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ABSTRACT 

A series of compartment fire experiments was conducted on long-span steel-concrete composite 
floor beams designed and constructed following U.S. building codes and standards. The test 
program consisted of five 12.8 m long composite floor beam specimens with various end support 
conditions. Each specimen was constructed as a partially-composite beam consisting of a W18×35 
steel beam and an 83 mm thick lightweight concrete slab cast on top of 76 mm deep ribbed steel 
decking units. Test variables included two types of simple shear connections (shear-tab and 
welded/bolted double-angle connections) and the slab continuity over girders. One specimen with 
the double-angle connections at the ends was tested at ambient temperature and the remaining four 
specimens were tested under simultaneous mechanical and fire loading.  

This report, Part 1, presents details of the test setup, specimens, design basis of fire loading, 
instrumentation, and the behavior of the composite beam with double-angle connections at ambient 
temperature. The ambient temperature test indicated that the composite beam specimen failed by 
a shear stud near the west end, followed by concrete breakout failure and yielding of the steel 
beam. The measured moment capacity was approximately 80% of the calculated flexural strength. 
The double-angle connection at the west end failed by weld fracture, which caused collapse of the 
composite beam. The ambient behavior of the composite beam specimen presented herein will 
serve as a baseline to compare with the composite beam assemblies tested under combined 
mechanical loads and fire exposure, which are presented in a subsequent report; Part 2 (Choe et 
al. 2019). The datasets obtained from these tests provide technical information to advance 
performance-based design of composite floor assemblies in steel-framed buildings subject to fire. 

Keywords: Compartment fire, Composite beam; Connection; Experimental testing 
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Chapter 1 
INTRODUCTION 

1.1 BACKGROUND 

Steel-concrete composite floor assemblies are a common type of construction for steel-framed 
buildings because they provide a cost-effective way to span large open spaces. About 35 % of 
steel-framed buildings incorporate floor beam spans longer than 12 m (Tsavdaridis 2015). 
Composite floor beams in commercial buildings typically range from 12 m to 15 m in length (SCI 
2008). The end connections of composite beams to steel gravity frames (structural framing used 
to support gravity loads and that is not considered part of the lateral-force-resisting system) are 
typically designed to withstand vertical shear from gravity loads only. When a building is subjected 
to fire; however, the structural response of composite floor assemblies is complex. Fire not only 
degrades material strength and stiffness, but also introduces forces into the structural members as 
thermally induced deformations are restrained by adjoining parts of the structure and other 
subassemblies. Thermal elongation and contraction effects on a floor assembly can vary greatly 
depending on support conditions, including axial and rotational stiffness provided by support 
frames and connections. The World Trade Center (WTC) investigation conducted by the National 
Institute of Standards and Technology (NIST) (Sunder et al. 2008) identified potential 
vulnerabilities of long-span composite floor assemblies in uncontrolled fires. Furthermore, a recent 
study of composite steel structures by Ove Arup and partners (Flint et al. 2013) described “lessons 
learned about the detailed response of composite structures under fire loading” that included issues 
related to structural layout, sources of thermal restraint, and connections.  

Currently, the American construction practice for steel-framed buildings follows prescriptive 
design provisions specified in the International Building Code (IBC) (ICC 2018). Details of 
passive fire protection systems (as opposed to active fire protection systems such as fire 
sprinklers), such as the type and thickness of insulating materials applied to the exposed structural 
steel surfaces, should be designed based on prescribed fire-resistance ratings. In addition, adequacy 
of applied insulation systems must be certified through standard fire testing methods specified in 
the American Society for Testing and Materials (ASTM) E119 standard (2018) or by using the 
American Society of Civil Engineers (ASCE) 29 standard (2007).   

In the ASTM E119 fire testing, a gas-fueled (or oil-fueled) furnace is used to heat a small floor 
assembly (less than 6 m in length), either simply supported or fixed at the test frames, using the 
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prescribed gas temperature-time curve until one of the following temperature criteria is reached 
(Ruddy et al. 2003): (a) the maximum temperature of a protected steel beam at any given location 
reaches 704 °C, (b) the average temperature at any section reaches 593 °C, or (c) the average 
temperature on the unexposed surface (the top of concrete slab) reaches 139 °C. The termination 
time is typically reported as a fire-resistance rating in hours or minutes. Reported ratings of various 
insulation schemes have been published in the Underwriters Laboratories (UL) fire-resistance 
directories (http://productspec.ul.com/index.php). However, these values provide little insight into 
thermal response to real building fires that can vastly differ from the standard fire. Furthermore, 
the limiting criteria achieved during standard fire tests and structural responses of specimens 
(forces and displacements) need not be reported and generally remain as proprietary information 
(ASCE 2018). 

Accurate assessment of structural responses of composite floor assemblies to fire is challenging. 
Steel and concrete have dissimilar material characteristics at elevated temperatures. There are 
unavoidable thermal gradients within the composite cross section. Composite interaction, often 
characterized by the slip capacity of shear connections at the interface between a concrete slab and 
steel floor beams, has dependencies on temperatures and level of applied loads. Thermally-induced 
restraints to the floor assemblies depend on the combined effects of stiffness of surrounding frames 
and ductility of member connection types. However, prescriptive design and testing methods 
cannot be used to evaluate all these factors contributing to the overall fire performance of 
composite floor assemblies. 

With recognized limitations in the prescriptive approach to design for fire, there has been renewed 
interest in the United States to develop performance-based design methods following the 9/11 
WTC disaster (Yang et al. 2015; Almand 2012; Almand et al. 2004). Alternative engineering 
approaches have been established along with guidance and design references, e.g., Appendix 4 of 
the American National Standards Institute/American Institute of Steel Construction (ANSI/AISC) 
Specification for Structural Steel Buildings (AISC 2016) and the ASCE Structural Fire 
Engineering manual of practice (ASCE 2018). However, most of the suggested methods are based 
on experimental studies on small-scale assemblies and focus on strength of isolated members and 
components at elevated temperatures. With lack of well-established performance-based design 
methodologies, fire-resistance design for composite floor assemblies has been mainly achieved 
using prescriptive construction details specified in the national building codes.  

http://productspec.ul.com/index.php


 

3 

This publication is available free of charge from
: https://doi.org/10.6028/N

IST.TN
.2054 

 

1.2 PREVIOUS WORK 

Over the last few decades, there have been several experimental studies conducted to investigate 
structural responses of composite floor beam assemblies to elevated temperatures (e.g., Zhao and 
Kruppa 1997; BRE 2004; Wellman et al. 2011; Fike 2010; Selden et al. 2016; Kordosky 2017). 
Some experimental tests used a unique laboratory setting to characterize the fundamental 
mechanics of behavior and strength of isolated composite beams at a given temperature. In those 
tests, beam specimens were subjected to increasing flexural loads until structural failure occurred 
while the exposed surface was subjected to a constant heat. Other tests aimed at measurement of 
thermally induced forces and displacements of composite beam assemblies subjected to heating 
produced at varying rates. In such cases, beam specimens were loaded to a certain fraction of the 
flexural capacity at ambient temperature while heated at a specified rate or using the standard 
temperature-time curve with or without a cooling phase. This section presents an overview of 
previous experimental studies on composite beam assemblies at elevated temperatures and 
highlights important observations and conclusions made from those tests. 

The ‘Test 1’ of the Cardington fire test program on the full-scale 8-story prototype office building 
(BRE 2004) in the United Kingdom was conducted on the 9 m long secondary beam supporting 
the composite slab of the seventh floor. No fire protection was applied to the exposed steel 
surfaces, and the beam-to-column connections made of a flexible end plate were not exposed to 
heating. Thermal load was applied using a custom-built gas furnace. The heating rate of the steel 
beam varied between 3 °C/min and 10 °C/min. During the heating phase, local buckling was 
observed at both ends of the heated test beam (inside the furnace) because thermal expansion was 
restrained by adjoining steel frames. Although the test beam deflected significantly (up to the ratio 
of span length / 40), no runaway (uncontrolled) displacement was observed until the lower flange 
temperature reached over 800 °C. The tensile failure at one of the end plate connections occurred 
gradually as the beam contracted during the cooling phase but did not result in structural collapse 
of the composite floor. Test results implied that standard fire testing of isolated members with 
idealized support conditions may not be able to capture the actual load-carrying capabilities of 
unprotected composite floor beam assemblies which can significantly contribute to the overall fire 
resistance of a steel framed building.  

Zhao and Kruppa (1997) focused on evaluating the factors influencing the behavior and fire 
resistance of composite beams subjected to the International Organization for Standardization 
(ISO) standard ISO-834 fire (1999), including the geometry of the concrete slab, the type of shear 
connectors, the presence of fire protection, applied load ratios, and the level of composite action. 
The results of seven simply-supported beam tests indicated that the presence of fire protection on 
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steel beams affected the mode of failure. Fully-composite specimens with protected steel beams 
failed by concrete crushing at midspan. Fully-composite specimens with bare steel beams and 
partially-composite specimens with and without fire protection on steel beams failed by yielding 
of the steel beam. Three fire-resistance tests on composite beams subjected to a hogging moment 
at the ends (a bending moment that produces convex bending at the supports of a continuously 
supported beam; also called a negative bending moment) showed that local buckling of the steel 
beam occurred at the ends, and the influence of reinforcement steel on the hogging moment-
resistance was negligible. Five, large fire-resistance tests on two-span continuous composite beams 
indicated that the combined effect from a hogging moment and thermal restraint resulted in local 
buckling of the steel beam and rupture of some shear studs near the middle support. 

A joint experimental research program conducted by Purdue University and Michigan State 
University explored the fire resistance of slim and lightweight composite floor assemblies 
designed according to the U.S. practice (Wellman et al. 2011). The size of the floor assemblies 
was much smaller than that used in buildings because of the size limitations of the furnace; the 
girders were simply-supported. Of particular interest was the effect of the level of fire protection 
on the interior beam exposed to the ASTM E119 standard fire. Regardless of the fire protection 
level, the interior floor beams failed by yielding during the heating phase. The load-carrying 
capability of the thin composite slab was not enough to prevent the runaway deflection of the floor 
assembly.  No failure was observed in any of the beam-to-girder connections and in the shear studs. 
The authors recommended protecting the secondary beams if the floor system is thin and designed 
with lightweight concrete slab according to the U.S. standards. Similarly, Fike (2010) tested 
several composite floor systems using the same gas furnace to investigate various fire protection 
level on the steel beams. The composite floor assembly with a normal-weight fiber reinforced 
concrete slab was able to develop tensile membrane action.  

Selden et al. (2016) tested five partially-composite beams with flat concrete slabs at elevated 
temperatures using ceramic radiant heaters. The composite floor beam assemblies were designed 
according to the current U.S. specification for structural steel construction. The beam span length 
was 3.8 m and two different types of beam-to-column shear connections were used, including 
shear-tab and all-bolted double angles. The load-carrying capacity of the composite beam was 
reduced by heating. Composite beams with flat slabs failed by compressive failure of the concrete 
when subjected to higher loads and low heat. No connection failure was observed during the 
heating phase, but some shear-tab connections fractured during the cooling phase.  

Researchers at Lehigh University (Kordosky 2017) examined the effect of the beam fire protection 
on the overall fire resistance of the composite steel frames subjected to the ASTM E119 standard 
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fire exposure. The floor assembly with the unprotected steel beam failed after 28 min with no 
visible cracks in the concrete deck. The failure time of the other floor assembly with the steel beam 
protected for the 2-hour fire-resistance rating exceeded that prescribed by the current design 
standard. Although some of the bolts used in the shear-tab connection exhibited shear failure, most 
stayed intact and the floor assembly did not collapse. The composite beams exceeded the failure 
time prescribed by the current design standards. The results of the tests were used to build and 
validate finite element models. A parametric study using the finite-element model validated against 
the test data indicated that the longer beams were able to withstand the fire and remain stable for 
longer durations than the shorter beams. 

These studies have provided useful insight into the performance of composite floor beam 
assemblies subject to fire, but very few used full-scale specimens because of the size limitation of 
a furnace or a laboratory space. The span lengths of the tested specimens were less than 5 m with 
the exception of the Cardington test. Few studies evaluated the effects of restraint against thermal 
expansion provided by support frames and connections; however, detailing of slab reinforcement 
and connections was based on standard British practice. Some specimens were simply supported 
on the walls of a gas furnace. Other tests incorporated steel connections but used complex test 
protocols such as cyclic loading or relocation of applied loads during the fire tests. Lack of lateral 
supports around the edges of concrete slabs introduced premature failure not commonly seen in 
composite beams as part of floor systems. Discussion of the uncertainty in measured data owing 
to this loading effect was generally omitted. 

1.3 MOTIVATION AND OBJECTIVES 

The development of performance-based methods demands a robust capability to predict the 
performance of structures as a complete system including connections and structural frames 
exposed to realistic fire conditions. The predictive tools that can used for performance-based 
design need to be validated against experimental data with quantified uncertainty in measurements. 
Currently, there are very few test data describing the fire performance of composite floor beam 
assemblies with medium-to-long spans commonly used in the American construction practice. 
Such data cannot be generated by standard fire testing methods with furnaces. 

The National Institute of Standards and Technology (NIST) has proposed the experimental 
research project on full-scale composite floor systems exposed to realistic, structurally significant 
fires. The purpose of this project is to produce the experimental data and technical information 
essential for both development and validation of computational models used for performance-
based design of structures in fire. This research project consists of a series of fire experiments 
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conducted at the National Fire Research Laboratory (NFRL) on long-span composite beams (Phase 
I) and composite floor assemblies constructed as part of a multi-bay steel framed building (Phase 
II), as well as possible future work on subassemblies. The Phase I experimental tests were 
completed in 2018, and the Phase II study is currently in progress.  

This report presents the Phase I fire experiments. 

In Phase I study, a series of compartment fire experiments were conducted on 12.8 m long 
composite floor beam assemblies in the National Fire Research Laboratory (Bundy et al. 2016) at 
the National Institute of Standards and Technology (NIST).  

The objectives of this study included:   

1) design of a repeatable test fire that can be used for large-scale fire experiments to study the 
limit states of composite floor beam assemblies subjected to uncontrolled fires,  

2) investigation of the performance and failure mechanisms of restrained composite beams 
with simple shear connections subjected to heating and cooling phases of a test fire, and  

3) dissemination of experimental test data for the fire performance of full-scale composite 
floor beam assemblies designed and constructed according to American building codes and 
standards, which can be used to develop or validate numerical models.  

This report, Part 1, presents the experimental design and the behavior of the test beam assembly at 
ambient temperature to compare with the fire test results presented in a subsequent report, Part 2 
(Choe et al. 2019). 

1.4 REPORT OUTLINE 

This report, Part 1, presents the test setup, specimen design and construction, and behavior of the 
composite beam at ambient temperature. The experimentally measured behavior and flexural 
moment capacity from the test conducted at ambient temperature were used as a baseline to 
compare with the composite beams tested under combined mechanical and fire load, which are 
presented in a subsequent report; Part 2 (Choe et al. 2019). The outline of this report is as follows: 

• Chapter 2 describes the testing program. It presents the test matrix and a detailed discussion 
on the design of the specimens and the material characterization. 
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• Chapter 3 presents the experimental setup. It discusses the specimen boundary conditions 
and different aspects of both the structural (mechanical) and fire loading approaches. 

• Chapter 4 describes the measurement system. It presents the details of the structural 
measurements, including loads, strains, and displacements, as well as fire measurements, 
including Heat Release Rates (HRR) and temperatures measured using fiber optics and 
thermocouples. It also discusses the estimated uncertainties associated with all of the 
measurements.   

• Chapter 5 presents the behavior and capacity of the composite beam specimen from the 
test conducted at ambient temperature. These results were used as a baseline for 
comparison with the performance of the beams tested under combined mechanical and fire 
load, which are presented in a subsequent report; Part 2 (Choe et al. 2019). 

• Chapter 6 provides the summary and conclusions of the report. 

• Finally, a set of appendices at the end of this report provide drawings, calculation sets, and 
other useful information that complements the discussion provided throughout the report. 
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Chapter 2 
TEST PROGRAM 

The prototype beams used in this study incorporated the realistic span length and size of floor 
beams as well as simple shear connections used in steel-framed buildings in the United States. 
This chapter presents variables considered in the test matrix, and the design and construction of 
the prototype composite floor beam assemblies. 

2.1 TEST MATRIX 

Table 2-1 shows the experimental test matrix used for both Part 1 and Part 2 of this study. All five 
12.8 m long test beam assemblies were designed with the identical composite cross section but 
had varying support conditions. Test variables included two different beam-to-column connections 
that are commonly used in standard U.S. construction practice (i.e., bolted/welded double-angle 
and single-plate shear connections). Two of the five specimens also had slab restraint at the beam 
ends to evaluate the effect of the slab continuity over girders on the behavior of the composite 
beams. This support condition was achieved such that the axial movement of the slab ends was 
restrained against thermal elongation and contraction, and the slab reinforcement was anchored at 
the centerline of support columns.  

The first test was conducted with mechanical load only, at ambient temperature, to investigate the 
behavior and modes of failure as well as to evaluate the ultimate moment capacity (Mu) as a 
baseline to compare with the fire test results. For the compartment fire tests (Tests No. 2 through 
5), all four specimens were loaded to design gravity loads required for evaluation of extreme fire 
effects (i.e., 1.2×dead load + 0.5×live load) as prescribed in the ASCE/SEI 7 standard (ASCE, 
2016). The magnitude of resultant bending moments (M) was equivalent to approximately 45 % 
of the ultimate moment capacity measured at ambient temperature in Test No.1. The undersides of 
the four composite beam assemblies tested under thermal load were directly exposed to a 
compartment fire with a heat release rate of 4 MW developed using natural gas fueled burners. 
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Table 2-1 Test Matrix 

Test 
No. 

Specimen name Test date Beam-to-
column 
connection 

Slab end 
continuity 

M/Mu Fire 
load 

Specimen 
number used 
for casting 

1 CB-DA-AMB 09/21/2017 Welded/bolted 
double angles 

- 1 - Specimen 1 

2 CB-DA 12/19/2017 Welded/bolted 
double angles 

- 0.45 4 MW Specimen 3 

3 CB-DA-SC 01/12/2018 Welded/bolted 
double angles 

Included 0.45 4 MW Specimen 5 

4 CB-SP 02/13/2018 Single plate - 0.45 4 MW Specimen 4 

5 CB-SP-SC 03/06/2018 Single plate Included 0.45 4 MW Specimen 2 

 

2.2 DESIGN AND CONSTRUCTION OF PROTOTYPE COMPOSITE BEAM 

2.2.1 Design Basis 

The specimens were designed to represent composite floor beams in a 12.8 m long bay of a steel-
framed building. Steel beams were assumed to be spaced at 3.05 m in a 12.8 m by 6.1 m bay. Each 
steel beam was partially composite with a lightweight concrete slab cast on 76 mm deep ribbed 
steel deck units via 19 mm steel headed stud anchors spaced at 305 mm. The slab width was 
1.83 m, less than the effective width of 3.05 m determined using the ANSI/AISC 360 specification 
(AISC 2016), to prevent cracking along the longitudinal centerline of the specimen. For passive 
fire protection, each beam was designed for the 2-hour fire rating as prescribed in the building 
codes. A survey was conducted to incorporate common design parameters used in industry 
practice, including construction live loads, superimposed dead loads, beam spacing, steel deck 
thickness, and crack control reinforcement. Responses from six structural engineering firms are 
provided in Appendix B. The values of design parameters used in this study are presented in 
subsequent sections. 

2.2.2 Loads 

The gravity load combinations prescribed in ASCE/SEI 7 (ASCE 2016) and the design loads from 
the survey were considered. The nominal weight of the concrete slab of the specimen, 
incorporating a unit weight of lightweight concrete equal to 18.9 kN/m3, was 2.20 kN/m2. The 
nominal weight of the W18×35 steel beam was 0.51 kN/m. As specified in ASCE/SEI 7, a 
construction live load of 0.96 kN/m2, superimposed dead load of 0.48 kN/m2, and a live load of 
3.35 kN/m2 were used. The calculated moment and shear demand of the specimen at ambient 
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temperature (1.2×dead load + 1.6×live load) was 548 kN-m and 171 kN, respectively. During the 
fire tests, imposed gravity loads conformed to the ASCE/SEI 7-16 load combination for extreme 
fire events (1.2×dead load + 0.5×live load). The corresponding moment and shear demand were 
326 kN-m and 99.4 kN, respectively.  

Figure 2-1 shows a cross section of the test beam and the steel deck. A 20-gauge galvanized steel 
deck with lightweight concrete was used for the slab. An 83 mm thickness of the lightweight 
concrete slab above the 76 mm deep steel deck was required to provide a 2-hour fire rating for the 
composite floor slab. The ribs of the steel deck were oriented perpendicular to the floor beams. A 
6x6 W1.4xW1.4 welded wire fabric, also called welded wire mesh, (3.4 mm diameter plain steel 
wires in 150 mm grid) was placed in the mid-height of the concrete above the top rib as the 
minimum required shrinkage and temperature control reinforcement specified in Steel Deck 
Institute (SDI) C-2011 (SDI 2011). For two specimens CB-DA-SC and CB-SP-SC, four No. 4 
reinforcing bars were placed on the top of the welded wire fabric at an average spacing of 45.7 cm 
on center over the support girders as crack control reinforcement.  

The W18x35 steel beam, made of ASTM A992 steel, was selected to support construction loads, 
including the fresh concrete slab, and construction live loads, and to meet the serviceability 
requirement (displacement limit) for a non-composite section. The composite action between the 
steel beam and the slab was achieved using 19 mm diameter steel headed studs spaced at 305 mm 
on center. They were placed in “strong positions” as defined in ANSI/AISC 360. The total shear 
strength of the studs placed between the midspan and end of the steel beam was 82 % of the yield 
strength of the steel beam at ambient temperature. The calculated flexural capacity of the specimen 
(with the AISC strength reduction factor of 0.9) was 695 kN-m which is about 1.27 times the 
moment demand at ambient temperature. The flexural capacity was governed by the composite 
action developed by the steel shear studs. Refer to Appendix B for design calculations of the 
composite floor beam.   
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Figure 2-1 Cross-section of (a) composite beam specimen and (b) concrete slab on steel deck. All dimensions 
are nominal values specified in construction drawings. 

2.2.3 Shear Connections 

Figure 2-2 illustrates the beam end connections, either double angles or a shear tab. For double-
angle connection, two L5×3×3/8 angles made of ASTM A36 steel were used. The angle legs were 
bolted to the beam web using three 19 mm diameter bolts, made of ASTM F3025 steel (Gr. A325), 
spaced at 76 mm. The top bolt was located at 114 mm from the top of the steel beam. The AISC 
standard bolt holes in the web were located 76 mm from the column face. The bottom flange of 
the steel beam was coped as recommended in the AISC manual. The angle legs on the column side 
were shop-welded, using an 8 mm fillet weld (E70XX electrodes), to a sacrificial plate attached to 
the columns. The design strength of double-angle connections was governed by weld shear, which 
was 267 kN (including the AISC strength reduction factor of 0.75). For the shear tab connection, 
a 11 mm thick plate (made of ASTM A36 steel) was bolted to the web of the steel beam and welded 
to the column side via a sacrificial plate. The bolt size and spacing were the same as those used in 
the double-angle connection. However, the steel beam was not coped. The calculated shear 
capacity was 242 kN (including the AISC strength reduction factor of 0.75). 
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Figure 2-2 Shear connections at the end of specimens (a) double angle and (b) single plate. 

 

2.2.4 Passive Fire Protection 

According to the IBC requirements, floor construction classified as Type IA, commonly found in 
high-rise buildings constructed with non-combustible building elements, requires passive fire 
protection for a 2-hour fire-resistance rating. In compliance with the current U.S. practice, the 
prototype composite floor beam assemblies were insulated with a Sprayed Fire Resistive Material 
(SFRM) having the minimum bond strength of 623 kPa required for buildings with heights ranging 
from 23 m to 128 m. Application of the SFRM installation was conducted at the NFRL by a 
manufacturer-approved contractor. The selected SFRM product was Southwest Type 5MD which 
was a cementitious gypsum-based material manufactured by Carboline. The manufacturer’s 
specifications for this product indicated that the minimum density was 352 kg/m3 measured in 
accordance with the ASTM E 605 standard (ASTM 2015). 

Figure 2-3 shows photographs of the beam assemblies during the SFRM installation. Exposed 
steelwork including the W18×35 steel beams and the beam-to-column connections were coated 
with Southwest Type 5MD material. For the 2-hour restrained beam rating of floor beams, the 
design thickness of SFRM was 16 mm as specified in UL Directory N791 (UL 2011). The 
connection regions were over-sprayed to achieve the SFRM thickness of 27 mm. This is the same 
design thickness required for the 3-hour fire rating of W12×106 columns. The gap between the 
steel beam and steel deck units were also filled with the SFRM. No additional fireproofing material 
was installed at the underside of steel decking since the floor assembly was constructed with the 
8.25 cm thick lightweight concrete cast on 7.62 cm deep galvanized, fluted deck units. 
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Figure 2-3 Application of the Sprayed Fire Resistive Materials on the prototype floor beam assemblies. 

 

The IBC permits the minimum thickness of applied SFRM equal to the design thickness (i.e., 
16 mm) minus 25 %. The contractor performed spot checks using thickness gauges during and 
immediately after installation and conducted necessary actions in the area of over-sprayed and 
under-sprayed regions to meet the thickness requirement. Prior to each fire test, the SFRM 
thickness was measured in accordance with the ASTM E 605 standard. Table 2-2 summarizes the 
final average measured thickness on the steel beam and connections and the number of 
measurements. The values after the ± symbol indicate the standard deviation. 
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Table 2-2 Measured thickness of the Sprayed Fire Resistive Material on steel surfaces. 

Specimen name Final average measured thickness (mm) Total number of 
thickness 
measurements 
for steel beam 

Steel beam Connection 
elements 

Steel beam web at 5 cm away 
from the edge of connections 

CB-DA 20 ± 3 28 ± 7 22 ± 3 129 

CB-DA-SC 18 ± 3 26 ± 3 24 ± 1 129 

CB-SP 19 ± 3 31 ± 7 24 ± 5 131 

CB-SP-SC 19 ± 4 32 ± 2 24 ± 4 146 

 

2.2.5 Construction of Specimen 

Figure 2-4 shows photographs of the formwork of the specimens before concrete casting. Steel 
deck units (91 cm in width), were attached to the top of the W18×35 steel beam using power 
actuated fasteners (HILTI X-EDNI 19 MX). Each deck unit was connected side by side using #10 
self-tapping sheet steel screws. 19 mm diameter headed shear studs (original length = 13.2 cm) 
were welded to the steel beam, which burned through the steel deck (Figure 2-4c). The height of 
the shear studs after installation was nominally 12.7 cm. Each shear stud was offset by 2.5 cm 
from the center of the valleys of the steel deck and positioned in the “strong direction” for 
horizontal shear as specified in ANSI/AISC 360. Steel welded wire fabric (6x6 W1.4xW1.4) was 
placed at mid-height of the topping concrete (8.3 cm) using reinforcing bar chairs, 3.8 cm in height, 
attached to the top ribs at a spacing of 61 cm. Full-length sheets of welded wire fabric (6.1 m) were 
placed first around the midspan and then two short pieces placed with lap length of 46 cm each. 
For the specimens with slab continuity (CB-DA-SC and CB-SP-SC), four No. 4 bars were placed 
on the top of the welded wire fabric with an embedded length of 76.2 cm from the slab edge (Figure 
2-4d). 

All five specimens were cast on the same day with two batches of concrete. All four specimens 
tested under fire loading were cured inside the conditioning pit for about 6 months and were cured 
on the laboratory floor for another 6 months. Refer to subsection 2.3.2 for the mixture design and 
details of concrete curing. The contractor installed SFRM on steel substrates of the specimens 
about 6 months prior to the fire tests.  
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Figure 2-4 Placement of (a) steel deck, shear stud, welded wire fabric, (b) embedded steel bearing plates, (c) a 

shear stud weld, (d) No. 4 reinforcing bar and welded wire fabric for slab continuity. 

  

Repair of Damaged Specimen (CB-SP-SC) 

The concrete slab of CB-SP-SC was locally damaged while being cured inside the laboratory. 
Figure 2-5 and Figure 2-6 show photographs of the extent of damage. The slab about 85 cm from 
the west end exhibited through-depth fracture of concrete and complete severing of welded wire 
fabric. In addition, there were hairline cracks around the damaged zone, along the longitudinal 
centerline of the support beam and near the slab edge. This incident also caused failure of one 
thermocouple array (out of 24 arrays) and a fiber optic cable deployed for additional measurement 
of temperature in the concrete slab.  
 

In repairing the specimen, the portion of the concrete near the west end (1.6 m in length) was cut 
(Figure 2-7a). Some portion of welded wire fabric embedded into undamaged concrete was 
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exposed to make a welded joint to new pieces of welded wire fabric placed in the formwork (Figure 
2-7b). Also, new No. 4 reinforcing bars were placed. Fresh concrete was placed in the formwork, 
with a similar mixture to that used in the original placement (Batch 2) and a water-to-cement ratio 
of 0.41. Refer to subsection 2.3.2 for the mix design of the concrete used for the repair. The mean 
28-day concrete cylinder strength was approximately 43.0 MPa.  

 
Figure 2-5 Front view of damaged concrete slab of CB-SP-SC. 

 

 
Figure 2-6 Top view of damaged concrete slab of Specimen CB-SP-SC.  
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Figure 2-7 (a) Formwork for repaired concrete slab (b) wire fabric joint by welding. 

 

2.3 CONSTRUCTION MATERIALS 

The following subsections describe the properties of the materials used in the construction of the 
specimens.  

2.3.1 Structural Steel, Bolts, Shear Studs, Reinforcing bar, and Welded wire fabric 

 Materials and material-testing specimens 

Tensile coupons from steel beams, angles, shear tabs, structural bolts, shear studs, reinforcing bars, 
and welded wire fabric were made and loaded under tension using ASTM E8/E8M (2011) 
guidelines. All the steel beams used for the fire tests had the same heat number (indicated as Fire 
web/flange in Table 2-3) while the steel beam used for the ambient-temperature test (indicated as 
Ambient web/flange in Table 2-3) had a different heat number. All the flat tensile specimens, as 
shown in Figure 2-8, were cut by an abrasive water-jet in the NIST Center for Automotive Light-
weighting (NCAL) and then ground flat on a surface grinder. These specimens contained a slight 
intentional taper to the center of the gauge section, as allowed by ASTM E8/E8M (2011), to bias 
the location of the failure section next to the center of the specimen and extensometer gauge length. 
Non-standard round tensile specimens from A325 bolts, Figure 2-9, and shear studs, Figure 2-10, 
were machined. Bolt and shear-stud specimens were not tapered. Specimens from the reinforcing 
bar and the welded wire fabric were tested as full section after grit blasting to remove rust. Table 
2-3 summarizes the geometries used for the material testing. 

Slab continuity 
reinforcement

Chiseled 
concreteMetal deck

Wire fabric-Weld

(a) (b)

Undamaged 
concrete

1.83 m

1.59 m



 

19 

This publication is available free of charge from
: https://doi.org/10.6028/N

IST.TN
.2054 

 

 

Figure 2-8 Flat tensile specimen (A=57 mm, W=12.5 mm, B=75 mm C=20 mm, R=12.5 mm). 

 

  
Figure 2-9 Tensile specimen machined from A325 bolt. Units = cm. 
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Table 2-3 Tensile specimen geometries.  

Batch Description Specimen Dimensions 

B170310-WEL-001 Ambient web Figure 2-8  

B170310-WEL-001 Ambient flange Figure 2-8  

B170310-WEL-002 Fire web Figure 2-8  

B170310-WEL-002 Fire flange Figure 2-8  

B170313-WEL-001 L angle Figure 2-8  

B170313-WEL-002 Shear tab Figure 2-8  

B170313-WEL-003 A325 bolt Figure 2-9  

B170313-WEL-004 Shear stud Figure 2-10  

B170313-WEL-005 A615 reinforcing bar  nominal L =150 mm 

B170313-WEL-006 Welded wire fabric  nominal L =150 mm 

 

  

Figure 2-10 Tensile specimen machined from shear stud. Units = cm. 
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 Test Method 

All specimens were oriented with their long axis parallel to the rolling direction. All specimens 
were tested in displacement control at a nominal engineering strain rate 
de/dt = 8.333 x 10−5 mm/mm/s as specified in ISO 6892 (2009).  All wide flange, reinforcing bar, 
and welded wire fabric specimens employed a single ASTM E83 Class B2 extensometer with a 
gauge length (G) of 25 mm, which was removed after the specimen strain exceeded the uniform 
strain, eu. The bolt and shear-stud specimens used a real-time Digital Image Correlation (DIC)-
defined virtual extensometer with nominal gauge lengths of 20 mm and 25 mm, respectively. The 
bolts were first screwed into a threaded adapter, which was then hydraulically gripped. In the tests 
on the welded wire fabric and reinforcing bar, the displacement rate was set based on the separation 
of the grips, which was nominally 100 mm. 

 Results 

Figure 2-11a through Figure 2-11d show graphs of the engineering stress-strain diagrams for the 
materials listed Table 2-4. The curves terminate at the strain at which the operator removed the 
extensometer. One explanation for the lower repeatability of the W18x35 Fire Web material 
(Figure 2-11a) is that the center of the gauge section of lowest-strength specimen was about 40 mm 
from the flame-cut edge of the plate, which was presumably originally at the junction between the 
web and the flange. The specimens from the Ambient Flange section, Figure 2-11a, were cut closer 
to the center of the web, and their stress-strain curves are more consistent. 

To analyze the reinforcing bar data, Figure 2-11d, the stresses are calculated using the nominal 
diameter of 12.7 mm for the non-uniform shaped reinforcing bar. The most likely source of the 
slightly lower values for E is that the actual diameter is slightly larger than the assumed nominal 
diameter of 12.7 mm. Specimens from the reinforcing bar and the welded wire fabric tended to fail 
away from the center of the gauge length because they were not tapered. For this reason, the failure 
(and necking) was often near the extensometer knife edge, so data beyond the uniform strain, eu, 
is not representative. No special significance should be attributed to differences in the Young’s 
modulus between samples. In these tests, the gauge length was too short for accurate determination 
of E. 

Young's modulus, 0.2% offset yield strength, tensile strength, and engineering strain at tensile 
strength of each coupon sample are provided in Table 2-4. The total expanded uncertainty 
estimated using the average repeatability and reproducibility standard deviations was ±13.3% of 
the Young’s modulus, ±5.4% of the yield strength, ±3.2% of the tensile strength, and ±12.2 % of 
the elongation.  
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Figure 2-12 shows the strain rates maintained during the tensile tests as well as the upper and lower 
limits of the strain rates specified by ISO 6892 for the tensile tests. As shown, the strain rates of 
all the tests met the strain-rate requirements of ISO 6892.  

Table 2-4 Summary data for tension tests, Units of E (Young's modulus), Sy002 (0.2% offset yield strength), Su 
(tensile strength) are MPa. Units of eSu (engineering strain at tensile strength) are mm/mm. 

Specimen E Sy002 Su eSu 
W18x35-Ambient-Web-Sample 1 212456 371 472 0.1935 
W18x35-Ambient-Web-Sample 2 196141 369 474 0.1950 
W18x35-Ambient-Flange-Sample 1 213183 349 465 0.1875 
W18x35-Ambient-Flange-Sample 2 209808 358 466 0.1889 
W18x35-Fire-Flange--Sample 1 199815 387 496 0.1880 
W18x35-Fire-Flange-Sample 2 206560 388 497 0.1724 
W18x35-Fire-Web-Sample 1 197098 426 513 0.1811 
W18x35-Fire-Web-Sample 2 202706 437 526 0.1678 
W18x35-Fire-Web-Sample 3 200151 443 533 0.1646 
Shear tab-Sample 1 198722 352 487 0.2009 
Shear tab-Sample 2 212545 343 485 0.1987 
Bolted Angle-Sample 1 194948 381 511 0.1703 
Bolted Angle-Sample 2 198490 377 511 0.1769 
A325 Bolt-Sample 1 206217 900 960 0.0612 
A325 Bolt-Sample 2 205374 903 961 0.0590 
ASTM A615 Gr60 reinforcing bar-Sample 1 185450 467 690 0.1099 
ASTM A615 Gr60 reinforcing bar-Sample 2 189031 473 740 0.1027 
ASTM A615 Gr60 reinforcing bar-Sample 3 196744 466 691 0.1059 
Shear stud-Sample 1 204462 412 511 0.0478 
Shear stud-Sample 2 207364 404 499 0.0460 
Welded wire fabric-Sample 1 206354 743 772 0.0125 
Welded wire fabric-Sample 2 196834 721 752 0.0123 
Welded wire fabric-Sample 3 201396 719 748 0.0108 
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      (a)                                                                            (b) 

  

(c)                                                                            (d) 

Figure 2-11 Engineering stress versus strain for (a) W18x35 steel beam, (b) shear tab and double angle, 
(c) bolts and shear studs, and (d) reinforcing bar and welded wire fabric. 
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Figure 2-12 Average engineering strain rate during each test. Dashed colored lines denote the acceptable 
strain rate range in ISO 6892. 

 

2.3.2 Concrete 

 Mixture design and curing 

The concrete mixture was designed to provide a lightweight aggregate concrete with hardened 
mechanical properties typically used in current construction practice, but with a low propensity for 
fire-induced spalling, which would add undesired variability to the experiments. To reduce the 
likelihood of spalling, 2.37 kg/m3 of monofilament polypropylene microfibers were used in the 
mix. To further reduce the chance of fire-induced spalling, expanded slate lightweight aggregate 
with low water-retention characteristics and high desorption was selected (Pour-Ghaz et al. 2012) 
to expedite the reduction of moisture in the slabs during curing. For the main concrete pour, a high 
slump was required because delicate fiber optic sensors were embedded in the concrete to measure 
strain and temperature in the slab, which limited the use of mechanical vibration during casting. 
For a subsequent casting to repair a damaged specimen, the slump requirement was relaxed. The 
concrete mixture proportions for the main pour are provided in Table 2-5. Trial batches of this 
mixture were cast and subjected to fire to verify the concrete performance and study fiber optic 
sensor installation methods (Bao et al. 2019). 
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Table 2-5 Concrete mixture proportions for main pour. 

  
water/cement:  0.46 

Slump: 21.6±2.5 cm 

           (8.5±1.0 inch) 

Material 

Saturated Surface Dry,  

kg (lb) 

Volume, 

m3 (ft3) 

Cement: ASTM C-150: Type I/II Lehigh 236 (520) 0.075 (2.65) 

Fly ash: ASTM C-618: Separation Technologies Class F 59 (130) 0.025 (0.88) 

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

Sand: ASTM C-33: Howlin Sand 621 (1370) 0.238 (8.41) 

Air: 2.5% - 0.019 (0.67) 

Water: ASTM C-1602; ASTM C-1603 136 (300) 0.136 (4.81) 

Admixture: See Below 5 (10) 0.002 (0.07) 

  Total 1461 (3220) 0.765 (27.00) 

 
Unit Weight kg/m3 (pcf) 1910 (119.3) 

 

 
Calculated Equilibrium Dry Density kg/m3 (pcf) 1820 (113.6) 

 
Admixtures 

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

 
 

BASF Glenium 7920 – 1.75 ± 1.75 ml/kg (3 ± 3 oz/cwt)   

BASF Pozzolith 322N – 2.33 ± 1.16 ml/kg (4 ± 2 oz/cwt) 
  

BASF DELVO Stabilizer – 1.16 ± 1.16 ml/kg (2 ± 2 oz/cwt) 
  

BASF RheoTEC Z-60 – 2.33 ± 1.16 ml/kg (4 ± 2 oz/cwt)   

 
The concrete was batched at a local ready-mix concrete plant and trucked to NIST for casting. 
Because approximately 2.8 m3 (3.7 cy) of concrete was required per specimen and the trucks held 
7.6 m3 (10 cy), two trucks (batches) were required to cast the five specimens. Two of the four 
specimens to be tested with fire loading were cast from each batch of concrete, with a mix of 
concrete from the two batches (half the length cast from Batch 1 and half from Batch 2) being used 
to cast the ambient temperature specimen. Although the mixture proportions were the same for 
both batches, a larger amount of high-range water reducer (BASF Glenium 7920) was needed in 
Batch 2 to achieve the target slump (see batch tickets in Appendices). Mechanical vibration of the 
concrete was only performed adjacent to embed plates and on the slab formwork. The concrete 
was screeded out, but no floating or hard troweling was performed. 

The specimens were cast indoors (NFRL Room 125; Figure 2-13a and Figure 2-13b). Immediately 
after casting, the specimens were covered with wet burlap and then plastic to maintain a wet 
concrete surface condition (Figure 2-13c). The burlap was re-wet, as necessary, for the first 3 days 
of curing, after which the plastic and burlap were removed. After another 7 days, the four 
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specimens to be fire tested were moved to a large underground curing room (pit) with a target 
temperature of 30 °C and a target relative humidity of the air of 50 % (Figure 2-13d). The four 
specimens stayed in the curing pit for approximately five months, after which time they were 
moved back to the floor of the test hall, so fire protection could be applied to the steel beams. An 
event timeline for the curing is provided in Table 2-6. 

The measured relative humidity and air temperature in the curing pit are plotted in Figure 2-14(a). 
Due to problems with the humidity control in the curing pit, the target relative humidity of the air 
was not achieved on average (34.5 ± 13.1) %, however, the target air temperature was maintained 
within the desired margin (29.2 ± 0.9) °C. The ambient test specimen was cured in the testing hall 
where the relative humidity and temperature were not measured, however, daily measurements 
made in the adjacent test hall (NFRL Room 113) with similar conditions to those in NFRL 
Room 125 are shown in Figure 2-14(b). 

  
(a) (b) 

  
(c) (d) 

Figure 2-13 Casting of the specimens: (a) National Fire Research Laboratory test hall; (b) concrete placement 
in formwork; (c) initial curing with wet burlap covered in plastic; (d) subsequent curing in underground 

curing pit. 
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Table 2-6 Curing event timeline. 

Event Date Days after 
casting 

Concrete casting 12/6/2016 0 

Removal of plastic and wet burlap 12/9/2016 3 

Placement of specimens in curing pit 12/16/2016 10 

Removal of specimens from curing pit 5/25/2017 170 

 

 

  
(a) (b) 

Figure 2-14 Air temperature and relative humidity: (a) in curing pit; (b) approximate conditions in test hall. 

 
Two different sensor types were used to measure the relative humidity and temperature inside the 
slabs during curing. The first sensor type was a wireless sensor purported to be able to be placed 
in the formwork prior to casting (up to 150 mm from the surface) and transmit the data to a mobile 
phone via Bluetooth (Figure 2-15a). The manufacturer-specified accuracy of the temperature and 
relative humidity are ± 0.4 °C and ± 3 %, respectively. We were unable to successfully transmit 
data from the majority of the 15 sensors installed in the concrete and the data that were gathered 
varied significantly from theoretical predictions as well as from independent measurements with 
a second technology; therefore, the results are not discussed further in this report. The second 
sensor was a wired probe placed into perforated sleeves embedded in the concrete during casting 
(Figure 2-15b). 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 specimens are shown in Figure 2-16 and the relative humidity measurements in 
Figure 2-17. No data were recorded immediately prior to Test 2 and Test 3. The relative humidity 
measurement immediately prior to Test 5 is believed to be erroneous because the seal on the probe 
tube had been removed and the concrete allowed to dry locally. The moisture content of the 
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specimens, which is related to the relative humidity, was measured separately on concrete 
cylinders cured under the same conditions as the slabs (discussed below). 

 

  
(a) (b) 

Figure 2-15 Monitoring of relative humidity in the slab during curing: (a) embedded wireless sensors (black 
ovals); (b) downhole relative humidity probe. 

 

 
Figure 2-16 Temperature in the test specimens. 
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Figure 2-17 Relative humidity in the test specimens. 

 
The mixture proportions for the concrete used to repair the specimen damaged prior to testing (CB-
SP-SC) are shown in Table 2-7. They are similar to those for the main pour; however, the 
water/cement ratio was reduced to 0.41 to accelerate the strength gain in the concrete. The high-
range water reducer was switched to Sika Visocrete 2100 and other minor adjustments to the 
mixture were made as shown in Table 2-7. The freshly cast repair concrete was covered with wet 
burlap and plastic for more than 3 days and then allowed to continue curing under the conditions 
in the test hall (see Figure 2-13). 
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Table 2-7 Concrete mixture proportions for repair pour. 

  
water/cement:  0.41 

Slump: 14.0±2.5 cm 

           (5.5±1.0 inch) 

Material 

Saturated Surface 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) 0.027 (0.94) 

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

Sand: ASTM C-33: Howlin Sand 621 (1370) 0.238 (8.41) 

Air: 2.5% - 0.019 (0.67) 

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

Admixture: See Below 5 (10) 0.002 (0.07) 

  Total 1476 (3254) 0.765 (27.00) 

 
Unit Weight kg/m3 (pcf) 1931 (120.5) 

 

 
Calculated Equilibrium Dry Density kg/m3 (pcf) 1853 (115.7) 

 
Admixtures 

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

 
 

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

BASF Pozzolith 322N – 2.91 ± 1.16 ml/kg (5 ± 2 oz/cwt) 
  

BASF DELVO Stabilizer – 1.16 ± 1.16 ml/kg (2 ± 2 oz/cwt) 
  

BASF RheoTEC Z-60 – 2.33 ± 1.16 ml/kg (4 ± 2 oz/cwt)   

 Hardened concrete properties 

Table 2-8 summarizes the concrete properties measured. Where applicable, the relevant ASTM 
test standard used is provided in the table. The reader is directed to these standards for details on 
those test methods. The resistivity of the fresh concrete, as well as the surface resistivity and pulse 
velocity of the hardened concrete were measured for possible use in future studies; however, these 
measurements are not elaborated on, nor is the data reported, since they are outside the scope of 
this report. For the repair concrete, only a subset of the tests was performed as indicated in Table 
2-8. Relevant details about the tests used to determine the thermal conductivity and specific heat 
of the concrete are provided below. The ‘day of test’ measurements were performed within four 
days of the corresponding composite beam test. 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 and cured alongside of the composite slab test specimens. All 
measurements were made at ambient laboratory temperatures; nominally 23 °C. No measurements 
of the concrete properties at elevated temperatures were made. 
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Table 2-8 Matrix of concrete properties measured. 

    Number of cylinders 

Property Casting  3-day b 7-day 14-day b 28-day Day of 

test 
Total 

  12/6/16 12/9/16 12/13/16 12/20/16 1/3/17 

Resistivity a,b ✔ - - - - - - 

Slump (ASTM C143) ✔ - - - - - - 

Plastic unit weight (ASTM C138) b ✔ - - - - - - 

Air content (ASTM C173) b ✔ - - - - - - 

Compressive strength (ASTM C39) - 6 6 6 6 18 42 

Density (ASTM C642) - c c c c c - 

Pulse velocity a - c c c c c - 

Surface resistivity a - c c c c c - 

Static modulus (ASTM C469) b - - - - - c - 

Splitting strength (ASTM C496) b - - - - - 4 4 

Moisture content (ASTM C642) - - - - - 4 4 

Thermal conductivity b - - - - - 2 2 

Specific heat b - - - - - d - 
a Measured, but not reported here.      Total 52 
b Not measured for repair mix.        
c Use compressive strength cylinders.       
d Use microcores from thermal conductivity cylinders.      

 

The slump, plastic unit weight, and air content of the concrete for the main pour were measured 
by an independent testing company. For the repair concrete, the target slump was verified by NIST 
staff. The measured values are reported in Table 2-9. 

Table 2-9 Fresh concrete properties. 

Batch Slump, cm 
Plastic unit 

weight, kg/m3 
Air content, % 

1 21.6 1937 2.5 

2 20.1 1954 2.5 

Repair 14.0 - - 
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Table 2-10 summarizes the measured properties (mean and one standard deviation of six 
specimens) of the hardened concrete. The measurements to determine the values reported in Table 
2-11 for the Batch 1 and Batch 2 concrete were made within days of the ambient specimen test 
(Test 1), conducted approximately nine months after casting. The measurements to determine the 
values for the repair concrete were made around the time of the test in which the repair concrete 
was used (Test 5), which was approximately four months after casting of the repair concrete. The 
compressive strength development over time is illustrated in Figure 2-18 and the values are 
provided in Table 2-11. It is notable that the Batch 2 concrete had a higher compressive strength 
than the Batch 1 concrete from early in the curing process. This strength stayed higher even after 
several months of curing. Although there was continued development of the concrete strength 
during the testing of the specimens (Test 1 to Test 5), the change is nominal. Therefore, the values 
in Table 2-10 are recommended for modeling and analysis of these test specimens. 

Table 2-10 Measured hardened concrete properties. 

Category Description Batch 1 Batch 2 Repair 

Structural Compressive strength, MPa 49.8 ±1.8 54.4 ±3.3 52.1 ±2.9 

 Splitting tensile strength, MPa 4.6 ±0.3 4.4 ±0.2 - 

 Static modulus, GPa 22.7 ±1.1 25.6 ±1.4 - 

Thermal Bulk density, kg/m3 1858 ±4.8 1871 ±4.6 1912 ±2.8 

 Moisture content, % mass 7.8 ±0.1 7.5 ±0.01 7.9 ±0.1 

 Thermal conductivity, W/m·K 1.77 ±0.35 1.66 ±0.17 - 

 Specific heat, J/kg∙K 1006 ±77 966 ±94 - 
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Figure 2-18 Compressive strength development (error bars are standard deviation) 

 

Table 2-11 Compressive strength development. 

 Compressive strength, MPa 

     Test 1 Test 2 Test 3 Test 4 Test 5 

 3-days 7-days 14-days 28-days 286-days 379-days 406-days 434-days 451-daysa 

Batch 1 24.0 ±0.1 27.7 ±0.7 32.8 ±0.2 42.1 ±0.8 49.8 ±1.8 50.3 ±0.6 48.7 ±0.2 - - 

Batch 2 29.9 ±1.0 34.0 ±0.8 39.2 ±0.8 48.7 ±1.3 54.4 ±3.3 - - 56.9 ±1.5 55.4 ±4.3 

Repair - 32.9 ±1.0 - 43.0 ±0.6 - - - - 52.1 ±2.9 
a The repair concrete was 127 d old at the time of Test 5. 

 

The thermal conductivities of the concretes at ambient temperature were determined using the 
transient plane source (TPS) method (Gustafsson 1991; Log and Gustafsson 1995) with a 
commercially-available measurement system. 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 used by Bentz et al. 
(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 200 of those 
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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 45-degrees after each measurement to capture a representative average response from 
the cement paste and aggregates. A minimum of six 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. According to the manufacturer, heat capacity measurements made 
in this way are reproducible within ± 2 % standard uncertainty. 
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Chapter 3 
EXPERIMENTAL SETUP 

3.1 STRUCTURAL SETUP 

Figure 3-1 shows the test setup. Each composite beam specimen was attached to the W12x106 
columns using either double-angle or the single plate shear (shear-tab) connections. Both 
connections were bolted to the beam web and welded to a 9 mm thick sacrificial plate on the face 
of the column flange. The connection assemblies were bolted to the column flange together with 
a 45 mm thick bearing plate to prevent flange local buckling of the columns during the fire test 
(Figure 3-2).  The top surface of the slab was at the elevation of 3.93 m from the strong floor. The 
length of the steel beams was 12.3 m. The center-to-center distance between the bolt lines on the 
web of the steel beam was 12.2 m.  

The slab and embedded reinforcement were extended to the centerlines of the columns. The 
extended slab edge was vertically supported by an HSS 5x5x1/2 (a 127 mm square hollow 
structural section with a wall thickness of 13 mm) girder (Figure 3-2a). For specimens CB-DA-
SC and CB-SP-SC, some portion of the welded wire fabric and No. 4 reinforcing bars (with the 
embedded length of 760 mm) were also extended beyond the slab edge to anchor them with 
stiffened box-shaped steel stubs consisting of HSS 10x10x5/8 and HSS 8x3x3/8 sections to 
simulate the slab continuity condition (Figure 3-3). The extended ends of the reinforcing bars were 
bolted to a stiffened box-shaped stub using high strength nuts; the extended pieces of welded wire 
fabric were welded to the stiffened box-shaped stub. Load cells were placed between the nut and 
the stiffened stub to measure tensile loads induced in the reinforcing bars during the fire test.      

The W12x106 columns were laterally braced using a set of brace modules made of the same wide-
flange sections (Figure 3-1). The base plates of columns and brace modules were anchored to the 
strong floor using high strength steel bars with a total clamping force of 5400 kN. The lateral 
stiffness of the column attached to brace modules was 190 kN/mm for a lateral force pushing the 
column away from the test compartment and 170 kN/mm for a lateral force pulling the column 
toward the test compartment, as described in Section 3.1.2.  
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          (a) 

 

 
(b) 

Figure 3-1 (a) A 3D schematic and (b) photograph of the structural test setup (fire compartment walls are not 
shown).  
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Figure 3-2 (a) Connection and slab end support conditions for specimen without slab continuity-side view, 

(b) beam-to-column connection, (c) connection of sacrificial and bearing plates to column. 
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Figure 3-3 (a) Connection and slab end support conditions for specimen with slab continuity (elevation view), 

(b) photograph of anchored slab (top view). 

 

3.1.1 Mechanical Loading 

Mechanical loading was applied to the top of the slab at six loading points along the longitudinal 
centerline of the specimen. Three loading beams made of HSS shapes were used to apply six 
equally distributed point loads as shown in Figure 3-4. Each loading beam was pin-connected to a 
triangular-shaped loading truss, made of structural steel tubes, to equally transfer the forces at each 
contact point on the specimen. The ends of a loading beam were connected to two hydraulic 
actuators (each mounted in the basement) via high-strength tension bars; therefore, a total of six 
hydraulic actuators were used. The loading beams were also mechanically guided such that they 
could move vertically only. Steel roller bearings were used at each loading point on top of the slab 
and at the lateral braces of the slab to minimize friction effects (Figure 3-5a through Figure 3-5c). 

Since the long-span composite beam specimen was vertically supported by the simple shear 
connection to the columns, it could be susceptible to rotation about the longitudinal axis (i.e., 
twisting), which cannot be seen as common behavior of composite beams as part of the floor 
system. To prevent the premature failure associated with torsional instability of the specimen, the 
side edges of the 1.83 m wide slab were laterally braced at the projected locations of the loading 
beams (Figure 3-5d).  
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In addition, the coupled actuators automatically adjusted the load and displacement such that a 
moment induced by torsional instability of the specimen was counter-balanced. During the test, 
the levelness of the loading beams was maintained using displacement control of the coupled 
actuators, and the total gravity loads remained constant using force control of the same actuators. 
Figure 3-6 shows the cross-section view of the specimen with the loading system. The two 
actuators (actuator 1 and actuator 2) attached to the same loading beam were programmed to 
maintain the horizontal level with displacement control (δ1 = δ2, where δ1 and δ2 are displacement 
of the actuator 1 and actuator 2, respectively) during the test. Simultaneously, mechanical loads 
applied using the two actuators (P1 and P2) were controlled such that the value of P1 + P2 remained 
a constant (force control). The total load on the load beam (i.e., P1 + P2) was equally distributed to 
two loading points on the specimen via the pin-connected loading truss. The magnitude of the 
force at each contact point on the specimen was approximately 0.5×(P1 + P2).   

 
 

Figure 3-4 (a) Mechanical loading system (lateral brace system not shown) 
 

 

       

  
 

 

 

 

  
 

   

  

    

  

 



 

40 

This publication is available free of charge from
: https://doi.org/10.6028/N

IST.TN
.2054 

 

 
 

Figure 3-5 (a) Rollers at the end of loading beams, (b) guide frame, (c) lateral-torsional brace to specimen, 
(d) loading truss. 
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Figure 3-6 Cross-section view of the specimen with loading system.  

 

3.1.2 Lateral Support Stiffness 

The lateral stiffness of the column brace module was measured prior to the tests. Figure 3-7 shows 
a schematic of the test setup and the location of strain gauges used in the lateral stiffness test. 
Figure 3-8 shows photograph of the test frame and the sensors used in the test. The base plates of 
the column and attached brace modules were anchored to the laboratory strong floor using twelve 
3.5 cm diameter high strength bars with a post-tension force of 445 kN each. Two 222-kN 
hydraulic actuators mounted on the strong wall were used to pull and push the braced column at 
an average height of 354 cm. This height was similar to the location of the middle bolt of the 
composite beam assemblies tested under fire conditions. The linear displacement sensor was 
mounted on the column flange at the height of 354 cm to measure the lateral displacement of the 
braced column during the test. In addition, a laser tracker system was used to measure lateral 
movement of three targets attached to the flange and web of the column at the same height. Three 
slip sensors were mounted on the floor to measure any slip at the base plate of the column during 
the lateral loading. A total of eight linear strain gauges were mounted on the primary diagonal 
brace members to record the linear relationship of the lateral load versus axial strains in the braces. 
The measured relationship was used to quantify the axial restraint force in the composite floor 
beam assemblies subjected to fire. Table 3-1 summarizes the measured values of the lateral 
stiffness and the ratio of the lateral load to axial strains in the braces. 
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Figure 3-7 Setup for lateral stiffness test of braced columns (units in cm). 
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(a) (b) 

  
(c) (d) 

Figure 3-8 Photographs of (a) the lateral stiffness test setup, (b) displacement sensor, (c) slip sensor, and (d) 
targets for laser tracker system. 

 
Table 3-1 Results from the lateral stiffness test. 

 Measured lateral stiffness, kN/mm Measured ratio of lateral load 
to axial strain in column 
braces, kN/(mm/mm*10-6)  Actuator load in 

compression 
Actuator load in 

tension 

Mean 190 170 3.90  

Standard 
deviation 

10 (5 %) 5 (3 %)  0.24 (6%) 
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3.2 FIRE CONDITIONS 

3.2.1 Fire Load Development 

The fire resistance of a structural assembly in prescriptive building codes is rated based upon the 
assembly’s performance in a furnace environment as specified in a test standard such as 
ASTM E119 (2018) or ISO 834 (2014). The standard furnace, either gas- or oil-fired, is required 
to increase the temperature of the environment according to the time-temperature relation shown 
as the solid black line in Figure 3-9. In the current study, the fires to which the composite beams 
were exposed were not intended to replicate the standard fires, but to represent realistic yet extreme 
conditions that had the potential to threaten the structure. The Heat Release Rate (HRR) selected 
was based upon knowledge gained in previous full-scale fire experiments, one conducted at NIST 
using three workstations as the fuel (Hamins et al. 2008), and another at Cardington using wood 
pallets for fuel (BRE 2004). The previous full-scale fires at NIST were conducted in a room that 
was 10.7 m deep, 7 m wide, and 3.4 m high. The room was fully enclosed except for windows 
along one of the 7 m walls, providing a total area of 4.8 m2 for ventilation. The framing structure 
was not mechanically loaded. Two experiments were run using similar fuel packages, each with 
three identical workstations with a total mass of 1670 kg (17 MJ/kg). A jet fuel spray with a 2 MW 
heat release rate was applied for the first ten minutes of the tests. The spray burner caused rapid 
ignition of the combustibles throughout the compartment but contributed only a fraction of the 
total experimental heat release. The heat release rates and upper layer temperatures averaged over 
two positions for the duplicate experiments are shown in Figure 3-9. 

The test at Cardington was conducted in an eight-story steel structure as part of a European 
collaborative study (EC FP5 HPRI-CV5535). The fire room in Test 7 was 11 m wide by 7 m deep 
and one story (4.1 m) high.  A single vent ran along the width of the room.  Wood cribs uniformly 
distributed across the floor were used as the fuel, providing 40 kg/m2 mass load on the fire floor 
(700 MJ/m2 energy load).  Unlike the NIST experiments, the floor above the fire room in the 
Cardington test was structurally loaded using sandbags to 30 % of the design strength.  The average 
of the upper layer compartment temperatures measured during Test 7 is shown in the Figure 3-10. 

The key parameters which dictate the thermal environment in a fire are the room geometry, 
ventilation, and fuel load.  The bay for the current structural fire experiments had a floor area of 
2 m by 12.8 m and a height of 3.7 m. Natural gas was used as the fuel in the composite beam fire 
experiments because: 

• natural gas allows independent and rapid control of HRR during an experiment; 
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• NIST has extensive experience with high accuracy flow rate measurements and 
independent means of HRR calculation when using natural gas; 

• the major constituent of natural gas (CH4) has the lowest tendency to soot of any 
hydrocarbon, providing the best environment for optical measurements of displacement;  

• natural gas fires are well suited for simulation; and 

• natural gas provides a baseline for comparison to future solid fuel fires. 

 

Figure 3-9 Average HRR and nominal temperature of NIST full-scale office fire experiments (Hamins et al. 
2008) with time-temperature curve from ASTM E119. 

 



 

46 

This publication is available free of charge from
: https://doi.org/10.6028/N

IST.TN
.2054 

 

 

Figure 3-10 Average compartment time-temperature response in Cardington Test 7 (BRE 2004). 

 

Three burners (1 m x 1.5 m) with a rating up to 4000 kW each were used to simulate the fire 
throughout the test room. The enclosing walls of the compartment were constructed of 22-gauge 
sheet steel on steel studs protected by two layers of 25 mm thick ceramic fiber blanket on the side 
exposed to the fire. 

The fire in the composite beam study was designed to maximize the upper layer temperature, to 
minimize the level of smoke, and to avoid excess fuel feeding a fire external to the bay. The 
ventilation was controlled by the total vent area, 𝐴𝐴𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣, and the height of the vent, H. In wood crib 
fires, when 𝐴𝐴𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣√H is greater than 10 m5/2, an over-ventilated condition exists (Kawagoe 1958). 
Table 3-2 compares the room geometry and fire parameters in the current composite beam study 
to the design of the Cardington and previous NIST study. It appears that the fire in the Cardington 
test may have been over-ventilated, while the fire in the NIST 2008 study was under-ventilated.  
The value of 𝐴𝐴𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣√H in the current experiment suggests that this fire would have been under-
ventilated; however, the correlation for wood crib fires is not directly applicable to natural gas 
fires. 

When scaled with the room volume, the vent area in the composite beam study, 0.062/m, was 
slightly greater than the vent area/volume used in the Cardington fire. Calculations using the NIST 
Fire Dynamic Simulator (FDS, discussed in a subsequent section) support the hypothesis that most 
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of the heat content of the natural gas was released within the test compartment with little excess 
air. 

Surveys (e.g., EUR 26698 EN’s Table 1.4.2, Vassart 2014) have found that the fuel loads in 
commercial and public spaces vary greatly with the designated purpose of the space. A standard 
office contains in the range of 420 MJ/m2 to 655 MJ/m2 of combustible material; a shopping center 
is in the range of 600 MJ/m2 to 936 MJ/m2; and a library can have fuel loads up to 2340 MJ/m2. 
The previous NIST experiment at a load of 400 MJ/m2

 was conducted with only three workstations 
in a space that more typically would have had six workstations.  In the more typical case, the 
energy content would have been 800 MJ/m2, about equal to the fuel load in the Cardington tests 
and a bit above the survey levels for typical office layouts. Because the current experiments 
represented an extreme fire condition, the capability for an equivalent fuel load of 1.6 times (the 
value 1.6 is a typical safety factor used for other loads in structural design practice) the energy 
content more typical of a modern office, or about 1200 MJ/m2 for a two-hour fire, was built into 
the fire design, with the possibility to go higher for longer exposure times if necessary to attain 
significant structural failure. 

The average HRR in the NIST 2008 fire was 4300 kW, slightly below the estimated average in the 
Cardington test. The HRR in the composite beam pre-experiment design simulation ramped up to 
4000 kW in 10 min, was held steady for 3 hr, and then decreased linearly to zero over the next 60 
min. The peak intensity of the fire on a volumetric basis was 42 kW/m3, similar to the value of 
40 kW/m3 in the NIST 2008 test. Since HRR was not measured directly in the Cardington work, 
the HRRpeak/vol. cannot be compared to the present study. 

Refer to Table 3-2 for the detailed comparison of key geometric and thermal parameters of the 
previous studies done at NIST and Cardington to those proposed to be used in the composite beam 
study.  Note that the fires proposed for the current study were not intended to represent a specific 
“Design Fire Scenario” in the sense of one to be used in Performance-based Engineering, or 
equivalent prescriptive design; rather, the fires were designed to provide insight into the ultimate 
limits of a conventionally designed composite beam engulfed in fire for a period beyond its 
standard 2-hour rating. 
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Table 3-2 Key geometric and proposed thermal parameters for composite beam study 

Parameter NIST Cardington Composite Beam Study 

depth x width x 
height 10.7 m x 7 m x 3.36 m 11.0 m x 7.0 m x 3.1 m 2 m x 12.8 m x 3.7 m  

floor area 74.9 m2  77.0 m2 25.6 m2 

volume 252 m3 239 m3 95 m3 

vent opening area 4.8 m2 11.4 m2 5.9 m2 

𝐴𝐴𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣√H 6.9 m5/2 12.8 m5/2 6.4 m5/2 

vent area/vol. 0.02/m 0.05/m 0.062/m 

fuel package 3 work stations plus 40 
L of jet fuel wood cribs 3 natural gas burners, 

1 m x 1.5 m each 

fuel load 400 MJ/m2 720 MJ/m2 1781 MJ/m2 

average HRR ~4300 kW ~4600 kW (est.) 3167 kW 

peak HRR/vol. 40 kW/m3 unknown 42 kW/m3 

upper layer 
temperature ~1050 oC ~1050 oC ~1000 oC 

fire duration 67 min 200 min 180 min; 60 min 
cooling period 

 

3.2.2 Fire Simulation 

Predicted surface temperatures and heat fluxes 

The NIST Fire Dynamic Simulator (FDS) Version 6.5.3 (McGrattan et al. 2013), a computational 
fire model, was used to examine the influence of varying the geometric and thermal parameters 
listed in Table 3-2 on the fire behavior and the beam temperatures. The HRR was varied between 
2500 kW and 5000 kW, resulting in heat release rates per unit volume between 25 kW/m3 and 
50 kW/m3 and in fuel loads between 600 MJ/m2 and 2600 MJ/m2.  The vent openings were varied 
between 4 m2 and 6 m2 (14 % to 22 % of floor area).  The effect of two different SFRM insulating 
materials on the steel beam temperatures was also investigated.  The fuel was methane and 
delivered through three 1 m by 1.5 m burners placed on the floor along the centerline of the 
composite beam. The dimensions of the test compartment were fixed, except as noted in this 
section.   
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A number of different fire scenarios were modeled. The FDS input file for one of these case 
(Case 5be) is available on the github repository for FDS (https://github.com/firemodels/fds). It is 
provided in Appendix C of this report as well. Results from that simulation, done with 5 cm grid 
spacing, are shown in Figure 3-11 through Figure 3-17. 

The outline of the compartment with a representative fire can be seen in Figure 3-11. Figure 3-12 
and Figure 3-13 are views of, respectively, the surface temperatures and the heat fluxes on the 
interior walls looking upward from below the burner surface (black squares) 120 min after ignition. 
The ceiling, the exposed surface of the SFRM, and the upper 50% of the chamber walls are at 
temperatures between 900 oC and 1000 oC. The gauge heat fluxes approach 150 kW/m2 on the 
ceiling and on the exposed surface of the SFRM protecting the beam lower flange and remain 
above 100 kW/m2 throughout the top two-thirds of the interior chamber. 

 

Figure 3-11 Representative fire behavior showing simulated local heat release and soot.   
 

 

Figure 3-12 Interior wall surface temperatures (in degree Celsius) viewed from below 120 min after ignition. 

 

https://github.com/firemodels/fds
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Figure 3-13 Interior wall heat fluxes (kW/m2) viewed from below 120 min after ignition. 

 

Figure 3-14 is an image of the exterior wall temperatures 120 min after ignition. Most of the 
exterior wall temperatures exceed 300 oC; the temperature on top of the concrete slab is uniformly 
around 250 oC. Temperatures on the floor (viewed through the vents) are predicted to exceed 
750 oC. External burning can be seen exiting the smaller vents at either end of chamber. 

The average temperature of the hot gas layer (HGL) is plotted in Figure 3-15 as a function of time. 
A maximum temperature of 980 oC is attained just before the cooling period begins. The 
temperature of the lower beam flange, averaged along the beam’s length, is shown as the orange 
line in Figure 3-15. The average temperature exceeds 600 oC about 7200 s (2 hr.) after ignition and 
reaches its peak value of 815 oC at 12 600 s, during the cooling period. Also plotted is the 
temperature of the columns, which are protected by being outside the compartment walls so that 
the support system will be undamaged for subsequent tests.  

Figure 3-16 shows how the temperatures evolve with time and distance along the lower beam 
flange. The heating from the fire appears relatively uniform. The highest temperatures are in the 
central portion of the beam, reaching a peak of 850 oC at 12 600 s, which is 60 oC hotter than near 
the connections. 
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Figure 3-14 Exterior wall temperatures (in degree Celsius) 120 min after ignition 

 

 

Figure 3-15 Average temperatures of hot gas layer (blue), spatial average along lower flange of steel beam 
(orange), and average temperature of columns near beam connection (gray) for case 5Be. 
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Figure 3-16 Temperatures along lower flange of steel beam (case 5Be). 

 

Sensitivity to variation in FDS input parameters 
Several cases were run with FDS to examine the effects of: (1) refining the mesh in the vicinity of 
the beam, (2) changing compartment geometry, (3) increasing ventilation, (4) changing the wall 
materials, and (5) changing the SFRM properties. 

1) The base-line calculations were performed with a uniform mesh size of 0.05 m and 1.4 
million cells.  The mesh size was reduced from 0.05 m to 0.025 m, first over the entire 
chamber height (2.7 million cells) and second over only the top 0.7 m near the ceiling (1.8 
million cells). In both cases, the upper layer gas temperature variation was barely 
perceptible during the first 6000 s of the fire.  The temperature of the steel beam flange 
was essentially unchanged in the center of the span but was lowered as much as 20 oC near 
the ends. These variations in temperatures accord with previous findings that a finer mesh 
predicts lower flame height, resulting in lower beam and upper layer temperatures. 

2) Two variations to the compartment geometry were considered: decreasing the height of the 
room and allowing for sag in the composite beam. Cutting the height of the room in half to 
1.9 m (all other dimensions unchanged) would make construction and operation of the 
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laboratory experiments more convenient while maintaining or increasing safety.  However, 
reducing the height by this much was found to lead to an unacceptable degree of non-
uniformities in heat flux and temperature distribution across the beam and underside of the 
concrete slab. Hence, the approach was not considered viable. The impact of sag was 
estimated by assuming that the composite beam was permanently deformed in a parabolic 
shape with the center point 0.6 m below the connections, which were maintained at full 
height (3.7 m). The temperature and heat flux distribution on the composite beam remained 
qualitatively the same with or without sag, although in the region with the most sag, the 
heat flux was about 5 % higher.  This relatively small effect suggests that assuming the 
geometry remains unchanged within the FDS calculation is unlikely to have more than a 
second-order effect on the temperature of the beam. 

3) The end vents were increased in size from 0.45 m to 0.85 m, for a total open area increase 
of about 1/3. This change resulted in a drop in the average upper layer gas temperature 
6000 s after ignition of about 40 oC.  At the same time, the temperature at the ends of the 
steel beam increased about 10 oC, while the temperatures in central portion of the span 
were not impacted.   The conclusion is that increasing the vent opening caused a shift in 
the outer fire plumes toward the ends of the chamber, but, overall, the increase in air flow 
tended to cool the upper layer. 

4) Different insulating materials used for the walls of the enclosure and the SFRM were 
investigated. The walls were simulated as (a) concrete sheet, (b) steel sheet with a single 
layer of 25 mm ceramic fiber blanket, and (c) steel sheet with a 50 mm layer of ceramic 
fiber blanket.  The 50 mm layer of the ceramic fiber blanket produced upper layer gas 
temperatures slightly over 1000 oC at 7200 s into the simulation, which was about 50 oC 
hotter than in the baseline calculations. The temperature on the outside wall (facing into 
the laboratory) 2.5 m above the floor was found to be 100 oC lower with the 50 mm layer 
of ceramic fiber blanket when compared to the 25 mm layer, as seen in Figure 3-17. Figure 
3-18 graphically shows how much more effectively the 50 mm insulation layer, on the 
right, reduces the external temperature throughout the surface of the wall with only 25 mm 
of insulation, on the left.  The black areas represent regions that exceed 300 oC. 

5) The original calculations were done assuming that the fire-resistant material for the steel 
beam would be SFRM A, sprayed according to the manufacture’s specification for a 2-hour 
rating.  Subsequently, SFRM B was selected for the experiments and was applied to the 
steel beam according to the manufacturer’s specification for a 2-hour rating. With SFRM 
A the average lower flange temperature was calculated using thermal properties reported 
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in Hamins et al. (2008) to reach 600 oC in 3600 s, with a peak temperature near 950 oC at 
the start of the cooling period.  These temperatures compare to 600 oC about 7200 s after 
ignition, and a peak value of 815 oC during the cooling period for the SFRM B protected 
specimen, calculated using the thermal properties reported in Kodur and Shakya (2013). 

 

 

Figure 3-17 Laboratory-side wall temperature of at x=9.0, y=2.5 comparing 25 mm of ceramic fiber blanket 
(blue curve) to 50 mm of ceramic fiber blanket (red-dotted curve). 

 

 

Figure 3-18 Temperature of front wall (outside) with temperatures of 300 ºC and higher shown in black; 25 
mm insulation on left compared to 50 mm on right. 
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Chapter 4 
MEASUREMENT SYSTEM 

This chapter describes the measurement system. It presents the details of the structural 
measurements, including loads, strains and displacements, as well as the fire measurements, 
including Heat Release Rates (HRR) and temperature. It also discusses uncertainties associated 
with the measurements.   

Various instruments were used to characterize measurands including: (1) mechanical loading 
applied using hydraulic actuators, (2) fire loading (Heat Release Rate, heat flux, gas temperature), 
(3) temperatures of the specimens, and (4) structural responses of the specimens to gravity and fire 
loading (displacement, rotation, strains, and forces). The sensors used for these measurements are 
listed in Table 4-1 and detailed descriptions are provided in the following subsections. The 
locations of the sensor for each experiment are provided in the results section for each individual 
experiment. 

Table 4-1 Sensors used in the experiments. 

Sensor 
Description Manufacturer Model Full Scale 

Value Remarks 

Load cell MTS 201.35TS 240 kN (T) 
365 kN (C) 

T=tension; 
C=Compression 

Load cell Omega LCWD-20K 
LCWD-50K 

90 kN 
220 kN 

Tensile loads on  
reinforcing bars 

Strain gauge 
 

Tokyo Measuring 
Instruments Lab. 

FLA-6-11-5LT 
FLA-5-11-5LT 

FLM-60-11-5LT 
EGP-5-120  

50000 με 
50000 με 
50000 με 
 5000 με 

 

Potentiometer MTS 201.35TS 760 mm  

String 
potentiometer 

UniMeasure 
 

PA-5 
PA-10 
PA-25 
PA-30 

130 mm 
250 mm 
635 mm 
760 mm 

 

Linear position 
sensor BEI 9615 

9610 
38 mm 
25 mm  

Inclinometer Meas. Specialties ACCUSTAR®-EA  
G-NSDMG-023 

±60° 
±30°  

HRRburner NIST - 20 MW 
Heat release rate 
(HRR) from gas 

mass flow 

HRR NIST - 20 MW 
Heat release rate 

(HRR) from 
calorimeter 
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Sensor 
Description Manufacturer Model Full Scale 

Value Remarks 

Thermocouple Omega 

GG-K-24-SLE 
XC-K-24 

TJ36-CAXL-38U-36 
TJ36-CAXL-14U-24 
INC-K-MO-3.0MM 

1250°C 
870°C 

1250°C 
1250°C 
1250°C 

 

Heat flux Medtherm 64-20-18  Gardon Gauge 

Plate 
Thermometer Pentronic - - Adiabatic surface 

temperature 
  

4.1 STRUCTURAL MEASUREMENTS 

4.1.1 Forces 

Six hydraulic actuators (model: MTS 201.35TS) were used to apply gravity loading on the 
specimens. Each actuator has a built-in load cell (model: MTS 661.22D-01). Refer to Figure 4-1a. 
For specimens with slab end continuity (CB-DA-SC and CB-SP-SC), load cells (model: Omega 
LCHD-20K and LCHD-50K) were installed around the embedded No. 4 reinforcing bars anchored 
at the location of girders to measure tensile loads during the experiments. A photograph of load 
cells mounted near the end of the reinforcing bars is shown in Figure 4-1b. 

  

(a) (b) 

Figure 4-1 (a) Hydraulic actuator mounted on yoke located underneath strong floor; (b) load cells mounted 
around the reinforcing bars (top view). 
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4.1.2 Strains 

Linear strain gauges were mounted at various locations including on the concrete slab and W18x35 
floor beams of the specimens, loading frames, and braced modules attached to W12x106 columns. 
FLA-5-11-5LT gauges were attached to both loading frames and floor beams; FLA-6-11-5LT 
gauges were mounted on brace modules; FLM-60-11-5LT were mounted on top of the concrete 
slab; EGP-5-120 embedment gauges were installed inside the concrete slab. The manufacturer-
specified operating temperature of FLA-5-11-5LT and FLA-6-11-5LT is in the range of -196 ºC 
to 150 ºC; that of FLM-60-11-5LT is in the range of -20 ºC to 80 ºC; and that of EGP-5-120 is in 
the range of -5 ºC to 50 ºC. In this study, all strain measurement took place at temperatures lower 
than 50 °C. 

4.1.3 Displacements 

Displacements of the specimens were measured using linear displacement transducers 
(potentiometers). String potentiometers were connected to the top of the concrete slab at four 
locations along the specimen length. The potentiometers were positioned approximately 2 m above 
the slab and protected from excessive heating using aluminum foil and ceramic fiber blanket 
(Figure 4-2a,b). For the ambient specimen (CB-DA-AMB), additional displacements were 
measured, including the vertical and lateral displacements of the specimen at midspan, the slip 
between the steel beam and the slab, and the gap closure between the beam web (at ends) and 
sacrificial plate attached to the column flange (Figure 4-2c). 
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(a) (b) 

 
(c) 

Figure 4-2 (a) Measurement of vertical displacement using string potentiometers; (b) attachment to the 
concrete slab; (c) gap measurement at beam end. 

4.1.4 Rotations 

Linear rotation transducers were used at several locations (Figure 4-3). Dual-axis inclinometers 
(Measurement Specialties model G-NSDMG-023) were attached to top of the slab along the 
centerline at the east and west ends for all specimens and on top of the loading beam for the ambient 
specimen only. Single-axis inclinometers (Measurement Specialties model ACCUSTAR-EA) 
were used to measure rotations of the loading frames for all tests and that of the web of W18x35 
beam at each end for the ambient test only. 
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(a)  (b) 

  
(c)  (d) 

Figure 4-3 Inclinometers: (a) along centerline of the slab at east and west ends; (b) on top of the loading 
beam; (c) on the loading truss; (d) on the web of the beam at east and west ends. 

4.2 FIRE MEASUREMENTS 

4.2.1 Natural Gas 

Three 1 m by 1.5 m gas burners (Figure 4-4) were used to create controlled fire conditions in the 
compartment. A gas fuel delivery control and measurement system was used to supply the burners. 
The fuel delivery system is capable of providing natural gas flow for fires up to 20 MW in size. 
The 12.7 cm gas supply line pressure was 138 kPa. A pneumatic actuated ball valve was computer 
controlled using an analog output signal. A balancing valve was located upstream of each of the 
three burners to distribute the fire inside the compartment. The burner heat release rate was 
calculated using the measured mass flow and composition of the natural gas (Bryant et al. 2015). 
The gas mass flow rate was determined using a positive displacement rotary volume flow meter, 
pressure transducer, and thermistor. The carbon monoxide mass yield was less than 3 % and the 
effect of combustion efficiency was factored into the uncertainty of HRR. The composition of 
natural gas was measured using a gas chromatograph with a sampling period of 3 min. The main 
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components of the natural gas used during this test series was methane (89 % to 94 %), ethane 
(4 % to 9 %), and propane (0.2 % to 1 %). The Ideal Gross Heating Value was calculated using 
the method described in ASTM D3588-98 (2017).  

 
(a) 

 
(b) 

Figure 4-4 (a) Burner; (b) drawing of gas burner assembly, units in cm.  All dimensions have a standard 
uncertainty of ±0.5 cm. 
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4.2.2 Calorimeter 

The large-scale oxygen consumption fire calorimeter (Bryant et al. 2003) in the National Fire 
Research Laboratory allows one to measure the energy given off by a fire (heat release rate) with 
relatively high accuracy and a well-characterized uncertainty. In the largest test bay, the 
calorimeter consists of a 15.2 m by 13.7 m canopy-style smoke collection hood (see Figure 4-5), 
a 2.42 m diameter exhaust duct instrumented for mass flow measurements and a gas sampling 
system for measuring exhaust gas composition. The smoke collection hood is located 12.5 m above 
the test floor and is equipped with 6 m retractable side curtains. 

 

Figure 4-5 Photograph of the testing area showing the strong floor, strong wall, and exhaust hood. 

 

4.2.3 Thermocouples 

Temperatures were measured using K-type thermocouples for which the lead wires were shielded 
with fiberglass, ceramic fiber, Inconel, or stainless steel.  

Glass-sheathed thermocouples (Omega model GG-K-24-SLE) were mounted near the surfaces of 
the W18x35 beams (Figure 4-6a) using peening and then coved with ceramic adhesive (Choe et al. 
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2018) and were embedded into the concrete slab (Figure 4-6b). Since the bead of each 
thermocouple was embedded in a base material, the effects of radiation on the bead was negligible. 
Ceramic fiber insulated thermocouples (Omega model XC-K-24) were mounted to the exposed 
steel decking. Thermocouple beads were insulated with high temperature cement (Omega model 
CC HIGH TEMP).  

Inconel sheathed thermocouples (Omega model INC-K-MO-3.0MM) were used to measure the 
steel beam temperatures as shown in Figure 4-6c. 

Super OMEGACLAD sheathed thermocouples (Omega model TJ36-CAXL-14U-24; TJ36-
CAXL-38U-36) were used to measure the upper layer gas temperatures i) 25 mm and 230 mm 
below the slab and ii) 810 mm below the slab, mounted on the enclosing walls of the fire 
compartment (Figure 4-6d).  

  
(a) (b) 

  
(c) (d) 

Figure 4-6 Thermocouples: (a) peened into drilled holes and covered with ceramic adhesive (prior to 
application of SFRM); (b) bare bead thermocouples attached to ceramic rod in slab prior to concrete casting; 

(c) Inconel sheathed thermocouples used to measure the temperature of the steel beam; (d) super 
OMEGACLAD sheathed thermocouples used to measure the temperature of the compartment. 
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4.2.4 Heat Flux Gauges 

A Gardon gauge (Medtherm model 64-20-18) was placed on the east wall 410 mm below the 
bottom flange of the specimen (Figure 4-7). The diameter of this gauge was 25.4 mm. It was placed 
in a steel pipe (inside diameter = 25.4 mm) and water-cooled during the fire tests. 

 

Figure 4-7 Gardon gauge mounted on the east wall. 

 

4.2.5 Plate Thermometers 

Plate thermometers (PT) were placed around midspan of the specimen and the east connection 
(Figure 4-8) and were used to measure adiabatic surface temperature. They consisted of a glass-
sheathed, K-type, 24-gauge, thermocouple (Omega model GG-K-24) welded to an Inconel plate 
with dimensions of 100 mm × 100 mm × 0.7 mm with insulating material on the back. Reference 
gas temperature was measured using a thermocouple (Omega model XC-K-24) next to the plate 
thermometer.  

Gardon 
gauge 



 

64 

This publication is available free of charge from
: https://doi.org/10.6028/N

IST.TN
.2054 

 

  
(a) (b) 

Figure 4-8 Location of plate thermometers: (a) east connection; (b) mid-span of the beam. 

 

4.3 DATA ACQUISITION SYSTEM 

Measurements were acquired using a National Instruments cDAQ-9188 data acquisition (DAQ) 
chassis (shown in Figure 4-9) populated with the following I/O-Modules: NI-9213 (temperature) 
NI-9237 (voltage from bridge circuitry of strain gauges and load cells), and NI-9205 (voltage from 
resistive-based sensors including potentiometers). For the ambient test, strains were acquired using 
NI PXIe-1082 data acquisition chassis populated with the NI PXIe-4330 modules. 

An in-house software developed in LabVIEW™ was used to allocate channels and control data 
acquisition. During the tests, data were recorded at 1 Hz along with the standard deviations from 
the averaging process. 



 

65 

This publication is available free of charge from
: https://doi.org/10.6028/N

IST.TN
.2054 

 

 
  

(a) (b) 

 
 

 
(c) (d) 

Figure 4-9 Data Acquisition hardware: (a) cDAQ-9188; (b) NI PXIe-1082; (c) NI-9213; (d) NI PXIe-4330. 

 

4.4 FIBER OPTIC MEASUREMENTS 

Optical fibers were used to measure strain in the concrete with both distributed (ambient only) and 
grating-based (ambient and elevated temperature) sensors. Temperature in the concrete as well as 
temperature on the surface of the steel beam was measured during the fire experiments using two 
distributed fiber optic sensing modalities: pulse pre-pumped Brillouin optical time domain analysis 
(PPP-BOTDA) and optical frequency domain reflectometry (OFDR). 

4.4.1 Distributed Fiber Optic Sensors 

Telecommunication-grade, single-mode optical fiber cable with a polymer sheath and aramid yarn 
was used as a distributed temperature sensor. Figure 4-10 shows the structure of the optical fiber 
cable for temperature measurement (Bao et al., 2017). The optical fiber has a tight polymer buffer 
(diameter: 900 μm), a polymer outer coating (outer diameter: 242 μm), a polymer inner coating 
(outer diameter: 190 μm), a silica (glass) cladding (outer diameter: 125 μm), and a silica (glass) 
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core (diameter: 8.2 μm). The polymer buffer and coatings protected the glass from mechanical 
impact and abrasion as well as from undesired environmental exposure. The same optical fiber 
without the sheath and aramid yarn was used as a distributed strain sensor. The buffer and coatings 
burn off at approximately 300 °C; however, the glass core and cladding can sustain temperatures 
above 1000 °C. 

 

Figure 4-10 Schematic view of an optical fiber cable. 

 

For the temperature sensor, the optical fiber (tight buffer) could move longitudinally in the sheath 
with negligible friction. Therefore, the distributed temperature sensor theoretically measures 
Brillouin frequency shifts due to temperature changes only. Once calibrated, the sensor can be 
used to evaluate temperature changes from the measured Brillouin frequency shifts. For the strain 
sensor, the optical fiber without the sheath and aramid yarns is bonded with the concrete (Fan et 
al. 2019), and it can measure Brillouin frequency shifts due to the combined temperature and strain 
effects before the tight buffer and coatings start softening at approximately 60 °C. To differentiate 
the contribution of temperature and strain, a distributed temperature sensor, deployed close to the 
strain sensor, is used for temperature compensation (Fan et al. 2018). 

Sensing modalities 

The distributed fiber optic sensors provided high spatial resolution; however, measurements were 
only made at select time intervals during each test. 



 

67 

This publication is available free of charge from
: https://doi.org/10.6028/N

IST.TN
.2054 

 

 Pulse pre-pumped Brillouin optical time domain analysis (PPP-BOTDA) 

Pulse pre-pumped Brillouin optical time domain analysis (PPP-BOTDA) measurements were 
made using a Neubrescope Model NBX7020. PPP-BOTDA measures stimulated Brillouin 
backscattering light at any point along the length of an optical fiber using a pulsed pump wave and 
a counter-propagating continuous probe wave. When the frequency difference between the pump 
and probe waves matches the Brillouin frequency, the probe wave is amplified, and the frequency 
difference is referred to as the Brillouin frequency. The Brillouin frequency depends on the optical 
properties of the fiber, which change with the strain and temperature applied on the optical fiber. 
For a relatively small change of strain ∆ε and temperature ∆T with respect to their calibration 
values, the Brillouin frequency shift ∆vB can be linearly related to the strain and temperature 
changes (Bao et al. 2016): 

∆𝑣𝑣𝐵𝐵 = 𝐶𝐶𝜀𝜀∆𝜀𝜀 +  𝐶𝐶𝑇𝑇′∆𝑇𝑇 = 𝐶𝐶𝜀𝜀∆𝜀𝜀 + (𝐶𝐶𝑇𝑇 + 𝐶𝐶𝜀𝜀𝛼𝛼)∆𝑇𝑇             (4.1) 

 

where Cε, CT, and α denote the strain coefficient, temperature coefficient, and the coefficient of 
thermal expansion of surrounding material, respectively.  

A 2 cm spatial resolution was obtained using a pulse bandwidth of 0.2 ns (Kishida et al. 2014). 
The sampling and spatial resolutions in this study were 1 cm and 2 cm, respectively. In other 
words, data points were sampled at every 1 cm and the Brillouin frequency shifts of two points 
spaced at no less than 2 cm could be distinguished.  

 Optical frequency domain reflectometry (OFDR) 

Optical frequency domain reflectometry (OFDR) measurements were also taken using a Luna 
OBR 4600 - a type of optical backscatter reflectometry. This technique uses swept wavelength 
homodyne interferometry to measure the Rayleigh backscatter throughout the length of a single 
mode fiber. The Rayleigh backscatter is a property of the optical fiber and is caused by radius and 
density fluctuations and thus index profiles throughout the length of the fiber (Soller et al. 2005); 
Kreger et al. (2007). Strain and temperature measurements can be obtained based upon spectral 
shifts in the Rayleigh spectrum in reference to a baseline. The spectral shift,∆𝑣𝑣𝑅𝑅 ,is related linearly 
to temperature and strain by calibration coefficients 𝐾𝐾𝜀𝜀 and 𝐾𝐾𝑇𝑇 (Froggatt and Moore 1998; Kishida 
et al. 2014):  

∆𝑣𝑣𝑅𝑅 = 𝐾𝐾𝜀𝜀∆𝜀𝜀 + 𝐾𝐾𝑇𝑇∆T                (4.2) 
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Sensor calibration 

The sensitivity of Brillouin frequency to temperature and strain was experimentally calibrated 
(Bao and Chen 2016). The optical fiber was passed through an electric tube furnace where the 
temperature was monitored using a calibrated type-K thermocouple. The furnace temperature was 
linearly increased from 22 °C to 300 °C in 100 °C intervals. A translation stage was used to apply 
elongation in the optical fiber. Spatially-distributed Brillouin gain spectra were measured along 
the length of the optical fiber using the Neubrescope. Within a range of 22 °C to 300 °C, the effect 
of temperature on the temperature and strain calibration coefficients is negligible (Bao and Chen 
2016). Therefore, the temperature and strain calibration coefficients in this study were determined 
under zero strain at a reference room temperature.  

The strain sensors were calibrated using an Instron 5965 with a 100 N load cell at room 
temperature. A fiber optic cable of length L was selected, and probes were spliced onto each end 
for strain measurement. Protective sleeves were bonded to the splice point to strengthen the fiber 
at this location, and the fiber was clamped onto the load frame for a tension test. An initial load 
was placed onto the fiber to remove any slack and the fiber length was measured. The displacement 
was controlled by the load frame and the fiber was loaded at intervals of 0.5 N. Measurements 
were taken using a Neubrescope 7020 and a Luna 4600 and the load and displacement were noted. 
The strain was determined by dividing the change in length by the original fiber length and was 
correlated with the signal obtained from each measurement device.  

Linear regression was used to identify the strain and temperature coefficients for each fiber as 
summarized in Table 4-2. Values reported as N.A. were not used. It can be seen from Table 4-2 
that the difference in calibration coefficients of various fibers is within 6 %. Therefore, a strain 
coefficient of 53 GHz/ε and a temperature coefficient of 0.001 GHz/°C are used. 

Table 4-2 Summary of strain coefficients used for flexural testing. 

Optical Fiber 
Strain Coefficient (GHz/ε) Temperature Coefficient (GHz/°C) Sensor 

Application Neubrescope Luna Neubrescope Luna 

Pink 50 ± 2.5 -160000 ± 1480 (9.49 ± 0.442)×10-4 -1.58 ± 5.02×10-2 Temperature 

Blue 53 ± 0.79 -161000 ± 38.1 (10.1 ± 0.389)×10-4 -1.50 ± 1.67×10-3 Temperature 

Thin Yellow 50 ± 1.2 -157000 ± 3960 N.A. -1.53 ± 9.55×10-3 Strain 

Thick Yellow N.A. -140000 ± 2050 N.A. -1.46 ± 2.37×10-2 Temperature 
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Sensor installation 

The distributed fiber optic sensors were embedded in the concrete slab and attached on the surface 
of the steel girder along the length. Figure 4-11 shows the top view of the distributed fiber optic 
sensors in the concrete slab. The distributed fiber optic sensors were deployed along the 
longitudinal direction (beam length) and the transverse direction (beam width). The longitudinal 
and transverse distributed fiber optic sensors are designated as L-DFOS and T-DFOS, respectively. 
As depicted in Figure 4-11a, the L-DFOS sensors are along the centerline of the concrete slab. In 
each specimen, two T-DFOS sensors, designated T-DFOS-1 and T-DFOS-2, were deployed with 
a spacing of 152 mm in the longitudinal direction. Figure 4-11b differs from Figure 4-11a in that 
the length and position of the Fiber Bragg Grating (FBG) sensor were slightly different. 
Photographs of the installed DFOS prior to concrete casting are show in Figure 4-12. 

 

(a) 

 

 (b) 

Figure 4-11 Top view of the locations of distributed fiber optic sensors (DFOS) and Fiber Bragg Grating 
(FBG) sensors in the concrete slab. The length and locations of the FBG sensors in (a) CB-DA-AMB are 

different from those in (b) CB-DA and CB-DA-SC (units in mm). 
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(a) (b) 

 
(c) 

Figure 4-12 Photographs of installed distributed fiber optic sensors: (a) transverse (T-DFOS) temperature 
sensors (blue), (b) longitudinal (L-DFOS) temperature (blue and pink) and strain (yellow, thin), and 

(c) temperature sensor on web of steel beam (blue tape over thick yellow optical fiber). 

 

Figure 4-13 shows the elevation of the fiber optic sensors in the concrete slab. There are five paths 
of L-DFOS, which are designated L-DFOS-1 to L-DFOS-5. The L-DFOS-1 and L-DFOS-5 
measured the temperature distributions, and the other three paths of distributed fiber optic sensors 
(L-DFOS-2, L-DFOS-3, and L-DFOS-4) measured the combined effect of temperature and strain. 
The L-DFOS-1 and L-DFOS-2 were co-located, L-DFOS-4 and L-DFOS-5 were co-located, and 
L-DFOS-3 was deployed at approximately the center between L-DFOS-1 and L-DFOS-5. The 
temperature measurement from L-DFOS-1 and L-DFOS-5 were respectively used for temperature 
compensation of the measurement results from L-DFOS-2 and L-DFOS-4. The average results 
from L-DFOS-1 and L-DFOS-5 were used for temperature compensation of the measurement 
results from L-DFOS-3. The longitudinal distributed fiber optic sensor was continuously passed 
back and forth to form a loop. 
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Figure 4-13 Side view of the locations of distributed fiber optic sensors (DFOS) and Fiber Bragg Grating 
(FBG) sensors in the concrete slab. The length and locations of the FBG sensors in CB-DA-AMB (left) are 

different from those in CB-DA and CB-DA-SC (right) (units in mm). 

 

Early age behavior (DFOS measurements) 

Figure 4-14a plots the absolute Brillouin frequency distributions along the 1st path (temperature 
from point A to B in Figure 4-11) and 2nd path (temperature plus strain from B to A in Figure 4-11) 
of the longitudinal distributed sensors in specimen CB-DA before and after concrete placement. 
Taking the Brillouin frequency at the time of concrete placement as the reference, the Brillouin 
frequency shifts along these paths after 24 h, 27 h and 50 h are shown in Figure 4-14b.  

Using the calibrated temperature sensitivity coefficients in Table 4-2, the Brillouin frequency 
distributions are converted into temperature distributions along the centerline of the specimen for 
L-DFOS-1 (Top) in Figure 4-15; temperature only sensor. The temperature distributions are nearly 
uniform along the length of the specimen. The measured temperature increase, due to exothermic 
hydration reactions in the concrete, was largest at 24 h and then decreased. It is noted that peak 
temperature occurred about 10 h after casting, however, no DFOS measurements were taken at 
that time.  

After temperature compensation using the Brillouin frequency shift of the L-DFOS-1 (the 
temperature distribution in L-DFOS-5 was faulty, so it was assumed that the temperature through 
the depth was the same as L-DFOS-1), the strain distributions along L-DFOS-2 (Top) to L DFOS 
2 (Bottom) were determined and are shown in Figure 4-16. The strain distributions along the 
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specimen follow similar shifts in amplitude to the temperature in the concrete over time, however, 
the influence of the bending of the specimen can be seen in the curvature of the traces. The 
amplitude varied through the depth of the slab likely because of the varying distance of the sensors 
from the bending neutral axis in the specimen, however, other mechanisms related to differential 
shrinkage may have contributed to the observed behavior. 

 

(a) 

 

 (b) 

Figure 4-14 Distributed fiber optic sensor (DFOS) measurements in L-DFOS-1 and L-DFOS-2 along the 
centerline of specimen CB-DA during the first 50 h after casting: (a) absolute Brillouin frequency 

distributions, (b) relative Brillouin frequency shifts. 
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Figure 4-15 Distributed fiber optic sensor (DFOS) measurements of temperature distribution in L DFOS 1 of 
specimen CB-DA during the first 50 h after casting. 

  

 

 (a)       (b)          (c) 

Figure 4-16 Distributed fiber optic sensor (DFOS) measurements of strain distribution along the centerline of 
specimen CB-DA during the first 50 h after casting: (a) L DFOS 3 (Top), (b) L-DFOS-3 (Middle), and (c) L-

DFOS-4 (Bottom). 

 

4.4.2 Fiber Bragg Grating Sensors 

Fiber Bragg Grating (FBG) strain sensors were embedded in the concrete deck in specimens 
CB-DA-AMB, CB-DA, and CB-DA-SC. These sensors measure an average change in strain over 
their gauge length and require temperature compensation from other sensors (thermocouples) in 
the slab. The FBG sensors have a measurement standard uncertainty of ±3.1 με; a result of the 
uncertainty in the fiber optic system reading the reflected wavelengths from the FBG’s and from 
the uncertainty in the thermocouples used for the thermal compensation. Two different forms of 
FBG sensors were employed: for the ambient temperature slab (CB-DA-AMB), the FBGs had a 
gauge length of 50 cm and the FBG was encased in a polyethylene tube. The FBGs in specimens 
CB-DA and CB-DA-SC, which were subjected to fire testing, had a gauge length of 25 cm and 
were encased in a polytetrafluoroethylene tube for protection at temperatures up to 300 °C. Both 
fibers were coated in polyimide to improve durability. Steel cylinders mechanically attached to the 
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optical fiber marked the ends of the measurement region (gauge length) and transferred strain from 
the concrete to the sensor. Two sensors were installed in parallel in the concrete near the midspan 
of the beam to measure both axial strain and bending in the deck. The FBG sensors were installed 
near ceramic-encased resistive strain gauges (CB-DA-AMB only) and distributed fiber optic 
sensors to facilitate comparison of the strain measurements. The locations of the sensors are shown 
in Figure 4-11 and Figure 4-13. Figure 4-17 shows the installed sensors in specimen CB-DA-
AMB, with the red arrows indicating the two FBG sensors before the concrete pour. Figure 4-18 
and Figure 4-19 show close-ups of specimens CB-DA and CB-DA-SC, with one of the 
thermocouples used for temperature compensation of the FBG visible in Figure 4-19. A Smartec 
MuST Dynamic Reading Unit and Micron Optics Enlight software were used to read and record 
measurements. Measurements were taken at a rate of one measurement per minute for the initial 
curing, and ten measurements per second for the load testing. 

 

Figure 4-17 Fiber Bragg Grating sensors in CB-DA-AMB indicated by red arrows. 
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Figure 4-18 Fiber Bragg Grating sensors in CB-DA. 

 

 
Figure 4-19 Fiber Bragg Grating sensors in CB-DA-SC with thermocouple indicated by red arrow. 

 

Early age behavior (FBG measurements) 

After the pouring of the concrete on December 6, 2016 all six FBG sensors recorded strain 
continuously for the initial week of concrete curing. Figure 4-20 shows the strain measured by the 
FBGs at the two sensor locations in the concrete slab (Top and Bottom) in specimens 
CB-DA-AMB, CB-DA, and CB-DA-SC over the first week of concrete curing. After an initial 
increase in strain due to early thermal activity in the material, the concrete experienced a drop-in 
strain over the 7 days as shrinkage of the concrete occurred. In the first week after casting, several 
events caused jumps in the strain that are believed to be temperature related. The first occurred on 
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12/8 and the next two events on 12/9 and 12/12. On these dates the high bay doors were open in 
the lab causing a reduction in temperature in the concrete as seen in Figure 4-21. This temperature 
change is responsible for the drops in strain in Figure 4-20. 

 
Figure 4-20 Fiber Bragg Grating strain during first week of concrete curing. 

 

 
Figure 4-21 Fiber Bragg Grating thermocouple temperature during first week of concrete curing. 

 

Figure 4-22 shows the continuing development of the concrete through six months. CB-DA-AMB 
was in the testing hall and subject to ambient temperature and humidity, while the other slabs were 
in a temperature and humidity-controlled environment (see Section 2.3.2). FBG measurements 
were taken for one hour at each interval of monitoring to capture long-term strain development in 
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the material. The shrinkage appears to stabilize after six months for CB-DA-AMB, although CB-
DA and CB-DA-SC still have some strain left to experience.  

 
Figure 4-22 Fiber Bragg Grating strain development over first six months after casting (CB-DA-AMB = Slab 

1; CB-DA = Slab 3; CB-DA-SC = Slab 5). 

4.5 MEASUREMENT UNCERTAINTY  

Table 4-3 summarizes the estimated uncertainties of the measurements including force, 
temperature, displacement, rotation, strain, heat flux, and heat release rates. The component 
standard uncertainties, combined standard uncertainty, and total expanded uncertainty were 
estimated for each measurand. The component standard uncertainty was evaluated either as Type-
A or Type-B uncertainties. As defined by Taylor and Kuyatt (1994), Type-A uncertainty was 
evaluated using statistical analysis of the measurements. Type-B uncertainty was estimated using 
scientific judgment based on past experience, manufacturer’s specifications, and previous data. 
The combined standard uncertainty was calculated as the square root of the summations of the 
squares of each component standard uncertainty, referred to as root-sum-of-squares method. The 
expanded uncertainty was computed by multiplying the combined uncertainty by a coverage factor 
of 2 corresponding to an interval with approximately a level of confidence of 95 %.  

The uncertainty components included resolution, bias, installation, repeatability and random 
errors. The resolution is the ability of the measurement instrument to exhibit changes in the data. 
Bias resulted from calibration of the sensor and other known repeatable errors. The uncertainties 
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due to resolution and bias were derived from instrument specifications (Type-B). Uncertainty due 
to installation method was estimated based on engineering judgment (Type-B). Random error, 
which resulted from random, unpredictable variations in the measurement process and 
environment was estimated as Type-A using the standard deviations of the residuals from the mean 
value of the measurements under a steady-state period. It was estimated as Type-B in the absence 
of data for statistical analysis.  

The resistive-based sensors used in this experimental program, such as load cells, strain gauges, 
position transducers, and inclinometers have a linear calibration factor at close to ambient 
temperatures. The load cells and position transducers were protected against excessive radiant heat 
from the fire or placed in the cool zone where the temperature was less than 35 °C during the test. 
Thermocouples were attached to the inclinometers placed on unexposed surfaces of specimens and 
loading frames (e.g., top of the slab near support columns and loading trusses) to monitor whether 
the temperature exceeded the specified operating temperature. Some inclinometers were exposed 
to a temperature higher than 85 °C, the maximum operating temperature, when the concrete 
fractured as hot gas or flame leaked through concrete cracks during the fire test. This point was 
marked on the data plots. The estimated total expanded uncertainty of the rotation measured by 
the inclinometer increased to ± 29 % at temperatures up to 85 °C from ± 9 % at 25 °C.   

The uncertainty due to installation of the resistive-based sensors was estimated considering 
misalignment and quality of the mounting method of the sensors (refer to Section 4.1 for the details 
of the mounting methods). Friction between the steel surfaces of the loading system was 
considered in the estimation of the installation error of the actuator load measurement. A maximum 
misalignment of about 5 degrees was considered conservatively for load cells of reinforcing bars, 
strain gauges, inclinometers, and displacement transducers with stroke length less than 50 mm. 
The vertical displacement of the specimen was measured at four different points along the length 
of the specimen using position transducers mounted 1.83 m above the concrete slab. When the 
specimen deflected during the tests, the strings attached to the specimen tilted from the original 
position normal to the undeformed concrete slab. The error due to this installation method was 
estimated conservatively using a maximum tilt angle of 6 degrees.   

The combined standard uncertainty of the resistive-based sensors includes a component related to 
the random effects. For example, the two actuators connected to each loading beam (Figure 3-1) 
were programmed to apply a constant total load of 36 kN during the fire test. A maximum variation 
in a total load using these actuators was ± 3 % over the test period, which resulted in a total 
expanded uncertainty of ± 8 %. The uncertainties due to random effects of the remaining resistive-
based sensors were estimated from the standard deviation of the measurements taken when a 
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steady-state of load was simulated by applying a constant load (about 45 kN per actuator at which 
the specimen remained elastic) for a period of about 10.5 min during Test 1 (CB-DA-AMB).           

Glass-insulated thermocouples and Inconel-sheathed thermocouples were used to measure 
temperatures of the steel components. The glass-insulated thermocouples were attached to the steel 
beam by peening and to the connections by welding. In the peening method, the thermocouple 
with pre-made junction was placed into a small blind hole drilled in the steel and then the edges 
of the hole were peened by use of a punch. Incompletely closed holes would partially expose the 
thermocouple to either hotter or cooler surrounding air temperature. In the welding method, the 
thermocouples, without pre-made junction, were welded to the steel surface followed by protection 
of the welded junctions of the thermocouples using a high temperature cement. The component 
standard uncertainty due to peening and welding methods were estimated to be ± 2 % (Choe et al. 
2018).  During the first three fire tests, glass insulation of thermocouple lead wires that were 
exposed to the flame burned off around 10 min after ignition, making temperature readings 
unreliable. For the last fire test specimen, thermocouple lead wires were embedded under a layer 
of sprayed fire resistive material (SFRM) on the steel beam that resulted in reliable steel beam 
temperatures. For the last three fire test specimens, Inconel-sheathed thermocouples were added 
to measure the steel beam temperatures. The Inconel-sheathed thermocouples were inserted 
through the SFRM and rested inside the holes drilled on the webs and flanges of the steel beam. 
However, when the specimen was subjected to large displacements, the sheathed thermocouples 
separated from the steel beam, which resulted in higher (gas) temperature measurements. The 
uncertainties due to that effect are not presented in this report. Details of temperature measurement 
challenges and comparisons are presented in the companion report (Part 2) discussing the results 
of the fire tests (Choe et al. 2019).  

Thermocouple trees made of glass insulated thermocouples attached to ceramic tubes were used 
to measure the temperature in the concrete slab of the specimens. The uncertainties due to that 
installation method were estimated by immersing the thermocouple trees in a water bath with water 
temperatures measured using thermocouple trees and Inconel sheathed thermocouples (as a 
reference). The difference between the temperatures measured by those two sensors was used to 
estimate the uncertainties due to the installation method of the glass insulated thermocouples in 
concrete. The uncertainties due to random effects of steel, concrete, steel deck, and gas temperature 
measurements were estimated using the standard deviation of the residuals from a best fit curve of 
the gas temperature time history obtained during the fire test of the specimens.  

The natural gas mass flow rate and the composition of the natural gas was used to calculate the 
heat release rate at the burner. The total expanded uncertainty of the burner heat release rate was 
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estimated to be ± 2 % (Hoehler et al. 2019). The heat release rate at the 13.7 m by 15.2 m exhaust 
hood was measured using the principle of oxygen consumption calorimetry (Bryant et al. 2004) to 
characterize the total burning influenced by any change in fuel, ventilation, and compartmentation 
during the test. The uncertainties of the calorimeter heat release rate measurement were estimated 
using a natural gas burner reference fire. The total expanded uncertainty of the calorimeter heat 
release rate measurement was estimated to be 15 % (Hoehler et al. 2019). 

Table 4-3 Uncertainty in the experimental data 
 

Measurement / Component 
 

Estimation 
Method of 

Uncertainty 

Component 
Standard 

Uncertainty 

Combined 
Standard 

Uncertainty 

Total 
Expanded 

Uncertainty(k=2) 
Actuator Load  

Resolution 
Bias 
Installation 
Random (N=4000) 

 
Type B 
Type B 
Type B 
Type A 

 
± 0.1 % 
± 1 % 
± 2 % 
± 3 % 

 
 

± 3.8 % 

 
 

± 8 % 

Load cells at reinforcing bars  
Resolution 
Bias 
Installation 
Random (estimate)  

 
Type B 
Type B 
Type B 
Type B 

 
± 0.1 % 
± 0.8 % 
± 5 % 
± 1 % 

 
 

± 5.2 % 

 
 

± 11 % 

Displacement (String Potentiometer) 
Resolution 
Bias (linearity) 
Bias (repeatability) 
Installation 
Random (N=600) 

 
Type B 
Type B 
Type B 
Type B 
Type A 

 
± 0.1 % 
± 0.2 % 
± 0.1 % 
± 2 % 

± 0.4 % 

 
 
 

± 2.1 % 

 
 
 

± 5 % 

Gap between beam web and column sacrificial 
plate (BEI linear position sensor) 

Resolution 
Bias 
Installation 
Random (N=600) 

 
 

Type B 
Type B 
Type B 
Type A 

 
 

± 0.1 % 
± 2 % 
± 1 % 

± 0.4 % 

 
 
 

± 2.1 % 

 
 
 

± 5 % 

Slip between beam and slab (TR50) 
Resolution 
Bias (linearity) 
Bias (repeatability) 
Installation 
Random (N=600) 

 
Type B 
Type B 
Type B 
Type B 
Type A 

 
± 0.1 % 
± 0.2 % 
± 0.2 % 
± 1 % 

± 0.8 % 

 
 
 

± 2.3 % 

 
 
 

± 5 % 

Rotation (Ambient, 25 ºC) 
Resolution 
Bias 
Installation 
Random (estimate) 

 
Type B 
Type B 
Type B 
Type B 

 
± 0.3 % 
± 3% 
± 1 % 
± 3 % 

 
 

± 4.4 % 

 
 

± 9 % 
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Measurement / Component 

 

Estimation 
Method of 

Uncertainty 

Component 
Standard 

Uncertainty 

Combined 
Standard 

Uncertainty 

Total 
Expanded 

Uncertainty(k=2) 
Rotation (-40 ºC to 85 ºC) 

Resolution 
Bias (calibration) 
Temperature drift 
Installation 
Random (estimate) 

 
Type B 
Type B 
Type B 
Type B 
Type A 

 
± 0.3 % 
± 13% 
± 5 % 
± 1 % 
± 3 % 

 
 

± 14.3 % 

 
 

± 29 % 

Strain (Steel) 
Resolution 
Calibration 
Installation 
Random (N=600) 

 
Type B 
Type B 
Type B 
Type A 

 
   ± 0.1 % 
   ± 0.5 % 

± 1 % 
± 2 % 

 
 

± 2.3 % 

 
 

± 5 % 

Strain (Concrete-embedded) 
Resolution 
Calibration 
Installation 
Random (N=600) 

 
Type B 
Type B 
Type B 
Type A 

 
   ± 0.1 % 
   ± 0.5 % 

± 1 % 
± 0.2 % 

 
 

± 1.2 % 

 
 

± 3 % 

Strain (Concrete-surface) 
Resolution 
Calibration 
Installation 
Random (N=600) 

 
Type B 
Type B 
Type B 
Type A 

 
   ± 0.1 % 
   ± 0.5 % 

± 1 % 
± 0.9 % 

 
 

± 1.5 % 

 
 

± 3 % 

Steel Temperature (glass sheathed TC)   
Resolution 
Bias 
Installation 
Random (N=300), 700 ºC 

 
Type B 
Type B 
Type B 
Type A 

 
± 0.1 % 
± 0.4 % 
± 2 % 

± 0.6 % 

 
 

± 2.2 % 

 
 

± 5 % 
 

Concrete Temperature (glass sheathed TC)  
Resolution 
Bias 
Installation  
Random (N=300), 600 ºC 

 
Type B 
Type B 
Type B 
Type A 

 
± 0.1 % 
± 0.4 % 
± 3 % 

± 1.2 % 

 
 

± 3.1 % 

 
 

± 7 % 
 

Steel deck Temperature (Nextel braided TC)   
Resolution 
Bias 
Installation 

         Random (N=300), 1000 ºC 

 
Type B 
Type B 
Type B 
Type A 

 
± 0.1 % 
± 0.4 % 
± 2 % 

± 1.3 % 

 
 

± 2.4 % 

 
 

± 5 % 
 

Gas Temperature (Super OMEGAGLAD TC) 
Resolution 
Bias 
Installation 
Random (N=3000), 1000 ºC 

 
Type B 
Type B 
Type B 
Type A 

 
± 0.1 % 
± 0.4 % 
± 1 % 

± 1.2 % 

 
 

± 1.6 % 

 
 

± 4 % 
 

Temperature (Plate thermometer) 
Resolution 
Bias 
Installation 
Random (estimate) 

 
Type B 
Type B 
Type B 
Type B 

 
± 0.1 % 
± 0.8 % 
± 2 % 

± 0.5 % 

 
 

± 2.2 % 

 
 

± 5 % 
 

Burner Heat Release Rate 
Resolution 
Bias  
Random 

 
Type B 
Type B 
Type B 

 
± 0.2 % 
± 0.6 % 
± 0.5 % 

 
 

± 0.8 % 
 

 
 

± 2 % 
 

Calorimeter Heat Release Rate 
Resolution 
Bias  

         Random 

 
Type B 
Type B 
Type B 

 
± 0.1 % 
± 4.5 % 
± 5.9 % 

 
 

± 7.4 % 
 

 
 

± 15 % 
 

Dimensions, larger than 0.5 m      
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Measurement / Component 

 

Estimation 
Method of 

Uncertainty 

Component 
Standard 

Uncertainty 

Combined 
Standard 

Uncertainty 

Total 
Expanded 

Uncertainty(k=2) 
Resolution 
Bias  

         Random 

Type B 
Type B 
Type B 

± 2 mm 
± 2 mm 

± 13 mm 

 
± 13 mm 

 

 
± 27 mm 

 
Dimensions, smaller than 0.5 m 

Resolution 
Bias  

         Random 

 
Type B 
Type B 
Type B 

 
± 2 mm 
± 2 mm 
± 3 mm 

 
 

± 4 mm 
 

 
 

± 8 mm 
 

  N=Number of samples 
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Chapter 5 
TEST 1- STRUCTURAL BEHAVIOR AT AMBIENT TEMPERATURE 

This chapter presents the behavior and capacity of the composite beam specimen tested at ambient 
temperature (CB-DA-AMB). These results were used as a baseline performance when compared 
to the beams tested under combined mechanical and fire load, which are presented in a subsequent 
report, Part 2 (Choe et al. 2019).   

5.1 INSTRUMENTATION  

Figure 5-1 shows the instrumentation layout for Specimen CB-DA-AMB. Details about the sensors 
are presented in Chapter 4. Linear displacement transducers were used to measure the global 
behavior of the specimen, including: the vertical displacement of the concrete slab at the locations 
of point loads (VD3, VD4, VD5, VD6), the vertical and lateral displacement of the bottom flange 
of the W18×35 steel beam at midspan (VD1 & LD1), the axial displacement of the steel beam 
relative to that of the concrete slab (SlipE, SlipW), and the gap-closure distance between the end 
section of the steel beam and the flange of the steel column (GapE, GapW). Rotation transducers 
were mounted on the top of the concrete slab (RotSlabWx, RotSlabWy, RotSlabEx, RotSlabEy) 
and on the web of the steel beam (RotBeamW, RotBeamE) to measure the end rotation of the 
specimen. Linear strain gauges were mounted across the beam section at midspan and at 2.3 m 
away on west and east sides of the midspan to characterize the section behavior of the specimen 
subjected to varying flexural loads (Figure 5-1c,d). They were also mounted on the surface of the 
supporting angles at the beam ends to measure the connection behavior (Figure 5-1e).  

Specimen CB-DA-AMB was subjected to a uniform floor load simulated by applying six equally-
spaced point loads along the centerline of the beam (Figure 3-1). Refer to Section 3.1.1 for details 
of the mechanical loading setup. The ends of each loading beam spanning the north-south direction 
were connected to two coupled hydraulic actuators (mounted at the basement) via high-strength 
tension bars (Figure 3-6). A total of six actuators were used to measure applied forces (LoadNE; 
LoadSE; LoadNM; LoadSM; LoadNW; LoadSW) and displacements (DispNE; DispSE; DispNM; 
DispSM; DispNW; DispSW). The actual load transfer to each of six contact points on the top of 
the concrete slab was estimated using strain gauges and rotation transducers mounted on three 
loading trusses (Figure 5-1f).  
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(a) 

 

 

(b) (c) 

 
   (d)                                                                              (e) 

 
(f) 

Figure 5-1 Instrumentation layout for Specimen CB-DA-AMB. 
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5.2 MECHANICAL LOADING 

To simulate uniform floor loads on the specimen, two actuators connected to the same loading 
beam were programed such that the summation of actuator loads acting on the center of the loading 
beam was increased at a rate of 2.2 kN/min. The individual point load at each of the six loading 
points was then increased at an average rate of 1.1 kN/min. To prevent twisting of the specimen 
while loaded, two actuators were coupled using displacement control so that the actuator stroke 
(displacement) increased at the same rate. Figure 5-2a shows the applied point load versus time 
relationship. As shown, three cycles of loading (Cycle 1, Cycle 2, and Cycle 3) were applied to 
capture the full sequence of failure of the composite beam specimen connected to the steel columns 
via the welded/bolted double-angle connection. The mechanical loading was paused at 11 kN, 
22 kN and 44 kN (i.e., load plateaus shown in Figure 5-2a) to make strain measurements using 
fiber optics.  

As the specimen bent downward in response to increasing mechanical loads, the rotation of the 
trusses attached to the east and west loading beams increased (Figure 5-2b). This resulted in 
variations in applied point loads. Figure 5-2c shows the average applied load on the loading beams 
versus the rotation of trusses measured during Cycle 1. Figure 5-2d shows the distribution of six-
point loads with respect to a fraction of the maximum point load measured during Cycle 1. The 
variation in point loads was estimated in the range of 2 % to 4 % during Cycle 1; however, it 
increased to nearly 20 % during Cycle 3. Provided that the specimen was simply supported, the 
point load variation of 20 % resulted in about 2 % difference in the maximum bending moment (at 
midspan) when calculated using six-point loads with the same magnitude each.    
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(a) (b) 

 

 

(c) (d) 

Figure 5-2 (a) Point-load versus time relationship; (b) loading truss; (c) rotation of loading trusses; and 
(d) distribution of six point loads during Cycle 1 at various load levels defined as the applied point load 

normalized by a peak value.  

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Global Behavior 

Figure 5-3 shows the point load versus the vertical and lateral displacements measured at the 
bottom flange of the W18×35 steel beam at midspan, the change in the vertical displacement 
profile of the concrete slab during Cycle 1, and the maximum vertical displacement corresponding 
to the peak load of each cycle. The lateral displacements plotted in the figure are the corrected 
values considering the effect of the vertical displacement of the specimen on the lateral 
displacement measurements. The flexural capacity, indicated as peak value of loads measured in 
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each cycle, decreased with increasing number of loading cycles (Figure 5-3a). Some key 
observations made in each loading cycle are summarized below. 

• Cycle 1: The specimen exhibited linear elastic behavior until the point load reached 
approximately 45 kN. In this regime, the vertical displacement of the specimen was 
symmetric with respect to its midspan. A maximum lateral displacement of 1.3 mm, 
towards south, was measured during Cycle 1 (Figure 5-3b). When the point load increased 
to a peak value of 63 kN ± 4%, the shear stud at the west end failed, resulting in a sudden 
increase in the vertical displacement on the west side (Figure 5-3c). The value after ± 
symbol indicates the standard deviation of point loads measured at six loading points.  

Figure 5-3e shows the beam end rotations along the strong axis measured using the 
inclinometers attached to the beam webs (Figure 5-1b). As shown, from the start of the test, 
the west end experienced more end rotation than the east end. The rate of change in rotation 
with the applied load calculated between the average point loads of 5 kN and 45 kN, a 
linear region, were 1/1500 rad/kN and 1/2400 rad/kN, respectively. Provided that Figure 
5-2d shows a symmetric loading about midspan of the beam, larger beam rotation in the 
west might have been resulted from the lower concrete strength (49.8 ±1.8) MPa in the 
west half of the specimen measured on the day of the test relative to the concrete strength 
(54.4 ±3.3) MPa in the east half as detailed in Section 2.3.2. At the peak load of 63 kN 
± 4 % during Cycle 1, the beam rotations reached 0.094 rad and 0.036 rad in west and east 
ends, respectively. The point load was relaxed to approximately 40 kN.  

• Cycle 2: The point load was ramped up at a rate similar to Cycle 1. The vertical 
displacement increased noticeably when the load exceeded 60 kN. At a peak value of 61 
kN ± 5 %, the west half of the beam exhibited substantial composite failure, with visible 
delamination of steel deck units. The specimen was unloaded immediately afterwards. The 
specimen exhibited asymmetric vertical displacements with respect to its midspan (Figure 
5-3d) 

• Cycle 3: The point load was ramped up at a rate similar to Cycle 1. With existing composite 
failure on the west side, the lateral displacement increased with increasing loads (Figure 
5-3b). The measured peak load was about 57 kN ± 10 % at which the specimen collapsed 
by weld fracture failure (unzipping) of the west angle connection. The corresponding 
vertical displacement near midspan was approximately 360 mm, equivalent to L/30 where 
L is the beam span length (Figure 5-3d).  
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5-3 (a) Point load versus vertical displacement at midspan, (b) point load versus lateral displacement 
during Cycle 1, (c) vertical displacement profile of the concrete slab during Cycle 1, (d) the maximum vertical 

displacement measured at the peak load of each cycle, and (e) beam rotation during Cycle 1. 
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5.3.2 End Slip and Gap Closure 

Figure 5-4 shows (a) the slip of the concrete slab relative to the end of the steel beam and (b) the 
change in gap distance between the column sacrificial plate and the bottom coped web as the 
specimen underwent multiple cycles of flexural loading. Those relative displacements (between 
two planes) were measured using spring-loaded displacement sensors at the locations shown in 
Figure 5-1b. The west end slip displacement increased to approximately 5 mm when the shear stud 
at the west end failed in Cycle 1. During Cycle 2, this value increased to nearly 30 mm (Figure 
5-4a), accompanied with the horizontal interaction failure between the concrete slab and the steel 
beam. However, the east end slip displacement remained below 0.85 mm until the specimen failed 
by connection failure in Cycle 3.  

The initial gap distance from the coped bottom flange of the steel beam to the sacrificial plate 
attached to the column flange was about 13 mm in accordance with AISC manual. As shown in 
Figure 5-4b, the gap distance varied as the test beam was subjected to increasing flexural loads in 
each cycle of loading. The gap closure at the west end was greater than the east as the west half of 
the beam lost the composite action. The gap distance at both ends never decreased to zero; namely, 
there was no bearing of the steel beam on the support column. 

 

  
(a) (b) 

 
Figure 5-4 (a) Slip between concrete slab and steel beam and (b) gap distance between sacrificial plate and 

beam web. 
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5.3.3 Cross-Sectional Behavior 

The section behavior of the specimen was measured using strain gauges attached at various 
sections along the length of the beam. Refer to Figure 5-1 for location of strain gauges. Figure 5-5a 
and Figure 5-5b show the applied point load as a function of axial strains of the specimen measured 
during Cycle 1 at sections 3 and 1, respectively. At midspan, subjected to positive flexure, the 
concrete slab was in compression, whereas the steel beam was in tension. The neutral axis was in 
the top flange of the W18×35 steel beam (i.e., near-zero strain) until the point load reached 48 kN. 
This result was consistent with design of a partially composite beam using the AISC 360 
specification. As shown in Figure 5-5b, the web of the steel beam (near connection region) was in 
compression because of the restraint provided by the double-angle connection. Although strain 
values were small, the result showed that the beam web next to the double-angle connection was 
subjected to combined axial loads and negative moments.   

As the point load exceeded 48 kN, however, the cross section at midspan exhibited inelastic 
behavior attributed to lateral-torsional buckling (Figure 5-5a). As the point load increased from 
48 kN to 55 kN, the south side of the bottom flange (SG3-9) was subjected to excessive tension 
leading to local yielding. Strain hardening appeared at the point load beyond 55 kN. Conversely, 
the north side of the bottom flange (SG3-8) exhibited no increase in tensile strains and remained 
elastic, indicating the presence of compressive force. It was thought that an erection tolerance of 
lateral braces (Figure 3-6) to the concrete slab allowed a slight tilt of the concrete slab less than 
0.5 degree when loaded. In addition, although the top flange was restrained, the steel beam was 
still susceptible to web torsional buckling because of the presence of compressive forces at the 
beam ends (i.e., the axial restraint provided by the angle connections). Twisting of the beam at 
midspan was not visible when this occurred. Even after local yielding of the bottom flange, the 
specimen continued to resist the applied loads until the shear stud at the west end fractured.    

Figure 5-5c and Figure 5-5d show the applied point load versus axial strains measured at sections 
2 and 4, located at 2.13 m west and east of midspan, during Cycle 1, respectively. After a point 
load of about 26 kN, a change in the load versus strain gradient was observed in the bottom flange 
of the steel beam at section 2 indicating increase of compressive forces that leads to lateral torsional 
behavior of the beam.     

Figure 5-5e shows the strain in the mid-section measured at various load levels during the first 
cycle. The y-axis of the plot indicates the section depth measured from the bottom flange of the 
W18×35 steel beam. As shown, the steel beam was in tension and the concrete slab was in 
compression during the first cycle, indicating that the neutral axis was located within the top 
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flange. The maximum compressive strain, in concrete, and the maximum tensile strain, in steel, 
were 0.07 % and 0.3 % at the peak load of the first cycle, respectively.  

Figure 5-5f shows the strain distribution in the mid-section at each peak load of loading cycles. 
The neutral axis, where the strain is zero, shifted downward to the steel beam section as the 
horizontal shear failure propagated toward the midspan. At the end of the third cycle of loading, 
the specimen lost the horizontal shear interaction (between the concrete slab and the steel beam) 
which was indicated by non-linear strain versus section depth shown in Figure 5-5f. The top flange 
of the steel beam exhibited a compressive strain of 0.2 %, and the bottom flange failed by yielding 
with the maximum strain of 0.6 %.   

The peak moment applied to the test specimen was calculated using the midspan strain 
measurements shown in Figure 5-5a for the peak load of 63 kN during Cycle 1. A bi-linear strain 
distribution that occurs in the presence of slip between steel and concrete was considered in the 
moment calculation. A Modified Hognestad (Macgregor and Wight 2005) stress-strain model was 
used for the concrete and an elastic-perfectly plastic model was used for the steel. The measured 
properties of the steel beam and concrete detailed in Section 2.3 were used for the material 
properties. The peak moment calculated using the measured strains at the midspan was 665 kN-m 
which was about 80% of the moment capacity of the composite beam calculated in accordance 
with AISC 360 (AISC 2016) using the material properties measured from the standard testing 
methods (refer to Section 2.3).   
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(a)                                                                               (b) 

 

 
       (c)                                                                                (d) 

    
       (e)                                                                                (f) 
Figure 5-5 (a) Strain at midspan during first cycle, (b) strain at beam web near west connection, (c) strain at 
section 2 (2.13 m west of midspan), (d) strain at section 4 (2.13 m east of midspan), (e) strain distribution in 

the mid-section at different load levels during first loading cycle, and (f) strain distribution in the mid-section 
at each peak load of loading cycles. 
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5.3.4 Connection Behavior 

The performance of the steel angle connections was measured using strain gauges as shown in 
Figure 5-6a and Figure 5-6b. The load cycle numbers and direction arrows are shown in black in 
these plots. As shown in Figure 5-6a, the top of the angle leg on the column side exhibited 
compressive strains during the test indicating prying of the attached angles. When fracture at the 
weld return was initiated at about 45 kN during the third cycle, the compressive strains started 
decreasing in both connections. The angles at the east end developed more ductile behavior than 
the west end. The maximum compressive strain was 0.83 % at the east connection prior to the 
initiation of weld fracture. Figure 5-6b shows the strains in the angle legs bolted to the beam web. 
As shown, there was no significant increase in strains (less than 0.05 %) during the first cycle, and 
then tensile stresses, indicated by positive slopes in strain data, were developed during the last two 
cycles until weld fracture occurred. 

 
Figure 5-6 (a) strains in the top of the angle legs welded to the sacrificial plate and (b) strains in the top of the 

angle legs bolted to the beam web. 

 

5.3.5 Fiber Optic Strain Measurements 

Distributed fiber optic sensors 

A typical strain profile with an overlaid theoretical solution of an ideal fully composite beam with 
no strain discontinuity due to shear studs is shown in Figure 5-7. The material properties used for 
the theoretical solution were a concrete density of 1865 kg/m3, a concrete compressive strength of 
45.4 MPa, and a modulus of elasticity of concrete of 21.3 MPa. The yield stress and modulus of 
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elasticity used for the steel beam were 344.7 MPa and 200 GPa, respectively. Based on these 
material parameters, the neutral axis depth was calculated for an ideal beam to be 141 mm from 
the top surface and the moment of inertia about the strong axis was 7.77×108 mm4. The remainder 
of the DFOS data processing was not complete at the time of writing this report. 

  
 

(a) Strain from Neubrescope at 44.5 kN/actuator (b) Strain from Luna at 44.5 kN/actuator 

Figure 5-7 Strain measurements under ambient temperature with overlaid theoretical solution. 

 

Fiber Bragg grating sensors 

Figure 5-8 shows the change in strain measured by the Fiber Bragg Grating (FBG) sensors during 
the testing of CB-DA-AMB. There were two main phases: first, loading through the elastic range 
into the initiation of plastic behavior and cracking from the time of 15:30 to 18:00, and second, re-
loading the beam to failure. After the initial loading, the bottom sensor experienced a large 
unloading of the compression strain and a jump to ≈ 825 με. While no crack was observed to cross 
the sensor (inspected after the test), there were wide (> 5 mm) transverse cracks in the concrete 
within 0.5 m to the east and west of the sensor that may have led to the observed reduction in the 
compression strain. Additionally, a thin (≈ 0.1 mm wide) longitudinal crack in the concrete was 
observed directly above the FBG sensor after completion of the test. 
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Figure 5-8 Fiber Bragg Grating strain from CB-DA-AMB specimen. 

 

Figure 5-9 shows the same plot of the FBG strain during the test with the loading at the midspan 
superimposed on the right y-axis, highlighting the reduced capacity of the beam after damage 
occurred during the first loading at 18:00. The loading shown is only the load at midspan: the total 
load on the beam is roughly three times the load applied at the mid-span. Figure 5-9 also includes 
strain from SG3-3, a strain gauge embedded in the concrete nearby. SG3-3 is located at a depth in-
between the FBG sensors in the concrete (Figure 5-9) and the measured strain from SG3-3 is 
consistently between the measured strains from the top and bottom FBGs.  

 
Figure 5-9 Fiber Bragg Grating strain with applied load and SG3-3 shown for comparison. 
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After the loading was initiated near 16:00, the sensors show the corresponding strain development 
for the increasing load. The top sensor reads the largest (compression) strain, as it is furthest away 
from the neutral axis of the composite specimen. The bottom sensor reads the least strain, while 
SG3-3 reads a value in between. After unloading the beam at 18:00, SG3-3 returns to +95 με, 
rather than back to zero strain. This tension indicates that either there is a crack in the concrete or 
that there is some different structural condition for the concrete in the middle of the beam after the 
events and unloading at 18:00. 

Figure 5-10 focuses on the event near 18:00. The sensors read a small jump (or ‘pop’) at 17:59, 
just before the large change in strain associated with reduction of the applied load on the beam. 
There is a time delay (≈ 30 s) between the FBGs returning to a steady measurement after unloading. 
The source of the ‘pop’ is unknown but is possibly delamination of the concrete from the steel 
decking. Figure 5-11 zooms in on the final event in the concrete around 19:39 prior to termination 
of the experiment. Here too, a rapid increase in tension strain is observed due to changing strain 
states in the concrete; likely the large cracks observed adjacent to the FBG sensors after the test. 

 
Figure 5-10 First cracking measured by Fiber Bragg Grating sensor. 
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Figure 5-11 Final cracking measured by Fiber Bragg Grating sensor. 

 

5.3.6 Post Test Investigation of Failure Modes 

Figure 5-12 and Figure 5-13 show photographs of the specimen taken after the test representing 
different failure modes of the specimen during the test. During Cycle 1, when the test specimen 
was subjected to a monotonically increasing bending moment about its strong axis, the specimen 
exhibited failure at the interface between the shear studs and the concrete at the west end. The 
load-displacement curve started plateauing at an average point load of about 63 kN when the shank 
of the first shear stud fractured as shown in Figure 5-12a. During Cycle 2, when the specimen was 
unloaded to about 40 kN and reloaded again, as the first shear stud had already fractured at the 
west end, the remaining shear studs in the west half of the specimen had to transfer the total shear 
between the concrete and steel in that region. Hence, the composite interaction failure quickly 
propagated from west end toward the midspan. As in Figure 5-12b that shows the west end of the 
specimen after concrete removal, shear studs deformed towards the west, in the direction of 
compressive forces from the concrete slab subjected to flexural loading. Figure 5-12c and Figure 
5-12d show the cut sections of the concrete slab at midspan and at the east end, respectively. As 
shown, concrete breakout around the shear stud occurred in the west half of the specimen while 
no concrete breakout was observed in the east half of the specimen. As the west half of the beam 
lost the continuity between the beam and slab, plastic hinging formed in the critical section at the 
west support of the middle loading truss (about 1 m from the beam centerline). This region was 
subjected to the maximum bending moment and the bearing stress from the point load. The beam 
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failed by yielding and a flexural crack was developed through the depth of the concrete slab (Figure 
5-12e). Figure 5-12f shows the deflected shape of the specimen. Crushing of concrete in the top 
of the slab was not observed. Figure 5-13a and Figure 5-13b show the connections at the west and 
east ends, respectively. During Cycle 3, the legs of the west angles welded to the column sacrificial 
plate were completely detached at the peak load of 57 kN, which was the same as the limit state 
of angle connections (i.e., weld shear) designed using the AISC design table. Figure 5-13b shows 
deformed angle legs on the column face and weld fracture at the top of the angle legs at the east 
angle connection.   
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           (a)    (b) 

  
                    (c)   (d) 

  
                    (e)   (f) 

 
Figure 5-12 (a) fracture of first shear stud at west end, (b) west side of specimen after concrete removal, 

(c) cut-section of concrete slab at midspan, (d) cut-section of concrete slab at east end, (e) exposed concrete at 
1 m left of beam centerline, (f) deflected specimen after the test. 
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     (a)     (b) 
Figure 5-13(a) west connection after the test and (b) east connection after the test. Paint pattern on right side 

of image (b) was used for Digital Image Correlation measurements (not reported here).  
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Chapter 6 
SUMMARY AND CONCLUSIONS 

A series of compartment fire experiments was conducted on 12.8 m long composite floor beam 
assemblies resisting gravity loads to study the performance and limit states under realistic fire 
conditions. The specific objectives for this study were (a) to create realistic, structurally significant 
fire conditions using natural gas fueled burners to study the failure mechanisms of full-scale beam 
assemblies and (b) to produce data that can be used to guide the development or validation of 
numerical models and design tools used for performance-based design of similar structures in the 
event of fire. This report (Part 1) describes details of the experimental design, including design 
and construction of the composite beam specimens and mechanical loading system, design of a 
test fire, measurement systems, and the ambient capacity and behavior of the composite beam 
specimen. The Part 2 (Choe et al. 2019) presents the results of four compartment fire experiments 
conducted at the NIST National Fire Research Laboratory. 
 
Design and construction of the 12.8 m long composite beam specimens followed the U.S. 
construction practice. Specimens consisted of a lightweight aggregate concrete slab on 76 mm 
deep ribbed steel decking and a W18×35 steel beam. The composite action was 82 % of the yield 
strength of the W18×35 beam. The steel beams of the four fire test specimens were sprayed with 
fire resistive material for 2-hour fire-resistance rating. Test variables used in this test program 
included (1) two types of simple shear connections (welded-bolted double-angle versus shear-tab 
connections) and (2) the presence or absence of slab continuity over the girders. 
 
Mechanical loading was applied at six points along the specimen to simulate a uniform floor load. 
A loading system was designed to apply mechanical loads using hydraulic actuators while 
providing lateral braces to the side edges of the concrete slab. A 4 MW compartment fire was 
developed using natural gas burners to simulate realistic and structurally significant fire loading 
for the subsequent test series. The fire was designed to develop an upper layer gas temperature of 
about 1000 ºC without any combustion outside of the compartment. A variety of sensor, including 
fiber optics, were implemented to characterize the thermal and structural responses of the 
specimens. Prior to the fire experiments, the first test reported herein was conducted to study 
various modes of failure of the long-span composite beam with double-angle connections at 
ambient temperature.  

The ambient temperature test indicated that the composite beam specimen failed by a shear stud 
near the west end, followed by concrete breakout failure and yielding of the steel beam. A peak 
load capacity of 378 kN was achieved at a corresponding midspan deflection of approximately 100 
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mm. The corresponding measured moment capacity was approximately 80% of the flexural 
strength calculated in accordance with AISC 360. The double-angle connection at the west end 
failed by weld fracture, which caused collapse of the composite beam. The lower measured 
moment capacity suggests that the AISC equations for the calculation of flexural strength of long-
span composite beams may not be conservative in this specific case, although further study is 
needed. The ambient behavior of the composite beam specimen presented herein will serve as a 
baseline to compare with the composite beam assemblies tested under combined mechanical loads 
and fire exposure, which are presented in a subsequent report; Part 2 (Choe et al. 2019). 
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APPENDIX A 
DRAWINGS FOR TEST SETUP 

 
Figure A- 1 Test setup – front view. 
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Figure A- 2 Test setup – plan view. 
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Figure A- 3 Test setup – side view. 
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Figure A- 4 Compartment wall layout – front view. 
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Figure A- 5 Compartment wall layout – plan view. 
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Figure A- 6 Compartment wall layout – side view. 
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APPENDIX B 
SURVEY RESULTS FOR DESIGN PARAMETERS AND SPECIMEN DESIGN 

CALCULATIONS 

Survey results of parameters used for design of composite floor systems  

 
 

 

 

 

 

Response 1 Response 2 Response 3

Percent composite action 45-50% 50% 25% to 
50%

min. 25% 100% min. 25% min. 25%  One stud per foot 
(82%)

Beam Spacing 10 ft 10 ft 10-12 ft 10 ft 8-10 ft 8-12 ft 8-11 ft 10 ft

Construction live load 25 psf 20 psf 20psf 20 psf (15 psf to 
50 psf)

40 psf 20 psf 20 psf 20 psf

Live load (LL)

65 psf 
(including 15 

psf for 
partition) 

65 psf 
(including 15 

psf for 
partition) 

80 to 100 
psf

70 psf (including 
20 psf for 
partition) 

50 psf

(40 psf for 
residential or 100 

to 125 psf for 
office) + 20 to 30 
psf for partitions

(40 psf for 
residential or 50 psf 
for office) + 20 to 

30 psf for partitions

70 psf (including 20 
psf for partition) 

Concrete strength 3000 psi 4000 psi 4000 psi
3,000 psi for LW 
and 3,500 psi for 

NW
4000 psi

3,000 to 5,000 psi 
(4000 psi is the 
most typical)

4000 psi 4000 psi

Light weight/Normal 
weight concrete

Light weight Light weight Light 
weight 

Normal 
weight 

Light 
weight 

Light weight for 
short, 30-ft spans; 
Normal weight for 
longer, 40-ft or 45-

ft span 

Light weight Light weight Light weight 

Metal deck gauge 20 ga 20 ga 20 ga 20 ga 20 ga 20 ga 16 ga 18-20 ga 20 ga min.; often 18 
ga

20 ga

Metal deck dimension 3 in.
2 in (3 in. is 

most 
common)

3 in. 3 in. 3 in. 3 in. 3 in. 2 in. or 3 in.
Typically 3 in. 

though sometimes 2 
in.

3 in.

Slab thickness 3.5 in. 3.25 in. 3.25 in. 2.5 in. 3.25 in. 
3.25 in. for LW or 

4.5 in. for NW
5.25 in. or 6.25 in. 
(Total thickness)

3.25 in. for LW or 
4.5 in. for NW 3.25 in.

WWF or Rebar 6X6 
W1.4XW1.4 

6x6 -
W2.1xW2.1

6x6 - 
W1.4xW

1.4 

6x6 - 
W1.4xW

1.4 

  no. 4 
rebars 

@12 in. 
spacing

6x6-W2.0XW2.0 
(6x6-W1.4 XW 
1.4 for 3.25 in. 
slab thickness)

 no. 4 or no. 
5 bars

Advice against 
using WWF

  no. 3 rebars @15 
in. spacing

6X6 W1.4XW1.4 

Negative reinforcement 
over girders

  5-ft long no. 
4 rebars @ 24 

in. spacing 
(crack control 
reinforcement)

  3-ft long no. 
4 rebars @ 12 

in. spacing 
(crack control 
reinforcement)

Just the 
mesh

Just the 
mesh

no. 4 
rebars @ 

12 in. 
spacing 

  5-ft long no. 4 
rebars @ 18 in. 

spacing

no. 5 rebars 
@ 12 in. 
spacing 

Maybe with 
heavier loads

no. 3 rebars @ 12 
in. spacing 

  5-ft long no. 4 rebars 
@ 18 in. spacing 

(crack control 
reinforcement)

Fire resistance rating (h) 2 hr 2 hr 2 hr 2 hr 2 hr 2 hr 2 hr 2 hr 2 hr 2 hr

Camber/shore camber No Shoring No
1" on the 

beams

 camber 
(never 

shored)

Camber – yes for 
beams, no for 
girders / no 

shoring.

Yes

Camber for beams 
if needed; no 

camber for girders 
if beams are 
cambered

Specimens cast on 
floor

Superimposed dead

10 psf 
(additional 5-
10 psf for an 

office 
b ildi ) 

10 psf  10 psf

Design Parameter Firm 1 Firm 2 Firm 3 Firm 4 NFRL Composite 
Beam Specimen

30 psf 

Firm 6

one stud per foot

10 ft

25 psf

50 psf

5000 psi

Firm 5
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APPENDIX C  
FIRE DYNAMICS SIMULATOR INPUT FILES 

This Appendix presents the FDS input file for Case 5Be as an example for the input files used for 
the analysis of this study. 

&HEAD CHID='isolated_beam_case_B5e', TITLE='Proposed NFRL structure fire'  /  

&MESH IJK=46,32,80, XB=-0.5,1.8,-0.6,1.0,0.0,4.0, MULT_ID='mesh' /  

&MULT ID='mesh', DX=2.3, DY=1.6, I_UPPER=5, J_UPPER=1 / 

&TIME T_END=14400.0, TIME_SHRINK_FACTOR=10. /  

&REAC FUEL='METHANE', SOOT_YIELD=0.001 / 

&SURF ID='BURNER1',  COLOR='BROWN', 

 HRRPUA=888.9, RAMP_Q='fire' / 

&RAMP ID='fire', T=    0., F=0. / 

&RAMP ID='fire', T=  600., F=1. / 

&RAMP ID='fire', T=10800., F=1. / 

&RAMP ID='fire', T=12610., F=0. / 

&MATL ID='CONCRETE' 

       DENSITY    = 2000. 

      CONDUCTIVITY  = 0.8 

       EMISSIVITY   = 0.63 

       SPECIFIC_HEAT = 0.85 / 

&MATL ID='CERAMIC BLANKET' 

       EMISSIVITY  = 0.7 

       DENSITY  = 96. 

SPECIFIC_HEAT = 1.13 

       CONDUCTIVITY_RAMP = 'k-ramp' / 

&RAMP ID='k-ramp', T= 25., F=0.04 / 

&RAMP ID='k-ramp', T=400., F=0.12 / 

&RAMP ID='k-ramp', T=800., F=0.30 / 

&MATL ID= 'STEEL' 

       SPECIFIC_HEAT = 0.45 

       EMISSIVITY  = 0.7 
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       DENSITY   = 7800. 

       CONDUCTIVITY  = 45. / 

&MATL ID= 'INSULATION'    FYI = 'Carboline MK5' 

   EMISSIVITY  = 0.7 

  DENSITY = 350. 

   CONDUCTIVITY_RAMP  = 'k_insulation' 

    SPECIFIC_HEAT_RAMP = 'c_insulation' / 

&RAMP ID='c_insulation', T= 25., F=2.00    / 

&RAMP ID='c_insulation', T=200., F=3.50    / 

&RAMP ID='c_insulation', T=400., F=2.00    / 

&RAMP ID='c_insulation', T=700., F=5.00    / 

&RAMP ID='k_insulation', T= 25., F=0.10    / 

&RAMP ID='k_insulation', T=250., F=0.05    / 

&RAMP ID='k_insulation', T=700., F=0.08    / 

&SURF ID='BEAM FLANGE'    COLOR   = 'GRAY 60'   

MATL_ID   = 'INSULATION','STEEL','INSULATION' THICKNESS    = 0.016,0.011,0.016 / 

&SURF ID='BEAM WEB'  COLOR   = 'GRAY 60' 

      MATL_ID   = 'INSULATION','STEEL','INSULATION' THICKNESS    = 0.016,0.011,0.016 / 

&SURF ID='COLUMN'   COLOR   = 'BLACK'  

MATL_ID    = 'STEEL'  THICKNESS      = 0.011 / 

&SURF ID='WALL FRONT FACE'  DEFAULT = .TRUE.  RGB = 200,200,200   

MATL_ID  = 'CERAMIC BLANKET','CONCRETE'    THICKNESS    = 0.025,0.0125 / 

&SURF ID='WALL COLUMN FRONT FACE'  RGB = 200,200,200   

       MATL_ID = 'CERAMIC BLANKET','CONCRETE','STEEL'  THICKNESS  = 0.025,0.0125,0.011 / 

&SURF ID='WALL BACK FACE'  RGB = 100,100,100   

MATL_ID = 'CONCRETE','CERAMIC BLANKET'    THICKNESS   = 0.0125,0.025 / 

&SURF ID='WALL COLUMN BACK FACE'   COLOR   = 'BLACK' 

       MATL_ID  = 'STEEL', 'CONCRETE', 'CERAMIC BLANKET'  THICKNESS   = 0.011,0.0125,0.025 
/ 

&SURF ID='FLOOR'   RGB    = 100,100,100  

MATL_ID  = 'CONCRETE'     THICKNESS   = 1.0 / 

&SURF ID='CEILING BOTTOM'   COLOR     = 'SILVER'  

    MATL_ID   = 'STEEL','CONCRETE'  THICKNESS   = 0.003,0.1 / 

&SURF ID='CEILING TOP'  COLOR     = 'GRAY 50' 

MATL_ID   = 'CONCRETE','STEEL'  THICKNESS     = 0.1,0.003 / 
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&OBST XB= 0.30, 0.35, 0.0, 0.9, 0.0, 3.7, SURF_ID6='WALL BACK FACE','WALL FRONT FACE', 

'WALL BACK FACE','WALL BACK FACE','WALL BACK FACE','WALL BACK FACE'/west 
wall 

&OBST XB= 0.30, 0.35, 0.9, 1.1, 0.0, 3.7, SURF_ID6='WALL COLUMN BACK FACE', 'WALL 
COLUMN FRONT  

 FACE', 'WALL BACK FACE','WALL BACK FACE','WALL BACK FACE','WALL BACK 
FACE'/west wall 

&OBST XB= 0.30, 0.35, 1.1, 2.0, 0.0, 3.7, SURF_ID6='WALL BACK FACE','WALL FRONT FACE', 

‘WALL BACK FACE','WALL BACK FACE','WALL BACK FACE','WALL BACK 
FACE'/west wall 

&OBST XB=12.45,12.50, 0.0, 0.9, 0.0, 3.7, SURF_ID6='WALL FRONT FACE','WALL BACK FACE', 

'WALL BACK FACE','WALL BACK FACE','WALL BACK FACE','WALL BACK FACE'/east 
wall 

&OBST XB=12.45,12.50, 0.9, 1.1, 0.0, 3.7, SURF_ID6='WALL COLUMN FRONT FACE','WALL 
COLUMN  

 BACK FACE','WALL BACK FACE','WALL BACK FACE','WALL BACK FACE','WALL BACK 
FACE'/e. wall 

&OBST XB=12.45,12.50, 1.1, 2.0, 0.0, 3.7, SURF_ID6='WALL FRONT FACE','WALL BACK FACE', 

'WALL BACK FACE','WALL BACK FACE','WALL BACK FACE','WALL BACK FACE'/east 
wall 

&OBST XB= 0.3,12.5, 0.0, 2.0, 3.7, 3.75, SURF_ID6='CEILING BOTTOM','CEILING BOTTOM', 

'CEILING BOTTOM','CEILING BOTTOM','CEILING BOTTOM','CEILING TOP'/concrete slab 

&OBST XB= 0.3,12.5,-0.05, 0.0, 0.0, 3.7, SURF_ID6='WALL BACK FACE','WALL BACK FACE', 

'WALL BACK FACE','WALL FRONT FACE','WALL BACK FACE','WALL BACK 
FACE'/front wall 

&OBST XB= 0.3,12.5, 2.0, 2.05, 0.0, 3.7, SURF_ID6='WALL BACK FACE','WALL BACK FACE', 

'WALL FRONT FACE','WALL BACK FACE','WALL BACK FACE','WALL BACK 
FACE'/back wall 

&HOLE XB= 0.75, 1.20,-0.2, 0.1, 0.0, 0.85 / Ventilation opening 

&HOLE XB= 3.75, 4.75,-0.2, 0.1, 0.0, 0.85 / Ventilation opening 

&HOLE XB= 8.05, 9.05,-0.2, 0.1, 0.0, 0.85 /  Ventilation opening 

&HOLE XB=11.60,12.05,-0.2, 0.1, 0.0, 0.85 / Ventilation opening 

&HOLE XB= 0.75, 1.20, 1.9, 2.2, 0.0, 0.85 /  Ventilation opening 

&HOLE XB= 3.75, 4.75, 1.9, 2.2, 0.0, 0.85 / Ventilation opening 

&HOLE XB= 8.05, 9.05, 1.9, 2.2, 0.0, 0.85 /  Ventilation opening 

&HOLE XB=11.60,12.05, 1.9, 2.2, 0.0, 0.85 /  Ventilation opening 

&OBST XB= 1.35, 2.85, 0.5, 1.5, 0.0, 0.1, SURF_IDS='BURNER1','COLUMN','COLUMN' /  west 
burner 
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&OBST XB= 5.65, 7.15, 0.5, 1.5, 0.0, 0.1, SURF_IDS='BURNER1','COLUMN','COLUMN' /  center 
burner 

&OBST XB= 9.95,11.45, 0.5, 1.5, 0.0, 0.1, SURF_IDS='BURNER1','COLUMN','COLUMN' /  east 
burner 

&OBST XB= 0.35,12.45, 0.9, 1.1, 3.69, 3.70, SURF_ID='BEAM FLANGE' /  beam, upper flange 

&OBST XB= 0.35,12.45, 1.0, 1.0, 3.30, 3.70, SURF_ID='BEAM WEB' /  beam, web 

&OBST XB= 0.35,12.45, 0.9, 1.1, 3.30, 3.30, SURF_ID='BEAM FLANGE' /  beam, lower flange 

&OBST XB= 0.00, 0.00, 0.9, 1.1, 0.00, 3.70, SURF_ID='COLUMN' /west column, flange away from 
wall 

&OBST XB= 0.00, 0.30, 1.0, 1.0, 0.00, 3.70, SURF_ID='COLUMN' /west column web 

OBST XB= 0.29, 0.30, 0.9, 1.1, 0.00, 3.70, SURF_ID='WALL COLUMN BACK FACE'/west 
column, flange abutting wall (this BC is applied to wall section) 

OBST XB=12.50,12.51, 0.9, 1.1, 0.00, 3.70, SURF_ID='WALL COLUMN BACK FACE' /east 
column, flange abutting wall (this BC is applied to wall section) 

&OBST XB=12.50,12.80, 1.0, 1.0, 0.00, 3.70, SURF_ID='COLUMN' /east column, web  

&OBST XB=12.80,12.80, 0.9, 1.1, 0.00, 3.70, SURF_ID='COLUMN' /east column, flange away from 
wall 

&VENT MB='XMIN', SURF_ID='OPEN'/ 

&VENT MB='XMAX', SURF_ID='OPEN'/ 

&VENT MB='YMIN', SURF_ID='OPEN'/ 

&VENT MB='YMAX', SURF_ID='OPEN'/ 

&VENT MB='ZMIN', SURF_ID='FLOOR'/ 

&VENT MB='ZMAX', SURF_ID='OPEN'/ 

&DUMP NFRAMES=3600, DT_DEVC=60., DT_HRR=60., SIG_FIGS=4, SIG_FIGS_EXP=2 / 

&DEVC ID='T_HGL-1', QUANTITY='UPPER TEMPERATURE', XB=4.8,4.8,0.8,0.8,0.0,3.7 / 

&DEVC ID='T_HGL-2', QUANTITY='UPPER TEMPERATURE', XB=9.6,9.6,0.8,0.8,0.0,3.7 / 

&DEVC ID='T_Beam-01', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 1.1,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-02', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 2.0,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-03', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 3.1,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-04', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 4.0,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-05', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 5.0,1.01,3.3, IOR=-3 / 
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&DEVC ID='T_Beam-06', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 6.1,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-07', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 7.0,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-08', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 8.0,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-09', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016,  

XYZ= 9.1,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-10', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016, 

 XYZ=10.0,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-11', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016, 

 XYZ=11.0,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Beam-12', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.016, 

 XYZ=11.9,1.01,3.3, IOR=-3 / 

&DEVC ID='T_Column-1', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.0375,  

XYZ= 0.35,1.01,3.2, IOR=1 / 

&DEVC ID='T_Column-2', QUANTITY='INSIDE WALL TEMPERATURE', DEPTH=0.0375,  

XYZ=12.45,1.01,3.2, IOR=-1 / 

&BNDF QUANTITY='GAUGE HEAT FLUX', CELL_CENTERED=.TRUE. /  

&BNDF QUANTITY='WALL TEMPERATURE', CELL_CENTERED=.TRUE. /  

&BNDF QUANTITY='ADIABATIC SURFACE TEMPERATURE', CELL_CENTERED=.TRUE. /  

&SLCF PBY=0.80, QUANTITY='TEMPERATURE', VECTOR=.TRUE. / 

&TAIL / 
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APPENDIX D 

STEEL MILL CERTIFICATES 

 
Figure D-1 W18x35 Steel Beam Mill Certificate. 
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Figure D-2 W18x35 Steel Beam Mill Certificate. 
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Figure D-3 W18x35 Steel Beam Mill Certificate. 
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APPENDIX E 
CONCRETE BATCH TICKETS 

 
Figure E-1 Concrete batch ticket for main pour Truck 1. 
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Figure E-2 Concrete batch ticket for main pour Truck 2. 
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Figure E-3 Concrete batch ticket for repair concrete. 
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APPENDIX F 
CONCRETE RESULTS 

 
Figure F- 1 Fresh concrete measurements for main pour. 
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