝛾(𝑡(𝐼𝑆𝑂))

√1+(0.3𝐴𝑐
−0.5𝑡𝐼𝑆𝑂)𝐴𝑐

−0.25
  (1) 

where, 𝑡(𝐼𝑆𝑂) = ISO 834 fire exposure time in hours; 𝐴𝑐= cross-sectional area in m2; 𝑓𝑐
′ = concrete cylinder strength 

(MPa) at ambient temperature. The reduced compressive strength of concrete (𝑓𝑐𝑇
′ ) will be: 
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𝑓𝑐𝑇
′ = 𝜙𝑐−4 × 𝑓𝑐

′  (2) 

Equation 3 provides the reduction factor for steel bar (𝜙𝑦−4) subjected to four-face heating. 

𝜙𝑦−4 = 𝛾(𝑡(𝐼𝑆𝑂)) (1 −
0.9𝑡(𝐼𝑆𝑂)

0.046𝑑′+0.11
) ≥ 0  (3) 

where, 𝑑′is concrete cover in mm (from edge fiber to center of the steel bar), and 𝛾(𝑡(𝐼𝑆𝑂)) = {
1 − 0.3𝑡(𝐼𝑆𝑂)     𝑓𝑜𝑟 𝑡 ≥ 0.5 ℎ

    0.85                𝑓𝑜𝑟 𝑡 < 0.5 ℎ
 

Similarly, the reduced computed steel stress (𝑓𝑦𝑇) in tensile steel will be: 

𝑓𝑦𝑇 = 𝜙𝑦−4 × 𝑓𝑦  (4) 

Equations 1 to 4 are only applicable to RC columns satisfying the following conditions: 

 Siliceous aggregates 

 Subjected to ISO 834 fire 

 For rectangular section with 𝑏/ℎ < 2.0, where b and h are the width and depth of the column cross section. 

Tan & Yao [5] also proposed the reduction factor 𝜙𝐸𝑆(𝑡) for the steel elastic modulus 𝐸𝑠(𝑇) as provided in Equation 5. 

𝜙𝐸𝑆(𝑡) = 0.8 × (𝜙𝑦−4)2 + 0.2 × 𝜙𝑦−4  (5) 

The reduction factor for the steel elastic modulus, denoted as 𝜙𝐸𝑆(𝑡), depends on three factors: the concrete cover, 

the temperature distribution across the cross-section, and the fire curve. Figure 5 illustrates the relationship between the 

reduction factor of the steel elastic modulus (𝜙𝐸𝑆(𝑡)) and the duration of fire exposure (t) for four distinct concrete 

covers. The chart data is obtained from Tan & Yao [5]. It shows that the reduction factor is almost zero after 2.5 hours 

of fire time. 

 

Figure 5. Relationship between reduction factor 𝝓𝑬𝑺(𝒕) and fire exposure time (t) corresponding to different concrete covers [5] 

For the concrete, Tan & Yao [5] have also provided a method to derive the reduction factor 𝜙𝐸𝑐𝐼(𝑡) for the modulus 

of elasticity of concrete, 𝐸𝐶(𝑇). In their study, they indicated that due to the nonlinear distribution of temperature, unlike 

steel, deterioration factor should be related to all cross-sectional elements. They combined the modulus of Elasticity E 

with the moment of Inertia I to have the 𝐸𝐶𝐼 value with the reason of rapid deterioration of strength and modulus of 

elasticity of outer fiber of cross section under a fire attack on column. They proposed the following Equation 6 for the 

concrete elastic modulus reduction factor. 

𝜙𝐸𝑐𝐼(𝑡) = (1.1 × 𝐴𝐶
0.15)𝑡𝐼𝑆𝑂 × 𝜙𝐶−4(𝑡)  (6) 

The equation presented above is derived from the correlation between the reduction factor 𝜙𝐸𝑐𝐼(𝑡) and the duration 
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of fire exposure (t) for four distinct square cross sections, as illustrated in Figure 6. This chart is also extracted from Tan 

& Yao [5]. 

 

Figure 6. Relationship between reduction factor 𝝓𝑬𝒄𝑰(𝒕) and fire exposure time (t) corresponding to different cross sections [5] 

Moreover, they also proposed a set of values for strain failure criterion 휀𝑈(𝑇)  corresponding to different 

temperatures as provided in Table -1. Strain can be interpolated between any two temperatures using linear interpolation. 

They have also mentioned that the values provided in table -1 are obtained from the addition of 0.5 x 10-3 strain to the 

corresponding yield strain 휀(𝑇) in EC2-1992-1-2 [14]. Additionally, if experimental data for 휀𝑈(𝑇) is available, Table 

1 can be updated accordingly. 

Table 1. Value of 𝜺𝑼(𝑻) [18] 

Concrete Temperature (0C) 20 100 200 300 400 500 600 700 800 900 1000 

tISO (min) 0 0.16 0.29 0.69 1.45 2.95 5.87 11.6 22.7 44.3 86.5 

휀𝑈(𝑇) × 10−3  3.0 4.0 5.0 6.5 8.0 10.0 13.0 14.5 15.0 15.5 15.5 

According to the ACI Code [21] for design under ambient temperatures, the depth of the rectangular stress block ab 

can be represented by the following equation: 

𝑎𝑏 = 𝛽1𝑐𝑏   (7) 

The strain in the compression steel 휀𝑠
′(𝑇) is obtained from below Equation 8. 

휀𝑠
′(𝑇) = 휀𝑈(𝑇)

𝑐𝑏 − 𝑑′

𝑐𝑏

 (8) 

where, 𝑐𝑏 is the neutral axis depth and 𝑑′is concrete cover in mm (from edge fiber to centre of the steel bar). The 휀𝑈(𝑇) 

value needs to be obtained from Table 1. 

3. Derivation of Interaction Charts Formulation using ACI Code of Design 

In previous studies, Al-Ansari & Afzal [4, 24], the authors have presented analytical methods for generating 

interaction diagrams in SI units for the design of reinforced concrete (RC) uniaxial and biaxial columns [25]. The ACI 

code [26] is used to generate interaction diagrams for uniaxial reinforced concrete (RC) columns under four-faced 

heating, and the process involved the following steps. Figure 7 [27] provides the stress and strain distribution of a 

rectangular column section (at elevated temperature) subjected to fire, which was used to calculate PN and MN for the 

diagram. 
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The total internal forces can be added together to obtain the resulting force PN ( 𝑃𝑁 =  𝐶𝐶 − 𝑇𝑠 + 𝐶𝑆). Likewise, the 

total internal moments can be added together to obtain the resulting moment MN ( 𝑀𝑁 =  𝑀𝑐𝑜𝑛𝑐 + 𝑀𝑇 + 𝑀𝐶𝑆
). The 

subsequent steps involved computing the necessary internal forces and moments. 

 

Figure 7. Calculation of PN and MN for given strain distribution at elevated temperature [27] 

3.1. Concrete Section 

𝐶𝑐𝑜𝑛𝑐 = 0.8 × (0.85 𝑓𝑐𝑇
′  𝑎𝑏) = 0.68 𝑓𝑐𝑇

′  𝛽1𝑐𝑏  (9) 

where 𝐶𝑐𝑜𝑛𝑐 is internal concrete compression force, 𝑓𝑐𝑇
′  is reduced compressive concrete strength (obtaining from Eq-

2), b is Column width, a is depth of the compression stress block, 𝛽1 = 0.85 − 0.05 × (
𝑓𝑐

′(𝑇)

6.9
− 4) ≥ 0.65 (retrieved 

from Tan & Yao [5]), c is distance from extreme compression fiber to neutral axis. 

Referring to the Figure 7, the moment about the midpoint of the section (𝑀𝑐𝑜𝑛𝑐) can be computed as; 

𝑀𝑐𝑜𝑛𝑐 = 0.68 𝑓𝑐𝑇
′  𝑎𝑏 (

ℎ 

2
−

𝑎

2 
) (10) 

The α1 and β1 values for the plain concrete section are calculated as; 

𝑆𝑒𝑡𝑡𝑖𝑛𝑔 𝛼1−𝑐𝑜𝑛𝑐 = 𝛼1 =
𝐶𝑐𝑜𝑛𝑐

𝑓𝑐𝑇
′  𝑏ℎ

= 0.68 ×
𝑎

ℎ
 (11) 

𝑆𝑒𝑡𝑡𝑖𝑛𝑔 𝛽1−𝑐𝑜𝑛𝑐 = 𝛽1 =
𝑀𝑐𝑜𝑛𝑐

𝑓𝑐𝑇
′  𝑏ℎ2

= 0.68 (
ℎ 

2
−

𝑎

2 
) ×

1

ℎ
×

𝑎

ℎ
 (12) 

3.2. Tension Steel Section 

The calculation for the internal tensile force (Ts) is as follows: 

𝑇𝑠 = 0.68 𝐴𝑠𝑓𝑦𝑇 (13) 

where 𝐴𝑠 is area of tensile steel reinforcement, and 𝑓𝑦𝑇 is reduced computed steel stress in tensile steel. 

The value of the internal moment 𝑀𝑇 is; 

𝑀𝑇 = 0.68 𝐴𝑠𝑓𝑦𝑇 (
ℎ 

2
− 𝑑′) (14) 

The values of 𝛼2 and 𝛽2 for the tension steel section can be computed using the following equations: 

𝑆𝑒𝑡𝑡𝑖𝑛𝑔 𝛼2 =
𝑇𝑠

𝑓𝑐𝑇
′  𝑏ℎ

=
0.68 𝐴𝑠𝑓𝑦𝑇

𝑓𝑐𝑇
′  𝑏ℎ

= 𝜌2

0.68𝑓𝑦𝑇

𝑓𝑐𝑇
′  (15) 

𝑆𝑒𝑡𝑡𝑖𝑛𝑔 𝛽2 =
𝑀𝑇

𝑓𝑐𝑇
′  𝑏ℎ2 = 0.68

𝐴𝑠𝑓𝑦𝑇(
ℎ

2
−𝑑′)

𝑓𝑐𝑇
′  𝑏ℎ2   (16) 
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Substituting the value of 𝛼2 in the Equation16; 

𝛽2 = (
1 

2
−

𝑑′

ℎ
) 𝛼2 (17) 

where 𝑑′ is Distance from extreme compression fibre to centroid of reinforcing steel. 

3.3. Compression Steel Section 

The calculation for the internal compressive force (Cs) is as follows: 

𝐶𝑠 = 0.8 𝐴𝑠
′ 𝑓′𝑠𝑇  (18) 

where 𝐴𝑠′ is area of compression steel reinforcement, and 𝑓′𝑠𝑇  is reduced computed compressive stress in compression 

steel. The value of the internal moment 𝑀𝐶𝑆 is; 

𝑀𝐶𝑆 = 0.8 𝐴𝑠′𝑓′𝑠𝑇 (
ℎ 

2
− 𝑑′)  (19) 

The values of 𝛼3 and 𝛽3 for the compression steel section can be computed using the following equations: 

𝑆𝑒𝑡𝑡𝑖𝑛𝑔 𝛼3 =
𝐶𝑠

𝑓𝑐𝑇
′ 𝑏ℎ

=
0.8 𝐴𝑠′𝑓′𝑠𝑇

𝑓𝑐𝑇
′ 𝑏 ℎ

=
0.8 𝐴𝑠′

𝑏 ℎ
×

𝑓′𝑠𝑇

𝑓𝑐𝑇
′

= 𝜌3

0.8 𝑓′𝑠𝑇

𝑓𝑐𝑇
′

 (20) 

𝑆𝑒𝑡𝑡𝑖𝑛𝑔 𝛽3 =
𝑀𝐶𝑠

𝑓𝑐𝑇
′  𝑏ℎ2

=  0.8 
𝐴𝑠′𝑓′𝑠𝑇 (

ℎ 
2

− 𝑑′)

𝑓𝑐𝑇
′  𝑏ℎ2

 (21) 

Substituting the value of 𝛼3 in Equation 21; 

𝛽3 = (
1 

2
−

𝑑′

ℎ
) 𝛼3 (22) 

4. Construction of Interaction Chart 

The total axial load capacity of column is summation of all internal forces 𝑃𝑁 where; 

𝑃𝑁 = 𝐶𝐶𝑜𝑛 − 𝑇 + 𝐶𝑆  (23) 

Therefore, 𝛼 = 𝛼1 − 𝛼2 + 𝛼3  

𝛼 = 0.68 ×
𝑎

ℎ
− 𝜌2

0.68 𝑓𝑦𝑇

𝑓𝑐𝑇
′

+ 𝜌3

0.8 𝑓′𝑠𝑇

𝑓𝑐𝑇
′

 (24) 

𝑃𝑁 = 𝛼 𝑏 ℎ  (25) 

For the nominal moment capacity, the column nominal moment MN is summation of all internal moments where 

𝑀𝑁 = 𝑀𝐶𝑜𝑛 + 𝑀𝑇 + 𝑀𝐶𝑆
  (26) 

Therefore 𝛽 =  𝛽1 +  𝛽2 + 𝛽3  

𝛽 = 0.68 (
ℎ 

2
−

𝑎

2 
) ×

1

ℎ
×

𝑎

ℎ
 + (

1 

2
−

𝑑′

ℎ
) 𝛼2 + (

1 

2
−

𝑑′

ℎ
) 𝛼3 (27) 

𝑀𝑁 = 𝛽𝑏 ℎ2  (28) 

The Equations 25 and 28 are used to calculate the values of 𝛼 (𝛼 =
𝑃𝑁

𝑏ℎ
=

𝑃𝑁

𝐴𝑔
) and 𝛽 (𝛽 =  

𝑀𝑁

𝑏ℎ2 =
𝑀𝑁

𝐴𝑔ℎ
). 

To determine the value of Gamma (𝛾) for the column interaction chart, the following calculation is performed: 

𝛾 =
ℎ − 2 𝑑′

ℎ
 (29) 

Table 2 displays the values of  (
𝑑′

ℎ
) corresponding to various values of 𝛾, which will be utilized in Equation 19. 
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Table 2. Values of 𝜸 vs (𝒅′/h) 

Sr. No 𝜸 
 𝒅′

𝒉
 

1 0.6 0.2 

2 0.7 0.15 

3 0.8 0.1 

4 0.9 0.05 

Thus, by successfully assigning different values to (
𝑎

ℎ
)  and substituting in Equations 24 and 27, the column 

interaction diagram curve (𝛽 −  𝛼) can be constructed. Using the above steps, the interaction charts for RC column 

having different reinforcement ratios (𝜌) with 𝑓𝑐
′ = 30 MPa; fy = 415 MPa; 𝛾= 0.6 without any fire outbreak (t=0 minute) 

and with the fire of 70 minutes time are provided in Figures 8 and 9 respectively. The flow chart for generating 

interaction charts is provided in Figure 10. 

 

Figure 8. Column Interaction Diagram (𝜷 −  𝜶) without fire 

 

Figure 9. Column Interaction Diagram (β- α) with fire time, t= 70 minutes 
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Figure 10. Flow chart of generating Interaction Charts 

𝛽𝑢 =
𝑀𝑈

𝐴𝑔ℎ
     ,   𝛼𝑢 =

𝑃𝑈

𝐴𝑔
  , 

 

Check the value of  𝑃𝑁 > 𝑃𝑢   and  𝑀𝑁 > 𝑀𝑢 
 

𝑃𝑐 = 𝜙𝑐 𝑃𝑁 

𝑀𝑐 =  𝜙𝑐 𝑀𝑁 

 

Input Parameters: 

𝑓𝑐
′, 𝑓𝑦, 𝑡(𝐼𝑆𝑂), 𝐴𝑐, 𝐴𝑠, 𝐴𝑠′, ℎ, 𝑏, 𝑑′  

Compute: 

a) 𝜙𝑐−4   e) 𝜙𝐸𝑆(𝑡) 

b) 𝑓𝑐𝑇
′    f) 𝜙𝐸𝑐𝐼(𝑡) 

c) 𝜙𝑦−4     g) 𝑎𝑏 

d) 𝑓𝑦𝑇   h) 휀𝑠
′(𝑇) 

Interaction Chart Construction (𝜷 −  𝜶) 

Start 

Compression Steel 

Section  

C𝑆             (18) 

𝑀𝐶𝑆             (19) 

𝛼3                  (20) 

𝛽3                  (22) 

 

Concrete Section 
 

Cconc           (9) 

𝑀𝑐𝑜𝑛𝑐          (10) 

𝛼1−𝑐𝑜𝑛𝑐         (11) 

𝛽1−𝑐𝑜𝑛𝑐         (12) 

Tension Steel 

Section 

𝑇𝑆            (13) 

𝑀𝑇            (14) 

𝛼2                  (15) 

𝛽2                  (17) 

𝛼 = 𝛼1 − 𝛼2 + 𝛼3,  𝛽 = 𝛽1 + 𝛽2 + 𝛽3 

 

𝑃𝑁  (25)   𝑀𝑁  (28)  

 

𝛼 =
𝑃𝑁

𝑏ℎ
=

𝑃𝑁

𝐴𝑔

                     ,                   𝛽 =    
𝑀𝑁

𝑏ℎ2
=

𝑀𝑁

𝐴𝑔ℎ
 

Assigning different values of (
𝑎

ℎ
 ) (24, 27) 

Develop Interaction Chart  

Column Capacity 

End 
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4.1. Steps to find the PN and MN 

To achieve an economical design, the subsequent steps must be carried out to calculate the values of Pc and Mc. 

Step-1: Determine 𝑓𝑐𝑇
′  and 𝑓𝑦𝑇 from Equations 2 and 4. 

Step-2: Determine the value of 𝛽𝑢 (𝛽𝑢 =
𝑀𝑈

𝐴𝑔ℎ
) using the provided cross-section and moments (Mu). 

Step-3: Calculate the value of 𝛼𝑢 (𝛼𝑢 =
𝑃𝑈

𝐴𝑔
) using the given cross-section and axial load (Pu) 

Step-4: Draw a line from the origin (0,0) through point (𝛽𝑢 , 𝛼𝑢) to the specified ρ line. 

Step-5: Identify the new points (β, α) located on the desired ρ line, as illustrated in Figure 11. 

Step-6: Compute 𝑃𝑁 =  𝛼𝑏 ℎ and 𝑀𝑁 = 𝛽𝑏 ℎ2. 

Step-7: To ensure an acceptable design with ϕc= 1, verify that the value of 𝑃𝑁 is greater than 𝑃𝑢 and that 𝑀𝑁 is 

greater than 𝑀𝑢. 

Step-8: To achieve an economical section, the values of Mc = ϕc MN and Pc = ϕc PN should be as close as possible 

to Mu and Pu, respectively, where ϕc is equal to 0.65. 

 

Figure 11. Column Interaction Diagram ((𝜷 −  𝜶) Demonstration 

5. Case Studies for Uniaxial Bending 

The proposed interaction charts are used to predict the fire resistance of square and rectangular RC columns. Twenty-

one data sets of RC columns from two different laboratories (Lie & Woollerton [8] and Dotreppe, et al., [7]) were 

retrieved from the literature and the results were compared with the proposed method. All these selected columns were 

subjected to four face hearing. Wu, et al., [17] also presented an approach for calculating the axial load of square cross-

section RC columns. Their study was performed on some of the selected square columns provided by Lie & Woollerton 

[8]. 

In this study, input data and results obtained from three case studies will be used. The data for the case study -1 and 

2 are obtained from (Lie & Woollerton [8]) and (Wu et al. [17]). Sixteen columns (Column C-1 to C-16) were selected 

from these case studies. The input parameters as well as the axial load capacity of these selected RC columns for case 

studies 1 and 2 are listed in Table 3. In the case study of (Wu et al. [17]) there were no output results for columns C-12 

to C-16 and therefore written NA in axial load section. The details of case study -3 (Dotreppe, et al. [7]) are depicted in 

Table 4. Five columns (Column C-17 to C-21) are included in this case study. For each case study, the RC column is 

similar in length. The length of the column for case studies 1 and 2 is 3.81 m, and the length of the column for case 

study 3 is 2.1 m. 
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Table 3. Details of Case Study 1 and 2 (Lie & Woollerton [8]) and (Wu et al. [17]) 

Column 

Identifier 
Reference* 

b 

(mm) 

h 

(mm) 

Rebar 

(mm) 
Endc 

fy 

(MPa) 

𝒇𝒄
′  

(MPa) 

ttest 

(min) 

Axial Loada 

(kN) 

Axial Loadb 

(kN) 

C-1 I2 305 305 4 ∅25.5 f-f 444 36.9 170 1333 517.2 

C-2 I3 305 305 4 ∅25.5 f-f 444 34.2 218 800 200 

C-3 I4 305 305 4 ∅25.5 f-f 444 35.1 220 711 155 

C-4 I7 305 305 4 ∅25.5 f-f 444 36.1 208 1067 339 

C-5 I9 305 305 4 ∅25.5 f-f 444 38.3 187 1333 498.5 

C-6 II2 305 305 4 ∅25.5 f-f 444 43.6 201 1044 268 

C-7 II3 305 305 4 ∅25.5 f-f 444 35.4 210 916 255 

C-8 II4 305 305 4 ∅25.5 f-f 444 52.9 227 1178 280 

C-9 II5 305 305 4 ∅25.5 f-f 444 49.5 234 1067 247.5 

C-10 II8 305 305 8 ∅25.5 f-f 444 42.6 252 978 242 

C-11 II10 406 406 8 ∅25.5 f-f 444 38.8 262 2418 914 

C-12 II12 406 406 8 ∅32.3 f-f 414 46.2 213 2978 NA 

C-13 III1 305 305 4 ∅25.5 p-f 444 39.6 242 800 NA 

C-14 III2 305 305 4 ∅25.5 p-f 444 39.2 220 1000 NA 

C-15 III3 305 305 4 ∅25.5 p-p 444 39.9 181 1000 NA 

C-16 III14 305 305 4 ∅25.5 p-f 444 37.9 183 1178 NA 

a The axial load result values are obtained from the case study of (Lie & Woollerton, [8]).; b The axial load result values are obtained from the case study of (Wu, et 

al.,[17]).; c The symbol “p” stands for pinned end condition and “f” stands for fixed end condition.; * The reference columns are taken from (Lie & Woollerton, [8]). 

Table 4. Details of Case Study 3 (Dotreppe et al. [7]) 

Column Identifier Reference* b (mm) h (mm) Rebar (mm) End fy (MPa) 𝒇𝒄
′  (MPa) ttest (min) Axial Load (kN) 

C-17 31BC 300 300 4 ∅16 p-p 576 29.3 63 1270 

C-18 31CC 300 300 4 ∅16 p-p 576 28.6 123 803 

C-19 33AC 300 300 4 ∅25 p-p 591 26.2 69 878 

C-20 21BC 200 300 6 ∅12 p-p 493 30.6 107 611 

C-21 22BC 200 300 6 ∅12 p-p 493 27.3 97 620 

* The reference columns are taken from (Dotreppe, et al. [7]) 

The reduction factors 𝜙𝑐−4  and 𝜙𝑦−4  are calculated based on Equations 1 and 3 in order to find the reduced 

compressive strength, 𝑓𝑐𝑇
′  and reduced steel stress, 𝑓𝑦𝑇 (Equations 2 and 4). The reduced strength values for all studied 

columns are provided in Tables 5 and 6 respectively. 

Table 5. Reduction Factors 𝝓𝒄−𝟒 and 𝝓𝒚−𝟒 for case study-1 and 2 

Column Identifier 𝒕𝒕𝒆𝒔𝒕 (min) 𝒇𝒚 (MPa) 𝝓𝒚−𝟒
a 𝒇𝒚𝑻 (MPa) 𝒇𝒄

′  (MPa) 𝝓𝒄−𝟒 𝒇𝒄𝑻
′  (MPa) 

C-1 170 444 0 0 36.9 0.313 11.532 

C-2 218 444 0 0 34.2 0.256 8.751 

C-3 220 444 0 0 35.1 0.254 8.914 

C-4 208 444 0 0 36.1 0.266 9.599 

C-5 187 444 0 0 38.3 0.29 11.1 

C-6 201 444 0 0 43.6 0.273 11.922 

C-7 210 444 0 0 35.4 0.264 9.34 

C-8 227 444 0 0 52.9 0.247 13.091 

C-9 234 444 0 0 49.5 0.241 11.944 

C-10 252 444 0 0 42.6 0.227 9.661 

C-11 262 444 0 0 38.8 0.219 8.515 

C-12 213 414 0 0 46.2 0.361 16.68 

C-13 242 444 0 0 39.6 0.235 9.291 

C-14 220 444 0 0 39.2 0.254 9.955 

C-15 181 444 0 0 39.9 0.297 11.868 

C-16 183 444 0 0 37.9 0.295 11.175 

a The reduction factor values for steel bars (ϕy−4) is zero as the fire time is more than 2.5 hours (150 minutes). With such 

higher fire time (i.e. approx. more than 2.5 hours of fire), the ϕy−4 value will be negative and it should be taken as zero. In 

other words, after two hours of fire, the steel will be melted and its reduced yield strength will be taken as zero (MPa). 
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Table 6. Reduction Factors 𝝓𝒄−𝟒 and 𝝓𝒚−𝟒 for case study-3 

Column Identifier 𝒕𝒕𝒆𝒔𝒕 (min) 𝒇𝒚 (MPa) 𝝓𝒚−𝟒 𝒇𝒚𝑻 (MPa) 𝒇𝒄
′  (MPa) 𝝓𝒄−𝟒 𝒇𝒄𝑻

′  (MPa) 

C-17 63 576 0.213 122.4 29.3 0.588 17.214 

C-18 123 576 0 0 28.6 0.392 11.203 

C-19 69 591 0.152 89.705 26.2 0.562 14.714 

C-20 107 493 0 0 30.6 0.352 10.756 

C-21 97 493 0.131 64.563 27.3 0.381 10.403 

6. Computer Software-FIN-EC Methods 

The fire resistance of reinforced concrete cross-sections is also calculated by structural design software (FIN-EC). 

[21]. The software uses the finite element method to generate a 3D interaction diagram for the given fire resistance and 

fire exposure details. The software follows EN 1992-1-2 [14] for analysis results. The results obtained from the software 

can also be shown in terms of interaction diagram as provided in Figure 12. The interaction diagram displays the defined 

loads as points. If the load falls within the solid line of the diagram, it means the cross-section meets the fire assessment 

requirements. On the other hand, the dashed line on the diagram indicates the iteration of the column without buckling. 

The 500°C Isotherm Method and Zone Method are used in this software to determine the fire resistance of studied 

columns (case studies 1 to 3) and to compare the results obtained from proposed interaction charts. The results obtained 

from both methods are depicted in Tables 7 and 8. 

 

Figure 12. The (N – Mz) interaction diagram 

Table 7. Column design results of case studies 1 and 2 using Interaction Charts and FIN-EC software 

Column 

Identifier 

Steel 

ratio (𝛒) 

Gamma 

(γ) 

𝛃 

Value 
𝛂 Value 

Column Interaction 

Charts PN (kN) 

FIN-EC (Finite Element Software) 

500 oC Method PN (kN) Zone Method PN (kN) 

C-1 0.022 0.685 0.620 6.328 583.67 662 841.7 

C-2 0.022 0.685 0.474 4.754 442.28 331.5 616.2 

C-3 0.022 0.685 0.482 4.855 451.08 324 615.7 

C-4 0.022 0.685 0.520 5.223 485.18 505 929.8 

C-5 0.022 0.685 0.605 6.049 562.71 1169 1078 

C-6 0.022 0.685 0.638 6.518 606.32 666.6 1128.6 

C-7 0.022 0.685 0.505 5.089 473.43 485 905.5 

C-8 0.022 0.685 0.712 7.120 662.38 453.7 1200 

C-9 0.022 0.685 0.648 6.496 604.24 318.7 865 

C-10 0.044 0.685 0.602 5.00 465.12 121 605 

C-11 0.25 0.764 0.528 7.076 1166 2274 2274 

C-12 0.04 0.764 0.863 9.196 1516 2463 2712 

C-13 0.022 0.685 0.505 5.067 471.35 180 381 

C-14 0.022 0.685 0.537 5.424 504.57 259 408 

C-15 0.022 0.685 0.551 6.741 627.09 248 273 

C-16 0.022 0.685 0.606 6.071 564.792 415.5 528 
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Table 8. Column design results of case study 3 using Interaction Charts and FIN-EC software 

Column 

Identifier 

Steel 

ratio (𝛒) 

Gamma 

(γ) 

𝛃 

Value 

𝛂 

Value 

Column Interaction 

Chart PN (kN) 

FIN-EC (Finite Element Software) 

500 oC Method PN (kN) Zone Method PN (kN) 

C-17 0.01 0.83 1.026 10.28 925.11 1283 1283 

C-18 0.01 0.83 0.612 6.116 550.45 463 508 

C-19 0.022 0.83 0.873 9.553 859.82 674 680 

C-20 0.01 0.83 0.582 5.848 350.89 397 520 

C-21 0.01 0.83 0.620 6.116 367.14 451 543 

6.1. 500°C Isotherm Method 

In 1978, Andenberg [20] developed the 500°C isotherm method. A version of this method was later published in 

Eurocode 1992-1-2 [14] and CEB-FIP Bulletin [28]. According to the 500°C isotherm method, if the concrete 

temperature ranges from 20°C to 500°C, there is no relative reduction in its compressive strength (𝑓𝑐
′). When the 

temperature exceeds 500°C, the compressive strength (𝑓𝑐
′) rapidly deteriorates, remaining at 30% of its initial value 

when reaching the fire temperature of 700°C. In order to reduce the cross-sectional dimensions of beams or columns 

due to fire effects, it was assumed that the location of the 500°C isotherm would determine the thickness az of the beams 

or columns. Figure 13 from Krzysztof & Serega [29] shows a reduced cross-section of reinforced concrete beams or 

columns in the 500°C isotherm method. In the new proposed cross section for normal temperature, concrete properties 

are similar. It has been shown that yielding stresses in reinforcing steel rebar decrease with temperature level at the 

middle of each bar, regardless of their location with respect to the 500°C isotherm. 

 

Figure 13. Reduced cross-section of reinforced concrete beam or column in 500°C isotherm method [29] 

There are several advantages of the 500°C isotherm method, including that it can be implemented for all cross-

section shapes (beams, walls, columns) and that it can be utilized for a variety of heating scenarios (fire from one side, 

i.e., one face heating, or all four sides, i.e., four face heating). However, this method comes with some limitations. 

6.2. Zone Method 

An alternative to the 500°C isotherm method was introduced in the eighteenth century by (Hertz [30]) and is known 

as the zone method. This method was endorsed by Euro-code 2-1-2 [14] for elements subjected to compressive normal 

force and bending moment. 

According to Krzysztof & Serega [29], Figure-14 provides the assumptions and basic notations to calculate the 

effective cross-section dimensions. In the case of a wall that is heated from both sides, the temperature distribution 

(𝜃(𝑥)) can be determined by solving one-dimensional transient heat flow problems. An altered version of the equation 

for 𝛿𝑓𝑐 is provided in Appendix B of Euro-code 2-1-2 [14]. In the case of thin divisions, n, the modified form of Equation 

30 accounts for significant changes in the temperature range within the zones of each division. 

𝑎𝑧 = 𝑤[1 − 𝛿𝑓𝑐]               𝛿𝑓𝑐 =
1−

1

5𝑛

𝑛

∑ 𝑘𝑐(𝜃𝑖)𝑛
𝑖=1

𝑘𝑐(𝜃𝑀)
  (30) 
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Figure 14. Assumptions and notations for zone method [29] 

Euro-code 2-1-2 [14], Appendix B provides comprehensive information on the reduction of cross-sectional 

dimensions of various shapes by a specific value az. The zone method is akin to the 500°C isotherm method, as it 

employs conventional concrete structural theory to determine fire resistance, 𝑅𝑓𝑖(𝑡). Computations are conducted for 

the diminished geometry of cross-sections, the reduced yielding stress for steel 𝑓𝑦−𝑟𝑒𝑑 = 𝑘𝑠(𝜃𝑠)𝑓𝑦(20°C), (where θs is 

the temperature of the reinforcing steel), and the reduced compressive strength of concrete obtained using the equation 

𝑓𝑐−𝑟𝑒𝑑 = 𝑘𝑐(𝜃𝑀)𝑓𝑦(20°C) [29]. The temperature profiles for square and rectangular column cross-sections (column C-

4 and column C-20) using the zone method and the 500°C isotherm method in FIN-EC software are depicted in Figures 

15 and 16, respectively. 

 

Figure 15. Temperature profile for square column section (C-4) 

 

Figure 16. Temperature profile for rectangular column section (C-20) 

Jaszczak et al. [31] examined the load-bearing capability of reinforced concrete (RC) columns during fire 

circumstances utilizing three distinct methods: Method A, Zone Method, and Isotherm 500 Method. The Zone Method 

is the most suitable for accounting for second-order effects, with the smallest standard deviation and an average value 
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closest to the expected value among the methods tested. However, this method requires determining the temperature 

distribution in the cross-section. Despite being unrestricted in use, the Isotherm 500 Method is the least accurate. They 

also emphasized that when selecting a model for structures under fire, simplicity and validity should be the guiding 

principle. 

7. Results and Discussions 

The results of case studies 1 to 3 using the proposed uniaxial column interaction charts are provided in Tables 7 and 

8. All the required parameter values; steel ratio (𝜌), gamma value (γ), alpha (𝛼) and beta (𝛽) values needed in the 

calculating the axial load value, PN (kN) using the charts are also provided in this table. Moreover, the results obtained 

using the FIN-EC software are also depicted in these Tables 7 and 8. 

The comparison of results is provided in Table 9 for case studies 1 and 2, and in Table 10 for case study-3. The 

results showed a safe and conservative proposed column interaction chart. Figure 17 shows the scatter plot for the axial 

load of studied columns using the proposed charts verses the values obtained from studied cases and computer software. 

Generally, the proposed interaction charts showed a good correlation with the experimental results provided in all three 

case studies having the coefficient of determination (R2) value ≥ 80.1%. The R2 value can be calculated from the 

following Equation 30. 

𝑅2 = 1 −
∑ (𝑦𝑖−ŷ𝑖)2𝑁

𝑖=1

∑ (𝑦𝑖−ȳ)2𝑁
𝑖=1

  (30) 

where; y represents the target values, ŷ denotes the predicted values, ȳ signifies the mean of the y values, and N refers 

to the number of tested columns for each case study. 

Table 9. Comparison results of case studies 1 and 2 

Column 

Identifier 

Column 

Interaction Chart 

𝐏𝐍(𝐂−𝐈)
(kN) 

FIN (Finite Element Software) 
Lie & Woollerton (1988) 

Axial Load 𝐏𝐍(𝐋−𝐖)
 (kN) 

Bo Wu et.al (2007) 

Axial Load 𝐏𝐍(𝐁𝐎)
 (kN) 

𝐏𝐍(𝐂−𝐈)

𝐏𝐍(𝐋−𝐖)

 
𝐏𝐍(𝐂−𝐈)

𝐏𝐍(𝐁𝐎)
 
 500 oC Method 

PN (kN) 

Zone Method 

PN (kN) 

C-1 583.67 662 841.7 1333 517.2 0.437 1.12 

C-2 442.28 331.5 616.2 800 200 0.552 2.21 

C-3 451.08 324 615.7 711 155 0.634 2.91 

C-4 485.18 505 929.8 1067 339 0.454 1.43 

C-5 562.71 1169 1078 1333 498.5 0.422 1.12 

C-6 606.32 666.6 1128.6 1044 268 0.580 2.26 

C-7 473.43 485 905.5 916 255 0.516 1.85 

C-8 662.38 453.7 1200 1178 280 0.562 2.36 

C-9 604.24 318.7 865 1067 247.5 0.566 2.44 

C-10 465.12 121 605 978 242 0.475 1.92 

C-11 1166 2274 2274 2418 914 0.482 1.27 

C-12 1516 2463 2712 2978 NA 0.509 NA 

C-13 471.35 180 381 800 NA 0.589 NA 

C-14 504.57 259 408 1000 NA 0.504 NA 

C-15 627.09 248 273 1000 NA 0.627 NA 

C-16 564.792 415.5 528 1178 NA 0.479 NA 

Table 10. Comparison results of case study-3 

Column 

Identifier 

Column Interaction 

Chart 𝐏𝐍(𝐂−𝐈)
 (kN) 

FIN (Finite Element Software) Dotreppe et al. (1997) Axial 

Load 𝐏𝐍(𝐃) (kN) 

𝐏𝐍(𝐂−𝐈)

𝐏𝐍(𝐃)

 
500 oC Method PN (kN) Zone Method PN (kN) 

C-17 925.11 1283 1283 1270 0.728 

C-18 550.45 463 508 803 0.685 

C-19 859.82 674 680 878 0.979 

C-20 350.89 397 520 611 0.574 

C-21 367.14 451 543 620 0.592 
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Figure 17. Comparison of axial load for all case studies 

The current study proposes interaction charts for determining the axial load capacity of uniaxial columns under four 

face heating. The values obtained using these charts are relatively close to the experimental values in both case studies 

1-2 and 3, indicating a simple and quick method for determining axial load capacity. The values provided by (Lie & 

Woollerton [8]) and (Wu, et al. [17]) differ because they used different approaches to find the axial load capacities 

(Figure 18). However, In the two case-studies (case study 1 and 2), the zone method produced relatively good results 

that were also conservative when compared to the 500 0C method. This suggests that the zone method approach used in 

the computer software is a more reliable for evaluating the load-bearing capacity of reinforced concrete columns exposed 

to fire. In case study 3, which examines columns C-17 to C-21 and refers to the work of Dotreppe et al. [7], the bar chart 

in Figure 19 shows that the proposed interaction charts provide results that are much closer to the experimental values. 

Furthermore, the results are consistent with those obtained from the zone and 500 0C methods. 

The results obtained from case studies 1 and 2 where the fire time was more than 2.5 hours were between the 

laboratory results and computer software outputs. The proposed interaction charts showed a coefficient of determination 

ranging from 75% to 95%. This also indicated that the zone method performs well in situations where the fire duration 

is long. For case study 3 where the fire time was less than 125 minutes, the results obtained using 500 0C method were 

also close to zone method. This suggests that in scenarios with less fire time, the 500 0C method can also be effective in 

predicting the axial load capacities of reinforced concrete columns. 

 

Figure 18. Axial load comparison for case studies 1 and 2 
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Figure 19. Axial load comparison for case study-3 

The proposed method's values fall within the range of values obtained from laboratory tests and computer software, 

which suggests its validity. These findings indicates that the proposed interaction charts are a reliable and accurate 

method for determining the axial load capacity of reinforced concrete columns exposed to fire. The study's findings have 

implications for the field of structural engineering, as they offer a simple and quick method for determining the axial 

load capacity of uniaxial columns under four face heating. This can be useful in designing and analysing structures 

exposed to fire. The strength of the study lies in proposing a simple and quick method for determining axial load 

capacity. However, the study only focuses on uniaxial columns under four face heating, limiting its applicability to other 

types of structures and heating conditions. 

8. Conclusion 

The study presents an analytical method for generating interaction diagrams of uniaxial reinforced concrete 

columns under fire conditions exposed to four face heating. The study proposes the use of reduction factors 𝜙𝑐−4 

and 𝜙𝑦−4 , (for concrete and steel bars respectively for four face heating), for calculating reduced compressive 

strength and reduced steel yield strength, based on the SAFIR model under ISO 834 fire, in a study conducted by 

(Tan & Yao, [5]). The proposed interaction charts provide reliable results for determining the axial load capacity of 

reinforced concrete columns exposed to fire. The zone method used in FIN-EC software is a more reliable approach 

than the 500°C method, and the load values obtained from the proposed charts fall between the laboratory test results 

and computer software outputs.  

The study contributes to new knowledge by proposing a simple and quick method for determining axial load 

capacity in uniaxially reinforced concrete columns exposed to four-face heating. The study's proposed interaction 

charts are a reliable and accurate tool for structural engineers designing and analyzing structures exposed to fire. The 

study's focus on the SAFIR model's reduction factors offers a valuable contribution to the field. During a fir e outbreak 

in a reinforced concrete building, the concrete and steel rebar strength will significantly decrease. Therefore, 

reduction factors are essential when determining the new design strengths of reinforced concrete columns. 

Conducting experiments on reinforced concrete columns under fire conditions is costly and challenging, and the 

laboratory setups differ from real-life scenarios of fire outbreaks. In addition, the experimental results provide an 

approximate prediction of the reduced compressive strength of reinforced concrete columns, which comes at a cost. 

Due to the difficulty of preparing laboratory fire chambers, researchers use available analytical approaches to predict 

values that are relatively close to experimental results. 

The study is limited in its focus on only uniaxial columns under four-face heating, which restricts its applicability 

to different types of structures and heating conditions. Future research should examine other boundary conditions 

and factor in imperfections to determine the load-bearing capacity of reinforced concrete columns under fire 

conditions. Doing so will provide more reliable models for engineers to design and analyze structures that may be 

exposed to fire. 
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