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Abstract 
 
Performance-based design is gaining traction for designing structural systems for fire conditions but remains exceptional 
for cold-formed steel structures. Here, a performance-based structural fire approach is applied to cold-formed steel 
assemblies from a prototype one-story warehouse metal building. The procedure follows the newly proposed Appendix 4 to 
AISI S100 on ‘Structural Design for Fire Conditions’. The evaluation of the fire performance of the protected load-bearing 
cold-formed steel column assemblies is conducted by analysis and includes the definition of performance objectives, design 
fires, thermal analysis, and mechanical analysis. Assemblies considered for the columns include single and double C-
shaped sections with two layers of gypsum board. The required performance is to maintain stability for one hour. In addition 
to the ASTM E119 standard fire curve, design fires are generated from physically based zone models that consider the fuel 
load, opening conditions, geometry, and properties of the compartment. Heat transfer analysis is conducted with the finite 
element software SAFIR. Results show that the steel temperatures after 60 minutes for the protected cold-formed steel 
columns range between 315-500 °C under the ASTM E119 fire, while they are lower under the physically based design 
fires. The failure time and failure temperature of each column are evaluated using both the AISI S100 Direct Strength 
Method (DSM) and finite element (FE) analysis with shell elements in SAFIR. The FE and DSM methods agree and allow 
demonstrating achievement of the required performance for the end wall columns in fire conditions. As several of the studied 
assemblies do not correspond to qualified UL assemblies, the study illustrates how analysis methods can be used to study 
variations of qualified assemblies to determine appropriate adjustments in fire protection and propose solutions that are 
innovative and optimized for a specific project. 
 
1. Introduction 
 
Performance-based design for fire conditions has been 
increasingly adopted for different structural systems. While 
traditional fire safety design relies on standard fire testing 
and qualified fire rated assemblies, the performance-based 
structural fire design provides an alternative approach. It 
adopts engineering principles and physics-based modeling 
to accomplish certain performance objectives. In this way, a 
more harmonized and quantified level of safety can be 
achieved, and the engineers and architects have more 
freedom to adopt new materials and new structural systems 
to achieve innovative design [1]. 
 
Provided the abovementioned advantages over the 
prescriptive design, however, the application of 
performance-based structural fire design in cold-formed 
steel structures remains limited. Research have been 
carried out on the fire performance of the cold-formed steel 
structures by both numerical and analytical approaches [2–
4]. Several numerical studies focused on the calibration of 
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material properties and model parameters and have been 
validated against experimental tests [5]. Analytical method 
mainly relies on the Direct Strength Method (DSM) [6,7] and 
Effective Width Method (EWM) [8]. A few studies have 
shown that the analytical methods are also applicable to the 
elevated temperature conditions providing appropriate 
material retention factors are applied [9,10] . Yet, very 
limited studies have been conducted on the performance-
based fire design process applied to cold-formed steel 
structures. 
 
To fill this gap, this study investigates the application of 
analysis-based approaches to evaluate the behavior of cold-
formed steel column assemblies taken from a realistic 
prototype building in fire situations. The methodology follows 
the performance-based structural fire assessment 
framework [11]. First, the performance objectives of the 
cold-formed steel column assemblies are identified with the 
relevant stakeholders. The second step is to select a range 
of suitable design fires. These design fires are strongly 
linked to the specificities of the problem and objectives of 
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the analysis. With the design fires, the next step is to 
conduct thermal analysis to obtain the temperature 
distribution inside the structures. After that, mechanical 
analysis is carried out by both numerical modeling and 
analytical methods, to evaluate whether the pre-defined 
performance objectives are satisfied. Explicit analysis of the 
assemblies not qualified through standard fire resistance 
testing provides data about their expected fire performance 
and supports their use as solutions equivalent to current fire 
rated assemblies. Finally, the application of several methods 
of analysis also allows drawing conclusions on their 
applicability and usefulness to complete such structural fire 
assessment. 
 
2. Scope and fire design objectives 
 
2.1 Prototype building 
 
The prototype building is a one-story warehouse located in 
Greeley, Colorado, as shown in Figure 1 [12]. The floor plan 
is 22.9 m × 36.6 m (75 ft × 120 ft) and the eave height is 6.1 
m (20 ft). About 10 % of the wall area are openings for 
windows and doors. An interior partition wall divides the 
building into a large warehouse and a small office area. The 
dimensions of the warehouse area are 22.9 m × 32.9 m 

(75 ft ×  108 ft). The structure is designed as Type IIB 
Construction and moderate-hazard storage. 
 

 
Figure 1. Prototype warehouse building. 

2.2 End wall columns 
 
The end walls of the warehouse are the focus of this study. 
They are framed with cold-formed steel columns and 
beams. The end wall framing on Line 1 is shown in Figure 
2. The columns are composed of single and double C-
shaped sections, as shown in Figure 3. The dimensions of 
the columns are listed in Table 1. Wall girts are placed at 
three elevations: 2.29 m (7.5 ft), 4.11 m (13.5 ft), and 5.18 
m (17 ft), which also provides bracing to the columns. In-line 
attachments between girts and columns and bypass girt 
attachments are used for the end wall framing. The column 
assemblies are fully inside the warehouse compartment, 
meaning that they could be fire-exposed on four sides. 

 
Figure 2. End wall framing line 1 (half of the wall is shown with a 

symmetry line at C). 

  
(1) Single C-shaped 

section 
(2) Double C-shaped 

section 
Figure 3. C-shaped sections used for the columns of the end walls. 

Table 1 Section dimensions and unbraced length of the end wall columns. 

Assembly 
Grade 
(ksi) 

D 
(in.) 

B 
(in.) 

R 
(in.) 

d 
(in.) 

t 
(in.) 

L 
major 

(ft) 

L 
minor 

(ft) 

EC-1 55 8 3.78 0.25 0.992 0.075 18.4 7.5 
EC-2 55 8 3.78 0.25 1.101 0.120 19.8 7.5 
EC-3 55 8 3.78 0.25 1.050 0.099 21.5 7.5 
EC-4 55 12 3.63 0.25 1.049 0.099 19.8 7.5 
EC-5 55 8 3.75 0.25 0.992 0.075 18.4 7.5 

EC-6 55 8 3.78 0.25 0.992 0.075 18.4 7.5 
EC-7 55 8 3.78 0.25 1.101 0.120 19.8 7.5 
EC-8 55 8 3.78 0.25 1.050 0.099 21.5 7.5 
EC-9 55 12 3.63 0.25 1.049 0.099 19.8 7.5 
EC-10 55 8 3.75 0.25 0.992 0.075 18.4 7.5 

 
2.3 Fire protection assemblies 
 
The fire protection design of the columns of the end wall 
framing are based on the 1-hour rated UL X530 design with 
2 layers of 15.8 mm (5/8 inch) Type X gypsum board, but 
variations of this qualified assembly are adopted, as given 
in Table 2. The variations (N1, N2, and N3) derived from the 
reference assembly and used in this study are shown in 
Figure 4. The assemblies N1 and N3, for the double C-
shaped columns EC-3 and EC-8, are not rated because no 
standard qualified fire protection assemblies exist for 
double C-shaped cold-formed steel columns. 
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Table 2 Column fire protection assembly and design loads for LRFD 
under the load combination applicable in the fire situation. 

Column Fire protection 
Axial force 

(kN) 
Shear 

force (kN) 
Moment 
(kN∙m) 

EC-1 UL X530 [1 HR] 4.0 0 0 

EC-2 X530-N2  [1 HR] 13.7 0 0 

EC-3 X530-N3  [1 HR] 10.1 0 0 

EC-4 X530-N2  [1 HR] 13.7 0 0 

EC-5 UL X530  [1 HR] 4.0 0 0 

EC-6 UL X530  [1 HR] 4.0 0 0 

EC-7 UL X530  [1 HR] 13.6 0 0 

EC-8 X530-N1  [1 HR] 10.1 0 0 

EC-9 UL X530  [1 HR] 13.6 0 0 

EC-10 UL X530  [1 HR] 4.0 0 0 

 

  
(1) UL X530 (2) X530-N1 

  
(3) X530-N2 (4) X530-N3 

Figure 4 Fire protection assemblies for the columns. 

2.4 Performance objectives 
 
Based on the discussions with industry representatives and 
code requirements, the performance objective is to maintain 
stability for 1 hour duration of exposure to the design-basis 
fires which include the ASTM E119 fire [13] as well as 
natural fires determined through applicable fire models. 
Since some of the fire protection enclosures are not 
standard qualified assemblies, the goal is to demonstrate if 
they can achieve the pre-defined performance objective. 
Alternatively, in a prescriptive setting, the acceptance 
criterion prescribed in the ASTM E119 standard for fire 
resistance rating of columns tested without applied loads is 
a maximum steel average temperature of 1,000 °F (538 °C) 
or maximum individual temperature of 1,200 °F (649 °C) 
[13]. This criterion is also investigated in Section 6. 
 
2.5 Design loads 
 

The design loads on the columns are determined from 
structural analysis using the fire load combination from 
ASCE 7 [14], 1.2 𝐷𝑒𝑎𝑑 + 1.2 𝐶𝑜𝑙𝑙𝑎𝑡𝑒𝑟𝑎𝑙 + 0.2 𝑆𝑛𝑜𝑤 , for 
checking the capacity of a structure or structural element to 
withstand extraordinary events. The applied forces in the 
end wall columns in the fire situation are summarized in 
Table 2. As can be seen, the columns are only subjected to 
axial force in the fire situation, which results from the 
absence of horizontal loads in the combination. 
 
3. Design-basis fires 
 
Design-basis fires based on zone models are considered in 
addition to the standard ASTM E119 fire curve. The fire 
modeling software Ozone [15] is used to predict the gas 
temperature development in the warehouse. To 
conservatively estimate the fuel load, a calorific value of 20 
MJ/kg (moderate-hazardous materials), a utilization ratio of 
25% of the warehouse volume, and an average density of 

550 𝑘𝑔/𝑚3 (cross laminated timber panels) are assumed, 

yielding the maximum fuel load density of 9,900 𝑀𝐽/𝑚2 . 
Parametric analyses are then used to generate a set of 
design-basis fire curves in OZone. The fuel load is varied 
from 10% to 100% of the upper bound estimate of 

9,900 𝑀 𝐽 𝑚2⁄ , and the effect of ventilation on fire severity is 
simulated by running simulations with openings (i.e., doors 
and windows) either fully open or half-open. 
 
A sample of results for the gas temperature-time curves 
obtained from Ozone is plotted in Figure 5. The ASTM E119 
heats up faster than the OZone fires since it is a post-
flashover curve, and it does not capture the initial heating 
and growing phase. While the OZone fires peak at higher 
temperatures, the ASTM E119 fire curve appears more 
severe for the first 1-hour fire duration, which is the focus of 
the study given the selected performance objectives. Similar 
observations are drawn for other input parameters (e.g., 
ventilation). This observation will be further verified through 
the thermal analysis in the next section. 
 

 
Figure 5. Gas temperature - time curves obtained from fire modeling with 
OZone for a range of fuel loads, assuming doors and windows fully open. 
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4. Thermal response of cold-formed steel columns 
 
4.1 Thermal properties and finite element model 
 
The finite element software SAFIR [16] is used to conduct 
the thermal analysis using the temperature-dependent 
material properties specified in Eurocode EN1993-1-2 [17]. 
Thermal properties of the Type X gypsum board are based 
on the research by Cooper [18] and the density is taken as 

648 𝑘𝑔/𝑚3 at ambient temperature. 
 
The heat transfer in the protected columns is modeled by 
nonlinear finite element analysis. 2D thermal analysis of 
each cross section is conducted using solid conductive 
elements. The protected columns are modeled with a mesh 
size of 4 mm (4 elements across the thickness of each 
gypsum board layer), based on the mesh sensitivity 
analysis. Given the column assemblies are fully inside the 
compartment, the assemblies are exposed to the fire curves 
on four sides. The emissivity of the gypsum board is taken 

as 0.8. The convective coefficient is taken as 25 𝑊/𝑚2𝐾 for 

columns subjected to ASTM E119 fire and 35 𝑊/𝑚2𝐾 for 
those subjected to design-basis fires obtained from OZone. 
 
4.2 Thermal analysis of the column assemblies 
4.2.1 Subjected to ASTM E119 fire 
 
The temperature distributions of several exemplar column 
assemblies at 60 minutes under ASTM E119 fire are shown 
in Figure 6. The temperature in the flange and web of each 
column at 60 minutes is summarized in Figure 7. The 
temperature in the steel profile is approximately uniform, 
except a relatively larger discrepancy is observed in the 
double C-shaped sections EC-3 and EC-8, where the web 
heats up more slowly than the flanges due to the geometry. 
 
4.3.2 Subjected to the design-basis fires 
 
The steel temperatures after 60 minutes of exposure to the 
design-basis fires are summarized in Figure 7. It can be 
observed that the temperatures remain moderate after 60 
minutes, which is in line with the observation in Section 3 
that the OZone fires heat up more progressively. Similar 
conclusions can be drawn with the OZone fires with different 
ventilation assumptions. The capacities of the assemblies 
are not expected to be challenged by the elevated 
temperatures of the order of 100 °C reached in the steel 
after 60 minutes of exposure to the OZone fires. Comparing 
the temperatures under different fire curves, the ASTM E119 
fire results in a more onerous scenario for the fire 
performance assessment than the design-basis fires 
derived from modeling. Therefore, the mechanical analysis 
will only focus on the steel temperatures resulting from the 
ASTM E119 fire. 
 

  
(1) EC-1/EC-5 (2) EC-2 

  
(3) EC-6/EC-10 (4) EC-8 

Figure 6 Temperature distribution in the cold-formed steel column 
assemblies after 60 minutes of exposure to the ASTM E119 fire. 

 
Figure 7 Steel temperature in the end wall columns at 60 minutes under 

ASTM E119 fire and design-basis fire. 

5. Structural response of cold-formed steel columns 
 
5.1 Analysis by Direct Strength Method/AISI S100 
5.1.1 The Direct Strength Method within AISI S100 
 
The Direct Strength Method (DSM) [7] and AISI S100 [19] 
are used to assess the loadbearing stability of the columns 
with reduced mechanical properties under fire exposure. 
The column design rule DSM considers the global, local, and 
distortional buckling. Calculation of each buckling strength 
follows the procedure described in AISI S100. Cross-section 
properties are calculated from the open-source program 
CUFSM [20]. The first-order analysis with the DSM is carried 
out for the pinned-pinned columns subjected to the axial 
loading specified in Table 2. 
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5.1.2 Capacity of the columns at ambient temperature by 
DSM 
 
The capacities of the columns at ambient temperature 
evaluated by DSM are given in Figure 8.  Since the double 
C-shaped columns EC-3 and EC-8 were not structurally 
designed as an interconnected member but as two 
individual single C-shaped columns, the plotted capacity for 
EC-3 and EC-8 is twice that of an individual single C-shaped 
column. Local buckling failure is observed for all the columns 
at ambient temperature. The demands are also plotted as 
the required strengths in fire situation, as discussed in 
Section 2.5. The capacity is taken as the nominal strength 
value evaluated by DSM, as the resistance factor is taken 
as 1.0 for fire design. It can be observed that the demand-
to-capacity ratios, or load ratios, are lower than 10%, 
meaning the columns have significant reserve in strength at 
the time the fire starts.  
 
5.1.3 Capacity of the columns at elevated temperature by 
DSM 
 
The steel temperature is assumed as uniform and taken at 
the maximum value across the steel cross section, as 
reported in Figure 7. This assumption relies on the fact that 
the temperature gradient in the section is very limited as 
shown in Figure 7, and the temperature of the two flanges is 
identical, therefore the effect from non-uniform thermal 
strains is not expected to be significant. The temperature-
dependent retention factors for the mechanical properties of 
cold-formed steel are adopted from the proposed models by 
Yan et al. [21]. The retention factors are used in the DSM 
equations from AISI S100 for evaluating the elevated 
temperature capacity. The capacity of the columns at 60 
minutes under ASTM E119 fire are given in Figure 8. The 
calculations show that the capacity of the columns at 60 
minutes is still significantly larger than the demand; the 
demand-to-capacity ratio does not exceed 15%. 
 
5.1.4 Failure temperature and failure time by DSM 
 
The failure temperature is obtained by searching for the 
temperature at which the column demand-to-capacity load 
ratio becomes equal to 1. The failure temperatures and 
failure times of each column are given in Figure 11 and 
Figure 12. The failure temperatures are high at 
approximately double the steel temperatures reached after 
60-minutes of the fire exposure, which results from the low 
values of the load ratio in Figure 8 at that time exposure for 
these end wall columns. Based on the thermal analysis 
discussed in Section 4, the failure time of a column is taken 
as the time step when the corresponding column reaches 
the failure temperature. The failure time of each column is 
much longer than 60 minutes, indicating that the columns 
satisfy the fire resistance rating and achieve stability under 
the ASTM E119 fire for a least 1 hour. 

 
Figure 8 Capacity of the columns at ambient temperature and 60 minutes 

under ASTM E119 by DSM.  

5.2 Analysis by finite element modeling 
5.2.1 Numerical model 
 
The structural stability of the end wall columns is also 
assessed by finite element modeling with shell elements in 
SAFIR. The length of the columns in the model is 2.29 m 
(7.5 ft) and the columns are pinned-pinned. The mesh size 
is 10 𝑚𝑚 × 20 𝑚𝑚. The loading is applied through an end 
plate at the top of the column for uniform distribution of the 
load. Both global imperfections and local imperfections are 
included in the model. The magnitude of global imperfection 
is taken as 𝐿/1000  ( 𝐿  is the unbraced length). Local 
imperfections are applied according to the web and flange 
eigenmode for local buckling with a maximum magnitude of 
𝑏/200  (where 𝑏  is the width of the flange for flange 
eigenmode and the depth of the web for web eigenmode). 
These local imperfections are scaled to 70% as they are 
applied on top of the global imperfections. The effects of 
temperature on thermal strains and material behavior are 
included in the numerical model. Second-order effects are 
considered in the finite element model as it conducts 
nonlinear analyses in large displacements. 
 
5.2.2 Capacity of the columns at ambient temperature by FE 
analysis 
 
The capacity of the columns at ambient temperature are 
evaluated with the FE model by increasing the load to 
failure. Runaway out-of-plane displacements associated 
with instability are observed at that time. The capacities 
obtained from both FE analysis and DSM method are given 
in Table 3. The capacity obtained with the two methods 
agree well with relative differences of about 5%. The DSM 
generally provides slightly lower estimates (conservative) of 
the ambient temperature capacity than the FE analysis, 
except for the EC-4 and EC-9 columns. EC4 and EC9 
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columns have deeper web. The higher web-to-flange width 
ratio for these profiles may allow for more significant web-
flange interaction during the plate buckling, which was 
considered in the development of DSM. The deformed 
shape at failure of the columns is shown in Figure 9. The 
columns generally fail by interaction of local and distortional 
buckling. 
 
5.2.3 Failure temperature and failure time by FE analysis 
 
The failure time for each column is computed through a 
transient analysis with the FE model under applicable loads 
for fire situation while the member temperature follows the 
heat transfer analysis results for the ASTM E119 standard 
fire. The thermal expansion is also considered in the 
mechanical analysis. 
 

Table 3 Capacity of the columns at ambient temperature by FE analysis 
and DSM. 

Assembly 
DSM 
(kN) 

SAFIR/Shell FE 
(kN) 

EC-1/EC-5 93.4 98.3 
EC-2 202.6 212.9 
EC-3 140.2 149.8 
EC-4 161.1 154.1 

EC-6/EC-10 93.4 98.3 
EC-7 202.6 212.9 
EC-8 140.2 149.8 
EC-9 161.1 154.1 

 
Failure time and failure temperature are given in Figure 11 
and Figure 12. The results obtained from the FE analysis 
agree with those obtained from application of the DSM 
procedure in AISI S100. For EC-1, EC-5, EC-6 and EC-10, 
the simulation was stopped when the member temperature 
reached 1,000 °C, which is the upper limit for the 
temperature-dependent material models. The results from 
the FE analysis confirm that the end wall columns maintain 
stability well over 1 hour under the standard fire. As 
mentioned above, the very high failure temperature obtained 
in this study results from the application of the load 
combination from ASCE 7 for the fire situation. As the cold-
formed steel columns carry little gravity loads, their load ratio 
in the fire situation is low, hence their failure temperature is 
high. The deformed shape at the time of failure is shown in 
Figure 10. This application of design by analysis explicitly 
shows satisfactory performance of the cold-formed steel 
column assemblies. The analysis also suggests possibility 
of optimizing the fire protection design for the members in 
this specific prototype building. 
 
6. Fire rating of assemblies based on limiting steel 
temperature 
 
6.1 Limiting temperature criterion in ASTM E119 [13] 
 

As an alternative test procedure to evaluate the adequacy 
of the fire protection of steel columns without application of 
loading, a limiting steel temperature criterion is also 
explored in this study to determine a standard fire rating. 
 
According to the prescriptive design [13], the condition of 
acceptance is that the rise in average temperature of the 
steel does not exceed 538 °C (1,000 °F) and the rise in any 
measured point does not exceed 649 °C (1,200 °F) under 
the standard ASTM E119 fire. Comparing the temperatures 
obtained from analysis with this criterion is informative to 
evaluate whether the assemblies would pass the 
prescriptive rating test. 
 

    
EC-1/EC-5 

EC-6/EC-10 
EC-2 
EC-7 

EC-3 
EC-8 

EC-4 
EC-9 

Figure 9 Failure modes of columns at ambient temperature. 

    
EC-1/EC-5 

EC-6/EC-10 
EC-2 
EC-7 

EC-3 
EC-8 

EC-4 
EC-9 

Figure 10 Failure modes of columns under ASTM E119. 
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Figure 11 Failure temperature by DSM and FEM analysis for ASTM E119 

fire. 

 
Figure 12 Failure time by DSM and FEM analysis for ASTM E119 fire. 

6.2 Thermal analysis of columns with different fire protection 
assemblies 
 
A parametric analysis is carried out on different layers and 
thicknesses of Type X gypsum boards for the cold-formed 
steel columns of the end wall line 7, including 1 layer of 25.4 
mm (1’’) gypsum, 2 layers of 12.7 mm (½’’) gypsum, 2 layers 
of 15.9 mm (5/8’’) gypsum, 3 layers of 15.9 mm (5/8’’) 
gypsum, and 2 layers of 25.4 mm (1’’) gypsum. The 
analyses are conducted with SAFIR using the material 

X_GYPSUM, which has a density of 648 𝑘𝑔/𝑚3 at ambient 
temperature.  
 
The average steel temperatures obtained from the thermal 
analysis at 60 minutes under ASTM E119 fire are given in 
Table 4. The proposed UL X530 assembly with 2 layers of 
15.9 mm (5/8’’) Type X gypsum satisfies the limiting 
temperature criteria. For the double C-shaped section EC-
8, the 1-hour rating can also be achieved using 2 layers of 
12.7 mm (½’’) gypsum. This shows a reduction in the 
thickness of the gypsum boards is achievable while 
satisfying the thermal requirements for the same fire rating. 
This is due to the more favorable section factor of the double 

C-shaped section, which results in the lower steel 
temperatures as quantified by the heat transfer analysis. 
 
Table 4 Average steel temperatures (°C) at 60 minutes under ASTM E119 
fire in the columns using fire protection assemblies with Type X gypsum 

boards. 

Assembly 1 x 1’’ 2 x ½’’ 2 x 5/8’’ 3 x 5/8’’ 2 x 1’’ 

EC-6/EC-10 716 705 499 87 81 

EC-7 620 607 397 82 76 

EC-8 556 535 344 70 71 

EC-9 671 661 457 85 80 

 
The average steel temperatures at 120 minutes under 
ASTM E119 fire are given in Table 5. The proposed UL X530 
assembly with 3 layers of 5/8’’ Type X gypsum did not satisfy 
the limiting temperature criteria. This divergence between 
the standard fire test outcomes and the analysis is likely due 
to the assumed thermal properties of the gypsum board for 
the analysis being different than those of the Type C gypsum 
board used in the fire test. To further analyze this effect, a 
parametric study on the thermal properties of gypsum is 
carried out in the following section. 
 

Table 5 Average steel temperatures (°C) at 120 minutes under ASTM 
E119 fire in the columns using fire protection assemblies with Type X 

gypsum boards. 

Assembly 1 x 1’’ 2 x ½’’ 2 x 5/8’’ 3 x 5/8’’ 2 x 1’’ 

EC-6/EC-10 1001 1001 990 718 621 

EC-7 988 989 937 625 533 

EC-8 960 960 857 558 476 

EC-9 998 998 974 670 583 

 
6.3 Sensitivity study on thermal properties of gypsum board 
 
A sensitivity study on the effect of the thermal properties of 
gypsum boards on the fire rating of the UL X530 assembly 
is carried out. The tested C-shaped column is 7 x 3 x 0.9’’, 
with thickness of 0.066’’. UL tested two configurations: one 
with 2 layers of 1/2’’ Type C gypsum and one with 3 layers 
of 1/2’’ Type C gypsum, as shown in Figure 13. During the 
tests, the columns were exposed to the ASTM E119 fire and 
temperatures were measured at different levels on the cross 
section [22]. 
 
6.3.1 Data on thermal properties of Type X and Type C 
gypsum boards 
 
The code guidance on thermal properties of different types 
of gypsum boards is limited. Therefore, test data from 
various researchers on the thermal properties of gypsum 
boards have been collected [18,23,24], as shown in Figure 
14 and Figure 15. Gypsum board from different sources or 
manufacturers varies in microstructure and methods 
employed to measure the thermal conductivity also differ, 
which results in variability in published data as shown in 
Figure 14. The test data by Mehaffey et al. [24] agree well 
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(1) 1-hour rated assembly with 

2 layers of 1/2’’ Type C 
gypsum 

(2) 2-hour rated assembly with 
3 layers of 1/2’’ Type C 
gypsum 

Figure 13 Columns used in UL testing. 

with those by Cooper at temperature up to 400 °C (752 °F), 
beyond which the data by Mehaffey et al. [24] are lower than 
those by Cooper. As for the specific heat, results from 
different studies agree well on the first peak, but there is 
certain discrepancy in terms of the temperature at which the 
second peak takes place as well as the values of the peaks. 
 
6.3.2 Comparison of numerical results with test data 
 
Thermal analysis is performed on the UL X530 assembly 
with Type C gypsum board using the thermal conductivity 
 

 
Figure 14 Thermal conductivity of Type X and Type C gypsum board. 

 
Figure 15 Specific heat of Type X and Type C gypsum board. 

data proposed by Cooper and Mehaffey. The member 
temperatures obtained with the two thermal conductivity 
models are compared with the UL test data in Figure 16 and 
Figure 17 for the 1-hour rated and 2-hour rated assemblies.  
The member temperature obtained with the data by Cooper 
substantially exceed the limiting temperature (1,000 °F) for 
both ratings (i.e., at 60 minutes with 2 layers of ½’’ Type C 
gypsum board and at 120 minutes with 3 layers of ½’’ Type 
C gypsum board). This suggests that the thermal 
conductivity data provided by Cooper is not applicable to 
Type C gypsum boards, or at least not to the ones used 
during the UL X530 fire tests. When using the data from 
Mehaffey for thermal conductivity, the temperature in the 1-
hour rated column remains below the limiting temperature. 
However, the temperature in the 2-hour rated column (with 
3 layers of ½’’ Type C gypsum board) exceeds the limiting 
temperature by about 10%. Even though the model by 
Mehaffey does not achieve the thermal requirement for 2-
hour rated assembly, the results show the significant 
influence of the thermal conductivity input for the gypsum 
board on the member temperature. 
 

 
Figure 16 Evolution of steel temperature using different gypsum board 

thermal conductivity (1-hour rated assembly). 

 
Figure 17 Evolution of steel temperature using different gypsum board 

thermal conductivity (2-hour rated assembly). 
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8. Conclusions 
 
A numerical study has been carried out on the application of 
performance-based structural fire analysis to evaluate cold-
formed steel assemblies from a prototype one-story 
warehouse building in the fire situation. The assessment 
follows the steps of performance-based fire design including 
definition of performance objectives, selection of design 
fires, heat transfer analysis, and mechanical evaluation. 
This fire design by analysis approach has been included in 
the newly proposed Appendix 4 to AISI S100 and the 
application in this study provides an exemplar case study 
and exhibits the potential benefits for cold-formed steel 
structures. The following conclusions are drawn: 
 
Design-basis fires were derived from physics-based zone 
models considering the fuel load, ventilation conditions, 
geometry and compartment properties of the prototype 
building. The fuel load influences the fire duration, and the 
ventilation condition affects the fire severity. 
 
The thermal analysis showed that the standard ASTM E119 
fire results in more severe thermal exposure conditions than 
the generated design-basis fires for the considered 
application. This is because the performance objectives 
focused on the first 60 minutes, and the ASTM E119 
immediately applies a high rate of heating as it represents a 
post-flashover fire curve. The steel temperatures were 
approximately uniform in the protected C-shaped columns 
heated on four sides. 
 
Application of the analytical design method in AISI S100 
explicitly demonstrated the satisfactory performance of the 
qualified and unqualified cold-formed steel column 
assemblies in fire. Finite element analysis with shell 
elements confirmed the results from the analytical DSM 
method. 
 
For the prototype building, the analysis showed that the 
protected cold-formed steel column assemblies can 
maintain their load-bearing stability for significantly longer 
than 1 hour of standard ASTM E119 fire exposure. One key 
factor was the low level of loading on the assemblies from 
the ASCE 7 load combination in the fire situation. This 
suggests that lightweight structure, and/or structure which 
design at ambient temperatures is governed by horizontal 
loads, present opportunities for optimization from a 
performance-based fire design as their failure temperature 
might be higher than the prescriptive failure temperature. 
 
Thermal analyses of fire-rated assemblies showed that the 
thermal properties of the gypsum greatly influence the 
computed steel temperatures. It is recommended that future 
studies focus on the measurements of thermal properties of 
the fire protection materials to provide robust data needed 

for analysis of the fire performance of cold-formed steel 
structures. 
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