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Abstract 

The National Institute of Standards and Technology is currently conducting a series of large 

compartment fire tests to investigate the behavior and fire-induced failure mechanisms of the 

full-scale composite floor assemblies with the two-story steel gravity frame, two bays by 

three bays in plan. This report presents the research goal, background, details of experimental 

design, and the results from the first fire experiment (Test #1) conducted at the National Fire 

Research Laboratory.  

The Test #1 was aimed to quantify the fire resistance and behavior of the 9.1 m × 6.1 m steel-

concrete composite floor assembly constructed in accordance with the 2-hour fire-resistance 

rating requirements for steel buildings in the United States. The fire test compartment, 

measuring 10 m × 6.9 m in plan, was situated on the ground floor of the two-story test 

building to heat the composite floor above. The fire condition was created using natural gas 

burners to mimic a standard fire environment in a large compartment. During fire exposure, 

the test floor assembly was subjected to a mechanical load of 2.7 kPa, determined from the 

gravity load combination for extraordinary events as permitted by the applicable building 

code. This experimental study showed that the protected steel beams and girders within the 

fire test bay achieved matching or superior fire resistance based on the acceptance criteria of 

standard furnace testing. However, the heated floor slab developed large concrete cracks 

(integrity failure) prior to reaching the specified fire rating period, posing a potential fire 

hazard above the test floor. Large concrete cracks occurred around the hogging moment 

region (next to the test-bay column gridline) less than 30 min into heating, and the hot 

glowing steel deck was exposed through mid-panel concrete cracks along the longitudinal 

centerline of the fire test bay at 70 min. The steel wire reinforcement (60 mm2/m) within 

enlarged concrete cracks completely ruptured in tension. This first experiment suggests that 

the minimum steel reinforcement (60 mm2/m) used for crack control of the composite slab, 

which is permitted by the applicable building code, may not be sufficient to maintain the 

integrity of a full-scale composite floor under the 2-hour standard fire exposure. 
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 Introduction 

The multi-year experimental research project is being conducted at the NIST National Fire 

Research Laboratory to study the behavior of full-scale composite floor systems exposed to 

large enclosure fires. The present test program is aimed to generate technical information and 

data essential for the development and validation of predictive tools that can be used for 

performance-based design and assessment for steel-framed buildings in structurally 

significant fires.  

1.1. Background 

Structural steel framing constitutes over 40 percent of the United States construction market 

for multi-story buildings, creating roughly 44000 new projects (valued at nearly $680 billion) 

between 2014 and 2019 (AISC 2020). The majority of steel-framed buildings typically 

require passive fire protection to meet the code-prescribed fire-resistance rating in the range 

of 1 hour to 3 hours. Given that an approximate cost of installing passive fire protection 

typically ranges from 12 % to 15 % of the overall construction cost (NFPA 2017), annual 

expenditure on passive fire protection for steel-framed buildings is estimated up to $20 

billion. In particular, the steel composite floor construction, which is commonly used for 

spanning large open spaces, can incur high costs of passive fire protection because of a 

significant use of structural steel requiring fireproofing insulation (e.g., SFRM or 

intumescent paint). 

For composite floor systems, the prescriptive compliance of passive fire protection is aimed 

to minimize the possibility of a fire that spreads beyond its compartment of origin and to 

provide means of occupant egress routes and safe paths for first responders. The process of 

prescriptive design is straightforward. The mandatory fire-resistance rating of a building is 

determined based on combination of several factors, such as occupancy and use, construction 

materials, building configurations (area and height), and the presence of active fire protection 

systems (smoke detectors, sprinklers, etc.), as specified in building codes, e.g., IBC (ICC 

2018) or NFPA 5000 (NFPA 2021). In most cases, architects then choose an appropriate 

fireproofing scheme that has been qualified by the fire testing methods in accordance with 

ASTM E119 (2020) or standard calculation methods, e.g., ASCE 29 (2005).  

The intent of standard fire testing is to provide a consensus-based method for evaluating the 

duration for which a single floor assembly maintains its structural integrity under prescribed 

furnace heating conditions. This testing method usually requires a test assembly that is 

representative of the structural details used in construction, however, the size and support 

conditions of a test assembly are limited by available furnaces in testing facilities. According 

to the ASTM E119 standard, the minimum required area of a test floor assembly placed on 

top of a furnace chamber is 16.7 m2 with a minimum length of 3.7 m on each side. While 

subjected to furnace heating with a prescribed time-temperature relationship, a test assembly 

is required to resist its maximum load condition permitted in the national structural design 

standard. The fire-resistance rating of a test floor assembly, typically expressed in hours of 

the thermal endurance time, can be determined using the following criteria (AISC 2003): 

• A test assembly fails to resist a maximum load as specified,    

• A cotton waste on the unexposed (top) surface of a test floor is ignited,   
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• An average temperature of the unexposed surface of a test floor exceeds 139 °C 

above its initial temperature, or 

• For test specimens employing steel structural members spaced more than 1.2 m on 

center, the temperature of the steel structural members shall not have exceeded 704 

°C at any location during the classification period nor shall the average temperature 

recorded by four thermocouples at any section have exceeded 593 °C for a specified 

duration. The duration during which this average temperature shall not be exceeded 

varies depending on whether a restrained or unrestrained approval is sought. For 

specimens employing steel structural members spaced 1.2 m or less on centers, the 

single location temperature limit does not apply. 

Fire-resistance rating values of various test assemblies detailed with commercial fireproofing 

materials are available through public databases (e.g., https://iq.ulprospector.com/) and 

manufacturer’s websites. These values vary with concrete slab properties (including 

compressive strength, unit weight, and thickness of concrete), steel deck properties 

(including deck profile, thickness and finish coating of sheet steel, and attachment to steel 

beams), and the thickness of fireproofing materials applied to floor beams. However, the 

actual test results, such as thermal gradients developed within tested assemblies, temperature-

dependent thermal properties of fireproofing materials, structural responses (forces, 

displacements, and failure modes) of tested assemblies, and the governing criterion used for 

termination of testing, are not required to be reported and mostly remain proprietary. More 

importantly, the fire-resistance rating itself seldom provides useful insight into the overall 

fire resilience of a building (as a whole system) exposed to uncontrolled fires which may be 

vastly different from prescribed furnace heating conditions. 

With inherent limitations in prescriptive approaches, there has been renewed interest in 

development of performance-based approaches which can improve both fire resilience and 

cost effectiveness of building construction in the United States. Alternative engineering 

approaches have been established along with guidance and design references, e.g., Appendix 

4 Structural Design for Fire Conditions of AISC 360 (AISC 2016) and the ASCE Structural 
Fire Engineering manual of practice (ASCE 2018). However, most of the suggested methods 

rely heavily on numerical models of assemblies or members limited in sizes or tested under 

idealized support conditions. Large knowledge gaps still exist including (1) temperature 

dependence of composite interactions between a concrete slab and steel floor beams used in 

long-span floor systems under realistic fire exposure and (2) the effects of thermal restraints 

from the surrounding structures and steel framing connections. This knowledge cannot be 

readily achieved by standard furnace testing of a single floor assembly limited by its small 

size and support conditions. Research-quality data from large-scale testing of structural 

systems (including connections) will be needed to quantify the complex structure-fire 

interaction and vulnerabilities (limit states) from realistic fires and to benchmark or validate 

computational models used for performance-based fire protection design of buildings.   
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1.2. Previous Fire Experiments 

Over the last few decades, there have been active research efforts in Europe to better 

understand the fire resilience of steel-concrete composite floors (Bisby et al. 2013). Of 

particular interest for the present study are the experimental investigations on the full-scale 

composite floor assemblies with steel framing connections, especially those spanning in 

excess of 6 m.  

The Cardington test program (British Steel 1999; Wald et al 2006) utilizing the eight-story 

steel framed building demonstrated membrane action of composite floors as the secondary 

load-carrying mechanism in fire and the possibility of eliminating fire protection of the 

secondary (filler) beams. These findings led to the development of simplified desktop design 

methods (Bailey 2000; 2001; 2003) accounting for tensile membrane action of composite 

floor assemblies at elevated temperatures. Both FRACOF (Zhao et al. 2008) and COSSFIRE 

projects (Zhao et al. 2011) further examined the benefit from Bailey’s method by conducting 

standard fire tests on large-scale composite floor assemblies. Table 1-1 presents a summary 

of key features of the test floor assemblies used in those studies. A comparison of 

experimental features as well as important observations and conclusions from these studies 

are presented in the following subsections. 

Table 1-1. Summary of experimental features used in previous fire experiments on composite floor 

systems 

Reference 
Test 

Name 
Fire compartment Test fire 

Approx. 

test load 

Topping 

concrete 

thickness 

(total slab 

thickness) 

Steel 

mesh 

Beam-to-

column 

connection 

Beam-to-beam 

connection 

British Steel 

(1999) 

Cardington 

Test 3 

Corner bay 

10 m x 7.6 m (Floor) 

6.6 m x 1.8 m 

(Opening)  

Wood cribs 

(45 kg/m2) 

5.5 kN/m2 

 

70 mm 

(130 mm) 

142 

mm2/m 
Flexible endplate 

Fin plate 

(Shear tab) 

British Steel 

(1999) 

Cardington 

Test 4 

Corner bay 

9 m x 6 m (Floor) 

Wood cribs 

(40 kg/m2) 

5.5 kN/m2 

 

70 mm 

(130 mm) 

142 

mm2/m 
Flexible endplate 

Fin plate 

(Shear tab) 

Wald et al. 

(2006) 

Cardington 

Test 7 

Edge bay 

11 m x 7 m (Floor) 

9 m x 1.3 m (Opening) 

Wood cribs 

(40 kg/m2) 

6 kN/m2 

 

70 mm 

(130 mm) 

142 

mm2/m 
Flexible endplate 

Fin plate 

(Shear tab) 

Zhao et al. 

(2008) 
FRACOF 

Furnace 

8.7 m x 6.7 m (Floor) 

ISO 834  

(2 hr) 
5 kN/m2 

97 mm 

(155 mm) 

256 

mm2/m 

Flexible endplate 

(column flange) & 

Double angle web 

cleat (column web) 

Double angle 

Zhao et al. 

(2011) 
COSSFIRE 

Furnace  

9 m by 6.7 m (Floor) 

ISO 834 

(2 hr) 
4 kN/m2 

77 mm 

(135 mm) 

256 

mm2/m 

Flexible endplate 

(column flange) & 

Double angle web 

cleat (column web) 

Double angle 

 

1.2.1. Fire Compartment  

The floor area of the fire compartments used in the Cardington tests varied from 54 m2 to 77 

m2. Both Test 3 and Test 4 were conducted in the 9 m × 6 m corner bay of the test building 

on different floors, whereas Test 7 was situated in the edge bay enclosing the same size 

column grid. In Test 3, the compartment walls were constructed with non-load bearing CMU 

(Concrete Masonry Unit). In Test 4 and Test 7, the interior walls were replaced with steel 

stud partitions with fire-rated plasterboards. All three Cardington tests used a single opening 

(with an approximate area of 12 m2) on the exterior wall. On the other hand, both FRACOF 

and COSSFIRE tests were conducted using a 9 m × 6.7 m furnace chamber that simulated 

standard fire conditions.  
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1.2.2. Test Floor Assembly 

All tested floor specimens in Table 1 consisted of concrete slabs cast in-situ on light gauge 

steel decking with a trapezoidal profile, acting compositely with steel beams (weighing 40 

kg/m to 51 kg/m) via headed stud anchors. The deck flute used in those studies was 

approximately 60 mm deep, whereas the depth of concrete topping (above the deck flute) 

varied from 70 mm to 97 mm. In the Cardington tests, anti-crack steel mesh with an area of 

142 mm2/m was used based on the British construction practice in 1990s. However, the area 

of steel mesh used in FRACOF and COSSFIRE was 256 mm2/m, designed based on Bailey’s 

method.  

The primary beams were supported by steel columns using either flexible endplate or all 

bolted double angle connections. The ends of the secondary beam(s) had fin-plate 

connections to the primary beams. Among these five experiments, fire protection scheme 

(e.g., insulation type and thickness) of the primary beams and member connections varied. 

However, all columns were protected with SFRM, whereas the secondary beams left 

unprotected.  

A number of sandbags were used to load the test assemblies during test fires. The total 

gravity load (including the self-weight of a test floor assembly) ranged from 4 kPa to 6 kPa. 

This load level provided the demand-to-capacity ratio of the secondary composite beam 

approximately equal to 0.5.   

1.2.3. Fire Development 

The Cardington test series employed wood cribs (40 kg/m2 to 45 kg/m2) as fuel to simulate a 

real compartment fire in typical office buildings. On the other hand, both FRACOF and 

COSSFIRE tests incorporated the furnace fire conditions simulating the ISO 834 

temperature-time curve up to 2 hr.  

The test fires used in these studies created the upper layer gas temperatures reaching near or 

beyond 1000 °C within the compartment enclosure or a furnace chamber. In the Cardington 

tests, however, the fire development was highly influenced by thermal boundary conditions 

of the compartment walls and opening schemes, resulting in dissimilar gas temperature-time 

relations among tests. The fire growth was much slower than that predicted using the EC 

parametric curve as outlined in the Annex of EC1-1-2 (2004). In Test 3 and Test 7, a peak 

value of the gas temperature reached to 900 °C and 1100 °C, respectively, at about 1 hr after 

ignition, followed by the decay stage that took another 1 hr. However, in Test 4, a flashover 

was not developed until 100 min due to the lack of oxygen within the compartment, thereby a 

window glazing system was manually removed for air intake. A peak value of the recorded 

gas temperature was 1050 °C at 102 min, but it sharply decreased afterward.  

1.2.4. Specimen Response  

The actual response of the heated floor assemblies varied by fire intensity and duration as 

well as the fire protection scheme of exposed steel. In all five experiments, temperatures of 

unprotected steel beams reached nearly 1000 °C. The maximum vertical displacement 

measured at the center of the floor assemblies was in the range of 27 cm (Test 4) to 120 cm 

(Test 7), equivalent to the ratio of L/30 to L/8 where L is the length of the secondary beam(s). 

Bare steel beams also exhibited local buckling toward the ends due to the restraint to thermal 

elongation. The beam-end connections exhibited minor damage except for the flexible 
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endplates used in Test 7. Temperatures of these connections were in excess of 700 °C during 

fire.  

Despite these high-temperature effects, the test assemblies in Table 1-1 did not reach the 

collapse mechanism. However, both the Cardington Test 7 and FRACOF test reported 

concrete cracks resulted from inadequate splice detailing of steel mesh mat. Temperatures of 

the top (unexposed) surface of the concrete slab, measured using discrete thermocouples 

away from locations of concrete cracks, did not exceed 140 °C during the heating phase. 

None of the tests reported the extent of damage in steel deck exposed to fire.  

1.2.5. Conclusions from Previous Studies 

The Cardington test series demonstrated that the fire performance of composite floor systems 

was markedly superior compared to that observed in standard fire tests on isolated composite 

beams with the simply supported boundary conditions. The aforementioned experiments 

showed that temperatures of exposed steel and deflections of floors exceeded the 

conventional limiting criteria specified in standard testing methods. Also, both FRACOF and 

COSSFIRE projects proved that the increased amount of steel reinforcement in composite 

slabs can significantly enhance their fire resistance for a longer duration of a fire. Adequate 

details of the steel reinforcement in concrete slabs in combination with robust end supports 

would be required for activating tensile membrane action in the composite floor assemblies 

enduring extremely high compartment temperatures (>1000 °C).  

These large-scale experiments led to the development of simplified design tools that can be 

used for the optimized fire-resistance design of composite floor systems, e.g., TSLAB by SCI 

P288 (Newman et al. 2006), Slab Panel Method (SPM) by SCNZ (Clifton et al. 2010) and 

MACS+ (Vassart et al. 2014). 

1.3. Research Motivation 

To date, there is lack of data describing the actual fire performance of full-scale steel-

concrete composite systems designed and constructed in compliance with the United States 

building codes and standards. The large-scale experiments discussed in Sect. 1.2 have 

provided useful insights into realistic fire performance of composite floor systems; however, 

the data and findings from those studies are more applicable to structures constructed 

following the European standard practice. In addition, none of these experimental studies 

accurately characterized fire loading in terms of measured heat energy (heat release rate) that 

would be essential for developing design-basis fires used for performance-based fire 

protection design. Furthermore, simple design tools exclude the influence of thermal 

restraints from the adjacent structures and connections as well as thermally induced buckling 

of steel members in estimating the load bearing capacity of composite floor systems in fire. 

Although computational modeling techniques have evolved, they still need to be validated 

against comprehensive test data with quantified uncertainty in measurements and qualitative 

evidence describing a full course of fire-induced structural damage during and after fire 

exposure. 

Motivated by such research needs, NIST has proposed the experimental research project on 

full-scale structural steel frames with composite floor assemblies to measure fire behavior 

and structural failure modes under structurally significant fire conditions. The goal of this 

project is aligned with several recommendations from NIST’s WTC Disaster Study 
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(https://www.nist.gov/topics/disaster-failure-studies/world-trade-center-disaster-

study/recommendations), such as  

• to improve the technical basis for the century-old standard for fire resistance testing 

by establishing a capability to measure the thermal and structural responses of real-

scale structural systems mechanically loaded to simulate service (or incipient 

collapse) conditions and exposed to real fire  

• to produce the experimental data and technical information essential for both 

benchmarking and validation of computational models and design tools used for 

performance-based design of structures in fire  

This research project involves a series of large enclosure fire experiments conducted at the 

NFRL (Bundy et al. 2016), including  

• Phase I: 12.8 m (42 ft.) span composite floor beams with simple shear connections  

• Phase II: 9.1 m by 6.1 m (30 ft. by 20 ft.) composite floor assemblies in a two-story 

gravity frame and two bays by three bays in plan  

The Phase I study was completed in 2018 (Ramesh et al. 2019; Choe et al. 2019; Choe et al. 

2020), and the Phase II study is currently in progress.  

1.4. Research Objectives & Scope 

The objective of the Phase II study is to provide the technical basis and guidance needed to 

improve performance-based design for steel-framed buildings through large-scale structural 

fire experiments. A total of four compartment fire experiments are planned on a 9.1 m by 6.1 

m composite floor assembly situated in the two-story steel framed building. Test variables 

will likely include: the amount of slab reinforcement, passive fire protection of the secondary 

beam, and structural layout including but not limited to steel frame connections, slab 

continuity and floor plate geometry. To compare the results from a series of fire tests on a 

consistent basis, the fire exposure and structural loading applied to the test floor assemblies 

remain unchanged throughout the Phase II study. Natural gas burners are used to create a 

compartment fire simulating the standard time-temperature relationship until substantial 

structural failures occur. For structural loading, the ASCE 7 (2017) load combination for 

extraordinary events (1.2×dead load + 0.5×live load) is used to define the imposed gravity 

load on the test floor assemblies while exposed to fire.  

This report presents the first experiment of the Phase II program (Test #1) conducted on 

November 14, 2019. This fire test is aimed to investigate the system-level fire resistance and 

structural performance of the full-scale composite test floor assembly constructed following 

the current U.S. construction practice, including prescriptive fireproofing insulation details 

and the minimum code-prescribed shrinkage reinforcement in the composite slab. The results 

from Test #1 will serve as the baseline data to compare the results from other subsequent 

experiments conducted throughout the Phase II study. 

The specific objectives of Test #1 are the following:   

1) to develop and verify a standard fire condition in the test compartment controlled by 

the heat release rate of natural gas fueled burners and ventilation schemes,     
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2) to characterize the thermal and structural responses of the full-scale composite floor 

assembly heated to its incipient collapse or substantial integrity failure during and 

after standard fire exposure, and  

3) to evaluate the embedded safety factor or vulnerability posed by prescriptive design 

approaches. 

The experimental measurements include:  

• fire characteristics including heat release rates, gas temperatures, velocity flow of the 

openings, and heat fluxes from a natural gas fueled compartment fire, 

• thermal (temperatures) and structural responses (displacements, forces, and strains) of 

the test building, and 

• any noteworthy observations during the fire test and post-test inspections critical to 

understand the overall fire performance and failure modes of the test floor assembly.  

This report offers the unique experimental results that provide insight into the effects of 

standard fire exposure in a real building structure and potential failure mechanisms of full-

scale steel-concrete composite floor systems including steel frame connections and slab 

continuity. This technical information can be used to guide the development and validation of 

physics-based computational models of composite floor assemblies in fully developed fires 

as well as after fire is extinguished. This research effort also provides important steps toward 

the improvement of the current fire testing methods and performance-based design 

provisions for steel-framed buildings in fire. 
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 Experimental Design 

This chapter describes the design and construction of the two-story structural steel frame with 

composite floors, the fire test compartment, and mechanical loading setup.    

2.1. NFRL Two-Story Test Frame 

The two-story steel test frame was designed and constructed at the NFRL to provide a 

framework for conducting a series of large compartment fire experiments on full-scale composite 

floor systems. This test frame is representative of a steel gravity frame commonly used in 

modern office buildings. This section presents the design basis and structural design of the test 

frame and composite floor assemblies.   

2.1.1. Design Basis 

For design of the test frame, there were several constraints related to laboratory space as follows. 

The footprint of the test frame was limited by the NFRL’s strong floor, nominally 2680 cm × 

1830 cm (88 ft. × 60 ft.). The height of the test frame was controlled by the clearance under the 

overhead cranes (hook height above floor) of 914 cm (30 ft.). For accurate measurements of the 

heat release rate of a test fire, the fire test compartment was also needed to be situated beneath 

the 1524 cm × 1372 cm (50 ft. × 45 ft.) exhaust hood suspended from the ceiling of the NFRL’s 

structural fire test bay. The required “stand-off” distance between the vented wall (wall from 

which flames extend) and the hood curtain was estimated to be approximately 400 cm (13 ft.). 

Another major consideration in selecting the plan framing was the ability to uniformly load the 

test floor using hydraulic actuators mounted beneath the strong floor through 74 mm (2.9 in.) 

diameter anchor holes on 61 cm × 61 cm grid.  

Taking the above limitations into account, the test frame suggested for this study was a two-story 

gravity frame with 366 cm (12 ft.) story heights. A plan showing the extent of the strong floor 

and strong wall, the footprint of the hood, and the plan view of the test structure is shown in Fig. 

2-1. It was proposed to be two bays by three bays in plan with a total footprint of 1036 cm × 

1768 cm (34 ft. × 58 ft.).  The steel frame had symmetrical bays in the east-west direction, i.e., 

three bays spaced 427 cm, 914 cm, and 427 cm. Composite floor assemblies were constructed on 

the first floor of the test frame. The test bay was the south-central bay, 610 cm wide and 914 cm 

long. The fire test compartment was built on the ground floor to enclose the test bay and heat the 

composite floor assembly above. The main vent of the test bay was on the south side, allowing 

the maximum horizontal flame extension (distance to hood curtains) of 396 cm (13 ft.). 

A photograph of the test frame is shown in Fig. 2-2. For this study, the support columns were 

protected from fire so that they could provide a reliable load path during the experiment. Further, 

the same steel beam framing was assembled at the second story level without concrete slabs, 

providing support conditions of the steel columns continuous over two stories. This design 

decision was based on pre-test analyses in which the presence of a second-floor slab had 

negligible effect on the fire behavior of the test floor assembly on the first-floor level. In 

addition, this configuration (i.e., no concrete slabs on the second floor) allowed to expedite 

replacement of the test floor assembly (on the first-floor level) for subsequent fire tests. Details 

of the test frame design are presented in the following subsections. 
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Fig. 2-1. Plan view of NFRL structural fire test bay including the test frame with fire compartment and 

footprint of exhaust hood; dimensions in cm. 

 

 
Fig. 2-2. NFRL two-story test frame prior to fire experiment.  
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Prior to the structural design of the test structure, a survey of U.S. design firms was conducted to 

gather information on the common design practices. The test structure was then further detailed 

in accordance with the U.S. building codes and design specifications, including IBC (ICC, 2018), 

ASCE 7 (ASCE, 2016), AISC 360 (AISC, 2016) and SDI C-2011 (SDI, 2011). In addition, floor 

vibration of the composite floor assembly was checked against serviceability criteria specified in 

AISC Design Guide 11 (Murray et al., 2016).  

Table 2-1 shows a summary of the selected survey result presented in Ramesh et al. (2019) and 

the actual design values adopted in this study. The values of design gravity loads conform to the 

ASCE 7 provisions on dead and live loads. According to this survey, the most common floor 

construction uses a lightweight concrete slab with 7.6 cm (3 in.) deep trapezoidal steel decking 

supported by steel beams protected for a 2 hr fire-resistance rating. However, the required 

amount of shrinkage reinforcement in concrete slabs appears to be less consistent among state 

jurisdictions, varying from 60 mm2/m to 90 mm2/m. Hence, the present study considers the 

minimum shrinkage reinforcement of 60 mm2/m calculated following the SDI provisions.   

Table 2-1. Survey results of common U.S. design values for a 6.1 m (20 ft.) by 9.1 m (30 ft.) composite floor 

and the values considered in present study. 

Parameter Range of Survey Result Selected Design 

Value 

Construction live load 0.96 kPa to 1.92 kPa (20 psf to 40 psf) 0.96 kPa (20 psf) 

Live load (office) 2.40 kPa to 4.80 kPa (50 psf to 100 psf) 2.40 kPa (50 psf) 

Live load (partitions) 0.72 kPa to 1.44 kPa (15 psf to 30 psf) 0.96 kPa (20 psf) 

Superimposed dead load 0.48 kPa to 1.44 kPa (10 psf to 30 psf) 0.48 kPa (10 psf) 

Minimum specified concrete 

strength (lightweight concrete) 

21 MPa to 34 MPa (3000 psi to 5000 

psi)  

28 MPa (4000 psi)  

 

Steel deck properties 5.1 cm or 7.6 cm (2 to 3 in.) deep 

trapezoidal profile; sheet metal 

thickness 16 ga. to 20 ga. 

7.6 cm (3 in.) deep 

trapezoidal profile; 

sheet metal thickness 

20 ga. 

Shrinkage Reinforcement 

(welded wire reinforcement) 

60 mm2/m to 90 mm2/m  

(0.028 in2/ft to 0.042 in2/ft)  

60 mm2/m  

Fire-resistance rating of floor 

assembly 

2 hr 2 hr 

 

2.1.2. Structural Steel Frame 

The steel framing at each floor level consisted of structural steel beams (members carrying 

prescribed floor loads), structural steel girders (members supporting reaction forces from the 

beams), and simple shear connections of structural steel members. The plan view of the test 

frame is shown in Fig. 2-3. The W14×22 and W16×31 shapes were selected for the floor beams 

spanning 427 cm (14 ft.) and 914 cm (30 ft.), respectively. The W18×35 and W16×26 shapes 

were used for the internal and edge girders, respectively. All W-shapes were rolled with ASTM 

A992 (ASTM, 2020) steel, with the minimum specified yield strength of 345 MPa (50 ksi). For 

this study, the 732 cm (24 ft.) long W12×106 columns were assumed not to play a role in the 

floor failure. Each column had a 91 cm wide and 5 cm (2 in.) thick base plate and was anchored 

to the strong floor using four 3.5 cm (1-3/8 in.) diameter steel rods post-tensioned to 690 MPa 

(100 ksi) each.  

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

10 



 

 

 

A portion of the two-story test frame will be reused throughout this test program. The 

surrounding steel members framing into the test bay were spliced to allow replacement of the 

fire-exposed beam frame for each test. The two secondary beams in the southeast and southwest 

surrounding bays were spliced (i.e., Beam-4 in Fig. 2-3). Also, the four W12×106 columns 

supporting the test floor assembly, i.e., B2, B3, C2, and C3 columns in Fig. 2-3, were spliced at 

92 cm above top of the floor slab. In addition, the concrete slab and steel decking was spliced 82 

cm and 99 cm away from the test-bay column grid in the east/west and north sides of the test 

bay, respectively. Details of the slab splice design are described in Sect. 2.2.2.2. The same 

splices will be used for the remaining tests. 

 

 
Fig. 2-3. Plan view of the test frame on the first floor. 
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A variety of the simple shear connections were used for the first-floor framing of the test 

building. As shown in Fig. 2-4 and Fig. 2-5, the standard shear tabs (PL8½×6×3/8) were used at 

the ends of the W16×31 beams in the test bay on the first floor (i.e., Beam-8, Beam-9, Beam-10 

in Fig. 2-3). For the end connections of the north and south primary beams in the test bay (i.e., 

Beam-8 and Beam-10), two stacked plates, including a 19 mm (¾ in.) thick sacrificial plate and a 

44 mm (1¾ in.) bearing plate, were bolted together to the flanges of the columns (Fig. 2-4). They 

were intended to minimize any local damage of columns during fire exposure. The bolted 

connections of these plates were designed to exceed the ambient strength of the shear-tab 

connections.  

For the girder-to-column web connections, the extended shear-tab connections were used so that 

the end sections of the W18×35 and W16×26 girders were placed 13 mm (½ in.) outside of the 

column flange. The details of these connections are presented in Fig. 2-6 and Fig. 2-7. The 

extended shear tabs used for the W16×26 girders were welded to the 13 mm thick plates which 

were bolted to the column web. The extended shear tabs of the W18×35 girders were directly 

welded to the column web, and the size of fillet weld is 6.3 mm (¼ in.).  

As shown in Fig. 2-8, the single angle (L5×5×3/8 or L5×3×3/8) bolted connections were used at 

the ends of the W14×22 and W16×31 beams in the surrounding bays. The same angle 

connections were used for all members on the second floor except for the south edge beams 

(Beam-5 and Beam-10) which were connected using the bolted double angles (2L5×5×3/8). The 

shear tab connection (Fig. 2-5) was used at the ends of the east and west-bay secondary beams 

(Beam-4) connecting to the test-bay girder (Girder-4). More details of connections are presented 

in Appendix A.  

All structural bolts were rolled with A325 steel as specified in ASTM F3125 (ASTM, 2019). The 

diameter of bolts connected to the beam web was 19 mm (0.75 in.) and that connected to the 

columns was 25 mm (1 in.). All other connecting elements (rolled steel angles or steel plates) 

were ASTM A36 (ASTM, 2019) steel. Short-slotted holes, 21 mm (13/16 in.) wide and 25 mm 

(1 in.) long, were drilled on the connecting elements, whereas the standard holes with the 

diameter of 21 mm were drilled in the webs of beams and girders.  

All the girders were initially fabricated with the same end connections as shown in Fig. 2-7.  

However, the girder-to-column web connection with a two by three bolt hole pattern was found 

to be less common based on the consultation with practitioners. Hence, the end connections of  

the W18×35 girders framing into the fire test bay columns (Girder-3 and Girder-4 in Fig. 2-3) 

were modified to use five bolts in a single line (Fig. 2-6), whereas those connecting the W16×26 

girders in the surrounding bays were unchanged.   
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Fig. 2-4. Connection detail of column B2. Units are in inches. 

 

 

Fig. 2-5. Details of beam-to-girder connection in the test bay. Units are in inches. 
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Fig. 2-6. Connection detail of column C2. Units are in inches. 
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Fig. 2-7. Connection detail of column C1. Units are in inches. 

 
Fig. 2-8. Beam-to-girder connection in the surrounding bay. Units are in inches. 
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2.1.3. Composite Floor 

The cross sections of the composite floor beams and girders are shown in Fig. 2-9. These 

members were designed as a simply supported composite beam consisting of a steel beam acting 

compositely with concrete slabs through 19 mm (3/4 in.) shaft diameter steel headed stud 

anchors rolled with ASTM A29 (ASTM, 2020) steel.  

Degree of composite action1 varied by the total number of stud anchors welded on the top flange 

of each steel beam. The composite beams with W14×22 and W16×31 shapes had headed studs 

welded at every flute of the steel decking with spacing of 30 cm. This detail provided the design 

composite action ranging from 40 % to 65 %. For the composite girders with W18×35 and 

W16×26 shapes, two stud anchors were spaced at 33 cm, 35 cm, or 46 cm (13 in., 14 in., or 18 

in.) with the composite action equivalent to 66 %. According to the Chapter I Commentary of 

AISC 360, this design satisfies the condition that headed studs would not reach ductility failure 

until the designed composite action is achieved at ambient temperature. 

The 0.9 mm (20 ga.) thick galvanized steel decking was selected based on construction loads and 

beam spacings considered in this study. Each deck unit, 91 cm (3 ft.) wide, was formed into a 

trapezoidal shape with the depth of 7.6 cm (3 in.). It was placed such that the deck flute was 

continuous in the north-south direction. 

The floor slab was lightweight concrete with the minimum specified compressive concrete 

strength of 28 MPa (4000 psi). The topping concrete (above top ribs) was 83 mm (3.25 in.) thick. 

This was required to achieve the 2-hr fire-resistance rating of a floor assembly with exposed 

deck according to the latest edition of manufacturer’s catalog (www.vulcraft.com). 

The welded wire reinforcement, 6×6 W1.4×W1.4 (rolled with ASTM A1064 (ASTM, 2018)); 

3.4 mm diameter plain steel wires in 15 cm grid) was placed at mid-height of the topping 

concrete (i.e., 41 mm from the top surface of concrete) as the minimum required shrinkage 

reinforcement according to the SDI manual.  

 
1 In structural engineering, composite construction exists when two different materials are bound together so that they act together as a single unit 
from a structural point of view. When this occurs, it is called composite action. The composite action can be determined by the total shear 

strength of stud anchors normalized by the lesser of the concrete compressive strength or the yield strength of a steel beam at normal temperature.  
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Fig. 2-9. Composite girder and beam sections. Units are in inches. 

 

2.1.4. Structural Design Summary 

Table 2-2 presents a summary of the calculated demand-to-capacity ratios (DCR) of the 

composite members, DCRmember, and connections, DCRconn, at ambient temperature. Refer to Fig. 

2-3 for labels of the composite members. Required member strengths (demands) were 

determined from the ASCE 7 load combination of 1.2 × dead load + 1.6 × live load at ambient 

temperature. Available strengths (capacities) were calculated using appropriate AISC 360 

provisions.  However, the design calculation indicated that the floor vibration criteria governed 

the final selection of the steel beams of the composite floor assemblies, subsequently increasing 

the sizes of steel shapes and decreasing DCR values. For the connections of steel floor framing, 

the ambient-temperature design was controlled by bolt rupture due to eccentricity of vertical 

shear forces. As shown in Table 2-2, the value of DCR is approximately 0.5 for the secondary 

composite beam in the test bay and 0.4 for its shear-tab connections. For the composite members 

and connections in the surrounding bays, the DCR values range from 0.1 to 0.3 depending upon 

their tributary area of floor loads.  

In the same table, the applied load ratios (LR) used in the fire experiment are listed, denoted as 

LRmember for composite members and LRconn for their end connections. These values are defined 

as the ratio of the applied load to the nominal capacity at ambient temperature computed using 

AISC 360 provisions. A total vertical load, including self-weight of specimen, applied to the test 

floor assembly was 5.2 kPa (109 psf) based on the ASCE 7 load combination for extraordinary 

events, i.e., 1.2 × dead load + 0.5 × live load. The mechanical load imposed on the surrounding 
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floor slab was 1.2 kPa (26 psf), approximately equivalent to 0.5 × office live load. The steel 

frame at the second-story level was not loaded. In the test bay, the applied load ratio is 

approximately 0.3 for the secondary composite beam and 0.2 for the shear-tab connections of the 

same beam. The applied load ratios are less than 0.2 for the members and connections of the 

surrounding bays. 

 

Table 2-2. Structural design summary with composite beams or girders in Fig. 2-3. 

Composite Member End Connection Type 
Moment Shear 

DCRmember LRmember DCRconn LRconn 

Beam-1 (with W14×22) Single angle 0.08 0.03 0.10 0.04 

Beam-2 (with W14×22) Single angle 0.13 0.05 0.13 0.06 

Beam-3 (with W14×22) Single angle 0.16 0.06 0.21 0.08 

Beam-4 (with W14×22) Single angle 0.18 0.08 0.19 0.08 

Beam-5 (with W14×22) Single angle 0.11 0.04 0.14 0.06 

Beam-6 (with W16×31) Single angle 0.21 0.08 0.23 0.09 

Beam-7 (with W16×31) Single angle 0.33 0.14 0.29 0.12 

Beam-8 (with W16×31)a Standard shear tab 0.40 0.20 0.32 0.16 

Beam-9 (with W16×31)a Standard shear tab 0.46 0.27 0.38 0.22 

Beam-10 (with W16×31)a Standard shear tab 0.27 0.15 0.22 0.12 

Girder-1 (with W16×26) Extended shear tab 0.09 0.04 0.11 0.05 

Girder-2 (with W16×26) Extended shear tab 0.18 0.08 0.16 0.07 

Girder-3 (with W18×35) Extended shear tab 0.21 0.09 0.24 0.10 

Girder-4 (with W18×35)a Extended shear tab 0.38 0.20 0.34 0.18 

a 
composite members and connections exposed to fire 
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2.1.5. Fire Protection Design 

Fire-exposed steel members and connections were protected with SFRM. The thickness of 

SFRM was designed to meet the 2-hr fire-resistance rating requirement for Type IB building 

construction as specified in the IBC. For this study, the selected SFRM product was Southwest 

Type 5MD, a cementitious gypsum-based material manufactured by Carboline. This material has 

the minimum density ranging from 240 kg/m3 to 350 kg/m3 according to the manufacture’s 

specification. The SFRM application was performed by the manufacturer-approved contractor 

about 4 months prior to the fire test. 

The required SFRM thickness for the 2-hr fire-resistance rating was calculated in accordance 

with appropriate UL directories, including N791 for the primary beams and girders and D949 for 

the secondary composite beam. The required thickness and measured thickness of the SFRM are 

summarized in Table 2-3. The deck flute atop the steel beams or girders was filled with SFRM as 

specified in the UL directories. The remaining area of the steel deck was left unprotected since 

the concrete slab had a minimum thickness of 83 mm to meet the 2-hr fire-resistance rating with 

exposed deck. The IBC does not specify a fire-resistance rating required for the connection 

regions. For this study, hence, the SFRM thickness of the connection regions was at least 25 mm, 

assuming that this region could be over-sprayed due to the SFRM installation of columns. Prior 

to the fire experiment, the SFRM thickness was measured at more points than those required in 

the ASTM E605 standard (ASTM, 2019). The results of the SFRM thickness measurements are 

summarized in Table 2-3. The dry density of the applied SFRM was not measured.   

 

Table 2-3. Design and measured thickness of SFRM.  

Steel Component UL Design No. Design Thickness Average Measured 

Thickness  

W16×31 (north primary beam) N791 18 mm (11/16 in.) 18 mm ± 15 %* 

W16×31 (south primary beam) N791 18 mm (11/16 in.) 19 mm ± 16 % 

W16×31 (secondary beam) D949 11 mm (7/16 in.) 13 mm ± 13 % 

W18×35 (east girder) N791 18 mm (11/16 in.) 19 mm ± 15 % 

W18×35 (west girder) N791 18 mm (11/16 in.) 18 mm ± 15 % 

Standard shear tab  

(beam connections) 

- 25 mm (1 in.) 28 mm ± 15 % 

Extended shear tab  

(girder connections) 

- 25 mm (1 in.) 25 mm ± 10 % 

*The values after ± symbol are one standard deviation of the thickness measured at 162 discrete points of 

each member or up to 15 discrete points of each connection region. 
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2.2. Construction of Test Structure 

2.2.1. Steel Erection 

Fig. 2-10 shows photographs of the first story steel framing and the composite floor soffits at 

various locations. The 1st floor steel framing was erected at 380 cm (150 in.) above the strong 

floor. The flutes of metal deck units were continuous in the north-south direction, perpendicular 

to the secondary beams.  

 

 
(a) 

  
(b) 

 
(c) 

Fig. 2-10. Steel framing (a) test bay (b) north surrounding bay (c) west surrounding bay. Note that red post 

shoring was removed prior to fire test. Top of the specimen catch system was 10 cm below the beam. 
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Fig. 2-11 shows photographs of the steel frame connections in the test bay. The shear tab and 

extended shear tab connections were attached using 6.4 mm (0.25 in.) size fillet weld with E70 

electrodes (480 MPa) and 19.1 mm (0.75 in.) diameter A325 bolts. The bolts were snug 

tightened using a wrench to represent a typical bearing-type connection. Refer to Appendix A for 

assembly drawings.  

 

 
(a) 

 
(b) 

Fig. 2-11. Steel frame connections in the fire test bay: (a) beam-to-girder connection (b) beam-to-column 

flange and girder-to-column web connections. 
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2.2.1.1.Column Splice  

The test bay columns were spliced at 92 cm (3 ft.) above the concrete slab to facilitate 

construction and removal of the composite floor specimen. Fig. 2-12 and Fig. 2-13 show the 

drawings and photograph of the column splices used in the test structure, respectively. It should 

be noted that these column splices are not standard splices used for gravity columns as specified 

in AISC 360. Rather, they were intended to transfer the moment and shear introduced by fire 

effects. Since the moment and shear demands due to fire effects were unknown prior to the test, 

the column splice was designed conservatively compared to the typical column splices under 

normal conditions. The strong-axis and weak-axis moment capacity of the column splice was 

estimated at 84 % and 94 % of the nominal plastic moment capacity of the column, respectively. 

Similarly, its strong-axis and weak-axis shear capacity was equals to 68 % and 66 % of the 

nominal shear capacity of the column, respectively.      

The nominal plastic moment capacity was equal to 𝐹𝑦 × 𝑍𝑥 or 𝐹𝑦 × 𝑍𝑦, where 𝐹𝑦 = specified 

minimum yield stress, 𝑍𝑥= plastic section modulus about the strong axis, and 𝑍𝑦= plastic section 

modulus about the weak axis. The nominal shear capacity was equal to 0.6 × 𝐹𝑦 × 𝐴𝑤 , where, 

𝐴𝑤 = 𝑑 × 𝑡𝑤  in the strong axis or 𝐴𝑤 = 2 × 𝑏𝑓 × 𝑡𝑓  in the weak axis, 𝑑 = depth of section, 𝑡𝑤 

= thickness of web, 𝑏𝑓 = flange width, and 𝑡𝑓 = thickness of flange.  

 

 
(a) 
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(b) 

Fig. 2-12. Column splice (a) front view (b) side view (unit = inch). 

 

 
Fig. 2-13. Column splice – Northeast column of test bay (unit = inch). 
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2.2.1.2.Column Support Conditions  

The support column was fabricated with a W12×106 shape and a 5 cm (2 in.) thick plate welded 

at its base, as shown in Fig. 2-14. The base of the column was anchored to the strong floor by 

tensioning 35 mm (1-3/8 in.) diameter high strength steel bars, with a total tension force of 

445 kN (100 kip). The anchor points on the strong floor were situated in a 61 cm × 61 cm (24 in. 

× 24 in.)  grid. It should be noted that the southeast column of the test bay was anchored 

differently due to damage in one of the anchor holes. As shown in Fig. 2-14b, a hollow structural 

section (HSS) 6×6×1/2 shape was bolted to top of the base plate over its southeast corner. The 

ends of this HSS shape were then anchored to the strong floor using the same bars tensioned to 

222 kN (50 kip) force each. 

 

 
(a) 

 
(b) 

Fig. 2-14. Column support conditions: (a) typical; (b) modified at the southeast column of test bay. (unit = 

inch). 
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2.2.1.3.Beam Splice 

Some portion of the W14×22 secondary beams framing into the test-bay girders were spliced in 

order to reuse the surrounding bays for the subsequent tests (Fig. 2-5). A detailed drawing and 

photograph of the beam splice are shown in Fig. 2-15 and Fig. 2-16, respectively. The slip 

critical bolted connection was used between the connected steel surfaces as all bolts were 

tightened by following a turn-of-nut method to achieve the minimum bolt pretension specified in 

AISC 360. The moment and shear capacities of the beam splice were designed to be equal to 100 

% and 93 % of the plastic moment capacity (𝐹𝑦 × 𝑍𝑥) and shear capacity (0.6 × 𝐹𝑦 × 𝑑 × 𝑡𝑤) of 

the W14×22 beam, respectively.  

 

 
Fig. 2-15. Beam splice in the surrounding bay – side view (unit = inch). 

 

 
Fig. 2-16. Beam splice in the surrounding bay (unit = inch). 
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2.2.2. Composite Floor Formwork 

The formwork of the test bay slab with the steel reinforcement is shown in Fig. 2-17. Details of 

the installation of steel deck units, headed studs, slab splices, and steel reinforcement in the 

concrete slab are described in the following subsections. 

 

  
Fig. 2-17. Concrete slab formwork above the fire test compartment. 

 

2.2.2.1.Steel Deck Attachment 

The 91 cm (3 ft) wide steel deck units were attached to the top of the steel beams and girders 

using #10 (5 mm) diameter fasteners. These fasteners were spaced 30.5 cm (1 ft.) along the 

perimeter beams and spaced 61 cm (2 ft.) along the interior beams. In most places, steel deck 

units were joined side by side using 6.4 mm (0.25 in.) diameter fasteners spaced 61 cm along the 

deck seams. The steel deck unit placed in the center of the test bay was 61 cm wide and joined to 

the adjacent deck units using 6.4 mm diameter fasteners spaced 15.3 cm (6 in.). Pour stops (Fig. 

2-18) were attached to the exterior beams and girders using #10 fasteners at a spacing of 30.5 

cm.  

After the steel decking was installed, 1.9 cm (0.75 in.) headed stud anchors were welded to the 

top flanges of the steel beams and girders, directly burnt through the steel decking. The installed 

studs were 12.7 cm (5 in.) tall. The spacing of studs varied with the beam sizes as described in 

Sect. 2.1.3. Studs used for the composite beams were installed in so-called “strong” positions as 

specified in AISC 360. They were welded 2.5 cm (1 in.) away from the center of the deck valley 

placed on top of the beams. For the interior primary beams in the east and west surrounding bays 

(Beam-3 in Fig. 2-3) where the ends of deck pans were placed, studs were welded on alternating 

sides of the deck butt joint in a staggered pattern as shown in Fig. 2-18.    
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Fig. 2-18. Concrete slab formwork in the surrounding bays 

 

2.2.2.2.Slab Splice 

Photographs and scale drawings of the slab splices are shown in Fig. 2-19 and Fig. 2-20, 

respectively. The 63.5 cm (25 in.) long No. 4 steel reinforcing bars (12.7 mm in diameter) were 

spaced every 30.5 cm on top of the welded wire reinforcement as non-contact splices where a 

single bar was placed between two 3.4 mm diameter steel wires. The bars were continuous 

through the surrounding bays. Steel bolts (9.5 mm in diameter and 76 mm in length) were 

mounted on the splice plate to increase the friction between the plate and the concrete. The 

splices were designed to carry a bending moment equivalent to the moment capacity of the full 

wire reinforced concrete sections per ACI 318. However, this detail only permits 21 % of the 

vertical shear capacity of the full concrete section along the north edge and 31 % along the east 

or west edge. The calculated shear capacity was approximately 1.5 times greater than the shear 

demand from the ambient gravity load combination (1.2×dead load + 1.6×live load).  

 

  
(a) (b) 

Fig. 2-19. Slab splice (a) west or east side (b) north side. 
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Fig. 2-20. Scale drawings of slab splices (unit = inch). 
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2.2.2.3.Slab Reinforcement 

The welded wire reinforcement (WWR) was chosen as the primary steel reinforcement to control 

shrinkage and temperature induced cracks during curing of the cast-in-place concrete slab. The 

selected type was 6×6 W1.4×W1.4 mesh mats, 6.1 m (20 ft) long and 2.4 m (8 ft) wide each. 

They were placed on 38 mm (1.5 in.) tall slab bolsters (chairs) attached to top of the steel deck in 

the north-south direction. The bottom wire was continuous in the east-west direction, and the top 

wire was in the north-south direction. The edges of each WWR mat had an overlap of 0.46 m (18 

in.) with the adjacent mats. This overlap met the minimum required splice length of 0.34 m (13 

in.) in accordance with ACI 318-14 (ACI, 2014).  

Additional No. 4 steel reinforcing bars, with 180-degree hooks at one of the ends, were placed in 

the slab formwork above the edge beams or girders on the first floor of the test building, as 

shown in Fig. 2-21 and Fig. 2-22. These bars were positioned perpendicular to the edge beams or 

girder. The bar length was approximately 77 cm and 67 cm from the longitudinal centerlines of 

the steel beams or girders in the south side and in the remaining three sides, respectively. The 

180-degree hooks were slanted such that the bars were positioned below the head of stud anchors 

welded on top of the edge beams or girders. It should be noted that this slab edge detail is not 

necessarily a representative of that commonly used in construction practice in the United States. 

Rather, these bars were intended to delay or prevent the separation of the concrete slab from the 

south edge beam in the test bay when exposed to fire. 

Fig. 2-23 shows the steel reinforcement around the slab penetration holes (19.4 cm in diameter) 

used for the water-cooled loading tubes connected between the loading frame above the slab and 

the actuators at the basement. As shown, the two WWR mats, 91 cm by 91 cm (3 ft. by 3 ft.) 

were placed on top of each other, together with two 1.5 m long No. 4 bars in each orthogonal 

direction. 

 

   
Fig. 2-21. Slab edge reinforcement (unit = inch). 
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Fig. 2-22. Slab edge reinforcement at south edge. 

        

 

Fig. 2-23. Reinforcement details around slab penetration holes. 
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2.2.3. Concrete Placement and Curing 

2.2.3.1.Mixture Design  

The concrete mixture was designed to provide a lightweight aggregate concrete with hardened 

mechanical properties typical of those used in current construction practice, but with a low 

propensity for fire-induced spalling. To reduce the likelihood of spalling, 2.37 kg/m3 (4 lb/yd3) 

of monofilament polypropylene microfibers were used in the mix (Maluk et al., 2017). To further 

reduce the chance of fire-induced spalling, expanded slate lightweight aggregate with low water-

retention characteristics and high desorption was selected as suggested in Pour-Ghaz et al (2012), 

to expedite the reduction of moisture in the concrete during curing. The concrete design mixture 

proportion are provided in Table 2-4. 

Table 2-4. Concrete design mixture proportions. 

  water/cement:  

0.41 

Slump: 14.0±2.5 cm 

(5.5±1.0 in.) 

Material 
Surface Saturated 

Dry, kg (lb) 
Volume, m3 (ft3) 

Cement: ASTM C-150: Type I/II Lehigh 254 (560) 0.081 (2.85) 

Fly Ash: 
ASTM C-618: Separation Technologies 

Class F 
64 (140) 0.025 (0.89) 

Aggregate: ASTM C-33: Carolina Stalite LTWT 404 (890) 0.269 (9.51) 

Sand: ASTM C-33: Chaney Sand 622 (1372) 0.240 (8.46) 

Air: 2.5% - 0.019 (0.67) 

Water: ASTM C-1602; ASTM C-1603 129 (284) 0.129 (4.55) 

Admixture: See details below 5 (10) 0.002 (0.07) 

  Total 1477 (3256) 0.765 (27.00) 
 Unit Weight kg/m3 (pcf) 1932 (120.6)  

 Calculated Equilibrium Dry Density 

kg/m3 (pcf) 
1853 (115.7)  

Admixtures    

FRC MONO-150 - 2.37 kg/m3 (4 lb/yd3)   

Sika Visocrete 2100 - 1.75 ± 1.75 ml/kg (3 ± 3 oz/cwt)   

Sika Plastocrete 161 - 2.91 ± 1.16 ml/kg (5 ± 2 oz/cwt)   

SikaTard 440 - 1.16 ± 1.16 ml/kg (2 ± 2 oz/cwt)   

Sika ViscoFlow 2020 - 2.33 ± 1.16 ml/kg (4 ± 2 oz/cwt)   
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2.2.3.2. Concrete placement 

The concrete was batched at a local ready-mix concrete plant and trucked to NIST for casting. A 

total of four trucks were used. Although the design mixture proportions were the same for all 

batches (trucks), small adjustments were made by adding superplasticizer (for low moisture and 

pumpability) prior to the concrete placement. The concrete was cast indoors (Fig. 2-24a) in the 

test hall. Trucks 1 and 2 provided the concrete for the test slab (Fig. 2-24b) and Trucks 3 and 4 

provided the concrete for the surrounding bays (Fig. 2-24c). Immediately after casting, the 

concrete was covered with wet burlap to maintain a wet surface condition (Fig. 2-24d). The 

burlap was re-wet, as necessary, for the first 7 days of curing, after which the burlap was 

removed.  

 

  

(a) (b) 

  

(c) (d) 

Fig. 2-24. Casting of the concrete: (a) Pump truck in National Fire Research Laboratory test hall; (b) 

concrete placement in test specimen; (c) concrete placement in surrounding bays; (d) initial curing with wet 

burlap. 
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2.2.3.3. Curing Conditions 

The measured relative humidity and air temperature in the test hall where the specimens were 

cured from the date of casting until fire testing are plotted in Fig. 2-25. There are gaps in the data 

because the building monitoring systems went offline and were subsequently replaced. 

 

 

Fig. 2-25. Air temperature and relative humidity in test hall. 

 

The relative humidity and temperature in the concrete during curing were measured using wired 

probes placed into perforated sleeves embedded in the concrete during casting. The manufacturer 

specified accuracy of the temperature and relative humidity in the applied temperature range are 

± 0.2 °C and less than ± 2.5 %, respectively. The temperatures measured in the concrete are 

shown in Fig. 2-26 and the relative humidity measurements in Fig. 2-27. Measurement locations 

in the test specimen were in the southwest and northeast quadrants of the specimen to provide an 

indication of variation across the specimen. The measurement location for the surrounding bays 

was in the middle of the center north bay. The moisture content of the specimens, which is 

related to the relative humidity, was measured separately on concrete cylinders cured under the 

same conditions as the slabs (See Sect 2.3.2). 
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Fig. 2-26. Temperature in the test specimen and surrounding bays. 

 

 

Fig. 2-27. Relative humidity in the test specimen and surrounding bays. 
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2.3. Properties of Construction Material 

2.3.1. Mechanical Properties of Steel 

A variety of steel components constituting the test floor assembly were sent to a commercial 

testing facility to measure the mechanical properties at ambient temperatures. The fabrication of 

specimens (coupons) and testing procedures conformed to ASTM E8/E8M (2016) standard. All 

flat steel samples were saw cut from their original shapes and machined to make the standard 

coupons for tensile testing. Note that the test-bay secondary beam (W16×31) had a 

manufacturer’s heat number different from that of the north and south primary beams. All beam-

end connection plates (shear tabs) had the same heat number.  

The connection bolts were machined to make round-shaped coupons, whereas the 3.4 mm 

diameter wires from the WWR mat were not machined, but grit blasting was applied to remove 

rust before testing. No tensile coupon testing was performed on the 19 mm diameter headed stud 

anchors since their heat number was the same as those used in the Phase 1 composite beam tests. 

Refer to Ramesh et al. (2019) for their room-temperature mechanical properties.   

Fig. 2-28 and Fig. 2-29 show the measured engineering stress-strain diagrams. Where the data 

end, the operator removed the extensometer. Table 2-5 provides the average values of the 0.2 % 

offset yield strength (Sy002), the ultimate tensile strength (Su), and percent elongation at fracture 

(δ). The values after ± symbols indicate one standard deviation estimated using a uniform 

distribution of the two measured values. A gauge length of 51 mm was used to measure the 

strains in the flat coupons. The gauge length of the round coupons (bolts and wires) was four 

times the diameter of the specimen. The elongation (δ) was equal to a ratio of the final 

elongation after testing to the initial gauge length. The 0.2 % offset yield strength and tensile 

strength of the shear stud steel were 410 MPa and 510 MPa, respectively, as reported in Ramesh 

et al. (2019).    

 

Table 2-5. Mechanical properties of steel components. All values are rounded to the nearest integer. 

Specimen Name 
ASTM 

Designation 

 Sy002 
(MPa) 

Su (MPa) δ (%) 

W16x31-Beam-Flange A992 376 ± 0 507 ± 0 35 ± 0 

W16x31- Beam-Web A992 438 ± 16 533 ± 9 28 ± 2 

W16x31-Secondary-Beam-Flange A992 332 ± 0 474 ± 1 37 ± 1 

W16x31-Secondary-Beam-Web A992 381 ± 5 493 ± 0 33 ± 0 

W18x35-Girder-Flange A992 341 ± 3 509 ± 1 32 ± 1 

W18x35-Girder-Web A992 346 ± 1 510 ± 0 32 ± 1 

A36-Connection Plates  A36 290 ± 1 436 ± 1 37 ± 1 

20-gauge steel deck A653 403 ± 4 473 ± 2 26 ± 1 

A325 Bolt, 2inch (for standard shear tabs)  A325 (F3125) 876 ± 4 958 ± 4 18 ± 1 

A325 Bolt, 2.25 inch (for extended shear tabs)  A325 (F3125) 903 ± 4 972 ± 4 20 ± 0 

Welded wire mesh  A185 755 ± 2 790 ± 2 15 ± 0 
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(a) 

 

(b) 

Fig. 2-28. Engineering stress–strain relationship for (a) W16×31 beam (b) W18×35 girder. 
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(a) 

 

(b) 

Fig. 2-29. Engineering stress–strain relationship for (a) shear tab connection plate (b) steel deck and welded 

wire reinforcement. 
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2.3.2. Hardened Concrete Properties 

Table 2-6 summarizes the measured concrete properties. Where applicable, the relevant ASTM 

test standard used is provided in the table. The reader is directed to the current edition of these 

standards for details on those test methods. Relevant details about the tests used to determine the 

thermal conductivity and specific heat of the concrete are provided below. The 28-day 

compressive strength tests were performed by a third-party testing laboratory, and the ‘day of 

test’ measurements were performed at NIST within one week after the large specimen fire test 

with the exception of the tension splitting strength tests which were conducted by a third-party 

party at a later date. Except for the measurements made at the time of casting of the concrete, all 

measurements were made from 102 mm × 204 mm concrete cylinders prepared according to 

ASTM C192 (2019) and cured alongside the concrete slab in the test hall. All measurements 

were made at ambient laboratory temperatures; nominally 23 °C. No measurements of the 

concrete properties at elevated temperatures were made. 

The slump and plastic unit weight of the concrete are reported in Table 2-7. No replicate 

measurements of the fresh concrete were made so standard deviation is not reported. Table 2-8 

summarizes the measured properties (mean and one standard deviation) of the hardened concrete 

for each individual delivery truck (batch). Each value is from two or more replicates. Average 

values for all four trucks as well as grouped for the concrete in the test specimen and surrounding 

bays are provided in Table 2-9. 

 

Table 2-6. Matrix of measured concrete properties. 

  Number of cylinders 

Property Casting 28-day 
Day of test 

Total 

  6/4/2019 7/2/2019   

Slump (ASTM C143) ✔ - - - 

Plastic unit weight (ASTM C138) ✔ - - - 

Compressive strength (ASTM C39) - 12 12 24 

Density (ASTM C642) - - a - 

Static modulus (ASTM C469) - - b - 

Splitting strength (ASTM C496) - - 12 12 

Moisture content (ASTM C642) - - 12 12 

Thermal conductivity - - 4 4 

Specific heat - - c - 

a Used moisture content cylinders.  Total 52 

b Used compressive strength cylinders.     

c Samples from thermal conductivity cylinders.   
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Table 2-7. Fresh concrete properties. 

  Truck number 

Property T1 T2 T3 T4 

Water-to-binder (cement + fly ash), - 0.39 0.40 n/a 0.39 

Slump, cm 20.3 20.3 21.0 19.1 

Tare ==> Empty measure, kg 6.41 6.44 6.42 6.43 

Mass ==> Measure + Concrete, kg 34.62 34.06 33.7 33.6 

Unit weight kg/m3 1988 1947 1923 1915 

 

Table 2-8. Hardened concrete properties for each truck. 

Category Description Truck T1 Truck T2 Truck T3 Truck T4 

Structural Compressive strength, MPa 64.4 ±1.6 69.5 ±1.2 63.2 ±1.4 62.7 ±0.3 

 Splitting tensile strength, MPa 5.8 ±0.1 5.6 ±0.5 not available not available 

  Static modulus, GPa 26.0 ±0.6 27.2 ±0.6 25.0 ±0.2 24.8 ±0.1 

Thermal Bulk density, kg/m3 1923 ±3.4 1937 ±2.2 1916 ±12.0 1906 ±4.2 

 Moisture content, % mass 8.0 ±0.2 7.0 ±0.2 7.6 ±0.1 7.9 ±0.05 

 Thermal conductivity, W/m·K 2.117 ±0.188 2.232 ±0.170 2.084 ±0.029 2.276 ±0.134 

  Specific heat, J/kg∙K 1020 ±26 906 ±25 901 ±56 873 ±28 

 

Table 2-9. Average hardened concrete properties. 

Category Description 
Test 1 average 

(T1+T2+T3+T4) 

Specimen 1  

(T1+T2) 

Surrounding bays  

(T3 + T4) 

Structural Compressive strength, MPa 64.9 ±3.0 66.9 ±2.9 63.0 ±1.1 

 Splitting tensile strength, MPa not available 5.7 ±0.4 not available 

  Static modulus, GPa 25.7 ±1.1 26.6 ±0.8 24.9 ±0.2 

Thermal Bulk density, kg/m3 1920 ±13 1930 ±7 1911 ±10 

 Moisture content, % mass 7.6 ±0.4 7.5 ±0.5 7.7 ±0.2 

 Thermal conductivity, W/m·K 2.177 ±0.164 2.174 ±0.188 2.180 ±0.136 

  Specific heat, J/kg∙K 925 ±67 963 ±62 887 ±47 

 

The thermal conductivities of the concretes at ambient temperature were determined using the 

transient plane source (TPS) method (Gustafsson 1991; Log and Gustafsson 1995). Additionally, 

the heat capacities (specific heat) of the concretes at ambient temperature were measured using a 

gold pan heat capacity cell connected to the TPS measurement system. The procedure reported 

here was previously described by Bentz (Bentz et al. 2011). 

For thermal conductivity measurements, a 14.67 mm radius probe (Ni foil encased in Kapton) 

was sandwiched between two 45 mm thick slices of a 102 mm diameter hardened concrete 

cylinder. After an equilibration time of at least 45 min, measurements were obtained using a 

power of 0.3 W applied for a measurement time of 10 s. The measured response of points 100 to 
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200 of those sampled during the 10 s was analyzed using the built-in software to estimate the 

thermal conductivity of the specimens. To account for heterogeneity of the concrete, the cylinder 

slices were rotated 90-degrees after each measurement to capture a representative average 

response from the cement paste and aggregates. Four measurements were made for each batch of 

concrete. According to the manufacturer’s specifications, thermal conductivity measurements 

made in this way are reproducible within ± 2 % standard uncertainty. 

For the heat capacity measurements, approximately 1.0 g of material from the cylinders was 

ground to a powder using a mortar and pestle and placed in the heat capacity unit, which 

consisted of a Kapton probe attached to the base of a gold pan/lid. The gold pan with its lid was 

surrounded by polystyrene insulation to minimize energy loss. First, a reference measurement 

was made with an empty pan, followed by the measurement with the specimen placed in the pan. 

A power of 0.1 W was applied for a measurement time of 80 s and points 100 to 200 of those 

sampled in the 80 s were used in the analysis. Knowing the mass of the specimen, its heat 

capacity in units of J/(kg•K) could be determined. Three measurements were made for each 

batch of concrete. According to the manufacturer, heat capacity measurements made in this way 

are reproducible within ± 2 % standard uncertainty. 
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2.4. Test Setup 

2.4.1. Mechanical Loading  

The test building was imposed by mechanically applied gravity loads on the first floor during the 

fire experiment, as shown Fig. 2-30. In the test bay, a total actuator load of 125 kN was applied 

by four servo-hydraulic actuators mounted at the basement via purpose-built loading frames 

above the test floor slab; see Sect. 2.4.1.1. This load was distributed at twenty-four points across 

the 9.1 m × 6.1 m floor slab, providing a total gravity load of 5.2 kPa, including total self-weight 

of the loading systems (25 kN, equivalent to 0.45 kPa) and specimen (2.5 kPa), determined from 

the ASCE 7 load combination for extraordinary events (1.2×dead load + 0.5×live load). The 

surrounding floors were loaded by a total of seventy-six water-filled drums with a diameter of 59 

cm each, providing a uniform load of 3.7 kPa (dead load + 0.5×live load). The weight of a single 

water-filled drum was approximately 2.1 kN.  

 

 
Fig. 2-30. Mechanical loading arrangement on the first floor of the test building; Dimensions in cm. 
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2.4.1.1. Gravity Loading System 

In the test bay, the purpose-built gravity loading system was used to distribute the mechanical 

loads applied using hydraulic actuators; See Fig. 2-31. Each gravity loading system comprised a 

pair of triangular spreader frames, a loading beam, and a water-cooled round tube. All load-

bearing components were built with Hollow Structural Section (HSS) shapes made of ASTM 

A500 (2021) steel. The ends of each loading beam were supported at the centroid of the 

triangular frame that were placed horizontally on the slab. The water-cooled steel tube (HSS 2 × 

0.281) was attached at midspan of the loading beam using a coupler, and its far end was 

connected to a hydraulic actuator mounted in the laboratory basement. Hence, the mechanical 

load applied by a single actuator was equally transferred at six corners (vertices) of triangular 

frames, spaced 1.5 m apart. This water-cooled tube was 550 cm long, running through the 19.4 

cm diameter hole in the test slab, the fire test compartment (381 cm in height) and the 137 cm 

deep strong floor. MTS 249 series swivels were utilized to join each load-carrying part of the 

system to allow flexible rotations as the slab deformed into a dish-shaped profile under fire 

conditions. Refer to Appendix A for the physical dimensions of the gravity loading system. 

A total of four servo-hydraulic actuators (Model: MTS 201.35TS) were utilized in this test. As 

shown in Fig. 2-31b, these actuators were mounted to the ceiling of the strong floor basement 

using a purpose-built yoke (Choe et al. 2018). The actuator piston was aligned with the center of 

a through hole of the strong floor. A steel plate coupler was used to connect the water-cooled 

steel tube (attached to the loading frame on the test floor level) to the actuator piston. MTS 

Series 793 control software was used to regulate hydraulic servo valves and monitor and store 

real-time values of hydraulic forces and displacements applied by actuators. 
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(a) 

 
(b) 

Fig. 2-31. Photographs of (a) the gravity loading system on the test floor slab and (b) the actuator mounted in 

the NFRL basement. 
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2.4.2. Test Fire 

The test floor assembly was exposed to a compartment fire simulating the standard temperature-

time curve (ASTM E119 or ISO834). Similar to the Phase I composite beam study, natural gas 

was used as a fuel because it allowed independent and near-instantaneous control of heat release 

rate during the experiment (Choe et al. 2020). 

The key elements necessary to create a standard fire exposure without using a furnace include 

the design of a fire room, ventilation conditions, and fuel loads. The design objectives were to:  

1) safely confine a fire within the test compartment, allowing flame leakage through a single 

vent only and minimize overheating of the surrounding bays, 

2) create uniform gas temperatures, increased following the standard time-temperature 

relationship, in the upper layer of the compartment, and  

3) produce a repeatable compartment fire controlled by the heat release rate of burners. 

The following subsections describe the features of the fire test enclosure, burners, the proposed 

heat release rate of a fire used in this experiment.  

2.4.2.1. Fire Confinement 

The floor plan with the location of the fire test compartment and burners is shown in Fig. 2-32. 

The test compartment, measuring 1008 cm × 687 cm in plan, was built on the ground floor of the 

two-story test building to heat the composite floor assembly above. The floor of the test 

compartment was slightly larger than the test-bay column grid (914 cm × 610 cm); therefore, all 

primary beams, girders, and their end connections were exposed to fire. Columns were not 

directly exposed to fire except for the upper region where the floor beams or girders of the test 

bay were joined.  

 

 
Fig. 2-32. Floor plan with the fire test compartment and distribution of burners. (Unit in cm). 
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The compartment walls were considered as non-load bearing walls so that the heated floor 

assembly above could move freely downward during a test fire. All enclosing walls were 

constructed using cold-formed steel framing with wall sheathing made of 0.8 mm (22 gauge) 

sheet steel. As shown in Fig. 2-33, the main ventilation opening was on the south wall, 

approximately 150 cm tall × 582 cm wide. There was a 30 cm tall × 582 cm wide slit on the 

north wall. This silt was designed for air intake only. The height of the windowsill was 100 cm 

from the strong floor. The scaled drawings of the fire test enclosure are presented in Appendix A.  

 

 

(a) 

 

(b) 

Fig. 2-33. Photographs of the outside of the fire test compartment: (a) the south wall with a main vent 

opening and (b) the north wall with a slit.   
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The strong floor inside the test compartment was protected with two 16 mm thick layers of Type- 

X gypsum boards and a 13 mm thick concrete board, Fig. 2-34a. The height of the ceiling (the 

composite floor soffit), measured from the top surface of the compartment floor, was 377 cm. 

Refer to Appendix A for detailed 2D drawings of the test compartment. The exposed surfaces of 

the walls were lined with three layers of Type-C gypsum boards (16 mm thick each), as shown 

Fig. 2-34a. The south wall was extended beyond the top surface of the slab but its exposed 

surface was kept 7.6 cm away from the slab edge (Fig. 2-33a and Fig. 2-34a). A strip of ceramic 

fiber blanket was used to block the gap between the south slab edge and the wall lining (Fig. 

2-34b).  

 

 
(a) 

 
(b) 

Fig. 2-34. Photographs of (a) inside of the test compartment and (b) south edge of the test floor assembly. 
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In contrast, the other three (north, east, and west) walls were 77 cm shorter than the height of the 

composite floor soffit, as shown in Fig. 2-33b. The gap between the ceiling and the top edges of 

the walls was enclosed by two layers of Kaowool blanket (25 mm thick each), Fig. 2-35. 

 

 
(a) 

 

(b) 

Fig. 2-35. Photographs of (a) enclosure around the beam-to-girder connection region; (b) enclosure around 

column (outside of the compartment). 
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2.4.2.2.Natural Gas Burners 

Fig. 2-36 shows photographs of the natural gas burners, NFRL fuel delivery system, and valves 

for the burners. The test fire was created using four natural gas fueled burners (150 cm long and 

100 cm wide each) distributed across the floor of the test compartment. The four burners were 

made from steel sheet metal boxes and had the fuel inlet tube at the bottom of each burner box. 

Steel mesh screens were placed to keep the ceramic fiber blanket inside the burner box. A copper 

pilot flame tube was placed on the top of each burner to aid the burner ignition. The pilot flame 

was fed by a small propane bottle outside of the test compartment. The NFRL’s natural gas fuel 

delivery system (Bryant and Bundy, 2019) supplied the burners. The flow of natural gas was 

regulated using a computer controlled pneumatic valve. A balancing valve manifold at upstream 

of each of the four burners was used to distribute the fire inside the compartment. 

 

 
(a) 

  
(b) (c) 

Fig. 2-36. Photographs of (a) burners placed inside of the fire test compartment, (b) NFRL’s natural gas fuel 

delivery system; (c) balancing values at upstream of the burners.     
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2.4.2.3. Fire Curve 

The test fire was controlled by the total Heat Release Rate (HRR) of the natural gas burners. In 

order to replicate the standard time-temperature curve (ASTM E119 or ISO834), the time-

dependent values of the burner HRR as proposed by Zhang et al. (2019) were used. This 

proposed relationship was determined by the NIST’s Fire Dynamics Simulator (FDS) 

(McGrattan et al. 2018), accounting for thermal boundary conditions of the test compartment, 

distribution of the burners, and vent scheme as described in previous sections. A series of 

mockup fire tests (Sauca et al. 2019) were conducted in a similar room to verify the applicability 

of the proposed HRR versus time curve, shakedown the burner control and check uniformity of 

the upper layer gas temperatures within the compartment. Fig. 2-37 shows the proposed burner 

HRR versus time curve considered in this study and the predicted gas phase temperatures (Tg) at 

30.5 cm below the ceiling of the compartment. 

 

 
Fig. 2-37. Proposed heat release rate versus time relationship and predicted gas temperatures compared with 

ASTM E119 temperature-time curve. 
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 Measurement System 

A variety of sensors were used to measure (1) mechanical loads applied by hydraulic actuators, 

(2) fire conditions (heat release rates, heat fluxes, gas velocity, and gas-phase temperatures), 

(3) temperatures of the test floor assembly, and (4) structural responses of the test floor assembly 

and the surrounding structure (displacements and strains). Details of each measurement system 

are provided in the following subsections. The estimated measurement uncertainties are reported 

in Sect. 3.11. Appendix B provides the physical locations of the sensors and raw data. 

3.1. Mechanical Load 

A total of four double-acting servo-hydraulic actuators (Model: MTS 201.35TS) were utilized to 

apply mechanical loads on the test assembly. Each actuator can generate a hydraulic force up to 

250 kN in tension with a full stroke length of 760 mm. The total expanded relative uncertainty (k 

= 2) was approximately 1 % at 125 kN.  

3.2. Heat Release Rate 

The heat release rate of combustion of the natural gas was calculated using the measured mass 

flow rate and composition of the natural gas (Bryant and Bundy, 2019). The gas mass flow rate 

was measured using a positive displacement rotary flow meter, pressure gauge, and thermistor. 

The composition of natural gas was measured using a gas chromatograph with a sampling period 

of 3 min. The Ideal Gross Heating Value was calculated using the method described in ASTM 

D3588-98 (2017). The total expanded relative uncertainty (k = 2) of the heat release rate 

measured by the NFRL’s system of natural gas burners was approximately 1.4 % at 10 MW 

(Bryant and Bundy, 2019).  

During the experiment, the fire effluents were captured by the NFRL’s 20 MW canopy-style 

exhaust hood and then transported via the 2.4 m diameter duct for quantification of the heat 

release rate using the oxygen consumption calorimetry. In this experiment, exhaust flow was 

adjusted to approximately 83 kg/s. The total expanded relative uncertainty (k = 2) of the heat 

release rate measured by the oxygen consumption calorimeter was approximately 8 % at 10 MW 

(Bryant and Bundy, 2019).  

3.3. Strain 

Strains of load-bearing steel elements were measured using linear strain gauges (with a nominal 

resistance of 120 ohm) manufactured by Tokyo Measuring Instruments Laboratory Co, Ltd. 

(www.tml.jp). Two different types were deployed in this experiment as follows:  

The F series gauges (Model: FLA-5-11) with an operating temperature up to 80 °C were used to 

measure steel strains of the following locations: (1) the midspan of the secondary beam 

(W16×31) and girders (W18×35) of the 9.1 m by 6.1 m test floor assembly when subjected to 

mechanical loading at ambient temperature (Fig. 3-1a) and (2) the No. 4 hooked reinforcing bars 

in the test floor slab during the fire experiment until the bar temperature reached 80 °C (Fig. 

3-1b).  

To eliminate the thermal effects on the strain measurements at temperatures in the range of 20 °C 

and 80 °C, the raw data were post-processed using Eq. (3-1) provided by the manufacturer’s data 

sheet. The estimated total expanded uncertainty (k = 2) incorporating temperature compensation 

is approximately 1 % for the strain measurements of steel elements subjected to the ambient-

temperature mechanical loading or those at outside of the test compartment.   
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The QF series strain gauges (Model: QFLA-6-11) with an operating temperature up to 200 °C 

were attached to (1) the base of steel columns 51 mm above the end plates anchored to the strong 

floor; (2) center of the column splices above the test floor assembly; and (3) midspan of the 

W14×22 beams in the south-west bay. These strains were used to estimate thermally induced 

forces from the restraint to thermal expansion or contraction of the test floor assembly exposed 

to fire. The strain data reported in Appendix B incorporated temperature compensation using Eq. 

(3-2) provided by the manufacture’s data sheet. The total expanded uncertainty (k = 2) of 

reported strain data measured using QF strain gauges was approximately 1 %. 

Ɛ𝑟𝑒𝑝𝑜𝑟𝑡 = Ɛ𝑟𝑎𝑤 − (−31.8 + 2.77 × 𝑇 − 6.55 × 10−2 × 𝑇2 + 3.28 × 10−4 × 𝑇3

− 3.26 × 10−7 × 𝑇4) 
(3-1) 

  
Ɛ𝑟𝑒𝑝𝑜𝑟𝑡 = Ɛ𝑟𝑎𝑤 − (−52.4 + 3.82 × 𝑇 − 6.43 × 10−2 × 𝑇2 + 2.36 × 10−4 × 𝑇3

− 1.06 × 10−7 × 𝑇4) 
(3-2) 

where Ɛ𝑟𝑒𝑝𝑜𝑟𝑡 is reported strain (µm/m) in Appendix B; Ɛ𝑟𝑎𝑤 is raw strain (µm/m); and  𝑇 is the 

temperature (°C) of a strain gauge.  

 

  
(a) (b) 

Fig. 3-1. Photographs of strain gauges attached to (a) secondary steel beam (W16×31) prior to installation of 

SFRM and (b) No.4 reinforcing bar inside the concrete formwork. 

3.4. Displacement 

Displacements of the test floor assembly and the surrounding structures were measured using 

string potentiometers manufactured by UniMeasure (https://unimeasure.com/). All 

potentiometers were installed outside of the test compartment and thermally protected not to 

exceed the specified operating temperature of 95 °C.  

In order to measure the vertical displacement of the test floor assembly, a total of fifteen string 

potentiometers (Model: PA-30) were mounted to isolated aluminum frames approximately 2 m 

high from the test floor slab (Fig. 3-2). The measurement strings were directly connected to 

embedded steel eye bars anchored to the steel deck or the top flanges of steel beams or girders in 

the test bay. The total expanded uncertainty (k = 2) of the vertical displacement measurements 

was estimated to be 2 %. 

The horizontal displacements were measured at fifteen discrete locations of the two-story test 

frame: (1) the test bay columns at each story level (B2, B3, C2, and C3 columns in Fig. 3-2; (2) 

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

51 

https://unimeasure.com/


 

 

 

the exterior columns and slab edges of the two-story building. Refer to Chapter 4 for the specific 

locations of the displacement measurements. Some photographs of installed sensors are shown in 

Fig. 3-3. Most of the string potentiometers used for these measurements (Model: PA-5 and PA-

10) were equipped with high-tension steel wires and mounted to isolated steel frames or walls 

less affected by fire effects. Only the first-story drift of the southwest column of the test bay was 

measured using a temperature compensation technique described in Choe et al (2018). Two 

string potentiometers (Model: PA-10) with probes made of silicon carbide and aluminum oxide 

fibers were used to measure the horizontal displacement at that location. As the fibers exhibit 

different and approximately linear thermal expansion at the gas temperatures, the two 

measurements were used to correct for the influence of thermal expansion of the probes thus 

reducing error by more than two orders of magnitude. The total expanded uncertainty (k = 2) of 

the horizontal displacement measurements was estimated to be 6 %. 

 

 

Fig. 3-2. String potentiometers used for the vertical displacement measurements. Measuring strings were 

directly attached to the eye bars partially embedded in the concrete slab. 

 

  
(a) (b) 

Fig. 3-3 String potentiometers installed at (a) the interior (B3) column and (b) the exterior (C4) column.  

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

52 



 

 

 

3.5. Temperature  

Temperatures were measured using type K thermocouples (with the temperature range up to 

1350 C) manufactured by Omega Engineering (https://www.omega.com/en-us/). Fig. 3-4 shows 

photographs of some thermocouples mounted at various locations of the test assembly. Three 

different types of thermocouple probes were utilized depending upon their proximity to a fire. 

OMEGACLAD sheathed thermocouples (Model: TJ36-CAXL) were used to measure the gas-

phase temperatures within the test compartment. Twelve thermocouple probes were installed at 

305 mm below the exposed steel deck (Fig. 3-4a) to measure the average hot layer temperatures. 

Two posts where four thermocouple probes were mounted each were placed to measure the 

temperature distribution through the height of the test compartment. The total expanded 

uncertainty of the gas-phase temperature measurement was approximately 8 %.  

Ceramic fiber sheathed thermocouples (Model: XT-K-20-SLE) were mounted to the steel floor 

frame inside the test compartment (Fig. 3-4b). Before applying SFRM on the exposed structural 

steel, the bare beads of thermocouples were secured approximately 3 mm below the exposed 

surface by peening and then covered with the Omega high temperature cement (Model: CC 

HIGH TEMP). The lead wires were routed through the embedded pipes in the concrete slab to 

minimize the direct exposure to fire, and the exposed portion of wires were buried under the 

SFRM coating. The total expanded uncertainty (k = 2) of the steel temperature measurement was 

6 %.  

Temperatures of the concrete slab, steel deck, and slab reinforcement were measured using glass-

sheathed thermocouples (Model: GG-K-24-SLE). Concrete cylinders (with the diameter of 10 

cm) were used to mount thermocouples through the depth of the concrete slab. These cylinders 

were either 6 cm or 14 cm tall and made of a concrete mixture similar to that cast in-situ on the 

steel deck. The thermocouple beads were secured about 6 mm outside of the concrete cylinder so 

that they were in contact with the cast-in-place concrete at specified locations within the slab. 

The same type of thermocouples was also attached to the top of the steel deck (in contact with 

the cast-in-situ concrete), steel reinforcement, and headed stud anchors. The lead wires of these 

thermocouples were protected by 8 mm and 12 mm diameter Teflon tubing embedded together in 

the slab. For the temperature measurement of the top (unexposed) surfaces of the concrete slab, 

the thermocouple probes were embedded about 3 mm below the top surface and secured by 

Omega high-temperature cement. The total expanded uncertainty (k = 2) of the temperature 

measurement using glass-sheathed thermocouples was about 0.5 %.  

In addition, four standard plate thermometers integrated with K-type thermocouples, 

manufactured by Pentronic (https://www.pentronic.se), were mounted about 4 cm off from the 

surface of the steel floor beams within the test compartment. The temperatures measured by the 

plate thermometers had a total expanded uncertainty of 8 % (k = 2). 
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(a) (b) 

 

 

(c) (d) 

Fig. 3-4. Photographs of temperature sensors installed at (a) 305 mm below exposed steel deck; (b) ends of the 

west girder and the north beam prior to fireproofing; (c) top of the steel deck prior to concrete casting; (d) 

midspan of secondary beam. 

 

3.6. Heat Flux 

Gardon gauges (Medtherm Model GTW-15SB-6-60-40-484K) were placed to measure heat flux 

on the exposed surface of the compartment walls at the northwest and southeast corners of the 

test compartment. These sensors were placed in steel pipes of 25 mm inside diameter and were 

water cooled. The sensor temperature was monitored during the test. The measured heat flux had 

a total expanded uncertainty (k = 2) of 15 % (Sauca et al. 2019).  

3.7. Gas Pressure and Velocity  

Measurements of gas velocity through the vents were acquired with a few strategically placed bi-

direction probes.  The bi-directional probe (bdp) is an impact probe similar to the pitot-static 

probe (McCafferey et al., 1976), Fig. 3-5. It obstructs the flow creating a pressure differential 

between its front and rear openings.  Using Bernoulli’s principle, the fluid velocity across the bi-

Thermocouple

Thermocouple West  girder North beam

Protective tubing of 

thermocouples

Concrete cylinder

Plate thermometer
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directional probe, 𝑉𝑏𝑑𝑝, is inferred from measurements of differential pressure, ∆𝑃𝑏𝑑𝑝, and gas 

temperature, 𝑇𝑏𝑑𝑝, at the probe, Eq. (3-3). 

   

 

Fig. 3-5. Schematic of a bi-directional probe used for gas velocity measurements.  

 

𝑉𝑏𝑑𝑝 =
1

𝐶𝑏𝑑𝑝

 √
2 𝑅𝑢

𝑃𝑟𝑒𝑓  𝑀𝑔𝑎𝑠

 ∆𝑃𝑏𝑑𝑝  𝑇𝑏𝑑𝑝 (3-3) 

 

High-precision capacitance manometers (MKS 220CD Baratron), with a range of 

0 Pa to 133.32 Pa (0 torr to 1 torr) and relative expanded uncertainty of 0.01, were used to 

measure differential pressure.  Local gas temperature was measured using bare-bead 

thermocouples placed next to each probe.  The thermocouples were type K with average bead 

diameter of 1.06 ± 0.11 mm.  A probe constant, Cbdp = 1.08 ± 0.11, was applied and the 

molecular weight of the gas, Mgas, was assumed to be equal to that of air, 28.97 ± 0.10 kg/kmol.  

Standard atmospheric pressure, Pref = 101325 Pa, and the universal gas constant, Ru = 

8314.46 J/kmol/K were both applied to compute gas velocity. 

Two probes were placed on the centerline of the southeast vent and two on the centerline of the 

northwest vent (Fig. 3-6).  The measured velocities had a total expanded (k = 2) uncertainty of 

22 % (Bryant 2019).  

 

1.59 cm3.18 cm

Total

V

Static
ΔP
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(a) (b) 

Fig. 3-6. Photographs of bi-directional probes at (a) southeast vent and (b) northwest vent of the test 

compartment. 

 

3.8. Physical Dimensions and Weight 

The reported dimensions were measured using construction tape measures with an accuracy of 

1.6 mm (1/16 in.). The total expanded uncertainty of measured dimensions was less than 1%. 

The reported weights of water-filled drums and other ancillary components of gravity loading 

system were measured using an Intercomp CW250 Platform scale. The total expanded 

uncertainty in this weight measurement was approximately 2 %. 

3.9. Data Acquisition System  

The voltage and temperature measurements were digitized and recorded using National 

Instruments (NI) CompactDAQ chassis (Model: cDAQ-9181 and cDAQ-9188) populated with 

signal conditioned I/O Modules, including NI-9213 modules for thermocouples, NI-9205 

modules for a variety of voltage-based sensors, and NI-9237 modules for strain gauges of the test 

assembly. In addition, strains of steel columns were acquired using NI PXIe-1082 chassis with 

NI PXIe-4330 I/O modules. The heat release rate measured by the NFRL’s calorimeters were 

digitized and recorded using a separate data acquisition system described by Bryant et al (2019). 

An in-house software developed in LabVIEW™ called MIDAS (Modular In-situ Data 

Acquisition System) was used to allocate channels and control the data acquisition. In this test, 

the sample rate for the cDAQ and PXIe systems was 12 kHz and 25 kHz, respectively. The read 

rate was identical to the sample rate. The data were recorded at one-second intervals along with 

the standard deviations from the averaging process. The data acquisition hardware had 16 bit or 

24 bit precision for the cDAQ and PXIe systems, respectively. The NI-9213 modules have a 

maximum error of 2 ºC that includes offset errors, gain errors, nonlinearity, quantization errors, 
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noise errors, a lead wire resistance of 50 Ω, and cold-junction compensation errors according to 

the manufacturer’s specification (https://www.ni.com). The NI-9205 modules have an absolute 

accuracy of 0.06 % that includes a gain error of 0.05 %, an offset error of 0.01 % and a noise 

uncertainty of 72 µV at full output range of 10 V. The NI-9237 modules have a typical gain error 

of 0.05 % and an offset error of 0.05 %. The PXIe chassis used for the strain measurements has a 

typical accuracy of 0.0025 %.  

3.10. Camera System 

A total of thirteen high-definition cameras were deployed to record and live-stream a variety of 

video scenes of the test building and the fire test compartment during the heating and cooling 

phases of a fire. In particular, two water-cooled cameras were deployed in close proximity to test 

fire. One camera was placed on the floor of the test compartment at the south-east corner and 

another camera was placed behind a fused silica window on the northeast wall of the 

compartment (Fig. 3-7). Other cameras were used to capture the top of the concrete slab or the 

isometric view of the test building.  

 

  
(a) (b) 

Fig. 3-7. Water-cooled cameras used to capture the test assembly during and after fire experiment. 

 

Thermal imaging of the unexposed (top) surface of the test assembly was performed using a 

high-speed infrared camera (Model: FLIR SC8303). This camera was mounted on the strong 

wall at north of the test building, as shown in Fig. 3-8.  

Temperature data were collected at 15 fps during this test. The thermal imaging camera preset 

parameters used in this test are summarized in Table 3-1. However, the uncertainty in 

temperature data from this system was not estimated since the calculated output was highly 

sensitive to a transient fire environment. Several images presented in Chapter 4 are intended to 

describe the integrity failure of the composite slab in the test bay. Future work will be performed 

to better understand the factors influencing the uncertainty in temperature measurements with the 

same camera.   
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Fig. 3-8. Infrared camera mounted on the strong wall. 

 

Table 3-1. Thermal imaging camera preset parameters. 

Parameter  Selected Range or Value 

Temperature  10 °C to 90 °C and 35 °C to 150 °C 

Emissivity (0 to 1) 0.92 

Distance to target 1 m 

Reflected temperature  20 °C 

Atmospheric temperature  20 °C 

Relative humidity  30 % 

Transmission (0 to 1) 1 

Optics temperature  20 °C 

Optics Transmission (0 to 1)  1 
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3.11. Measurement Uncertainty  

The measurement uncertainty in the experiment data of the present study is summarized in Table 

3-2. The estimated total expanded uncertainty values are rounded to the nearest integer, except 

for the construction dimensions and heat release rate of burners which are rounded to the nearest 

tenth. The users of this report are advised to be informed that the experimental results presented 

in Chapter 4 are either raw data or the statistics of raw data acquired by the aforementioned 

measurement systems. It is recommended incorporating the measurement uncertainty reported 

herein into the validation of predictive models or verification of new metrology techniques.   

The standard uncertainty in measurements is estimated based on four categories in accordance 

with Taylor and Kuyatt (1994) as follows: 

• Type A uncertainty estimated using statistical analysis of the measured data, e.g., in-

house calibration or random error caused by the test environment  

• Type B uncertainty estimated by other means, such as manufacturer’s data sheets (e.g., 

sensor resolution or factory calibration) or past experience (e.g., assumed misalignment 

or temperature effects) 

• Combined standard uncertainty estimated using ‘root-sum-of-squares’ method to 

combine all the Type A and Type B uncertainty components 

• Total expanded uncertainty computed by multiplying the combined standard uncertainty 

by a coverage factor (k) of 2 for a 95 % confidence level 

The components considered in the component standard uncertainty include resolution, 

calibration, installation, and random errors. The resolution is the minimum change in the data 

measurement the instrument can exhibit. Calibration error includes uncertainties from calibration 

of the sensor. The resolution and calibration uncertainties were derived from instrument 

specifications (Type B). Uncertainty due to installation method was estimated based on 

engineering judgment (Type B) considering misalignment, quality of the mounting method of the 

sensors, and previous data. Random error, which resulted from random, unpredictable variations 

in the environment and measurement process was estimated as Type A. 
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Table 3-2. Estimated measurement uncertainty. FSOE = maximum measured values; N = number of samples 

used for estimating random errors. 

 

Measurement / Component 

 

Uncertainty 

Type 

Standard 

Uncertainty 

Combined 

Standard 

Uncertainty 

Total 

Expanded 

Uncertainty 

(k=2) 
Actuator Load (FSOE = 125 kN) 

Resolution 

Calibration 

Random (N=6390) 

 

Type B 

Type B 

Type A 

 

± 0.1 % 

± 0.5 % 

± 0.4 % 

± 0.6 % 

 

± 1 % 

 

Vertical Displacement (FSOE = 580 mm) 

Resolution 

Calibration 

Random (N=12000) 

 

Type B 

Type B 

Type A 

 

± 0.1 % 

± 0.2 % 

± 1.2 % 

± 1.2 % ± 2 % 

Horizontal Displacement (FSOE = 35 mm) 

Resolution 

Calibration 

Temperature compensation 

Random (N=12000) 

 

Type B 

Type B 

Type B 

Type A 

 

± 0.1 % 

± 1.1 % 

± 2.0 % 

± 1.8 % 

± 2.9 % ± 6 % 

Strain (FSOE = 4320 µɛ) 

Resolution 

Calibration 

Random (N=12000) 

 

Type B 

Type B 

Type A 

  

 ± 0.1 % 

 ± 0.5 % 

  ± 0.1 % 

± 0.5 % ± 1 % 

Steel Temperature (FSOE = 970 ºC)   

Resolution 

Calibration 

Installation 

Random (N=12000) 

 

Type B 

Type B 

Type B 

Type A 

 

± 0.1 % 

± 0.4 % 

    ± 2.0 % 

± 2.4 % 

± 3.2 % 

 

± 6 % 

 

Concrete Temperature (FSOE = 310 ºC)  

Resolution 

Calibration 

Random (N=12000) 

 

Type B 

Type B 

Type A 

 

± 0.1 % 

± 0.4 % 

   ± 2.8 % 

± 4.1 % 

 

± 8 % 

 

Gas Temperature (FSOE = 1110 ºC) 

Resolution 

Bias 

Radiative cooling or heating 

Random (N=12000) 

 

Type B 

Type B 

Type B 

Type A 

 

± 0.1 % 

± 0.4 % 

    ± 4.0 % 

± 0.4 % 

± 4.1 % 

 

± 8 % 

 

Construction Dimensions (FSOE = 9.1 m)  

Resolution 

Misalignment 

Random 

 

Type B 

Type B 

Type B 

 

± 0.1 % 

± 0.2 % 

± 0.1 % 

 

± 0.2 % 

 

 

± 0.5 % 

 

Weight (FSOE = 2.1 kN)  

Resolution 

Bias  

Random 

 

Type B 

Type B 

Type A 

 

± 0.1 % 

± 0.1 % 

± 1.2 % 

 

± 1.2 % 

 

 

± 2 % 

 

Fuel Consumption Calorimetry 

(FSOE = 10 MW) 

Type B  
 

± 1.4 % 

 

Oxygen Consumption Calorimetry 

(FSOE = 10 MW) 

Type B  
 

± 8 % 
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 Test Results 

This chapter presents the results of the first compartment fire experiment (Test #1) conducted on 

the 9.1 m by 6.1 m composite floor assembly of the two-story prototype building, including:  

• Testing conditions (imposed mechanical loads and heat release rates of the test fire),  

• Thermal (temperatures, heat fluxes, and gas velocities) and structural (strains and 

displacements) responses of the test floor assembly to combined effects from the fire and 

mechanical loading, and  

• Important observations from multimedia data as well as through the post-test inspections.  

 

4.1. Test Protocol  

The following test protocol was used in this experiment:  

1. Apply a total actuator load of 125 kN to the test floor assembly using four servo-

hydraulic actuators at ambient temperature  

2. Ignite pilot flames of the burners and increase natural gas flow to ignite the burners. The 

heat release rate of the burners (HRRburner) was then set to 1000 kW for approximately 

2 min to verify the uniformity of natural gas flow to all four burners.  

3. Increase the value of HRRburner to simulate a standard fire environment within the test 

compartment. The pre-programed HRRburner versus time relationship was used to heat 

the upper layer of the test compartment following the ASTM E119 time-temperature 

curve.  

4. Remove the fire and mechanical loading simultaneously when any of the following 

criteria is met: (i) detachment of beam-to-column connection(s), (ii) breach of the fire test 

compartment (a test floor assembly, enclosing walls, or both), (iii) actuator displacement 

reaching its maximum of 690 mm, (iv) loss of exhaust hood flow, or (v) failure of the 

data acquisition system network connection for a period exceeding 5 min.  

The recorded timeline of the fire experiment is illustrated in Fig. 4-1. The mechanical loading 

was initiated at 12:45 PM. A target load value of 125 kN was achieved at 1:20 PM. The test fire 

was ignited at 2:00 PM. It should be noted that there was about 2 min break in fire loading 

application from 3:40 PM to 3:42 PM. The burner flames went out as a network switch 

connecting the natural gas fuel delivery system momentarily lost power, thereby activating a 

safety shutoff valve. Finally, the fire and mechanical loads were manually removed at 3:47 PM 

due to safety concerns after a severe breach of the test floor assembly was witnessed. The 

exhaust flow of the hood was terminated afterwards. The recorded fire duration was 

approximately 107 min while the mechanical load was applied. 
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Fig. 4-1 Timeline of Test #1 conducted on Thursday, November 14, 2020. 

 

4.2. Mechanical Loading 

There were four servo-hydraulic actuators (each named as NW, NE, SW, and SE) used to apply 

mechanical loads that were uniformly distributed at twenty-four points across the test floor slab. 

As shown in Fig. 4-2, each of four actuators transferred the mechanical load equally at six points 

spaced 152 cm apart during the fire exposure. 

    

 

Fig. 4-2. Locations of loading points tied to four hydraulic actuators (NE, NW, SE, and SW).  
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The average actuator load and stroke displacement are shown in Fig. 4-3. The data from 

individual actuators are presented in Appendix B. As each of four actuators increased a load to a 

target value of approximately 31 kN at ambient temperature, the variation in actuator loads was 

about 4 % due to the presence of a time lag among actuators. During the fire exposure, the 

actuator loads varied by less than 2 %. A total magnitude of the mechanical load was maintained 

to 124.4 kN on average until the test fire was extinguished at 107 min. The variation in total 

actuator loads over fire duration was approximately 1 %.  

As shown in Fig. 4-3b, the actuator displacement of the north side and south side of the test slab 

deviated after 10 min. Stroke displacements of the two south actuators (SE and SW) increased 

much quicker than the two north actuators (NE and NW). This result indicated that the south 

(free) edge of the test floor slab allowed more rotational flexibility than the north edge connected 

to the surrounding bay. The maximum stroke difference between the north and south actuators 

was about 40 mm at 107 min. The maximum stroke difference between the east and west 

actuators was less than 10 mm. 

 

  
(a) (b) 

Fig. 4-3. (a) Average mechanical load applied by four actuators and (b) average stroke displacement of the 

north actuators (NE and NW) and the south actuators (SE and SW). 
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4.3. Test Fire Condition 

The test compartment fire was created using four natural gas burners. The test fire conditions 

were characterized in terms of heat release rates, gas-phase temperatures within the test 

compartment, and air flow through the compartment vent openings. 

4.3.1. Heat Release Rate 

There were two different measurements of the heat release rate, including the total heat release 

rate of the burners (HRRburner) and the heat release rate measured at the 13.7 m × 15.2 m 

exhaust hood (HRR). Fig. 4-4 shows a comparison between the HRR and HRRburner 

measurements during the fire test.  

After the burner ignition was confirmed at time equal to 0 min, the initial value of HRRburner 

was set to 1000 kW to verify the uniformity of natural gas flow into all four burners. In the 

growth stage of a test fire, the HRR values were more closely related to the HRRburner values 

which were increased at about 870 kW/min over 9 min. From 11 min to 107 min into fire 

loading, the value of HRRburner was increased at approximately 22 kW/min on average. The 

HRR values fluctuated ± 500 kW while the HRRburner increased more smoothly. During this 

phase, the moving average value of HRR (at every 1 min) was approximately 400 kW greater 

than the HRRburner value. This discrepancy was within a total expanded uncertainty of oxygen 

calorimetry measurements. As mentioned in Sect. 4.1, there was a temporary loss of HRRburner 

data at 100 min due to the network outage, but the connection was recovered at 102 min. In this 

test, a peak value of HRRburner was approximately 10.8 MW before the fire and mechanical 

loads were removed at 107 min. The value of HRR decreased to zero at 150 min in test time, 

approximately 43 min after the fire was extinguished.   

Fig. 4-5 shows several video frames indicating the progress of the fire inside the test 

compartment when the HRRburner value hit 1 MW, 8.7 MW, and 10.8 MW. This video camera 

was located at the southeast corner of the test compartment floor and provided a less clear view 

as the fire duration surpassed 80 min.   

Table 4-1 shows a summary of the measured total heat energy from the test fire and the fuel load 

density estimated as the total heat energy divided by the floor area of the test compartment. The 

total heat energy produced from the test fire up to 107 min was approximately equal to 60 GJ. 

The fuel load density was estimated to be less than 1000 MJ/m2 but greater than the value 

representing typical office settings (400 MJ/m2 to 600 MJ/m2). 
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Table 4-1 Measured total heat release and fuel load density. The values after ± symbols indicate the expanded 

uncertainty (with k = 2). 

 Total heat energy (GJ) Fuel load density (MJ/m2) 

Based on HRR values 63.5 ± 8.0  980 ± 8.0 

Based on HRRburner values 61.2 ± 1.4 943 ± 1.5 

  

 
Fig. 4-4. Measured heat release rates at the natural gas fuel delivery system (HRRburner) and at the 20 MW 

exhaust hood (HRR). 
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Fig. 4-5. Snapshots of the video showing the inside the test compartment at 1.5 min, 10.9 min, and 104 min. 
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4.3.2. Upper Layer Gas Temperature  

The test compartment fire produced hot gas temperatures trapped below the composite floor 

assembly within the fire test bay. Fig. 4-6 shows the average gas temperature measured using 

twelve thermocouple probes mounted 30.5 cm below the steel deck. The upper layer gas 

temperature exceeded 700 °C at 11 min and reached a peak value of 1060 °C before the fire was 

extinguished at 107 min. At 20 min into fire loading, temperatures in the middle of the test 

compartment were 120 °C to 140 °C higher than those measured at the corner. However, the 

final standard deviation in temperatures became less than 40 °C, indicating practically uniform 

heating at the exposed surfaces of the test floor assembly. Note that a sudden decrease in 

temperatures between 100 min and 102 min was caused by temporary extinguishment of the test 

fire triggered by network disruption as mentioned in Sect. 4.3.1.   

Fig. 4-7 shows a comparison of the average upper layer gas temperature with standard gas 

furnace temperature-time curves. Although the test fire was designed to simulate the ASTM 

E119 curve, the evolution of upper layer temperatures was much closer to the ISO 834 curve 

(less than 1 % difference after 15 min). The upper layer temperature was approximately 2 % 

higher than the ASTM E119 standard gas temperature after 15 min.  

 

 
Fig. 4-6. Average measured upper layer temperature within the test compartment. Error bars = standard 

deviation of temperatures measure using twelve thermocouple probes mounted 30.5 cm below the steel deck.  
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Fig. 4-7. Comparisons of average measured upper layer gas temperatures of the test compartment with 

prescribed standard furnace temperatures.  

 

Fig. 4-8 shows the compartment temperatures measured at various heights. Two thermocouple 

trees were located inside the test compartment, including the north tree 79 cm from the north 

wall and south tree 96 cm from the south wall. The temperature measurement appeared to be 

affected by the ventilation openings at the south and north wall. Temperatures measured at the 

south tree were approximately 50 °C to 100 °C lower than those measured at the north tree at the 

same elevation. The compartment temperatures measured 201 cm or higher (from the floor of the 

test compartment) became almost uniform as the test fire continued.  

 

 
Fig. 4-8. Temperature distribution through the height of the test compartment at various fire exposure times. 

The bottom surface of the test compartment is at 0 cm. 

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

68 



 

 

 

4.3.3. Compartment Opening Velocities and Temperatures 

Velocities at compartment openings were measured to characterize the ventilation conditions of 

the compartment test fire. Velocity probes were placed at two different heights in the south and 

north openings to monitor the air inflow and outflow. Bare bead thermocouples were placed at 

five different heights (SO1 through SO5) at the south opening, with two of them (SO2 and SO5) 

mounted at the vicinity of two velocity probes. Another three bare bead thermocouples (NO1 

through NO3) were placed at the north opening, and two of them (NO1 and NO2) were 

collocated with the two velocity probes. Refer to Fig. 4-9 for distribution of the velocity probes 

and thermocouples at the openings.  

 

 

 

(a)  

 

 

(b)  

Fig. 4-9. Locations of opening velocity probes and thermocouples; (a) south opening and (b) north opening, 

unit in cm.  

Name/ID X East+ Z Up+

SO1 155 241

SO2 155 221

SO3 155 180

SO4 155 160

SO5 155 142

V_SouthTop 155 221

V_SouthBot 155 142

Name/ID X East+ Z Up+

NO1 -155 123

NO2 -155 108

NO3 155 123

V_NorthTop -155 123

V_NorthBot -155 108
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Fig. 4-10 shows gas velocities measured at the south and north openings, along with the 

averaged upper layer gas temperature measured using twelve thermocouples (TCC) below the 

soffit of the test compartment. Positive velocity indicates hot gases flowing out of the 

compartment, while negative velocity indicates ambient air flowing into the compartment. In the 

first 10 min of the test, the velocities are all increasing with the rising upper layer gas 

temperature. After 15 min the gas velocities tend to stabilize in both directions. The north 

opening ‘slit’ only has air inflow, ranging from –1.2 m/s to –2.4 m/s. The south opening has air 

flows in both directions, with approximately 6.4 m/s to 7.6 m/s for outflow (at upper part of the 

opening) and –1.2 m/s to –1.6 m/s for inflow (at lower part of the opening). This gas flow 

scenario is within the expectation from the fire design of the large compartment as suggested by 

Zhang et al (2019). 

 

Fig. 4-10. Measured gas velocities along with the average upper gas temperature. The plotted data are the 

moving average values of the raw data over 25 s. 

 

Fig. 4-11 presents temperatures measured at the south and north openings. Fig. 4-12 shows 

temperature profile on the south opening at a variety of fire exposure times. The maximum value 

of this temperature profile tends to be at SO2 throughout the heating phase of a test fire. 

Temperatures of thermocouples SO5, NO1, NO2, and NO3 are higher than the ambient air 

inflow temperatures. The ambient air temperature (outside of the test compartment) was below 

40 °C on average. 
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Fig. 4-11. Thermocouple temperatures in the south and north window openings. The plotted data are the 

moving average values of the raw data over 25 s. 

 

 
Fig. 4-12. Temperature profile development on the south opening. 
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4.3.4. Convective Heat Loss through Compartment Vent Opening 

To estimate energy balance from the test compartment fire, the convective heat loss through the 

vent opening, 𝑄̇𝑙𝑜𝑠𝑠,𝑜𝑝𝑒𝑛𝑖𝑛𝑔 in MW, was estimated using Eq. (4-1) by integrating the product of 

mass flow, temperature, and specific heat capacity of the hot layer outflow, i.e., the enthalpy 

above the neutral plane at the opening: 

𝑄̇𝑙𝑜𝑠𝑠,𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 𝑚̇𝑐𝑝∆𝑇 (4-1) 

where 𝑚̇ is the mass flow rate out of the opening (kg/s), 𝑐𝑝 is the specific heat capacity of the hot 

layer (J/kg·K), and ∆𝑇 (K) is the temperature difference between the hot layer flowing out of the 

compartment (𝑇ℎ𝑜𝑡) and the ambient air temperature that was equal to the time-average value of 

𝑇𝑎𝑚𝑏 = 31 °C during a test fire. In this study, 𝑇ℎ𝑜𝑡 was assumed to be a temperature of SO2 for 

the upper bound of 𝑄̇𝑙𝑜𝑠𝑠,𝑜𝑝𝑒𝑛𝑖𝑛𝑔 and a temperature of SO4 for its lower bound.  

The mass outflow rate at the south opening, 𝑚̇, can be estimated using Eq. (4-2): 

𝑚̇ =  𝜌 𝑉̇ = 𝜌
𝑣𝑚𝑎𝑥(𝑑 − 𝑍𝑛𝑒𝑢𝑡𝑟𝑎𝑙)

2
𝑤 (4-2) 

where 𝜌 is the density of the hot layer (kg/m3), 𝑉̇ is the volumetric flow rate out of the vent 

opening (m3/s), 𝑣𝑚𝑎𝑥 is the extrapolated maximum gas flow velocity near the top edge of the 

south opening, 𝑍𝑛𝑒𝑢𝑡𝑟𝑎𝑙 is the neutral plane location from the window bottom edge, 𝑤 is the total 

window width, 582 cm, and 𝑑 is the window depth, 150 cm. 

As shown in Fig. 4-13, the gas flow velocity was assumed to be linearly distributed through the 

window height; hence, the value of 𝑉̇ was estimated as the product of the triangle area above the 

neutral plane and the total window width.  

 

 
Fig. 4-13. Gas velocity distribution at the south opening, assumed with (a) maximum velocity at the window 

top edge and (b) no-slip boundary condition as suggested by Bryant (2009). 
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Fig. 4-14 shows the convective heat loss through the south opening estimated using Eq. (4-1) and 

a comparison with measured heat loss at the duct of the 20 MW calorimetry hood. The heat loss 

through the south opening was estimated slightly greater than the duct. The energy loss estimated 

using the linear scheme (Fig. 4-13a) was roughly 44 GJ, approx. 72 % of the total heat energy 

(the area of the HRRburner versus time curve). The energy loss estimated using the multilinear 

scheme (Fig. 4-13b) resulted in 40 GJ, approx. 66 % of the total heat energy. Fig. 4-15 shows the 

mass flow rate estimated using Eq. (4-2), the gas distribution in Fig. 4-13b, and temperatures of 

the opening thermocouples (SO2, SO4, SO5, NO1 through NO3). Both outflow and inflow rates 

at the compartment openings were comparable until approx. 8 min following the burner ignition 

but deviated afterward.  

 

 
Fig. 4-14. Estimated convective heat loss.  

 

 
Fig. 4-15. Estimated mass flow rate at compartment openings. 
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4.4. Thermal Response  

This section presents measured temperatures of the test floor assembly at a variety of locations 

during the heating and cooling phase of the test compartment fire. Most data presented in this 

section are average temperatures measured by multiple thermocouples. All thermocouple 

locations and raw temperature data are reported in Appendix B. 

4.4.1. Concrete Slab 

The temperature change in the 15.9 cm deep and 8.3 cm deep sections of the profiled test floor 

slab is shown in Fig. 4-16. The plotted values are the average temperatures measured across the 

test floor slab at the same depth. The error bars on each graph indicate the maximum standard 

deviation of temperatures estimated during the heating and cooling phases of the test fire.  

Some observations can be made as follows:  

• Concrete temperature at the steel deck flute (TST_5*) indicated the hottest spot in excess 

of 900 °C before the test fire was extinguished.  

• The spatial temperature variation was quite high (> 110 °C) at the deck flute (TST_5*) 

and at the bottom of 8.3 cm deep sections (TST_7) as indicated by the large error bars. 

These temperatures could be more sensitive to delamination of the metal decking from 

the concrete surface, concrete cracking, and varying distances from fire source due to 

bending of the test floor slab. 

• The north half of the test floor slab was hotter than the south half during heating because 

of a large vent opening of the south wall. The maximum temperature difference was 

approximately 130 °C at 107 min.  

• Concrete temperatures at the same height of the welded wire reinforcement were affected 

by varying thickness of the concrete slab on the profiled metal decking. A peak 

temperature of TST_1 (deep section) and TST_6 (shallow section) was 120 °C and 380 

°C, respectively.       

• Concrete temperatures towards the top surface (TST_1, TST_5, or TST_6) and at the 

centroid of the deep section (TST_2) were affected by the moisture within the concrete. 

The moisture at these locations was driven out for a longer period than the bottom of the 

slab.  

• Concrete temperatures of TST_1 and TST_5 continued to rise after the test fire was 

extinguished. The maximum temperature was in the range of 200 °C to 250 °C during 

cooling.  

A total of eight thermocouples (TopSlab1 through TopSlab8) were mounted 3 mm below the top 

(unexposed) surface of the test floor slab, as shown in Fig. 4-17. The raw temperature data of 

these thermocouples are presented in Fig. 4-18. These temperatures continued to rise during the 

cooling phase (up to 1 h into cooling), ranging from 110 °C to 180 °C. However, the temperature 

rise (near the top surface) was less uniform across the floor area due to varying thickness of the 

slab on the profiled decking. The top of the thick sections (TopSlab1, TopSlab2, TopSlab6, and 

TopSlab8) was heated more slowly and affected by prolonged evaporation of the moisture in the 

concrete.   
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(a)   

 

 

(b)  

Fig. 4-16. Average temperatures measured at various locations within (a) 15.9 cm deep sections and (b) 8.3 cm 

deep sections of the concrete slab. Error bars indicate the maximum standard deviation of temperatures 

during fire or cooling after extinguishment. 
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Fig. 4-17. Locations of thermocouple probes 3 mm below the top (unexposed) surface of the test floor slab, 

unit in cm.  

 

 
Fig. 4-18. Concrete temperatures measured 3 mm below the top (unexposed) surface of the test floor slab. 

  

Name/ID X East+ Y North+

TopSlab1 122 97

TopSlab2 457 157

TopSlab3 655 76

TopSlab4 290 234

TopSlab5 625 377

TopSlab6 457 454

TopSlab7 259 533

TopSlab8 792 530
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4.4.2. Composite Section  

Fig. 4-19 shows the average temperature of various parts within the mid-span cross sections of 

the 9.1 m long composite beams and 6.1 m long composite girders exposed to the test fire, along 

with the average upper layer gas temperature inside the fire test compartment. The steel shapes, 

W16×31 and W18×35, were protected with SFRM and the thickness of applied SFRM is 

presented in Sect. 2.1. In Fig. 4-19a, the bottom flange temperature recorded from 167 min to 

213 min was affected by thermocouple failure.  

For the 9.1 m long composite beams (See Fig. 4-19a), temperatures of the protected web and 

bottom flange of the W16×31 shape reached 600 °C at 60 min and exceeded 800°C at 107 min. 

On the other hand, the top flange was heated more slowly. The top flange temperature was 

approximately 320 °C lower on average after 60 min into heating. Temperatures of the concrete 

at the deck flute increased to a peak value of 270 °C at 107 min. Temperatures of the headed 

studs and welded wire reinforcement (WWR) remained below 400 °C and 200 °C, respectively, 

during the heating phase.   

For the 6.1 m long W18×35 composite girders, the average temperature of the lower portion of 

the SFRM coated steel shape reached 450 °C at 60 min and exceeded 700 °C at 107 min. The top 

flange temperature increased to 400 °C until the test fire was extinguished. The concrete at the 

steel decking, i.e., at location (3) in Fig. 4-19b, heated at a similar rate of the protected top flange 

and middle web. However, this concrete temperature decreased after 80 min in fire because of 

large concrete cracks. Temperatures of the headed studs remained below 300 °C. Temperatures 

of the WWR increased to a peak value of 100 °C during heating and continued to rise over 1 h 

into cooling.   

The middle or lower web of the protected steel beams or girders was the hottest spot. 

Temperature of the WWR increased to only 10 % to 12 % of the middle web temperature after 

60 min in fire. Approximately 105 min into heating, temperatures of the entire steel section of 

the secondary beam and 70 % to 80 % of the steel sections in other composite beams and girders 

exceeded 600 °C. 

Among the three W16×31 beams (north, south, and middle beams), the largest deviation in the 

temperatures was observed in the middle (secondary) beam, approximately 80 °C, whereas the 

other two beams had the temperature deviation in the range of 10 °C to 35 °C at the same 

thermocouple location within the cross sections.  For the W18×35 girders, the temperature 

variation between two different sections ranged from 40 °C to 120 °C. There might be several 

factors influencing the protected steel temperatures, including but not limited to variability of the 

surrounding gas temperatures, SFRM thickness, or fire-induced fissures of the applied SFRM 

layers as these steel members deformed under fire.   
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(a)  

 

 

 

 

 
 

 

 

(b)  

Fig. 4-19. Average temperatures of (a) 9.1 m long composite beams at midspan and (b) 6.1 m long composite 

girders at midspan. Error bars indicate the maximum variation in temperatures recorded using 

thermocouples mounted at the same height during fire loading. Thermocouple locations are in cm.  
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4.4.3. End Connection Region 

Temperatures of the SFRM coated beam-end regions were measured using thermocouples 

mounted at various locations as illustrated in Fig. 4-20. Temperature data presented in Fig. 4-21 

through Fig. 4-23 are the average temperature of each connection element with the error bars 

indicating a maximum value of the standard deviation.  

For the standard shear tab connections used in the W16×31 beams, the peak temperatures of the 

end webs, bolt heads, and shear tabs were 640 °C, 500 °C, and 420 °C, respectively, with the 

standard deviation ranging from 25 % to 30 %. For the extended shear tab connections used in 

the W18×35 girders, the average peak temperatures of the end webs, bolt groups, shear tabs, and 

weld joints (to the column web) were 550 °C, 510 °C, 460 °C, and 250 °C, respectively. The 

standard deviation for this measurement was in the range of 10 % to 24%. Peak temperatures of 

the welded wire reinforcement (WWR) above the end connections ranged from 90 °C to 110 °C; 

those of headed stud anchors were in the range of 170 °C to 340 °C. 

The west connection of the secondary beam (C2) indicated the highest temperature compared 

with other exposed connections. In the middle beam, temperatures of the bolt heads, shear tabs 

and steel deck atop the W16×31 beam rose at a similar rate up to 100 min, reaching nearly 500 

°C on average (Fig. 4-21). The beam web next to the shear tabs was much hotter with a peak 

temperature of 770 °C on average and also indicated the large temperature variation 

(approximately 145 °C) between its east and west ends. This is believed to be resulted from 

fissures of the applied SFRM as the beam ends locally buckled. Refer to Sect. 4.6.4 for local 

buckling at the beam ends. 

 

  
(a)  (b)  

Fig. 4-20. Typical locations of temperature measurements in beam end regions of (a) the secondary beam and 

(b) the girder inside the fire test compartment. 
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Fig. 4-21. Temperatures of shear tab connections used in the middle (secondary) W16×31 beam.  

 

Between the south and north primary beams (Fig. 4-22), temperatures of each connection 

element were very similar. The average peak temperatures of the beam end web, bolt heads, and 

shear tabs were in excess of 500 °C, 400 °C and 300 °C, respectively. In the north beam, 

temperature readings at the middle bolt became less smooth after 30 min (Fig. 4-22a), possibly 

due to cracks developed in the SFRM applied to this region. The standard deviation in 

temperature measurements of the shear tabs or end webs in these perimeter (primary) beams was 

less than 45 °C.  

Temperatures of the extended shear tab connections were comparable between the east and west 

girders as shown in Fig. 4-23. The temperature difference between the east and west girders was 

approximately 50 °C on average in the end web or bolt heads. For the weld joints or shear tabs, 

the temperature difference between the east and west girders increased over the period of fire 

exposure. A peak temperature of the bolt heads reached greater than 500 °C, and that of the 

welded joints ranged from 180 °C to 250 °C during fire loading.   
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(a) 

 
(b)  

Fig. 4-22. Temperatures of shear tab connections used in (a) north and (b) south primary beams (W16×31). 
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(a) 

 
(b) 

Fig. 4-23. Temperatures of extended shear tab connections used in (a) east and (b) west girders (W18×35). 
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4.5. Structural Response  

This section presents the structural performance of the mechanically loaded test floor assembly 

when exposed to the test compartment fire and during cooling. Major events during the fire test 

are described here. Strains and displacements of the prototype building and the fire-exposed floor 

assembly were quantified during the heating and cooling phases of the test fire.  

4.5.1. Test Observations 

Table 4-2 presents a variety of events that were documented during the experiment and further 

verified against the multimedia data (e.g., recorded test videos and audio files). The reported 

times herein were recorded following the burner ignition and rounded to the nearest minute. A 

variety of snapshots from test videos are shown in Fig. 4-24 through Fig. 4-29. The term ‘report’ 

is used to describe a loud noise that occurred simultaneously with a noticeable change in 

structural data presented in the following subsections.  

 

Table 4-2. Test observations following the burner ignition. 

Time (min) Observations  Figures 

5 
A center seam of the steel decking began to separate, indicating failure of deck 

fasteners in the mid panel.  
Fig. 4-24a 

9 Buckling of the steel decking was visible. Fig. 4-24b 

12 
Buckling of north side of the steel decking (between the secondary beam and the 

north primary beam) was visible, indicating delamination of steel decking.  
Fig. 4-25 

18 Water appeared on top of the slab through concrete cracks. Fig. 4-26a 

24 Concrete cracks became clearly visible north of the north primary beam. Fig. 4-26b 

41 

A loud report was heard; several water-filled drums placed on the east surrounding 

bay trembled; some strain and displacement data were shifted up or down, 

simultaneously; concrete fractures around the perimeter of the heated slab were 

visible; heavy (wet) steam appeared on top of the heated concrete. 

Fig. 4-27a 

69 

A loud report was heard; some strain and displacement readings were shifted up or 

down; concrete cracks appeared south of the secondary beam, propagating from the 

midspan toward the east or west direction. 

Fig. 4-27b 

Fig. 4-29a 

82 to 90 

The glowing steel deck became visible through mid-panel concrete fractures; the 

gap between fractured concrete widened, indicating possible rupture of welded wire 

fabric.  

Fig. 4-28a 

Fig. 4-29b 

95 to 100 

Steam from the concrete was almost disappeared; intermittent flames appeared on 

the concrete atop the beam-to-girder joints, indicating local deck and concrete 

fractures. 

Fig. 4-27c 

101 
The values of HRRburner were affected by loss of the network connection used in 

the natural gas fuel delivery system 
 

106 to 107 

Both fire and mechanical loading were removed.  Fig. 4-24c 

Fig. 4-28b 

Fig. 4-29c 

> 107 The test floor assembly did not collapse during cooling. Fig. 4-28c 

 

It should be noted that local buckling of the floor beams and other connection damage were also 

identified after the fire experiment but unable to observe during the test. The characteristics of 

these failures were investigated through displacement and strain data as well as the post-test 

inspections described in Sect. 4.6.  
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(a) 

 
(b) 

 
(c) 

Fig. 4-24. Snapshots from the test video viewing inside the test compartment at about (a) 5 min, (b) 9 min, and 

(c) 107 min after the burner ignition. 
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Fig. 4-25. A snapshot of the test video showing local buckling of the north steel deck at about 12 min. 

 

 
(a) 

 
(b) 

Fig. 4-26. Snapshots of the test video looking down on the top of the test floor assembly at about (a) 18 min 

and (b) 24 min. 
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(a) 

 
(b) 

 
(c) 

Fig. 4-27. Snapshots of the test video looking down on the top of the test floor assembly at about (a) 41 min, 

(b) 69 min, and (c) 100 min. 
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(a) 

 
(b) 

 
(c) 

Fig. 4-28. Snapshots of the test video displaying the view from the east surrounding bay at (a) 87 min, (b) 106 

min, and (c) 130 min (cooling).   
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(a) 

 
(b) 

 
(c) 

Fig. 4-29. Thermal images displaying top of the slab at (a) 69 min, (b) 82 min, and (c) 106 min.   
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4.5.2. Vertical Displacement 

A total of fifteen string potentiometers (VD1 through VD 15) were deployed to measure the 

vertical displacement of the test floor assembly and the surrounding bays of the two-story 

prototype building: See the sensor locations in Fig. 4-30. All string potentiometers were mounted 

at a steel-aluminum frame isolated from the test building, except for VD11. This sensor (VD11) 

was intended to measure the relative vertical displacement between the first and second story 

girders at midspan. Temperatures of all string potentiometers remained below the maximum 

operating temperature specified by manufacturer. Appendix B reports the raw displacement data. 

 

 

 
Fig. 4-30. Locations of vertical displacement measurement, unit in cm. Measuring strings were attached to the 

eye bars embedded in the test floor slab. 

Name/ID X East+ Y North+

VD1 461 613

VD2 697 613

VD3 461 472

VD4 910 472

VD5 461 309

VD6 697 301

VD7 918 310

VD8 461 137

VD9 918 137

VD10 461 4

VD11 4 310

VD12 457 724

VD13 457 693

VD14 1012 305

VD15 981 305
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The measured vertical displacements as a function of fire exposure time and the average bottom 

flange temperatures of the floor beams or girders are illustrated in Fig. 4-31 and Fig. 4-32 

respectively. The positive values of displacements reported herein indicate the downward 

vertical displacements as the test floor assembly sagged under fire exposure. Table 4-3 

summarizes the maximum vertical displacement due to fire effects and their final values 

recorded at 19 h after the fire was extinguished.  

As shown in Fig. 4-31a, the center of the test floor assembly began to sag following the burner 

ignition (0 min). During the first 10 min in fire, however, the midspan vertical displacement of 

the south edge beam (VD10) increased inversely, i.e., moving upward. For this beam, a free slab 

edge on its south side allowed less resistance to twisting as the mechanical load was applied 

north of this beam. During this early stage of fire exposure, hence, this edge beam was twisting 

while the center portion of the entire test floor sagged in response to thermal bowing.  

As the compartment temperature continued to rise, all five steel members continuously deflected 

downward (Fig. 4-31, Fig. 4-32b). The vertical displacement of the middle beam (VD5) 

increased to its peak value of 580 mm (at 107 min) or approximately a ratio of L/16, where L is 

the east-west span of the test floor assembly of 914 cm. After cooling, this displacement was 

recovered to 350 mm (L/26). The vertical displacements of the perimeter (primary) members 

(VD1, VD7, VD10 and VD11) did not increase much.   

 

  
(a) (b) 

Fig. 4-31. Measured vertical displacements of the exposed steel members at midspan (a) up to 40 min and (b) 

up to 240 min including cooling (beginning at 107 min). 

 

As shown in Fig. 4-32, the vertical displacement of the secondary beam (W16×31) increased 

linearly as the average bottom flange temperatures increased up to 700 °C. At this temperature, 

the longitudinal concrete fracture appeared south of this beam at 69 min (Refer to Sect. 4.5.1). 

Beyond 700 °C, the vertical displacement of this beam still increased linearly with temperature 

but was much more sensitive to the temperature change, i.e., at a higher rate from 0.4 mm/°C to 

1.4 mm/°C.  
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However, the vertical displacements of the perimeter (primary) beams (VD1, VD7, VD10 and 

VD11) increased much less with respect to the temperature change. There might be several 

factors that contributed to this behavior: (a) the early development of concrete fractures along the 

east and west edges of the test column grid (Refer to Sect. 4.5.1) prohibiting an effective load 

transfer on the east and west girders, (b) a smaller tributary area for mechanical loading on the 

south edge beam, or (c) a smaller applied load ratio for the east and west girders with the shorter 

span (6.1 m) and a larger steel shape (W18×35). In addition, provided that the steel decking was 

continuous in the north-south direction, the vertical displacement of the east and west girder 

(VD7 and VD11, respectively) appeared to be less responsive to the longitudinal concrete 

fractures (at 69 min).      

 

 
Fig. 4-32. Measured vertical displacements of the exposed steel members at midspan as a function of the 

bottom flange temperatures from 0 min to 107 min.  

 

Table 4-3 Maximum and final values of the vertical displacements of the fire exposed steel members at 

midspan, where the final values were recorded at 17 hours after the fire was extinguished at 107 min.  

Fire-exposed beam 

or girder 

Displacement 

channel 

Temperature channels used 

for averaging bottom flange 

temperatures 

Maximum 

displacements and 

recorded test time 

Final reading 

after cooling 

North primary beam VD1 TB10_3, TB11_5, TB11_6 212 mm (120 min) 70 mm 

Secondary beam VD5 
TB5_3, TB6_5, TB6_6, 

TB7_3 
578 mm (107 min) 353 mm 

East girder VD7 TB17_3, TB16_5, TB16_6 73 mm (107 min) 22 mm 

South primary beam VD10 TB1_3, TB2_5, TB2_6 173 mm (115 min) 50 mm 

West girder VD11 TB12_3, TB13_5, TB13_6 65 mm (107 min) 15 mm 
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The temporal change in the vertical displacement at the centerlines of the test floor assembly is 

shown in Fig. 4-33. The south half of the test floor slab was deflected slightly more than its north 

half during the heating phase. The value of VD5 was less than that of VD8 up to 50 min but 

exceeded afterward. The relative displacement between VD13 and VD12 or between VD14 and 

VD15 was deemed negligible, indicating no failure of slab splices.  

 

 
(a) 

 
(b) 

Fig. 4-33. Vertical displacement profile of the test floor assembly at (a) the north-south centerline and (b) the 

east-west centerline. The upper horizontal axes indicate the corresponding position of each vertical 

displacement sensors.  
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4.5.3. Horizontal Displacement 

A total of fifteen string potentiometers (HD1 through HD15) were employed to measure the 

horizontal (lateral) displacement of the test floor assembly and at the perimeter of the two-story 

prototype building; See Fig. 4-34. Except for HD4, HD6, and HD12, all remaining HD sensors 

were mounted outside of the test building. HD4 and HD6 sensors were used to measure thermal 

expansion at the north and east edges of the heated floor assembly, respectively; similarly, HD12 

sensor was mounted at the second story level. The lateral displacements of the first-story 

columns (HD1 through HD3, HD5, and HD8 through HD10) as well as HD4 and HD6 were 

measured at 15 cm above the top surface of the test floor slab.  

 

 

 
Fig. 4-34. Locations of horizontal displacement measurements, unit in cm. The XY origin is defined at the 

center of the southwest column of the test bay; The Z datum is defined at the laboratory strong floor. 

 

Name/ID X East+ Y North+ Z Up+

Direction for 

+ Value

HD1 914 1037 412 North

HD2 1341 1037 412 North

HD3 -443 610 412 West

HD4 16 610 412 Expansion

HD5 1357 610 412 East

HD6 914 609 412 Expansion

HD7 1382 305 427 East

HD8 0 1 412 South

HD9 914 1 412 South

HD10 1357 0 412 East

HD11 914 1037 734 North

HD12 16 610 734 Expansion

HD13 0 1 729 South

HD14 914 1 729 South

HD15 931 0 734 East
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The time history of the horizontal (lateral) displacements measured at the first-story level is 

presented in Fig. 4-35. About five minutes into heating, as shown in Fig. 4-35a, the 

displacements began to increase in the east or west direction, responding to thermal expansion of 

the test floor assembly. At the same time, the lateral displacement of the southeast corner column 

of the test building (HD10) increased at a rate of 0.4 mm/min, more quickly than that of the other 

east exterior column or slab (e.g., HD5 or HD7). However, this trend was altered when a loud 

noise was heard at about 41 min. At this moment, the value of HD10 suddenly decreased 

(approximately by 40 %), whereas the values of HD7 and HD5 slightly increased. As 

approaching 70 min into heating, the east-west horizontal displacements stopped increasing and 

then slowly decreased afterward. Note that the longitudinal concrete fracture occurred at the 

center of the heated slab around this time, Fig. 4-29a.  

As shown in Fig. 4-35b, the first-story lateral displacements of the south exterior columns 

appeared not to be significantly affected by the concrete failure mentioned above. The values of 

HD6, HD8 and HD9 continuously increased for a longer period of the time, due to thermal 

elongation of the east and west girders toward the south. The peak value of HD8 or HD9 was 

recorded approximately 0.9 % of the story height (at about 100 min). The first story drift of the 

north exterior columns (HD1 or HD2) was much smaller. The value of HD1 did not increase 

until 20 min after the burner ignition and then increased in the north direction until 40 min. After 

that, this column bent toward the south together with the south exterior columns. The northeast 

corner column of the test building (HD2) appeared to displace toward the north during fire 

exposure. However, the maximum displacement of this column was about 20 % or less than the 

value of HD8.  

The lateral displacements at various locations are plotted as a function of the bottom flange 

temperatures of the fire-exposed steel beams or girders in the test bay; See Fig. 4-36. HD3 

through HD5 are plotted with the average bottom flange temperature of the north primary beam; 

HD7 is plotted with the average bottom flange temperature of the secondary beam; HD1, HD6, 

and HD9 are plotted with the average bottom flange temperature of the east girder; and HD8 is 

plotted with the average bottom flange temperature of the west girder. Some observations can be 

made as follow:  

• Due to the east-west symmetricity of the beam framing, thermal elongation of the north 

edge of the test bay (HD4) was approximately two times the lateral displacement of the 

east or west exterior columns (HD3 or HD5) along the same line, as shown in Fig. 4-36a. 

These displacements stopped increasing around 600 °C to 700 °C followed by a 

descending trend with increasing temperatures. This result implicates that the 

compressive axial restraints against thermal elongation of the north primary beam started 

to decrease around this temperature range.    

• With the presence of the north surrounding bay, the east and west girders of the test bay 

thermally elongated mostly toward the south. As shown in Fig. 4-36b, thermal elongation 

of the east girder (HD6) was very similar to the lateral displacement of the southeast and 

southwest column of the test bay (HD9 and HD8, respectively). However, around 700 °C, 

HD6 and HD9 values began to decrease or become stabilized, indicating that fire-induced 

axial displacement increasing toward the south also began to diminish. 
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During the cooling phase, as shown in Fig. 4-36c, thermal contraction of the middle portion and 

north edge of the test assembly (i.e., HD7 versus HD4) was similar, whereas that of the south 

edge of the test bay (HD10) was more sensitive to temperature changes. Thermal contraction of 

the east and west edge of the test floor (HD6 and HD8) was similar during cooling. 

 

 
(a) 

 
(b) 

Fig. 4-35. Time history of lateral displacements measured (a) the east side and (b) the north side of the 

prototype building at the first-story level, compared with horizontal (axial) displacements measured along the 

edges of the test column grid (HD4 and HD6).   
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(a) (b) 

  
(c) (d) 

Fig. 4-36. Lateral displacements of the prototype building at the first-story level as a function of bottom 

flange temperatures in the test bay; (a) the east or west side during heating, (b) the north or south side during 

heating, (c) the east or west side during cooling, and (d) the north or south side during cooling.  

 

The lateral drift of the northeast and southeast columns of the test bay can be presented in Fig. 

4-37. The initial deflection of the southeast column (at 0 min) was due to mechanical loading at 

ambient temperature. In Fig. 4-37a and Fig. 4-37b, the values in parentheses are the average 

bottom flange temperatures of the north primary beam; those of the east girder are used in Fig. 

4-37c and Fig. 4-37d. As shown, the first and second story lateral displacement of the northeast 

column increased toward the east until 80 min in fire and then decreased afterward. The 

southeast column bent toward the south until about 100 min in fire and then decreased afterward. 

During the cooling phase, the lateral displacements of these columns were mostly recovered, 

except for the southeast column that might be permanently bent. However, the final values of 

lateral displacements are within the measurement uncertainty as described in Chapter 3.   
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(a) (b) 

  
(c) (d) 

Fig. 4-37. Lateral displacements of the northeast column of the test column grid during (a) fire and (b) 

cooling; lateral displacements of the southeast column during (c) fire and (d) cooling.  
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4.6. Structural Failure 

Several visual inspections were performed to examine the failure modes and final deflected 

shapes of the structural components and members constituting the fire-exposed test floor 

assembly after cool-down. This section presents the final fracture pattern of the concrete floor 

slab with welded wire reinforcement. In addition, some portion of the concrete atop the steel 

framing was saw-cut to further examine concrete breakout failure or any damage to headed stud 

anchors. The exposed surface of the steel decking was visually inspected to report the location of 

a localized tensile rupture or separation of deck joins. The final deflected shapes of the structural 

steel components, including beams, girders, welds, structural bolts, and shear tabs, are also 

presented.  

4.6.1. Concrete Floor Slab 

Some photographs of the final deflected shape and crack patterns of the test floor slab after 

cooling are shown in Fig. 4-38 and Fig. 4-39. Overall, the fire-exposed floor slab exhibited a 

dish-shaped deformation. Concrete cracks developed around the perimeter of the test-bay column 

grid (9.1 m × 6.1 m) except for the south edge. In addition, the center concrete fracture 

developed south of the secondary beam. No concrete failure around the slab splice plates was 

discovered. Some characteristics of failures in the test floor slab are described as follows.  

The east and west transverse cracks were located 90 mm to 100 mm inside the test-bay column 

grid (Fig. 4-38b). These cracks developed in the shallow section of the concrete slab cast on the 

fluted steel decking, next to the top flanges of the east and west girders. This is the critical 

section subjected to the maximum vertical shear and a hogging moment from gravity loading. In 

addition, these cracks appeared to be propagated from the south slab edges aligned with the 

flanges of the southeast and southwest columns of the test bay, locations 1 and 2 in Fig. 4-39. 

Much larger crack openings (25 mm or greater) were observed in the south half of the east and 

west cracks (i.e., between the south columns and the secondary beam). This indicates that those 

surface cracks occurred in the early stage of the test fire and continued to widen as the test floor 

slab sagged. Most of the welded wire reinforcement, placed perpendicular to those cracks, was 

ruptured except for the region around the interior columns, Fig. 4-38b. 

The north longitudinal crack was developed approximately 370 mm north of the north primary 

beam centerline but still within the footprint of the fire test compartment, Fig. 4-38b. The north 

edge of the fire test compartment was located 480 mm north of the north primary beam 

centerline (Refer to Chapter 2). Concrete fracture planes were located near the south ends of the 

No.4 reinforcing bars extended from the slab splice plate. Larger cracks were visible around the 

center of the north primary beam, location 5 in Fig. 4-39. The welded wire reinforcement was 

ruptured across the crack openings. Much smaller cracks appeared toward the interior columns; 

See locations 3 and 4 in Fig. 4-39. Only hairline surface cracks were visible on the concrete slab 

over the south edge beam.  

The center longitudinal cracks were located approximately 530 mm south of the secondary beam 

centerline (Fig. 4-38b). Some of these cracks were much wider around the mid panel, with the 

final crack width of 50 mm or greater after cooling, and thinner toward the east or west girders. 

This result matches with the test observation that the concrete cracks were developed from the 

center and propagated towards the east and west girders. The wire reinforcement across these 

crack openings was ruptured (location 6 in Fig. 4-39). 
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The evidence of localized aggregate spalling was identified at the bottom surface of the concrete 

(away from the steel beam framing) and the surface of the round slab penetrations used for 

connecting water-cooled loading tubes, Fig. 4-40. 

 

 
(a) 

 
(b) 

Fig. 4-38. Post-test photographs of (a) final deflected shape and (b) crack pattern of the test floor slab.  
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5 6 

  
7 8 

Fig. 4-39. Post-test photographs of the test floor slab; locations 1 through 8 are closeups of concrete fractures. 

 

 

 
(b) 

 
(a) (c) 

Fig. 4-40. Post-test photographs: (a) slab through-hole used for running a water-cooled loading tube; (b-c) 

deck delamination from concrete. Localized spalling is indicated by arrows.   
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4.6.2. Headed Stud Anchor 

The concrete slab over the secondary beam ends exhibited concrete breakout failure around the 

headed stud anchors, whereas these studs exhibited only minor shear deformations (Fig. 4-41). 

No apparent breakout failures were identified in the slab over the north and south primary beam 

ends. The stud anchors in those regions barely indicated shear deformation due to flexure. 

Neither breakout failures nor shear deformations of stud anchors were observed in the midspan 

region of all three 9.1 m long beams (W16×31). More post-test photographs are presented in 

Sect. B.10. The stud anchors of the W18×35 girders were not inspected since the maximum 

vertical displacement of these girders was 70 mm (approximately equal to 1% of the girder 

length).         

 

  
(a) (b) 

  
(c) (d) 

Fig. 4-41. Saw cut concrete over (a) east and (b) west ends of the secondary beam; three stud anchors at (c) 

east and (d) west ends of the secondary beam. 
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4.6.3. Steel Deck 

The fire-exposed steel deck after cooling is shown in Fig. 4-42. The color of the north side of the 

exposed deck was different from that of the south side. Overall, the decking exhibited good 

integrity and ductility (Fig. 4-42b). There were only localized ruptures below the east end of the 

longitudinal concrete crack (Fig. 4-38b). These ruptures were approximately 140 mm long (Fig. 

4-42c). As reported in Sect. 4.5.1, a small flame was penetrated through concrete cracks in the 

region where localized deck rupture was visible.  

 

 

 

(a) 

 

(c) (b) 

Fig. 4-42. Post-test photographs: (a) overall deflected shape and color of the exposed decking; (b) closeup of 

the steel decking south of the secondary beam; (c) southeast corner of the steel decking. 
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4.6.4. Steel Floor Beam 

All exposed 9.1 m long beams and 6.1 m long girders exhibited permanent deformations in a 

variety of ways as shown in Fig. 4-43. The final value of the vertical displacement at midspan 

(after cooling) was measured 350 mm for the secondary beam (W16×31), 50 mm for the north 

primary beam, and 70 mm for the south primary beam. The midspan vertical deflection of the 

secondary beam recovered to approximately 40 % of its peak value measured during heating. In 

addition, the north and south primary beams exhibited lateral deformations and twisting, whereas 

the secondary beam was mostly bent in its strong axis.  

The west and east girders (W18×35) had the permanent vertical deflection of 20 mm and 15 mm, 

respectively. These girders were seldom deflected laterally. Photographs of the five steel 

members after demolition of the concrete slab are shown in Fig. 4-44.  

 

   
(a) (d) (c) 

Fig. 4-43. Post-test photographs: (a) north primary beam; (b) secondary beam; (c) south primary beam. 

 

  
(a) (b) 

Fig. 4-44. Post-test photographs: (a) W16×31 beams; (b) W18×35 girders. 

North 
wall East wall East wall

South 
wall

West  
wall

South 
primary 
beam

Secondary 
beam

North 
primary 
beam

West 
girder

East 
girder

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

104 



 

 

 

The north primary and secondary W16×31 beams also exhibited local buckling at the web and 

bottom flange toward their beam-end connections, Fig. 4-45. The region affected by local 

buckling was about 70 cm from the ends of the members. However, the W18×35 girders and the 

south primary W16×31 beam were barely buckled near their ends, Fig. 4-46.  

  
(a) (b) 

  
(c) (d) 

Fig. 4-45. Post-test photographs: (a-b) west end of secondary beam; (c-d) west end of north beam. 

 

 
(a) 

 
(b) 

Fig. 4-46. Post-test photographs: (a) east and (b) west ends of south primary beam. 
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4.6.5. Steel Connection 

Post-test photographs of the standard shear tabs of the secondary beam (W16×31) are shown in 

Fig. 4-47. Although local buckling was present at the beam ends, damage in the connecting shear 

tabs and bolts appeared to be minor. There was no apparent indication of weld joint failures. 

Similar observations were made in the standard shear tab connections of the north and south 

primary beams.  

 

  
(a) (b) 

  
(c) (d) 

Fig. 4-47. Post-test photographs of the end connections of the secondary beam: (a) east beam web; (b) west 

beam web; (c) east shear tab connection; (d) west shear tab connection. 

 

Some photographs of the extended shear tab connections are shown in Fig. 4-48. It can be seen 

that the deformed shape of the connecting plate was highly affected by the lateral support 

conditions of W12×106 columns. The extended shear tabs welded to the interior northeast and 

northwest columns displayed out-of-plane deformations. However, those used in the exterior 

southeast and southwest columns maintained their original shapes after fire exposure. The 

bottom three bolts connected to the southeast column web displayed partial shear ruptures, while 

those connected to the north end of the same girder barely deformed. The welded joint appeared 

to be structurally sound regardless of locations of the columns.  
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(a) (b) 

  
(c) (d) 

Fig. 4-48. Post-test photographs of extended shear tab (girder-to-column) connections: (a) north end of the 

east girder; (b) south end of the east girder; (c) north end of the west girder; (d) south end of the west girder. 
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4.7. Comparison with ASTM E119 Criteria 

The intent of standard fire testing with a furnace is to provide a consensus-based method to 

evaluate the duration for which an isolated floor assembly contains a fire while retaining its 

structural stability, the so-called fire-resistance rating expressed in minutes or hours. This testing 

is typically performed using a test assembly with limited size with two end support conditions, 

either restrained or unrestrained, as described in the ASTM E119 standard. A test assembly is 

required to resist its ambient temperature maximum load conditions while subjected to furnace 

heating that increases following the specified time-temperature relationship.  

The fire-resistance rating of a test assembly is usually determined based on limiting temperatures 

and displacements. For the 2-hour restrained assembly fire-resistance rating, the test specimen 

must meet a specified combination of the following conditions:  

i. Sustaining the applied loads with no ignition of cotton waste placed on the top of the 

heated concrete slab during the full rating period,  

ii. The average temperature on unexposed surface less than 139 °C above its initial 

temperature during the full rating period,  

iii. A peak temperature of structural steel members below 704 °C during the first hour,  

iv. The average temperature at any section of structural steel members below 593 °C during 

the first hour,   

v. As an alternative to (iii) and (iv), during the first hour when the specimen is tested under 

unrestrained conditions, the maximum total displacement less than the value of Lc2/400d 

where Lc = beam clear span, d = depth of composite beam, or the corresponding 

displacement rate less than the value of Lc2/9000d after the maximum total displacement 

value of Lc2/400d is reached   

A comparison of the measured temperatures in this study with the ASTM E119 acceptance 

criteria is summarized in Fig. 4-49. As shown, the protected individual W16×31 beams and 

W18×35 girders of the test assembly were deemed to successfully meet the ASTM E119 limiting 

temperature and displacement criteria. The average concrete surface temperature measured by 

eight thermocouples distributed across the test assembly was approximately 120 °C prior to 

extinguishment of the test fire. Although displacements of the secondary beam exceeded the 

ASTM E119 limit during fire, a displacement rate was measured 40 % less than the ASTM E119 

limit. It is to be noted that the total gravity load used in this study was determined from the 

ASCE 7 load combination of 1.2×dead load + 0.5×live load, which is only 30 % of the gravity 

load prescribed in the ASTM E119 standard. If the higher ASTM E119 load had been used 

instead, then it stands to reason that the displacement and displacement rate of the test floor 

would have been greater.  

More importantly, this fire experiment revealed some potential issues related to the integrity of a 

composite floor assembly as part of compartmentation under fire loading. As reported in 

Sect.4.5.1, the center breach in the test floor slab, initiated prior to the specified rating period of 

120 min, was accompanied by ruptures of the wire reinforcement in tension at the mid-panel 

displacement of 350 mm (the L/26 ratio) or greater. A minimum code-required amount of 

shrinkage reinforcement (60 mm2/m) used in the test assembly was insufficient to resist 
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thermally induced tension during the investigated fire. Although the steel deck continuously 

running in the transverse (north-south) direction of the test assembly appeared to be ductile at 

large vertical displacements, failure of side deck joints (fastener failure at the decking overlap), 

local deck ruptures, exposure of the heated decking units within concrete cracks allowed the 

penetration of flames and hot gases beyond the test compartment. This condition could have 

potentially ignited cotton waste placed on the unexposed surface, failing to meet the standard fire 

testing criterion ‘i’ as mentioned above.   

 

 

 
Fig. 4-49. Comparisons of the test results with (a) limiting temperatures and (b) limiting displacements and 

displacement rates, where Dmax = maximum displacement and Rmax = maximum displacement rate.
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 Summary and Conclusions 

The first of four planned compartment fire experiments (Test #1) was conducted on the 9.1 m by 

6.1 m composite floor system under the 20 MW exhaust hood at the NFRL. The objective of this 

experiment was to (i) measure the structural and thermal responses of a full-scale composite 

floor system designed and constructed following the current U.S. prescriptive approach and to 

(ii) evaluate its system-level fire resistance using the ASTM E119 acceptance criteria. This 

report has described details of the experimental design, including design and construction of the 

test structure, measurement systems, and the fire test conditions (the test fire and mechanical 

loading). The experimental test data and results from the post-test visual inspections are also 

presented. The technical information provided in this report will serve as baseline of other 

forthcoming composite floor experiments at the NFRL. 

The test building used in this study represented a full-scale two-story steel gravity frame, two 

bays by three bays in plan, designed and constructed following the current U.S. construction 

practice. The concrete slab with formed steel decking was constructed on the first floor only, 

while the identical steel floor framing consisting of W14×22, W16×26, W16×31 and W18×35 

shapes (rolled with ASTM A992 steel) was erected both at the first and second floor levels. All 

support columns were W12×106 shapes anchored to the laboratory strong floor. The fire test 

compartment (10 m × 6.9 m × 3.8 m) with the main vent opening on the south (exterior) wall 

was built on the ground floor in the south-middle bay of the test building.  

The test floor assembly was constructed with a lightweight aggregate concrete slab with the 

76 mm deep ribbed steel deck supported by three 9.1 m long W16×31 beams and two 6.1 m long 

W18×35 girders. The steel beams and girders were partially composite with the concrete slab 

through the 19 mm diameter steel headed stud anchors, providing a composite action of 65 %. 

The standard shear tabs with three 19 mm diameter bolts were used for the beam-to-column 

flange or beam-to-girder connections; the extended shear tabs with five bolts were selected for 

the girder-to-column web connections. The steel beam framing within the test compartment was 

protected with a medium density SFRM for the 2 h fire-resistance rating. However, the steel 

decking remained unprotected since the topping concrete was 83 mm thick conforming to the 2 h 

fire-resistance rating. The welded wire reinforcement (6×6 W1.4×W1.4) was placed at the mid-

height of the topping concrete as a minimum shrinkage steel as specified in the relevant U.S. 

design standard. The moisture content of the concrete at time of the fire testing (approximately 5 

months after the concrete placement) was measured at 7.5 % by mass. 

The fire experiment was conducted such that the test floor assembly was loaded using hydraulic 

actuators and simultaneously exposed to the test fire. The mechanical load was distributed at 

twenty-four points across the test floor. The magnitude of the floor load was equivalent to the 

ASCE 7 load combination for extraordinary events (1.2 × dead load + 0.5 × live load), 

approximately 5.2 kPa including the floor specimen self-weight. The test fire environment was 

created using natural gas burners, simulating the upper layer compartment temperature similar to 

the standard furnace temperature-time relationship. In this experiment, the test fire lasted about 

107 min with a peak heat release rate of 10.8 MW. A total heat energy of 63 GJ was measured at 

the exhaust hood, and the fuel load density was estimated at 920 MJ/m2.   

A variety of measurement systems were deployed to characterize the responses of the fire-

exposed floor assembly and various parts of the two-story prototype building. The test floor 
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assembly exhibited diverse structural and thermal performances under combined mechanical 

loading and fire exposure and revealed various features of failure after cooldown. Some 

important observations and conclusions drawn from Test #1 are summarized as follows: 

1) About 15 min following the burner ignition, the average upper layer gas temperature became 

more closely related to the ISO 834 temperature-time curve than ASTM E119 temperature-

time curve. The peak temperature reached 1060 °C at 107 min. The standard deviation in 

temperature measurements (from twelve thermocouples) was less than 50 °C, indicating 

practically uniform heating conditions beneath the test floor assembly. 

 

2) The web and bottom flange temperatures of the SFRM-protected W16×31 steel beams 

increased to 600 °C at 60 min and exceeded 800 °C at 107 min, whereas those of the SFRM-

protected W18×35 steel girders increased to 450 °C at 60 min and 700 °C at 107 min. The 

spatial variability of temperatures within the same steel member ranged from 30 °C to 110 

°C. The steel temperature appeared to be sensitive to various factors, including but not 

limited to variability of the applied SFRM thickness prior to fire, fissures developed in the 

SFRM during fire, proximity to the burners (due to variable vertical and lateral deflections of 

the steel floor frame and relative distance from the burners). Despite all these issues, the 

SFRM-coated steel beams and girders met the temperature acceptance criteria specified in 

the ASTM E119 standard. 

 

3) The temperature change in the concrete slab not only varied through its depth and was 

affected by a moisture content that migrated toward the top surface during fire. The average 

temperature of the welded wire reinforcement increased to 120 °C in the deep section of the 

concrete slab and to 380 °C in the shallow section (with the trapezoidal steel decking). The 

top (unexposed) surface temperature continued to rise during the cooling phase (up to 1 h 

following the fire extinguishment), in the range of 140 °C to 180 °C. The average 

temperature on the unexposed surface, measured using eight thermocouples randomly 

distributed across the test floor, did not exceed the ASTM E119 limiting temperature (i.e., 

139 °C above the initial temperature) during fire.  

 

4) The loaded test floor assembly continuously sagged during heating but never exhibited 

runaway displacement. The mid-panel vertical displacement increased to nearly 58 cm, 

equivalent to the ratio of a longitudinal span displacement ratio to 16. The horizontal (axial) 

displacement of the test assembly varied with the fire exposure time and between the east-

west (longitudinal) and north-south (transverse) directions. A thermal elongation along the 

north primary beam reached a peak value of approximately 2 cm at 70 min and then 

decreased followed by local buckling at the beam ends. However, the east and west girders 

continuously elongated mostly toward the south reaching a peak displacement over 3 cm 

until the test fire was extinguished. Because of the girder elongation, some bolts used in the 

southeast girder-to-column web connection (the extended shear tab connection) were 

partially ruptured.  

 

5) Although the test floor assembly did not collapse within the period of a test fire (107 min), 

this fire experiment demonstrated a potential fire hazard associated with slab integrity failure 

prior to the specified rating period of 2 h. The test floor slab reinforced with the 3.4 mm 

diameter steel wires (60 mm2/m) began to develop large crack openings along the interior 

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

111 



 

 

 

edges (hogging moment regions) of the test column grid less than 30 min into the fire. The 

center cracks appeared at south of the secondary beam at 70 min, exposing the glowing hot 

deck underneath the slab through enlarged crack openings. The primary cause of this main 

breach was catenary action of the wire-reinforced concrete slab in the north-south direction 

after loss of slab continuity over the east and west test-bay girders. Provided that the north 

edge crack occurred north of the north primary beam (i.e., outside the test column grid), the 

headed stud anchors on all three 9.1 m long beams provided anchorage of the concrete slab in 

the north-south direction. With excessive vertical deflections under fire exposure, the 

concrete slab reinforced with steel wires failed in tension.  

This initial experiment suggests that the minimum required steel reinforcement for composite 

slabs specified in the U.S. design standard may not be sufficient to maintain structural integrity 

during the 2-hour standard fire. Further study is recommended to evaluate the fire hazard of 

relatively ‘thin’ slab details currently permitted in the construction of steel composite floors 

spanning longer than 6 m. As future work, the second fire test (Test #2) of this experimental 

program will focus on studying the influence of enhanced slab design on the fire resilience of 

composite floor systems. 
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Appendix A Experimental Design - Supplemental Materials  

A.1. Structural Steel Frame 

Table A-1 shows the list of various simple shear connections used in the two-story test building. 

The labels of each beam and girder of the test building are shown in Fig. A-1 through Fig. A-3.  

Table A-1. Floor framing connections. 

Connection Label Connection Type Beam / Girder Label 

Conn-1  All-bolted single angles  

(L5×5×0.375; A36) 

Beam-1, Beam-3, Beam-5 (1st floor), Beam-6, Beam-

8 (2nd floor) 

Conn-2  All-bolted single angles 

(L5×3×0.375; A36) 

Beam-2, Beam-4, Beam-7, Beam-9 (2nd floor) 

Conn-3 All-bolted double angles  

(2L5×5×0.375; A36) 

Beam-5 (2nd floor), Beam-10 (2nd floor) 

Conn-4 Shear tabs 

(PL6×8.5×0.375; A36) 

Beam-8 (1st floor), Beam-9 (1st floor), Beam-10 (1st 

floor) 

Conn-5 Extended shear tabs 

(PL12.375×8.5×0.5; A36) 

Girder-1, Girder-2, Girder-3 (2nd floor), Girder-4 (2nd 

floor) 

Conn-6 Extended shear tabs  

(PL9.875×14.5×0.375; A36) 

Girder-3 (1st floor) and Girder-4 (1st floor) 

 

The end connections of the south edge beams (Beam-5 and Beam-10) on the second floor were 

double-angle connections (Conn-2) in order to prevent premature failure of the second floor 

framing due to thermal expansion of the test floor assembly on the first floor.   

Conn-4 shear tab was welded to a sacrificial plate (PL12×18×0.75) and then attached to the 

column flange using ten structural steel bolts (Ø 19 mm; F3125). A bearing plate 

(PL12.75×18×1.75) was placed between this sacrificial plate and the column flange to minimize 

any local failure of the column during the fire experiment.  

All girder-end connections were initially fabricated using Conn-5. However, the connections of 

Girder-3 and Girder-4 on the first floor were replaced with Conn-6 during the construction. This 

decision was made after industry consultation in which Conn-5 (i.e., two lines of bolts in an 

extended shear tab) was found to be less commonly used in construction practice. The end 

connections of all girders on the second floor remained unchanged, i.e., Conn-5 was used.     

The shear tab of Conn-6 was directly welded to the column web, whereas that of Conn-5 was 

welded to a sacrificial plate (PL8.5×10×0.5) which was then bolted to the column web using six 

structural steel bolts (Ø 25 mm.; F3125).  

Bolt holes on all angles or shear tabs were short slot holes (Ø 20 mm × 25 mm). 
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Fig. A-1. Scale drawing of building floor plan. Units in inch.  
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Fig. A-2. Scale drawing of the two-story steel frame along line B in Fig. A-1. Dimensions in inch.  
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(a) 

 
(b) 

Fig. A-3. Scale drawing of the two-story steel frame along (a) line 1 and (b) line 2 shown in Fig. A-1. 

Dimensions in inch.  

W16x26 (Girder-2) 

240 168
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Conn-5
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Conn-2 Conn-2

Conn-2 Conn-2

W18x35 (Girder-4)

240 168

129

156

W18x35 (Girder-4)

W18x35 (Girder-3)

Conn-5

Conn-6

W18x35 (Girder-3)
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Column splice Column splice

Conn-2 Conn-2

Conn-4 Conn-2
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(a) 

 
(b) 

Fig. A-4. Scale drawings of typical frame connections in the surrounding bay: (a) angle connection (b) 

extended shear tab connection. Dimensions in inch. 

L 5X5X3/8 or 
2L 5X5X3/8
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(a) (b) 

Fig. A-5. Plan view of beam and girder connections to exterior columns: (a) column A1 and (b) column B1. 

Units in inch. 

 

 
 

(a) (b) 

Fig. A-6. Scale drawing of the beam-to-girder connection in the surrounding bay: (a) plan and (b) front view. 

Units in inch. 
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A.2. Slab Reinforcement 

Fig. A-7 shows the steel reinforcement layout of the composite slab used in the test building. The 

welded wire reinforcement (WWR) 6×6 W1.4×W1.4 was placed throughout the entire slab as the 

shrinkage reinforcement. The north, east, and west bay slabs were further reinforced with No. 4 

bars, which were placed directly above the welded wire reinforcement. The clear cover of the 

No. 4 bars was approximately 2.5 cm (1 in.). These bars were added to minimize concrete 

damage (in the surrounding bays) as the test floor assembly sagged during the fire exposure. The 

surrounding slabs will be re-used for subsequent experiments. The No. 4 hooked bars with the 

length of 98 cm (38.5 in.) were placed at the perimeter of the floor slab to minimize any pull-out 

failures of the slab from the edge beams. The clear cover of the hooked bars was approximately 

5.1 cm (2 in.). These bars were typically spaced at 31 cm (12 in.) except for the north corner 

slabs where the bar spacing of 76 cm (30 in.) was used since these corner slabs were expected to 

have negligible influence from the heated test floor assembly.  

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

124 



 

 

 

 

Fig. A-7. Scale drawing of the steel reinforcement layout (U.S. customary units). 
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A.3. Gravity Loading System 

The four sets of the gravity loading system were used to simulate prescribed gravity loads on the 

test floor assembly when subjected to a compartment fire. The location of each loading system is 

shown in Fig. A-8. This arrangement allowed uniform floor loads distributed at twenty-four 

points across the test floor. The weight of each loading system was equally distributed at each of 

twenty-four loading points, approximately equal to 1 kN.  

 

 

 
Fig. A-8. Scale drawings of gravity loading system. Dimensions in cm. 

 

HSS 3x3x1/4

HSS 5x4x3/8

HSS 8x6x3/8

Half-sphere 

bearing

Swivel
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A.4. Fire Test Compartment  

 

 
(a) 

 
(b) 

Fig. A-9. Scale drawings of (a) compartment floor plan and (b) south wall. Dimensions in cm. 
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(a) 

 
(b) 

Fig. A-10. Scale drawings of (a) north wall and (b) east wall. Dimensions in cm. 
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Appendix B Instrumentation and Raw Data 

B.1. Mechanical Loading  

The test floor assembly was loaded by four actuators mounted at the basement. Mechanical loads 

and displacements measured using those actuators are presented in Fig. B-1.  

 

 
(a) 

 
(b) 

Fig. B-1. Hydraulic actuator data: (a) mechanical load and (b) stroke displacement of four actuators named 

each as NE, SE, NW, and SW. 
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B.2. Test-Bay Beam Strains Prior to Fire Exposure 

Strains of the secondary beam (B6) as well as the east and west girders (B13 and B16, 

respectively) at their midspan were measured as the test floor slab was hydraulically loaded at 

ambient temperature, as shown in Fig. B-2. The total mechanical load is equal to the sum of 

mechanical loads applied by all four actuators.  

 

 

 

 

(a) 

 

 

(b) 
Fig. B-2. Measured beam strains during mechanical loading at ambient temperature: (a) secondary (W16×31) 

beam; east and west (W18×35) girders at midspan. 
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B.3. Compartment Temperatures  

A total of twelve thermocouple probes (TCC1 through TCC12) were mounted 30.5 cm below the 

steel deck flute to measure temperatures in the upper layer of the test compartment. Fig. B-3 

shows the distribution of TCC1 through TCC12 across the test floor assembly.  

 

 

 

Fig. B-3. Distribution of thermocouple probes for measurements of upper layer gas temperatures within the 

test bay. The distance between a thermocouple probe and the steel deck flute is 30.5 cm. 

 

 
Fig. B-4. Compartment temperatures measured at 30.5 cm below the composite floor soffit. 

  

Name/ID X East+ Y North+

TCC1 50 46

TCC2 795 105

TCC3 453 168

TCC4 621 229

TCC5 50 259

TCC6 551 105

TCC7 865 351

TCC8 293 381

TCC9 453 442

TCC10 119 505

TCC11 865 564

TCC12 551 505
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Fig. B-5 shows distribution of thermocouple trees and four natural gas burners placed within the 

test compartment. Each thermocouple tree had three OMEGACLAD thermocouple probes 

mounted at various heights. Note that NorthTC1 was malfunctioned from the beginning of the 

test so temperatures of this thermocouple were not reported.  

 

 

 

Fig. B-5. Locations of natural gas burners and thermocouple trees in the test bay. The x and y coordinates of 

the burners indicate the center of each burner. The floor of the test compartment was at Z = 0 cm.  

 

 
Fig. B-6. Gas temperature measured using South TC and North TC trees. 

  

Name/ID X East+ Y North+ Z Up+

NorthTC1 240 531 302

NorthTC2 240 531 201

NorthTC3 240 531 102

SouthTC1 240 96 302

SouthTC2 240 96 201

SouthTC3 240 96 102

Burner1 457 505 0

Burner2 732 305 0

Burner3 457 155 0

Burner4 182 305 0
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B.4. Heat Fluxes on Exposed Walls  

Three Gardon gauges were mounted at the northwest and southeast corners of the test 

compartment, as shown in Fig. B-7. The distance from the sensor to the strong floor was 305 cm. 

The sensor temperatures remained below 60 °C during heating. Fig. B-8 shows the measured 

heat fluxes during the test. 

 

 
Fig. B-7. Locations of heat flux gauges (HG1 through HG3). 

 

 
Fig. B-8. Measured heat fluxes on exposed wall surfaces. 
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B.5. Concrete Temperatures  

A total of ten thermocouple trees, made of the 10 cm diameter concrete cylinders, were placed in 

the test floor slab. Locations of these cylinders (TST1 through TST8) are shown in Fig. B-9. In 

each cylinder, two to four thermocouples were secured at various depths of the slab, except for 

TSTi_5* mounted 3 mm from the steel deck where i = cylinder number. All thermocouple 

probes measured temperatures of the concrete poured in the test bay, neither cylinders nor the 

deck pan. The raw temperature data are presented in Fig. B-10. Some temperature readings were 

affected by evaporation of the moisture in the concrete, concrete cracking, debonding of the steel 

decking from the concrete, or combination of multiple phenomena.  

 

 

 

 

 
Fig. B-9. Locations of thermocouples embedded into the test floor slab where i = an assigned number of each 

cylinder (1 through 8). The bottom rib of the steel decking is at Z = 0 cm. 

Name/ID X East+ Y North+ Z Up+

TST1_1 122 97 11.4

TST1_2 122 97 7.3

TST1_3 122 97 3.8

TST1_4 122 97 1.6

TST2_1 457 157 11.4

TST2_2 457 157 7.3

TST2_3 457 157 3.8

TST2_4 457 157 1.6

TST2_5 465 157 3.8

TST2_6 472 157 11.4

TST2_7 472 157 8.6

TST3_1 488 97 11.4

TST3_2 488 97 7.3

TST3_3 488 97 3.8

TST3_4 488 97 1.6

TST4_5 290 234 14.6

TST4_6 290 234 11.4

TST4_7 290 234 8.6

TST5_5 625 377 14.6

TST5_6 625 377 11.4

TST5_7 625 377 8.6

TST6_1 457 454 11.4

TST6_2 457 454 7.3

TST6_3 457 454 3.8

TST6_4 457 454 1.6

TST6_5 465 454 3.8

TST6_6 472 454 11.4

TST6_7 472 454 8.6

TST7_1 122 529 11.4

TST7_2 122 529 7.3

TST7_3 122 529 3.8

TST7_4 122 529 1.6

TST8_1 792 530 11.4

TST8_2 792 530 7.3

TST8_3 792 530 3.8

TST8_4 792 530 1.6

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

134 



 

 

 

  

  

  

  
Fig. B-10. Slab temperatures measured at various locations (TST1 through TST 8). The upper layer 

temperature is the average value of compartment temperatures measured using TCC channels.  
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B.6. Composite Section Temperatures 

Fig. B-11 shows locations of the temperature measurement at five midspan composite sections of 

the test floor assembly. Table B-1 shows the corresponding X, Y, and Z coordinates of mounted 

thermocouple beads; the top surface of steel members is defined at Z = 0 cm. The time-

dependent thermal gradients across the composite beam sections at midspan are illustrated in Fig. 

B-14. 

 

 

  

  
Fig. B-11. Locations of thermocouples mounted at the midspan composite sections, where i is the section 

number. 
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Table B-1 The coordinates of thermocouple locations where the Z datum is at the top flange surface of steel 

members.  

 
  

Name/ID X East+ Y North+ Z Up+ Name/ID X East+ Y North+ Z Up+

S2_1 460 8 11.7 TB11_1 452 605 -1.3

S2_2 472 8 11.7 TB11_2 452 609 -10.8

S2_3 472 8 7.6 TB11_3 452 609 -20.3

S2_4 465 8 3.8 TB11_4 452 609 -29.8

S2_5 455 0 2.5 TB11_5 452 614 -40.3

S2_6 460 8 0.0 TB11_6 452 610 -40.3

TB2_1 452 4 -1.3 S13_1 0 323 11.7

TB2_2 452 0 -10.8 S13_2 15 328 11.7

TB2_3 452 0 -20.3 S13_3 15 328 7.6

TB2_4 452 0 -29.8 S13_4 8 331 3.8

TB2_5 452 -4 -40.3 S13_5 4 323 2.5

TB2_6 452 0 -40.3 S13_6 0 323 0.0

S6_1 460 297 11.7 TB13_1 5 320 -1.0

S6_2 472 309 11.7 TB13_2 0 320 -12.1

S6_3 472 309 7.6 TB13_3 0 320 -22.5

S6_4 465 309 3.8 TB13_4 0 320 -33.3

S6_5 455 305 2.5 TB13_5 -5 320 -45.1

S6_6 460 305 0.0 TB13_6 0 320 -45.1

TB6_1 452 300 -1.3 S16_1 914 323 11.7

TB6_2 452 304 -10.8 S16_2 899 326 11.7

TB6_3 452 304 -20.3 S16_3 899 326 7.6

TB6_4 452 304 -29.8 S16_4 907 326 3.8

TB6_5 452 309 -40.3 S16_5 911 323 2.5

TB6_6 452 305 -40.3 S16_6 914 323 0.0

S11_1 460 602 11.7 TB16_1 909 320 -1.0

S11_2 442 602 11.7 TB16_2 914 320 -12.1

S11_3 442 607 7.6 TB16_3 914 320 -22.5

S11_4 450 610 3.8 TB16_4 914 320 -33.3

S11_5 455 610 2.5 TB16_5 919 320 -45.1

S11_6 460 602 0.0 TB16_6 914 320 -45.1
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Fig. B-12. Composite section temperature at midspan of south primary beam (section 2); secondary beam 

(section 6); north primary beam (section 11). 

  

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

138 



 

 

 

 

 
Fig. B-13. Composite section temperature at midspan of west girder (section 13) and east girder (section 16). 

 

 

 

 

 

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

139 



 

 

 

  
(a) Section 2 (d) Section 13 

  
(b) Section 6 (e) Section 16 

 

 

(c) Section 11  

Fig. B-14. Change in thermal gradients through the depth of the midspan composite sections of (a) south 

primary beam, (b) secondary beam, (c) north primary beam, (d) west girder, and (e) east girder during 

heating. 
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B.7. Steel Beam and Girder Temperatures 

Temperatures of the SFRM-protected steel beams (W16×31) and steel girders (W18×35) were 

measured at various locations, Fig. B-15. Note that the coordinates of thermocouples at midspan 

sections (TB2, TB6, TB11, TB13, and TB16) are presented in Table B-1.  

 

 

 
(a) 

 
 

(b) TB1, TB5, TB7, TB10 (W16×31) (c) TB12, TB17 (W18×35) 

Fig. B-15. Locations of (a) steel temperature measurements where the Z datum is located at top of the steel 

members and thermocouples mounted to (b) W16×31 beams (TB1, TB5, TB7, and TB10 sections) and (c) 

W18×35 girders (TB12 and TB17 sections). i = section number shown in (a). 

 

 

  

Name/ID

X 

East+

Y 

North+ Z Up+

TB1_1 229 4 -1.3

TB1_2 229 0 -20.3

TB1_3 229 -4 -40.3

TB5_1 229 300 -11.7

TB5_2 229 304 -20.3

TB5_3 229 309 -40.3

TB7_1 686 300 -11.7

TB7_2 686 304 -20.3

TB7_3 686 309 -40.3

TB10_1 229 605 -11.7

TB10_2 229 609 -20.3

TB10_3 229 614 -40.3

TB12_1 5 152 -0.9

TB12_2 0 152 -22.5

TB12_3 -5 152 -45.0

TB17_1 909 457 -0.9

TB17_2 914 457 -22.5

TB17_3 919 457 -45.0
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Fig. B-16. Protected steel beam and girder temperatures: W16×31 primary beams (sections 1 and 10); 

W16×31 secondary beam (sections 5 and 7) and W18×35 girders (sections 12 and 17). 

 

  

Fire Resilience in Steel-Concrete Structures Part I: Insights from Full-Scale Testing

 

–

 

S07-002

                      

142 



 

 

 

B.8. Steel Connection Temperatures 

A total of sixty-one thermocouples were mounted in the beam-end connection regions as shown 

in Fig. B-17. Thermocouples with C group were used to measure temperatures of the steel 

connection elements protected with SFRM; those with SC group were attached to the welded 

wire reinforcement as well as the steel deck in contact with concrete. Table B-2 shows the 

corresponding X, Y, and Z coordinates of mounted thermocouple beads; the top surface of steel 

members is defined at Z = 0 cm. Raw temperature data are plotted in Fig. B-18 as a function of 

the fire exposure time. Note there were several thermocouples failed, including C3_4 at 167 min; 

C6_5 at 107 min; C9_6 at 23 min to 127 min. The peak temperature of various parts in the 

connection region during heating is reported in Table B-3. 

 

 

 

 

C1 & SC1 C2 & SC2 
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C4 & SC4 C3 & SC3 

 
C5 & SC5 

 
C6 & SC6 

C4_6
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C7 (left) & C8 (right) 

 
C9 (left) & C10 (right) 

Fig. B-17. Locations of thermocouples mounted at the ends of composite beams and girders in the test bay. 
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Table B-2. Coordinates of thermocouples mounted in member connection regions, where the origin of the x 

and y coordinates is shown in Fig. B-17 and the z datum is located at the top flange of steel members. 

  

Name/ID X East+ Y North+ Z Up+ Name/ID X East+ Y North+ Z Up+

C1_1 871 0 -7.6 SC4_1 30 610 11.7

C1_2 871 0 -15 SC4_2 28 610 2.5

C1_3 888 1 -7.6 SC4_3 33 606 0.0

C1_4 884 1 -15 C5_1 0 571 -15

C1_5 888 1 -23 C5_2 0 571 -7.6

C1_6 898 0 -45.7 C5_3 1 588 -38

SC1_1 884 0 11.7 C5_4 1 588 -23

SC1_2 886 0 2.5 C5_5 1 597 -23

SC1_3 881 4 0.0 C5_6 4 609 -41

C2_1 21 304 -9 C5_7 4 609 -4.4

C2_2 21 304 -16.5 SC5_1 0 572 11.7

C2_3 4 304 -9 SC5_2 4 572 2.5

C2_4 8 304 -16.5 SC5_3 0 572 0.0

C2_5 4 304 -24 C6_1 914 39 -7.6

SC2_1 33 602 11.7 C6_2 914 39 -15

SC2_2 28 610 2.5 C6_3 913 12 -23

SC2_3 33 610 0.0 C6_4 913 22 -23

C3_1 894 304 -9 C6_5 913 22 -38

C3_2 894 304 -16.5 C6_6 911 1 -4.4

C3_3 910 304 -9 C6_7 911 1 -41.3

C3_4 906 304 -16.5 C7_3 27 1 -7.6

C3_5 910 304 -24 C7_5 27 1 -23

SC3_1 881 297 11.7 C8_3 888 608 -7.6

SC3_2 886 305 2.5 C8_5 888 608 -23

SC3_3 881 309 0.0 C9_3 1 12 -23

C4_1 43 609 -15 C9_5 1 22 -38

C4_2 43 609 -7.6 C9_6 4 1 -4.4

C4_3 27 608 -23 C10_3 913 597 -38

C4_4 30 608 -15 C10_5 913 588 -23

C4_5 27 608 -7.6 C10_6 911 609 -4.4

C4_6 21 610 -45.7
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Fig. B-18. Temperatures of the beam-end connection regions. 
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Table B-3. List of thermocouples used in steel connection regions and peak values of average temperatures 

during fire loading. The value after ± symbol is the standard deviation of temperatures from grouped 

thermocouples. 

Member Connection Data channel (thermocouple) Max. temperature (°C) 

Secondary beam Web C2_1, C2_2, C3_1, C3_2 770 ± 140 

(W16×31) Shear tab C2_3, C2_5, C3_3, C3_5 530 ± 70 

 Bolt head C2_4, C3_4 560 ± 40 

 WWR SC2_1, SC3_1 110 ± 10 

 Stud SC2_2, SC3_2 340 ± 40 

 Steel deck SC2_3, SC3_3 520 ± 50 

South edge beam Web C1_1, C1_2 500 ± 20 

(W16×31) Shear tab C1_3, C1_5, C7_3, C7_5 290 ± 40 

 Bolt head C1_4 390  

 WWR SC1_1 90 

 Stud SC1_2 230 

 Steel deck SC1_3 360 

North edge beam Web C4_1, C4_2 520 ± 20 

(W16×31) Shear tab C4_3, C4_5, C8_3, C8_5 280 ± 10 

 Bolt head C4_4 370 

 WWR SC4_1 90 

 Stud SC4_2 170 

 Steel deck SC4_3 240 

West girder Web C5_1, C5_2 610 ± 10 

(W18×35) Shear tab C5_5, C9_3 380 ± 10 

 Bolt head C5_3, C5_4, C9_5 490 ± 40 

 Weld C5_6, C5_7, C9_6 170 ± 10 

 WWR SC5_1 100 

 Stud SC5_2 270 

 Steel deck SC5_3 390 

East girder Web C6_1, C6_2 660 ± 40 

(W18×35) Shear tab C6_3, C10_5 520 ± 80 

 Bolt head C6_5*, C6_4, C10_3 550 ± 90 

 Weld C6_6, C6_7, C10_6 240 ± 70 

 WWR SC6_1 110 

 Stud SC6_2 280 

 Steel deck SC6_3 370 

*Thermocouple C6_5 failed at 107 min. 
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B.9. Displacements 

Fig. B-19 shows the displacement data not presented in Sect. 5.3. Refer to Sect. 5.3 for details of 

the displacement measurement. The positive sign on the y axes indicates the vertical 

displacement toward the strong floor or the horizontal displacement of the test building at 

various locations pulling away from the fire test bay.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. B-19. (a) Vertical displacement, (b) horizontal displacement measured at the first story level, and (c) 

horizontal displacement measured at the second story level. 
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B.10. Strains of the Surrounding Structures 

Strain gauges were mounted on the south edge and secondary beams in the west bay as well as 

near base of the columns not directly exposed to a test fire, as shown in Fig. B-20. The column 

strains were measured at 5 cm from the top surface of the 5 cm thick column base plates 

anchored to the strong floor; CW and SW strains (W14×22 shapes at midspan) were measured at 

the test floor level.  

 

 

 
Fig. B-20. Locations of strain measurement. Note that strain gauges of SSWB and SSEB sections are lettered 

in red.  
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The column strains at a variety of locations are plotted in Fig. B-21. As shown, the columns were 

subjected to variable bi-directional bending moments in response to thermal expansion or 

contraction of the test floor assembly. Based on the magnitude of strains, the northeast and 

northwest columns of the fire test bay were subjected to thermally induced lateral forces 

relatively smaller than those applied to the southeast and southwest columns. The interior 

columns were framing into more steel members in the surrounding bays and restrained by the 

concrete all around, enabling more effective force distribution to the surrounding structures. 

However, this restrained condition also caused local buckling of the connected (north) beam in 

the test bay, which appeared to happen around 60 min, at peak strains of NWB and NEB. 

The south exterior columns mostly pushed toward the south as the test-bay girders elongated in 

the same direction during heating. As reported in Sect. 4.6, no apparent local buckling was 

identified in these girders. Three bolts in the extended shear tab connection to the southeast 

column might have partially ruptured when some strains in SWB and SEB reached their peak 

values around 100 min.  

The strains in the west-bay beams at midspan are shown in Fig. B-22. In the west-bay secondary 

beam, compressive forces increased until 60 min into heating and then began to decrease. No 

permanent deformation of this beam, including local buckling, was identified during post-test 

inspections. It can be seen that this strain reversal was caused by local buckling at the ends of the 

test-bay secondary beam at 60 min. On the other hand, the midspan strains at the south edge 

beam in the west bay seemed to be more affected by bending of the connected columns, 

indicating the increase in tensile strains until 40 min and then reversed afterward.  
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Fig. B-21. Column strain data 
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Fig. B-22. Measured strains of the west-bay beams. 
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B.11. Additional Post-Test Photographs 

 

 

  
a b 

  
c d 

a

d

c
b

e f

Northwest column

Northeast column
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e f 

Fig. B-23. Post-test photographs of headed stud anchors in the test bay. 

 

 
(a) 

 
(b) 

Fig. B-24. Post-test photographs of W16×31 beams in the test bay; (a) east end and (b) west end. 

Southeast column

North primary beam

Secondary beam

South primary beam

North primary beam

Secondary beam

South primary beam
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(a) 

 
(b) 

Fig. B-25. Post-test photographs of W18×35 girders in the test bay; (a) north end and (b) south end. 

  

West girder

East girder

West girder

East girder
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

Fig. B-26. Beam-end connections of north primary beam; (a, b, c) east end and (d, e, f) west end. 
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

Fig. B-27. Beam-end connections of south primary beam; (a, b, c) east end and (d, e, f) west end. 
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Appendix C Post-Processed Data 

C.1. Heat Flux Calculation 

A total of four 10 cm by 10 cm plate thermometers were mounted around the 9.1 m long beams 

within the test bay as shown in Fig. C-1.  

 

 

 
Fig. C-1. Locations of plate thermometers. 

 

The temperature data measured using plate thermometers and bare-bead thermocouples are 

presented in Fig. C-2, with a 60 s moving average. To calculate the incident radiant heat flux 

using the plate thermometers, the surrounding gas temperature of each plate thermometer was 

measured using bare-bead thermocouples (Model GG-K-24). As shown, the peak mean value of 

the temperature measured using plate thermometers was approximately 1040 °C and the 

maximum standard deviation was 68 °C. The gas temperatures measured using bear-bead 

thermocouples were slightly higher.  
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The measured temperature of the plate thermometer (𝑇PT, in K) and the gas temperature near the 

plate thermometer (𝑇gas, in K) are used to compute the incident radiant heat flux at the plate 

thermocouples at step 𝑖 ([q̇inc′′]
i , in W/m2) as follows (Häggkvist et al. 2013):  

[𝑞̇𝑖𝑛𝑐
′′

]
𝑖

= 𝜎[𝑇𝑃𝑇
4

]
𝑖

+
(ℎ + 𝐾𝑃𝑇) ([𝑇𝑃𝑇]𝑖 − [𝑇𝑔𝑎𝑠]

𝑖
)

𝜀𝑃𝑇
+

𝐶𝑃𝑇
[𝑇𝑃𝑇]𝑖+1 − [𝑇𝑃𝑇]𝑖−1

[𝑡]𝑖+1 − [𝑡]𝑖−1

𝜀𝑃𝑇
 

where the time (𝑡) is in seconds, the Stefan Boltzmann constant (𝜎) is 5.6704E-8 W/m2 /K4, the 

convection coefficient (ℎc) is taken to be 10 W/m2 /K, the heat transfer coefficient due to heat 

losses of the plate thermocouples (𝐾PT) is taken to be 8 W/m2 /K (Häggkvist et al. 2013), the 

lumped heat capacity of the plate thermocouples (𝐶PT) is taken to be 4200 J/m2 /K (Häggkvist et 

al. 2013), and the emissivity of the plate thermocouple (𝜀PT) is taken to be 0.9.  

 

 
(a) 

 
(b) 

Fig. C-2. Temperatures measured using (a) plater thermometers (PT) and (b) bare-bead thermocouples close 

to the plate thermometers (PT_gas). 
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It is worth noting that ℎc and 𝐶PT/𝜀PT are values subjected to change case by case, hence 

parameter calibration and sensitivity study are needed to quantify this uncertainty. Since the 

convection and conduction term tends to be zero in this test case, the determination of ℎc 

becomes less important. The impact of parameters 𝐶PT, 𝜀PT for calculating heat stored term in PT 

shows that, 𝜀PT between 0.8 and 0.9, 𝐶PT between 2610 J/m2 /K and 4200 J/m2/K (range 

suggested by Häggkvist et al. 2013), would generate 2.2 % and 7.2 % difference respectively on 

the resultant incidental radiant heat flux for PT1. 

 

 

Fig. C-3. Incident radiant fluxes estimated using the plate thermometer data 
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