
1. Introduction

Ships and ship-shaped offshore installations can be exposed to 

hydrocarbon fires and explosions. These dangers have serious 

consequences for human health, structural safety, and the surrounding 

environment (Czujko, 2001; HSE, 2000). Current industrial practices 

develop an initial design prediction to prevent and mitigate the 

escalation of accidental events, which requires appropriate 

understanding of related design methods and effectiveness. The safety 

concerns are reflected in current regulations and guidelines for 

qualitative or quantitative fire and explosion risk analysis (QRA) and 

risk management (Vinnem, 2007; NORSOK, 2010; Nolan, 1996; Paik 

and Czujko, 2011; Seo et al., 2017).

In current fire safety design (Franssen and Real, 2010; Purkiss, 

2006), the fire scenario of steel structures is generally considered as 

fire heat exposed to the surface of structural members with the same 

intensity. For the thermal structural response, heat intensities are 

assumed to remain the same throughout the exposed fire duration. 

However, this method tends to be simplified and does not describe the 

actual behavior, which accompanies time, space characteristics, 

radiation, and convection. The outcome of these assumptions results in 

time-release changes of flammable materials in fire accidents. Current 

industrial practices in fire safety design methods consist of various 

applicable of international/national regulations, standards, and 

guidance. Therefore, it is better to make up for the defective methods 

with integrated fire safety design methods based on fire resistance 

characteristics such as the residual strength capacity. An essential 

integrated fire safety design method requires fire computational fluid 

dynamics (CFD) simulations and thermal finite element analysis 

(FEA) simulation (Paik et al., 2010; Shetty et al., 1998).

For these reasons, previous researchers have suggested procedures 

or guidance for fire risk analysis that consist of probabilistic-based fire 

accidental design loads, fire CFD analyses, and nonlinear FE analyses. 

Applications for ships and offshore installations have also been 
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suggested and examined (Soares et al., 1998, Paik et al., 2013; Kim et 

al., 2013; Salem et al., 2016). Most of the methodologies assumed only 

one-dimensional steel structures because the structures consist of 

primary structural strength members (beams, columns, etc.). However, 

ship-shaped offshore structures and the topsides of an offshore 

installation include living quarters, process modules, drilling modules, 

etc., which are mostly assembled or welded steel plates with primary 

structural strength members. Therefore, their structural layout and 

arrangement have to be considered regarding functional, performance, 

and safety requirements for the design philosophy.

The most common fire accident case in offshore platforms is when a 

pressurized leak gas causes a jet fire. The main constituent is 

hydrocarbon gas materials in offshore installations, which can lead to 

various fire characteristics. Therefore, it is necessary to study the jet 

fire load characteristics with flammable hydrocarbon material in 

topside process modules of platforms (Sun et al., 2017). However, 

current approaches and studies of fire exposure areas and fire duration 

only consider major fire accidents (Fig. 1(a)) in safety design and 

management, but minor fire accidents (Fig. 1(b)) should also be 

considered for structural sustainability in operating conditions. 

Current industrial practices and approaches provide only limited 

information on plated elements of offshore topside structures for 

safety design and assessment of sustainability due to fires. Therefore, 

the effect of residual strength capacity and the thermal response 

behavior of plated structures during a fire should be identified. This 

study looks at the residual strength of plated panels under fire load by 

numerical analysis using a nonlinear finite element method (FEM). 

The results were used to derive closed-form expressions to predict the 

residual strength of steel stiffened panels with various exposures to jet 

fire areas and times.

2. Residual Strength versus Damage Index Diagram

Fig. 2 shows the proposed approach for determining residual 

strength and fire damage index in this study. Credible scenarios for all 

possible exposed fire scenarios for a target structure were selected 

using probabilistically characterized variables that affect the structural 

Definition of structure characteristic

Fire damage identification

Characterization of fire 
damage parameters

Selection of 
fire damage scenarios

Probabilistic 
identification of 

damage parameters

Sampling 
technique

Calculation of damage index for selected 
fire damage scenarios  

Calculation of residual strength for 
selected fire damage scenarios  

Development of the diagram comparing 
the residual strength with the damage index 

Fig. 2 Proposed method for the development of residual strength 

versus damage index diagram (R-D diagram)

damage. A fire damage index in a credible scenario is identified as a 

phenomenological fire exposure characteristic, such as location and 

time. The residual strength (ultimate strength) capacity of stiffened 

panel structures in a fire scenario can be analyzed by appropriate 

numerical tools. The proposed procedure was conducted for each of 

the selected credible scenarios in realistic fire accidents, and a diagram 

can show the reduction or sustainable structural strength (residual 

strength) and the fire’s effect on the damage index. This diagram 

serves as a first-cut design evaluation and is used to identify the 

acceptance criteria for ships and offshore installations’ safety design 

against fire accidental damage.

2.1 Fire Load Identification
Once an object’s structural topology has been defined with 

geometrical and material properties, the type of fire load should be 

identified. Fire is a complex chain reaction where fuel is combined 

with oxygen, generating heat, smoke, and light. Most hydrocarbon 

 

 

(a) Major fire accident (Deepwater Horizon, 2010) (b) Minor fire accident (Hercules Jack-up, 2013)

Fig. 1 Fire accidents at offshore platforms
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Fig. 3 The time versus gas temperature profile for hydrocarbon 

(EN 1991-1-2, 2002) and pool (ISO, 1999) fires

fires can be divided into jet fires and pool fires for health, structural 

safety, and environmental safety requirements for a design philosophy. 

A jet fire occurs when a flammable liquid or gas is ignited after its 

release from a pressurized, punctured vessel or pipe and is a turbulent 

diffusion flame resulting from the combustion of a hydrocarbon fuel 

continuously released with some significant momentum in a particular 

direction. A pool fire occurs when a flammable liquid leaks from a 

vessel or pipeline to form a fluid reservoir, which then ignites. 

Common characteristics of a hydrocarbon jet fire are a turbulent flame, 

a high heat flux, and the capability of eroding a material that it impacts. 

Pool fires are turbulent diffusions, burning above an upward-facing, 

vaporizing liquid fuel. The vaporizing fuel has almost zero or low 

initial momentum. The fire load can be obtained by performing a CFD 

analysis or using a profile specified in the regulations, such as 

hydrocarbon fire and pool fire regulations (ISO, 1999). Fig. 3 shows 

the general profiles for hydrocarbon and pool fires.

2.2 Characterization of Fire Damage Variables
After determining the type of fire load, the damage parameters that 

affect the residual ultimate strength should be characterized. The 

location and exposed areas of fire damage were the basic parameters used 

in this study. The other parameters depend on the type of damage. For 

example, gas temperature is a critical parameter of fire damage when 

calculating the residual ultimate strength of structures. CFD may be 

performed to calculate a more accurate damage index. CFD simulation 

results, such as temperature, time, and heat flux etc., may give damage 

parameters to calculate the residual ultimate strength of structures.

2.3 Credible Fire Damage Scenarios
The fire damage scenarios were established via sampling techniques 

based on characterized damaged parameters, which were calculated 

using the probability density function. A small number of fire damage 

R-D diagram
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Fig. 4 R-D diagram

scenarios were selected based on scenario sampling methods, such as 

the Latin hypercube sampling method (LHS), etc. It was necessary to 

consider as many damage scenarios as possible to develop an R-D 

diagram that could reflect a smaller interval of random variables in a 

wider range of damage extent.

2.4 Calculation of Damage and Residual Strength for the Scenarios 
After selecting the fire damage scenarios, the fire damage index can 

be defined in the form of an R-D diagram. A residual strength analysis 

was performed for each selected fire damage scenario. The fire 

damage index (r/b) was determined by the ratio of the flame radius (r) 

and the breadth of the plate (b). Candidate methods (numerical, 

analytical, and experimental methods) are able to calculate the residual 

strength. In this study, numerical methods were most commonly 

applied to structural analysis as they have been found to be the most 

efficient (Kim et al., 2014). Once the fire damage index and the 

ultimate strength were simulated for the selected fire damage 

scenarios, the diagram was expressed in form of Fig. 4. R-D diagrams 

can be used to predict the residual strength with fire exposure damage. 

3. Applied Examples 

3.1 Definition of Structure Characteristics
Fig. 5 shows a floating, production, storage and offloading (FPSO) 

structure, which is one type of ship-shaped offshore installation. Steel 

stiffened panels were used to construct part of the deck of the FPSO. It 

was supported by girders and frames along the longitudinal and 

transverse edges. The spacing of the stiffeners was a = 4000 mm 

between the transverse stiffeners and b = 800 mm between the 

longitudinal stiffeners. This study considered T-bars as both 

longitudinal and transverse stiffeners. Fig. 6 and Table 1 show the 

cross sections of the longitudinal and transverse stiffeners (Paik and 

Thayaballi, 2003).

The stiffened plate panel was modeled using shell elements to 

perform the heat transfer analysis and nonlinear structural response 
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Fig. 6 Longitudinal (a) and transverse (b) stiffeners

Table 1 Principal dimensions of plate girders and stiffeners.

Longitudinal (x-direction) Transverse (y-direction)

  (mm) 6   (mm) 6

  (mm) 125   (mm) 430

x (mm) 7   (mm) 12

  (mm) 75   (mm) 150

  (mm) 7   (mm) 15

analysis. The mesh size was 45 mm, and the number of four-noded 

shell elements was 17 in between the longitudinal stiffeners (Hughes 

and Paik, 2010). The stiffened plate panels are considered to have 

welding-induced initial deflections (in Fig. 7(a)). The initial 

deflections are denoted by wopl for plating between stiffeners and wosx 

and wosy for x- and y-stiffeners, respectively. The stiffened plate panel 

may also have welding-induced residual stresses. Fig. 7(b) shows the 

typical idealization of residual stresses in plating between stiffeners. 

The simplified residual stresses are considered uniform compressive 

residual stresses, which are denoted by σrsx and σrsy for x- and 

y-stiffeners, respectively. In this study, both initial deflection and 

residual stress were considered. 

3.2 Characterization of Fire Damage Parameters
The fire damage parameters for the calculation of the fire damage 

index can be defined as follows:

• X1 - Fire duration (min): the time exposed to fire

• X2 - Exposed side: the side exposed to fire

• X3 - Fire position: location of flame center

• X4 - Fire area: extent of flame

In general, fire profiles can be obtained through numerical, 

analytical, and experimental methods. The jet and pool fire curves 
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Fig. 5 The steel stiffened panel part of the FPSO deck
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shown in Fig. 3 were obtained by analytical methods. With the 

numerical method, the temperature-time profile was calculated using 

CFD programs. The temperature-time profile could also be obtained 

by measuring the gas temperature in experiments. In this study, jet fire 

was calculated by the analytical method and used as the fire type. The 

fire duration, position, and radius of the flame were primary 

parameters to calculate the extent of fire damage. 

3.3 Selection of Fire Damage Scenarios
A total of 120 scenarios were selected to calculate the fire damage 

index, and the range of each parameter was probabilistically defined. 

The fire duration was classified into six groups with 10 min. per group, 

and the probability density of each group was equal. Table 2 shows the 

probability of fire duration. The direction of the side exposed to fires 

affects the temperature and strength of structures. In this study, it was 

assumed that the plate was only exposed to fire as shown in Fig. 8. 

Fig. 9 shows the position of the flame center, and Table 3 represents 

the probability of fire position. The fire position was classified into 

four groups as follows:

• A - Center of plate

• B - Intersection of plate and transverse stiffener

• C - Intersection of plate and longitudinal stiffener

• D - Intersection of transverse and longitudinal stiffener

As the shape of flames resembles circles, the shape of the fire was 

Table 2 Probability of fire duration

Duration time (min) Probability (%)

10 16.667

20 16.667

30 16.667

40 16.667

50 16.667

60 16.667

Total 100

Fig. 8 The direction of the side exposed to fires

A B

C D

Fig. 9 Position of flame center

Table 3 Probability of fire position

Fire position Probability (%)

A 25

B 25

C 25

D 25

Total 100

Flame radius

Fig. 10 Concepts of fire area based on flame radius

Table 4 Probability of fire area

Fire radius r Radius-breadth ratio (r/b)

200 0.25

400 0.50

600 0.75

800 1.00

1000 1.25

Total -

assumed to be circular. The probabilistic characteristics of the fire area 

were identified based on the radius of the flame. Fig. 10 and Table 4 

show the shape and probability of the fire area. Table A1 lists 120 

representative fire damage scenarios using the four major parameters 

that were considered. The selected scenarios included all of the 

variables for each parameter.

3.5 Calculation of Damage Index for Selected Fire Damage 
Scenarios

The fire damage index for selected scenarios was calculated using 

LS-DYNA code, which uses shell elements to model the structures 

(ANSYS, 2018). The gas temperature did not determine the 

temperature of the exposed steel because of the effects of radiation and 

convection. Thus, a heat transfer analysis needed to be carried out to 

identify the steel temperature while considering the effects of radiation 

and convection (Kim et al., 2013). 

Fig. 11 shows the heat transfer analysis method conceptually. The 

applied method conducts the heat flux and temperature between the 

gas (Tg) and surface (Ts1) of the steel structural element with an 

exposed side. Radiation, convection, and heat loss should be 

considered for the unexposed side. In the case of shell elements in 

LS-DYNA, the temperature was uniform (Ts1 = Ts2) in the steel 
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Fig. 11 Concepts of method for heat transfer analysis in LS-DYNA

thickness direction. In this study, the coefficient of convection was hc 

= 25 W/m2K, and the emissivity of carbon steel was εs = 0.7 

(Franssen and Real, 2010). The temperature-dependent specific heat 

and thermal conductivity of carbon steel shown in Fig. 12 were 

considered to result in an accurate heat transfer analysis. Fig. 13 shows 

a typical temperature distribution of fire position A after 10 minutes. 

3.6 Calculation of Residual Strength 
The residual strength analysis was performed using LS-DYNA with 

the shell element models that were used for the heat transfer analysis to 

calculate the residual ultimate strength. To perform the residual 

ultimate strength analysis under fire conditions, the mechanical 

properties related to temperature changes needed to be applied 

properly. This study used the elastic perfectly plastic material model 

according to the steel temperature. The strength of steel should be 

taken as 0.2% of the proof strength, and the section modulus and the 

cross-sectional effective area can be determined with EN 1993-1-5 

(2006) and the mechanical properties at 20°C. 

Fig. 14 shows the relation between the characteristics of the yield 

stress and elastic modulus of carbon steel and temperature increments. 

The yield stress and elastic modulus of the steel stiffened panel at 20°C  
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Fig. 12 Thermal properties of carbon steel: (a) specific heat and (b) thermal conductivity
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Fig. 13 Temperature distribution of steel stiffened panel at 10 min (Fire position A)
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were 240 MPa and 200 GPa, respectively, and the Poisson ratio was 

0.3. The residual strength analysis considered a reduction factor for the 

stress-strain relationship of carbon steel at elevated steel temperatures. 

Fig. 15 and Table 5 show the boundary conditions and loading 

conditions. A uniaxial compressive load in the longitudinal direction 

was applied, and the mechanical load was applied after the thermal 

load, as shown in Fig. 16. 

Fig. 17 Steel temperature versus exposure time of position A

Fig. 17 shows the steel temperature versus exposure time of position 

A at various time durations. As shown in the figure, when the fire 

duration is more than 40 minutes, the steel temperature distribution of 

the stiffened panel does not reach steady state, but it can be confirmed 

that the temperature rises slowly. Fig. 18 shows the typical ultimate 

strength behavior of the steel stiffened panel under axial compression 

at various time durations among 120 selected fire damage scenarios. 

As expected, the ultimate strength was lower when the radius of the 

flame was widened. The overall lateral deflection shape of the plate 

along the longitudinal direction tended to be similar to the initial 

applied imperfection mode shape. This finding could help to identify 

the effect of fire damage on the compressive ultimate strength of the 

steel stiffened panel.

4. Development of R-D Diagram

Fig. 19 shows the variation of the residual ultimate strength 

reduction factor of the steel stiffened panel under longitudinal axial 

compression with different sizes and locations of the area exposed to 

fire, which was obtained by FEA. The R-D diagram was developed 

using the residual ultimate strength reduction factor. In this study, R-D 

diagrams were developed based on the yield stress and ultimate 

strength at ambient temperature.

4.1 R-D Diagram Based on Residual Strength 
R-D formulae are proposed to estimate the ultimate strength of a 

stiffened panel under a compressive axial load at each fire position. In

Part Description1)

Loaded edge Ux = 0, Uy = 0, Uz = 0, Rx = 1, Ry = 0, Rz = 1

Unloaded edge Ux = 0, Uy = 0, Uz = 0, Rx = 0, Ry = 1, Rz = 1

Transverse frames (dotted line) Ux = 0, Uy = 0, Uz = 1, Rx = 0, Ry = 0, Rz = 0
1) 1 is translational constraint, 0 is no translational constraint 

Table 5 Boundary conditions (U = translational degree of freedom, R= rotational degree of freedom)
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(a) 10 minutes (b) 60 minutes

(c) Deformation of Flame radius = 1,000 mm (d) von Misses Stress of Flame radius = 1,000 mm

Fig. 18 Typical ultimate strength behavior of steel stiffened panel after 10 and 60 minutes of fire exposure (Position A)
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Fig. 19 Variation of the ultimate strength reduction factor of the steel stiffened panel under longitudinal axial compression with different sizes 
and locations of the area exposed to fire: (a) Fire position A, (b) Fire position B, (c) Fire position C, and (d) Fire position D
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design practice, it is considered that Positions A to D can be 

determined as critical fire positions. Positions B and D are both on 

webs of a large transverse frame. These fire positions tend to have 

conservative residual strength compared to Positions A and C. 

Therefore, the formulae were derived from a numerical database of 

120 cases, the elastic buckling strength, and the plate slenderness ratio.

The design formulae were derived using the least squares method 

based on the FEA results. The fire duration was divided at 10 min. for 

formulations. The residual ultimate strength (σrxu) under a 

compressive axial load at fire position A was formulated as follows:





×′×′


 for × (1)





×′×′


 for〉min (2)

For fire position C, the design formulae of residual ultimate strength 

were derived as follows:




′′


 for  (3)



 ′′


 for〉min (4)
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′  
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for Eqs. (1)–(2)

′ ×
    

 




  for Eqs. (3)–(4)

k = Buckling coefficient (It can be approximated to k = 4)

The accuracy of the present formulae calculated against the ratio of 

the flame radius and the breadth of the plate was checked by 

comparison with the FEA results at fire position A, as shown in Fig. 

20. The mean, standard deviation, and coefficient of variation values 

for the design formulae in Eqs. (1)–(2) were 0.985 and 0.977, 0.028 

and 0.120, and 0.029 and 0.123, respectively. Likewise, the values for 

the design formulae in Eqs. (3)–(4) were 1.038 and 0.972, 0.091 and 

0.180, and 0.088 and 0.185, respectively.

4.2 Development of Design Formulae Based on Residual 
Ultimate Strength

A residual ultimate strength reduction factor (Rxu) is proposed to 

estimate the ultimate strength of a steel stiffened plate panel under 

longitudinal axial compression with varying area and duration of fire 

exposure. The residual ultimate strength reduction factor can be 

defined by a polynomial equation in terms of flame radius and plate 

aspect ratio as follows:
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12.878 0.306 27.444 ∗ 0.198 27.444 ∗
∗

①
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②
12.878 0.456 43.97 ∗ 0.568 31.37 ∗
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∗
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Fig. 20 The empirical formulae for fire position A and fire position C
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A polynomial equation is among the most frequently used empirical 

equations for fitting functions (Kim et al., 2019). The polynomial 

equation has well-known and understood properties. Also, a polynomial 

equation is computationally easy to use and has moderate flexibility of 

shapes. However, polynomial models have poor extrapolatory 

properties. Polynomials may provide good fits within the range of data, 

but they will frequently deteriorate rapidly outside the range of the data. 

Fig. 21 shows the accuracy of Eq. (5) by comparison to the FEA results, 

and Fig. 22 indicates the mean, standard deviation, and COV.

5. Conclusions

This study presented methods for the development and application 

of an R-D diagram. As a first step, fire damage parameters were 

characterized. The selected parameters were the fire duration, fire 

position, and fire area. Heat transfer analysis was carried out to 

identify the fire damage index for selected fire damage scenarios. 

Subsequently, an ultimate strength analysis was performed for a steel 

stiffened panel under longitudinal axial compression. The R-D 

diagram was developed using the residual ultimate strength reduction 

factor based on the yield stress and ultimate strength at ambient 

temperature. However, the empirical formula in this study has the 

following limitations: 

(1) The empirical formula only considers the configuration of the 

plate, not the shape of the stiffener.

(2) The empirical formula cannot be applied to other types of loads 

and stiffened panels.

The final goal of this study is to develop an empirical equation that 

can calculate the residual ultimate strength that can be applied to all 

types of stiffened panels and load types. To develop the equation, the 

following plan will be carried out:

(1) Numerical analysis for the development of empirical formulae 

considering the configuration of stiffener

(2) Development of empirical formulae for the combined load, 

lateral load, shear load, and bending load.

(3) Accuracy analysis of empirical formulae developed in this study

(a) Fire duration ≤ 10 min (b) Fire duration > 10 min

Fig. 21 Accuracy of the residual ultimate strength reduction factor: (a) fire duration ≤ 10 min and (b) fire duration > 10 min

Mean = 1.038
Standard deviation = 0.091
COV = 0.088 

Mean = 0.972
Standard deviation = 0.180
COV = 0.185 

(a) Fire duration ≤ 10 min (b) Fire duration > 10 min

Fig. 22 The mean, standard deviation, and COV for residual ultimate strength reduction factor
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From the obtained R-D diagram, the residual strength of the 

structure under fire conditions in offshore installations could be easily 

predicted.
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No
time 
(min)

Fire
Position

Flame 
radius
(mm)

Maxi. 
temp
(oC)

σrxu 
(MPa)

σrxu/σrxu,20 No.
time 
(min)

Fire
Position

Flame 
radius
(mm)

Maxi. 
temp
(oC)

σrxu 

(MPa)
σrxu/σrxu,20

1 10 A 200 459.38 144.9 1.03 41 30 A 200 720.16 135.1 0.96 

2 10 A 400 486.55 137.1 0.98 42 30 A 400 760.11 105.2 0.75 

3 10 A 600 485.05 121.7 0.87 43 30 A 600 760.96 80.8 0.58 

4 10 A 800 485.22 95.6 0.68 44 30 A 800 760.86 66.8 0.48 

5 10 A 1000 485.22 86.5 0.62 45 30 A 1000 760.89 52.4 0.37 

6 10 B 200 369.79 138.0 0.98 46 30 B 200 548.59 134.3 0.96 

7 10 B 400 476.61 128.4 0.91 47 30 B 400 744.00 108.0 0.77 

8 10 B 600 484.55 108.2 0.77 48 30 B 600 757.24 85.0 0.61 

9 10 B 800 485.06 95.9 0.68 49 30 B 800 760.68 75.5 0.54 

10 10 B 1000 485.05 84.8 0.60 50 30 B 1000 760.83 58.2 0.41 

11 10 C 200 387.56 138.7 0.99 51 30 C 200 587.49 129.5 0.92 

12 10 C 400 487.24 132.6 0.94 52 30 C 400 746.77 108.3 0.77 

13 10 C 600 484.97 116.9 0.83 53 30 C 600 759.67 83.3 0.59 

14 10 C 800 485.10 107.4 0.76 54 30 C 800 760.80 62.3 0.44 

15 10 C 1000 485.39 69.4 0.49 55 30 C 1000 760.95 35.5 0.25 

16 10 D 200 299.40 135.0 0.96 56 30 D 200 439.63 126.3 0.90 

17 10 D 400 467.20 122.9 0.87 57 30 D 400 735.39 111.3 0.79 

18 10 D 600 483.04 113.3 0.81 58 30 D 600 754.28 94.8 0.68 

19 10 D 800 484.78 102.6 0.73 59 30 D 800 759.51 68.5 0.49 

20 10 D 1000 485.08 71.0 0.51 60 30 D 1000 760.76 33.4 0.24 

21 20 A 200 634.36 139.1 0.99 61 40 A 200 755.88 131.08 0.93 

22 20 A 400 688.69 114.9 0.82 62 40 A 400 867.76 97.89 0.70 

23 20 A 600 689.22 87.8 0.63 63 40 A 600 871.27 77.09 0.55 

24 20 A 800 688.97 75.5 0.54 64 40 A 800 871.31 60.93 0.43 

25 20 A 1000 688.99 65.1 0.46 65 40 A 1000 871.32 44.07 0.31 

26 20 B 200 486.41 136.2 0.97 66 40 B 200 588.59 132.27 0.94 

27 20 B 400 670.82 117.8 0.84 67 40 B 400 821.00 100.44 0.71 

28 20 B 600 687.31 92.2 0.66 68 40 B 600 863.91 82.44 0.59 

29 20 B 800 688.87 81.1 0.58 69 40 B 800 870.37 73.02 0.52 

30 20 B 1000 688.95 66.5 0.47 70 40 B 1000 871.17 52.07 0.37 

31 20 C 200 517.64 134.9 0.96 71 40 C 200 633.34 125.33 0.89 

32 20 C 400 674.49 117.6 0.84 72 40 C 400 830.91 102.10 0.73 

33 20 C 600 688.11 94.2 0.67 73 40 C 600 867.07 75.63 0.54 

34 20 C 800 688.98 76.4 0.54 74 40 C 800 870.81 53.49 0.38 

35 20 C 1000 689.07 45.5 0.32 75 40 C 1000 871.36 30.65 0.22 

36 20 D 200 388.19 130.0 0.93 76 40 D 200 475.52 124.24 0.88 

37 20 D 400 651.16 115.5 0.82 77 40 D 400 783.16 108.61 0.77 

38 20 D 600 683.34 101.8 0.72 78 40 D 600 850.99 88.73 0.63 

39 20 D 800 687.96 80.3 0.57 79 40 D 800 866.58 60.39 0.43 

40 20 D 1000 688.92 44.9 0.32 80 40 D 1000 870.77 29.03 0.21 

Appendix

Table A1 Results and fire damage scenarios (Continued)
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No
time 
(min)

Fire
Position

Flame 
radius
(mm)

Maxi. 
temp
(oC)

σrxu 
(MPa)

σrxu/σrxu,20 No.
time 
(min)

Fire
Position

Flame 
radius
(mm)

Maxi. 
temp
(oC)

σrxu 

(MPa)
σrxu/σrxu,20

81 50 A 200 800.16 127.15 0.91 101 60 A 200 836.13 123.48 0.88 

82 50 A 400 950.95 92.63 0.66 102 60 A 400 1001.57 88.82 0.63 

83 50 A 600 957.78 74.26 0.53 103 60 A 600 1011.24 72.43 0.52 

84 50 A 800 957.98 56.95 0.41 104 60 A 800 1011.56 54.40 0.39 

85 50 A 1000 960.25 39.33 0.28 105 60 A 1000 1011.57 38.26 0.27 

86 50 B 200 617.03 130.05 0.93 106 60 B 200 638.37 127.73 0.91 

87 50 B 400 889.25 94.53 0.67 107 60 B 400 935.54 89.91 0.64 

88 50 B 600 945.62 82.43 0.59 108 60 B 600 995.88 82.33 0.59 

89 50 B 800 955.96 70.14 0.50 109 60 B 800 1008.50 67.27 0.48 

90 50 B 1000 957.74 46.07 0.33 110 60 B 1000 1011.14 41.34 0.29 

91 50 C 200 666.28 121.89 0.87 111 60 C 200 691.74 119.07 0.85 

92 50 C 400 902.64 97.78 0.70 112 60 C 400 950.90 94.55 0.67 

93 50 C 600 950.81 71.28 0.51 113 60 C 600 1002.42 68.87 0.49 

94 50 C 800 956.97 48.43 0.34 114 60 C 800 1010.08 46.56 0.33 

95 50 C 1000 958.02 28.14 0.20 115 60 C 1000 1011.57 28.33 0.20 

96 50 D 200 502.84 122.65 0.87 116 60 D 200 524.69 121.25 0.86 

97 50 D 400 840.74 106.23 0.76 117 60 D 400 883.43 104.13 0.74 

98 50 D 600 927.35 84.16 0.60 118 60 D 600 975.60 79.97 0.57 

99 50 D 800 949.82 54.27 0.39 119 60 D 800 1000.97 49.30 0.35 

100 50 D 1000 956.74 27.81 0.20 120 60 D 1000 1009.59 26.96 0.19 

Table A1 Results and fire damage scenarios 


