
 

 

THE LIFE SAFETY OBJECTIVE IN PERFORMANCE-BASED DESIGN FOR 

STRUCTURAL FIRE SAFETY 

J. Sandström, Luleå University of Technology, Sweden 

U. Wickström, Luleå University of Technology, Sweden 

S. Thelandersson, Lund University, Sweden 

O. Lagerqvist, Luleå University of Technology, Sweden 

 

ABSTRACT 

Structural stability is not necessarily required for buildings where life safety is the sole structural 

fire safety objective. However, a structural collapse is only acceptable in an area where lethal fire 

conditions have developed. Therefore, structural failures due to fire resulting in risks of progressing 

outside of the area of lethal fire conditions need to be addressed. Thus, a new type of design 

principles for the life safety objectives is presented here which enables an evaluation of more 

precise risk assessments and more cost-efficient solutions without compromising human safety. 

 

1 INTRODUCTION 

1.1 FIRE SAFETY OBJECTIVES 

The first step in a performance-based fire 

safety design process according to 

Hadjisophocleous et al. is to identify and list 

all code objectives [1]. Haviland [2] 

condensed this to two objectives: 

1. Save lives, and 

2. Save property. 

In the Eurocodes, the first objective is the 

same, but the second objective is differently 

phrased: “property” has been changed to 

“economic, societal and environmental 

costs” [3]. 

In the late 90’s, Buchanan found that the 

focus tended to shift from an emphasis on 

property protection to life safety [4]. Life 

safety as an objective is, however, difficult 

to handle separately in structural fire safety 

engineering. It is therefore usually 

correlated to structural stability during the 

entire event of a fire [5–11]. Another 

approach is to compare the time of 

structural stability to the time to evacuate 

and the time necessary for the fire rescue 

service to begin fire suppression activities 

[12, 13].  

Buchanan argues that codes should clearly 

state its objectives and performance 

requirements [14]. However, the approach 

of maintaining structural stability to allow 

for fire rescue service intervention is 

difficult to combine with buildings with no 

formal requirement of fire protection. This 

leads to an unclear understanding of the 

background to the time requirements 

specified as a “specific” period of time [15], 

a “reasonable” period of time [16] or an 

“appropriate” period of time [17] in the 

codes. Without any clear understanding of 

these time concepts, time itself becomes the 

structural fire safety objective rather than 

the objective to save lives often leading to 

more expensive solutions. 

To understand the life safety objective and 

the time requirement, a new approach is 

required. One such approach was 

introduced by Guowei in 2016 when 

evaluating life-safety in correlation to 

structural fire safety design for a steel frame 

building [18]. Guoweis evaluated whether 

tenable conditions occurred in a fire 

compartment before structural failure. With 

a strict interpretation of Guoweis’s views, 

the life safety objective is met when 



 

 

structural failure no longer presents any 

additional risk to the occupants due to lethal 

fire conditions in a building. The functional 

requirement can therefore be formulated 

based on the relation between lethal fire 

conditions and structural failure. 

Adopting this approach enables the two 

objectives presented earlier to be handled 

separately on a more detailed level, and it 

opens opportunities for a higher precision in 

structural fire safety design.  

1.2 OBJECTIVES AND LIMITATIONS 

The main objective of this paper is to 

present an alternative basis for structural 

fire safety design with focus on life safety 

as a specific objective. 

However, it does not: 

• address or evaluate the concepts of 

economic, social or environmental 

costs, 

• evaluate the benefits of active fire 

protection measures, or 

• present any explicit design criteria, 

 

2 DEFINITIONS 

2.1 LETHAL FIRE CONDITIONS 

AREA, 𝐴𝑐𝑟𝑖𝑡 

Lethal fire conditions area, 𝐴𝑐𝑟𝑖𝑡(𝑡), is 

defined as the area where it is not possible 

to survive even for very short times for 

ordinary humans as well as trained fire 

rescue personnel at the time 𝑡. 

2.2 STRUCTURAL FIRE DAMAGE 

AREA, 𝐴𝑠𝑡𝑟 

Structural fire damage area, 𝐴𝑠𝑡𝑟(𝑡) is 

defined as the area, where danger of harm 

or injury to humans can be expected, due to 

                                                 
1 Note that the concept of time introduced here 

should not be interpreted as fire resistance time 

related to standardized fire resistance time. 

loss of structural integrity initiated by fire. 

This includes secondary system effects such 

as progressive failure affecting areas out-

side the region directly exposed to fire. The 

area 𝐴𝑠𝑡𝑟 is zero until failure due to fire 

exposure first occurs in a structural element, 

𝑡𝑠𝑡𝑟. 

2.3 FIRE RESISTANCE TIME FOR 

STRUCTURAL ELEMENTS 

When the design objectives are limited to 

saving lives, structural integrity in the 

structural fire damage area, 𝐴𝑠𝑡𝑟, is no 

longer an issue after the time, 𝑡𝑐𝑟𝑖𝑡, when 

lethal fire conditions occurs in the same 

area. The following failure criteria for the 

structure can be formulated 

𝑡𝑠𝑡𝑟 > 𝑡𝑐𝑟𝑖𝑡 + 𝑡𝑚𝑎𝑟𝑔𝑖𝑛 

 (within area 𝐴𝑠𝑡𝑟(𝑡𝑠𝑡𝑟)) 
(1) 

or 

𝐴𝑠𝑡𝑟(𝑡𝑠𝑡𝑟) < 𝐴𝑐𝑟𝑖𝑡(𝑡𝑠𝑡𝑟 − 𝑡𝑚𝑎𝑟𝑔𝑖𝑛) (2) 

where 

𝑡𝑚𝑎𝑟𝑔𝑖𝑛 = time margin accounting for 

prediction uncertainties. 

 

Equation (1) states that the time to loss of 

structural integrity, 𝑡𝑠𝑡𝑟, must exceed the 

time, 𝑡𝑐𝑟𝑖𝑡 + 𝑡𝑚𝑎𝑟𝑔𝑖𝑛, when lethal fire 

conditions has developed in the entire area 

𝐴𝑠𝑡𝑟(𝑡𝑠𝑡𝑟). The time margin, 𝑡𝑚𝑎𝑟𝑔𝑖𝑛, is a 

safety margin introduced to limit the 

probability of violation of the proposed 

failure criterion. 

Equation (2) states that the lethal fire 

conditions area, 𝐴𝑐𝑟𝑖𝑡, must exceed the 

structural fire damage area, 𝐴𝑠𝑡𝑟, before the 

time of structural failure, 𝑡𝑠𝑡𝑟
1. 

If it can be verified that equation (1) or (2) 

is fulfilled, no further action is needed. If 



 

 

this is not the case, the fire safety design of 

the structural system has to be altered. This 

can involve  

• Changing the structural system to 

reduce the structural fire damage 

area, 𝐴𝑠𝑡𝑟(𝑡𝑠𝑡𝑟), 

• Increasing the fire resistance of the 

structure, 𝑡𝑠𝑡𝑟. 

In cases where loss of structural integrity 

due to fire leads to unacceptable, economic 

or environmental consequences, the struc-

ture should be designed to withstand the 

thermal action during the entire event of the 

fire. 

2.4 FIRE COMPARTMENTATION 

A building is usually divided into fire 

compartments with separating barriers to 

limit fire and smoke spread and to facilitate 

evacuation.  

 

3 CONSEQUENCE ANALYSIS 

 

The practical application of the 

consequence analysis consists of three steps 

as in boxes 3.1 - 3.3 in the flow chart of 

Figure 1. 

3.1 ESTABLISH STRUCTURAL 

SAFETY OBJECTIVE 

It is necessary to establish whether the only 

structural fire safety objective is to save 

lives or to save economic, societal or 

environmental values as well. This decision 

can be based on input such as the buildings 

societal importance or the startup cost after 

the event of a fire. A hospital requires for 

example a short startup period after a fire. 

3.2 STRUCTURAL FIRE DAMAGE 

AREA 

The structural fire damage area is 

considered small when the lethal fire 

conditions area has the size of the entire 

building at the time of structural instability, 

i.e. 𝐴𝑐𝑟𝑖𝑡(𝑡𝑠𝑡𝑟) = 𝐴𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔, , see Figure 2. 

For these cases, equation (1) is most 

relevant. When 𝐴𝑐𝑟𝑖𝑡(𝑡𝑠𝑡𝑟) = 𝐴𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 it is 

important that the building is prone to 

inward collapse to prevent structural fire 

damage outside the lethal fire conditions 

area, e.g. the building area. 

 
Figure 1 Flow chart for design approach. 

 

No further 

protection. 

3.2 Decide structural 

fire damage area, 

𝐴𝑠𝑡𝑟. 

3.3 Does structural 

failure present 

danger to lives in 

unaffected fire 

compartments? 

Large 

  

3.1 Does structural collapse, due 

to a fire present unacceptable 

economic, social or 

environmental consequences? 

NO YES 

Small 

Load bearing structures should 

withstand fire exposure during 

the entire duration of the fire.  

YES 

NO 
Alter design. 



 

 

 
Figure 2 Lethal fire conditions in the entire building 

simultaneously. 

 

The structural fire damage area, 𝐴𝑠𝑡𝑟 , is 

considered small when it is smaller than the 

lethal fire conditions area, 𝐴𝑐𝑟𝑖𝑡, according 

to equation (2). This may be the case for 

large open fire compartments with non-

homogenous fire conditions. Then it is 

important to address progressive collapse as 

such phenomena drastically increase the 

structural fire damage area. 

In Figure 3, the fire damage area, 𝐴𝑠𝑡𝑟, is 

assumed limited to span B and C. For 

case 1, 𝐴𝑐𝑟𝑖𝑡(𝑡𝑠𝑡𝑟 − 𝑡𝑚𝑎𝑟𝑔𝑖𝑛) (hatched) is 

smaller than 𝐴𝑠𝑡𝑟(𝑡𝑠𝑡𝑟). Thus, the building 

is not considered structurally safe as lives 

are endangered due to structural failure 

outside the lethal fire conditions area. In this 

scenario, the structural fire damage area is 

large. For case 2 in Figure 3, 𝐴𝑐𝑟𝑖𝑡(𝑡𝑠𝑡𝑟 −

𝑡𝑚𝑎𝑟𝑔𝑖𝑛) (hatched) exceeds 𝐴𝑠𝑡𝑟(𝑡𝑠𝑡𝑟). In 

this scenario, the structural fire damage area 

is small. For this scenario, with 𝐴𝑐𝑟𝑖𝑡(𝑡𝑠𝑡𝑟 −

𝑡𝑚𝑎𝑟𝑔𝑖𝑛) > 𝐴𝑠𝑡𝑟(𝑡𝑠𝑡𝑟), prevention of prog-

ressive failure to span A and/or span D is 

necessary in order to limit the structural fire 

damage to an area inside of the lethal fire 

conditions area. 

3.3 OCCUPANTS IN ADJACENT 

FIRE COMPARTMENTS 

Adjacent fire compartments are per 

definition outside the lethal fire conditions 

area. Therefore, compartmented buildings 

require extra consideration as structural fire 

failure outside a compartment on fire 

presents a risk to the life of humans. 

  

 
Figure 3 Lethal fire conditions area, 𝐴𝑐𝑟𝑖𝑡(𝑡𝑠𝑡𝑟 −

𝑡𝑚𝑎𝑟𝑔𝑖𝑛), (hatched) in relation to the structural fire 

damage area, 𝐴𝑠𝑡𝑟(𝑡𝑠𝑡𝑟).  

 

There are three distinct phases in assessing 

the risk of human life in a fire compartment 

other than the initial, A, see Figure 4. The 

first phase is when the integrity of the fire 

compartmentation is intact as shown in 

Figure 4. The entire fire compartment A can 

be a lethal fire exposure area, 𝐴𝑐𝑟𝑖𝑡, but as 

long as the structural stability in compart-

ment B is unaffected, there is no risk of 

human injury in this compartment (B). The 

second phase occurs when the separating 

structure fails, see Figure 4. From this point 

in time, phase three occurs, see Figure 4.3. 

If evacuation is possible from compartment 

B, the two fire compartments should be 

considered as one larger compartment and 

the assessment of risk for human injury or 

death, should be repeated for the new 

compartment (A + B) according to 3.2. 

Evacuation can be prevented by the fire at 

the time of awareness presenting danger to 

lives, as illustrated to the left in Figure 5. 

For this scenario, compartment D and E will 

have no safe route from the building as the 

occupants are unable to pass compartment 

C due to lethal fire exposure. 

 



 

 

 
Figure 4 The three phases in assessing the safety of 

humans in fire compartments other than the initial. 

When compartmentation is intact, (1), when the 

separating structure fails, (2), and when the fire has 

spread to the adjacent compartment (3). 

 

If the occupants, however, are able to 

evacuate the building from compartment D 

and E, see Figure 5 to the right, but can be 

considered unaware of the structural 

instability, i.e. they are in compartment E, 

the fire compartmentation and the structural 

stability needs to be considered during the 

entire event of the fire. This should also be 

considered if structural failure in 

compartment C, see Figure 5 to the right, 

occurs simultaneously or even before the 

integrity of the compartmentation is 

compromised. 

 

 
Figure 5 Structural instability in compartment C 

should not increase the risk of human injury in 

compartment D and E. 

 

4 DISCUSSION 

4.1 GENERAL COMMENT 

The approach presented here attempts to be 

general with respect to load-bearing struc-

tures. No specific criteria are therefore 

established other than the concept of a 

sequential design, i.e. structural fire damage 

must not occur before lethal fire conditions 

have developed in a given area. The 

approach should be applicable to single 

member analysis as well as sub-system or 

global analysis.  

4.2 COMPARISON TO NATIONAL 

CONSTRUCTION CODES 

National construction codes have different 

approaches. The approach presented in this 

paper for evaluating the risk of life safety, 

can, however, be found indirectly in many 

construction codes. Countries with no fire 

protection requirements for a particular type 

of construction use some kind of risk 

evaluation with regards to structural 

stability in case of fire. 

In an international study 2014 [19], building 

codes from different countries were 

investigated. Many of these codes had 

similar features as can be explained by the 

approach presented in this paper. 

The Danish [20] and Swedish construction 

codes [21] do not require fire protection for 

single story buildings given the fulfillment 

of certain design requirements with respect 

to structural fire damage area. 

Structures only supporting the roof in the 

British [22] and Norwegian [23] building 

code do not need fire protection if they meet 

certain design requirements with respect to 

material and the overall stability. This can 

be explained by assuming that a fire on the 

top floor will not prevent evacuation. The 

Danish code [20], in a similar way, allows 

for less structural fire resistance on the 

entire top floor of a high-rise building. 

 

5 CONCLUSION 

 

The consequence analysis approach 

presented in this paper introduces a set of 

structural design principles and design 

criteria. It enables policy-makers to 

calibrate and evaluate construction codes to 

make optimal and well underpinned 



 

 

decisions on structural fire safety 

requirements. 

Although there is still work to be done, 

based on this approach it should be possible 

to design a common construction code for 

fire exposed load-bearing structures based a 

common or differentiated set of safety 

levels for each country. 
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