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Abstract

The National Institute of Standards and Technology is conduatsagies of large
compartment fire test® investigate théehaviorandfire-induced failure mechanisnas
full-scale composite floassembliesvith atwo-story steel gravity frame, two bays by three
bays in planThis reportpresentshe experimental design and results frinsecond
composie floorfire experimen(Test #2).

Test #2 investigats theinfluence of the slab reinforcement on #tauctural integrityof the
9.1 m x 6.1 m steatoncretecomposite floossubjected to combined mechanical loads and
compartment fire exposur€hefire test baywassituatedon the ground floom the middle
edge bayf the twastory test buildingThe floor slab in the test bay was reinforced \@ith
mm diametedeformed bars placed 30 cm on center (23G/minThe test floor was
hydraulically loaded to 2.7 kPa to mintlee codeprescribedyravity loadsfor fire

conditions Natural gadurnerscreateda peak gas temperature exceeding 140below the
test floor Thetestfire lasted about31 min but hehydraulicloadingwasnot removedintil
the test floor cooled dowover2 hous after the fire was extinguishe@his experiment
confirmedthat thesteel reinforcement played a vital rolenmaintaining the integrity of the
composite floounder prolonged compartment fiegposureThe mid-panelvertical
displacement increased at a fatgs than Inm/°C astheprotected steddeans were heated
to 850°C on averageThe peaklvertical displacemntof the test slab was recordédb mm
surpassinghe displacement limprescribedn the standard fire teshlthough he test slab
developedextensive surface cragkt successfully ontainedthetestfire underneathvhile
sustaining the imposed locadhen thetest floorwas loaded again after it cooled down to
room temperature, retainedthe postfire flexural strengtrexceedind@0 % oftheambient
strength calculated using the measured mechanical propesfidse composite secondary
beamprior to fire exposurelThe experimental results presented in thfgortcan be used for
validation of predictive models to perform parametric studies incorporating the variability in
the steel reinforcement scheme (area, spacing, and material) foursdhimrsteffective
composite floor construction for fire safety.

Key words

Composite floorsSlab reinforcemensteel buildings; fire resistance; compartment fire
experiments
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1. Introduction

1.1. Background

Steelconcrete composite floors are widely used in modern steel buildings because of their
cost effectiveness for spanning large open spatmsever passive fire protection design of
composite floors, regardless of their size and geometry, is mainlgt baggescriptive fire
resistance rating of smadkcale assemigls tested following the centunld fire testing
standardEven thougtthis prescriptive approagirovides the advantage lofver design cost

as well asvell-known construction cost, itl) incurs high fire protection costs, (2) seldom
provides atechnical basis for risknformed design decisions, and (8n hindeindustry
innovation in fire protection and structural design of multistory complex buildings.

Over the last few decades, sigrdiint research efforts have been made to better understand
the integrity of fultlscale composite floor systems under fire loading. The Cardington test
program[1, 2] in Europe which was performed ianeightstory steeframed building,
demonstrated that the fire resilience of composite floor systems was superior to that observed
in standard fire tests on isolated composite beams. Membrane action of the composite slabs
was observed as secondary kaagllying mechanism after the support beams lost their

flexural capacity at extremely high temperature. These findings led to the possibility of
eliminating fire protection of the secondary (filler) beams and the development of simplified
design methodg3i 5] accounting for the loadisplacement relationship of composite floor
assemblies in tensile membrane action at elevated temperaturethddef®ACOF[6] and
COSSFIRE projectf’] further examined the benefit from membrane action by conducting
standard fire tests on fedicale composite floor assemblies with the bare semindary

beams. These tests indicated that the increased amount of steel reinforcement in composite
slabs can significantly enhance their fire resistance beyond a specified rating period.
Adequate lap splices of steel reinforcement in the concrete slalr@mmmended to

develop tensile membrane action at large vertical displacement and to provide a load path to
the surrounding structure.

The fire performance of reinforced concrete slabs and their failure characteristics associated
with the amount of stéeeinforcement were further investigated by conducting furnace

testing of smalbkcale floor specimens with simply supported slab edges. Lim and [8jade
tested tweway concrete slabs subjected to an imposed gravity load of 3 kPa and |$¥%) 834
standard fire exposure. The 3.3 m x 4.3 m flat slab specimens varied with the steel
reinforcement area ranging from 198 fmto 565 mn¥m. This study showekthat the

specimen with high reinforcement ratio exhibited only the surface cracks while the slab with
smaller reinforcement ratio showed fdiépth cracks at the same fire exposure time. Bailey
and Toh10] tested ® mm thick flat slabs with two different sizes (1.2 m x 1.2 m versus

1.8m x 1.2 m) to verify the applicability of a simple design method used to predict the
displacement of heated concrete slabs undergoing tensile membrane action. The slab
specimens wereeinforced with mild steel mesh providing a ductility ranging frofb 10

10% and with stainless steel with a ductility of 31 % to 56 %. The reinforcement area varied
from 45 mn/m to 155 mn¥m. The study showed that (1) the aspect ratio of the slatieadfec

the location of the concrete fracture lines in the slab: rectangular slabs failed by transverse
concrete fracture at mid panel, whereas the square slabs exhibited concrete fracture either
along the transverse or longitudinal spans, (2) the largeoreerhent area helped to

increase failure time at elevated temperatures, and (3) the slab including steel reinforcement



with low ductility developed a sudden (brittle) failure mechaniBhesesmallscaletests
demonstrated that the steel reinforcement scheme allowing tensile membrane action of the
heated slabs played a significant role in preventing or delaying a collapse mechanism
following the substantial reduction in flexural strength at high temperatu

A significant variation exists in steel reinforcement requirements for composite slabs with
steel decking in current construction practitable1 shows a summary of the minimum

steel reinforcement prescribed in building design standards as well as that used in previous
largescale fire experiments which demonstrated superior fire resilience of composite floors
exposed to structurally significantds. In the United States (US), the Steel Deck Institute
standard ANSI/SDI C-2017)[11] specifiesa minimum required shrinkage reinforcement

ratio of 0.075 % for a composite floor slab with steel decking. The Underwriters Laboratories
testingstandardUL 263) [12], essentiallydentical to the ASTM E119 standdiB], allows

using a similar reinforcement area for standard furnace testing to determine a fire rating of
smaltscale composite floor or beam assemblldg British standardSCFP56[14],

permitteda minimum slab reinforcement of 142 rfim for thefire resistance design of

composite floors with steel decking. The same amount of steel reinforcement was used in the
Cardington test program. The pd&3ardington largescale experiments (e.g., FRACOF and
COSSFIRE projects) used the reinforcementratoidgned usi ng [3BBhi | ey 6s
ranging from 0.26 % to 0.33 %. The steel reinforcement ratio of composite slabs permitted in
the US practice is considerably lower than that used in prescrgtpperformancéased

design of composite floors (incorporating tensile membrane action) used elsewhere. The
floor integrity provision in the US fire testing standard tends to focus on the heat transfer
aspect only (i.e., delaying the unexposed surfacedeatyre by passive fire protection
measures), not specifically accounting for the concrete damage associated with structural
responses (i.e., excessive vertical displacements) of composite floors to fire. It is noteworthy
that the fire resistance designtie US does not consider the slab reinforcement as a factor

to determine fire resistance and is not always based on the displacement limit specified in the
furnace testing standard.

Table 1. Steel reinforcement in concreteslabs specified in design standards and used in research.

Reinforcement Reinforcement

Standard or Test Name Reinforcement details

area ratio*

ANSI/SDI G-2017[11] 0.075 %

SCHP56[14] 142 mmi/m 6 mm mesh reinforcement at
200mm spacing

Cardington Tests 3, 4,[1, 2] 142 mn¥/m 0.20 % 6 mm mesh r_elnforcement at
200mm spacing

FRACOFI6] 256 mn¥/m 0.26% 7 mm mesh reinforcement at

' 150mm spaing
COSSFIRH7] 256 mn¥/m 0.33% 7 mm mesh reinforcement at

150mm spacing

*Computed as the ratio between the cresstional area of a steel wire to the cresstional area of the topping
concrete above the fluted steel deck per unit slab width.

As alternatives t@a prescriptive approach, the US building desstgndards (e.g., AISB60
Appendix4 [15], ASCE 7 Appendix E16], and ASCBVianual of Practicd38[17]) offer a
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variety of resources that allow engineers to adopt perforrizeed design of buildings in

fire. However, numerical analyses used in performdrased design require validation

against test data and experimental eviden¢keoéxtenof fire-induced structural damage
during and after fire exposure. Previous studies mentioned above have provided useful
insights into the capability of composite floors to activate membrane action in fire; however,
the data and findings from those studies are neleyant to the European standard practice.

TheNationallnstitute of Standards and Technology (NI$&slaunched a largscale
experimental campaigat theNational Fire Research Laboratory (NFRafill knowledge
gapsin realistic firestructure interetion and failureof composite floosystemsThe
expected outcomiacludesthe technical data and experimental evidence necessary for
benchmarking andalidatingpredictivecomputationamodels and design tools used for
performancebased design of struets in fire.Currently, the Phase Il project is in progress,
which involves aseries of large enclosure fire experiments usiiegfull-scale twestory
steelbuilding. In this experimental campaign, a variety of factors influencing the fire
resilience of @ill-scale composite floor systems will be investigated, including the steel
reinforcement used in composite slabs (concrete slabs with steel decking), passive fire
protection scheme of steel floor framing, and structural layout (@nection type, slab
continuity, or floor plate geometry).

The first fire experiment (Test #1) was conducted on NovemB3&r2D49, to generate the
baseline data for current US prescriptive approach applied toscal#é building floor
system ando comparavith forthcomng experimentd.iterature review, experimental
design, measurement systems, and results of Test #1 are reported in CHa8leAal.
overview of Test #1 ankley findings from this studyre summarizeth Sect.1.2

1.2. Composite Floor Test #1

The initial experimentTest #1 investigate the structural performance and failures of the
6.1m x 9.1 m composite flomystem designed following the current USqpice,
incorporating prescriptive fireproofing insulation details to achiev@-heur fire-resistance
ratingandthe minimumsteel reinforcemer{tvith a crosssectional area per unit width,

60 mn?/m) prescribed foshrinkageandtemperaturerackcontrol ofa composite slalja
concrete slab with fluted steel decking)

The full-scale twestory steel frame two bays by three bays in plan was used to mimic the
realistic boundary conditions of composite floors when exposeetig. 1). The fire test
compartment (10 m x 6.9 m x 3.8 m) with the main opening (5.8 m x 1.5 m) on the exterior
wall was situated in the south middle bay of the-stary test building.There was &.8 m x

0.3 mslit on the north wall designed for air intake orffpur natural gas burners (1 m x 1.5

m each in size and rated 16 MW total) distributed on the floor of the test compartment
created standard fire exposure to thdisof the composite flooin the test bayFig. 2).

During fire exposure, the composite floor in the test bay was hydraulically loaded to 2.7 kPa
whichresulted in a total design gravity load of 5.2 kPa according to the AQGH [bad
combination for fire conditions (1.2 x dead load + 0.5 x live load). The composite floors in
the adjacent bays, which remained cool dufirggloading were loaded to 1.2 kPa

(equivalent td).5 times live load) using watéitled drums. Over 300 datzhannels were

used to characterize the fire testing conditions as well as thermal and structural responses of
the twastory buildingto a test fireat a variety of locations.

11



(b)
Fig. 1. (a) Compartment fire test in the south middle bay of the twestory building under 20 MW exhaust
hood; (b) Composite floor soffit exposed to natural gas fueled compartment fire

The natural gas fueled compartment fire produced the upper layer gas tempbehtuveh(e
composite floor) closely following the temperatdir@e relationship used in standard fire
testing. The peak gas temperature of 1060 °C was recorded when both the test fire and
hydraulic loading was removed at 107 min. Temperatures of the got&erl| beams in the
test bay reached a peak value of 800 °C. The peak heat release rate and total heat energy was
measured 10.8 MW and 63.5 GJ, respectively.

During fire, the heated composite floor (with imposed mechanical loads on top) continuously
saged, reaching the peak vertical displacement of 60 cm at 107 min. The 9.1 m long floor
beams (W1831) buckled at their ends due to large compressive forces induced by the
restraint to thermal elongation. The exterior columns (MILD®) bent outward due to

thermal expansion of the heated floor assembly, resulting in partial shear ruptures in some
bolts connected to those columns.

Whereas temperatures of the protected steel beams were acceptable compared to the ASTM
E119[13] limiting tempeamtures, significant integrity failure (concrete cracks) occurred in the
heated composite floor before attaining the specified fire rating period. Large concrete cracks
appeared around the hogging moment region (next to thbagstolumn gridline) less #m

30 min into heating, and the mphnel concrete cracks began to occur at 70 min, exposing

the hot glowing steel deck beneath along the longitudinal centefFiig.e2].

The limited ductility of the heated composite slab was the primary cause of the integrity
failure which might initiate fire spread above the compartment of fire origin and eventually
lead to local collapse mechanisms during longer (uncontrolled) Tiressteel wire
reinforcement (60 mA'm) embedded in the test floor slab ruptured in tension at critical
locations as the thermally degraded composite floor sagged but before reaching the ASTM
E119 displacement limit. The minimum steel reinforcement (66/m) prescribed for

concrete crack control in normal conditions and permitted in standard furnace testing may
not be sufficient to maintain the integrity of a fattale composite floor undergoing the 2

hour standard fire exposure.

12



. Sabbreach

[

Time fr;m“'fgnition Minutes)=106.14 s
Fig. 2. Still image showing bp of the Test #1composite floordevelopingslab breach at 106 min after
burner ignition.

1.3. Scope and Objectives

This report presents the second experiment of the Phase Il program (Test #2) conducted on
March10, 2021. This study is aimed to investigate the influence of the steel reinforcement on
thestructural performance of the ftdtale composite test floor assembly subjected to

combined mechanical and fire loadifidhe improvement in the fire resiliencétbe

composite floor and failure characteristics associated with the slab reinforcement scheme are
discussed

The experimental measurements include:

1 fire characteristics including heat release rates, gas temperatures, velocity flow of the
openings, antleat fluxes fronthe natural gas fueled compartment fire,

1 thermal (temperatures) and structural responses (displacements, forces, and strains) of
the test building, and

1 any noteworthy observations during the fire test and-fesstinspections critical to
understand the overall fire performance and failure modes of the test floor assembly.

This report offers the unique experimental results that provide insight into the effects of
standard fire exposure in a real building structure and potential failuteamsms of ful

scale steetoncrete composite floor systems including steel frame connections and slab
continuity. This technical information can be used to guide the development and validation of
physicsbased computational models of composite floorras$ies in fully developed fires

as well as after fire is extinguished. This research effort also provides important steps toward
the improvement of the current fire testing methods and perfornimsszl design

provisions for steeframed buildings in fire.
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2. Experimental Design& Construction

2.1. Fire Test Setup
Details of the twestory steelframedbuilding andthefire test setup are presented in Choe et
al. [18] and summarized herein.

The fire tesivasconduced on the twestory steel gravity frame two by three bays in plan
constructed below the 15 m14 mexhaust hoodt the NFRL. as shown in Fig. 3he test
frame has the footprint of 1036 cm x 1768 cm (34 ft. x 58 ft.) antlaverag866 cm (12
ft.) storyheight. Composite floors were constructed on the filsor level, whereas the
secondfloor steel framing provided braces to the steel coluoing12x106 shape#\ 5 cm
thick plate was welded tti¢ base oéach columrand anchored to tHaboratorystrang floor
using highstrength steel bars.

The fire test bay (687 cm x 1008 cn8%7cm) was situated in the south middle bay of the

test buildingon the ground flogrwith the footprint slightly greater than the column grid size

(610 cm x 914 cm). Encloginwalls (along the red lines Fig. 3b) were constructed as non

load bearing walls made of sheet steel Wigipe-C gypsum board lining at the exposed

surface. Columns were not directly exposed to fire except for the upper region where the

floor beams or girders of the test bay were joifkadir natural gas burners (1 m x 1.5 m each
and rated 16 MW total) on the groufidlor were used to create realistic fire exposure to the
soffit of the composite floor in the test bay. Purpbedt slab splices (along the blue lines in

Fig. 3b) were designed to reuse the same surrounding floors throughout the test program, and
therefore only the firexposed floor assemblyas reconstructed new for each test.
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Fig. 3. (a) Photograph of thetwo-story test frame and (b) scale drawing of floor planUnits are in cm.

The main ventilation opening was on the south exterior wall, approximately 150 cm tall x
582 cm wide as shown Fig. 4a. There was a 30 cm tall x 582 cm wide slit on the north
wall for air intake only. The height of the windowsill was 100 cm from the strong floor. The
design basis of a test fire condition is presented in Zhaaig[&8].

The testbay floor was hydraulically loaded to 2.5 kPa as imposed gravity loads during the
test.Thetotal gravity load (including the floor selfeight) was 5.2 kPa, whiatonformsto
the gravity load demand deteined from the ASCE [16] load combination for
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extraordinary events (1.2 timesadkload plus 0.5 times live load). The surrounding floors
were loaded by watdilled drums, providing an imposed gravity load of 1.2 kPa, equivalent
to 50 % of an office live loads specified in the ASCE 7 standdfdy. 4b shows the
mechanical loading arrangement.
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Fig. 4. Scale drawings of (a) south wall with main ventilation opening and (b) mechanical loading
arrangement. Units are in cm.
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2.2. Design Basis of Composite Floor Test #2

The primary difference between Test #1 and Test #2 was the steel reinforcement scheme
used in the composite slab in the test bay. Test #1 demonstrated that the welded wire
reinforcement (WWR) of 6x6 W1.4xW1.4 mesh mat (with a ceextional area of 60

mm?/m slab width) shown in showin Fig. 7a, was not sufficient to maintain slab integrity

up to the specified rating period (2 h), with a potential risk of fire spread beyond the
compartment of fire origin. Hence, for Test #2, it wasided to study the influence of the
steel reinforcement on the fire resilience of the composite floor while other conditions
remained mostly unchanged.

Sincethereis no specific guidelineegardinghe slakreinforcementequirementsgor

standard fie testingin the US, thesteel reinforcement ratio of 0.2 % in the floor slab was
initially proposed for Test #2T'his reinforcement ratio is similar to (e minimum required
shrinkage reinforcement specified in the ACI 328] provisiors for reinforced concrete
slabs and (b) the amount of thieel reinforcement used in the previous European studies
wherethe test floor assembliexhibited excellent fire resilienchie to tensile membrane
actionat large vertical displacements

With several iterationperformed fotthe selection of slab reinforcemargingthe Slab Panel
Method (SPM)21] which has been used in the New Zealand (NZ) pradtie following

two schemes were considered for the Test #2 desigtinga2x12 W9.1xW9.Inesh mat

(8.6 mmdiametercold formed plain steel wiresgith the spacing 080.5 cm) with a

reinforcement ratio of 0.23 % or (b) Nal@formed reinforcing bars i the spacing of

30.5cm in both orthogonal directions (9.5 mm diameter hot rolled deformed bars) with a
reinforcement ratio of 0.28 %hown inin Fig. 7b. Although hewelded wire reinforcement

is more commonly used 1dS composite floor constructiothe12x12 W9.1xW9.1 mesh

mathas beemarely used and not available through local venddencethe No. 3barswere
proposedor Test#2. Deformed bars are often used in composite slabs to control cracks in
the concrete caused by shrinkage and temperature effects during the curing period, to resist
the tensile force in the hogging moment region, or to design diaphragms against latesal force
such as earthquake or wifP].

Smooth wires
\

Fig. 5. Slab reinforcement (a) Test #1 and (b) Test #2.
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2.3. Composite FloorDesign and Construction

The steel frames withirhé fire test bagonsisted of threeld cm (30 ft.) longW16x31
shapes antivo 610 cm (20 ft.) long W18>35 shapes as shownkhig. 3b. Refer to AISC
Steel Construction Manuf@3] for the dimensions of th&teel fiapesThe endf the
W16x31 beams were connected via standard sheaffthB%2x6x3/8)with three 19 cm
(0.75 in.) diameter structural bolts whereas the W18x35 girders were connected to the webs
of W12x106 columns usingxtended shear talBL9-7/8x14%2x3/8) with five 1.9 cm
diameter structural bolts. The weld size used in the shear tab connections mas 6.3
(0.25in.). Shortslotted holes, 2 cm (13/16 in.) wide and.2cm (1 in.) long, were drilled
on the connectinglements, whereas the standard holes with the diametet ah2vere
drilled onthe webs of beams and girdebetailsof the bearrend connectionare shown in
Fig. 6.

Thecomposite floor was constructed wiightweightaggregateoncreteand7.6 cm(3 in.)

deep profiled steel deckiras shown irFig. 7. The deck flute was oriented perpendicular to

the 94 cm long beamsThe topping concrete (above top ribs) was 8.38125 in.)thick as
required to achieve thel# fire resistance rating.t&el headed stud anchors with 19 mm

shaft diameter were welded to the top flange of the W16x31 and W18x35 shapes at 30 cm
(12 in.) and 36 cm (14 in.), respectively. The corresponding composite action was estimated
to be about 65 % of the yield strengthstéel shapes at ambient temperatBretographs of

the floor specimen soffit, beam framirand connections are shownHig. 8.
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Fig. 6. Scale drawings of connection details in the test bay. Units are in inches.
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No.3bar@ 12in. o.c. 1.9
[

20 ga. Steel deck Zin. Sud @ 121n. o.c.

Wi16x31

(@)

in. Studs @ 14 in. o.c.

——
W1Bx35

(b)

Fig. 7. Scale drawings of composite floor beams in the telsaly. Dimensions are in inches and roundetb

the nearest tenth.

Cowiex3l

T

()

Fig. 8. Photographs of Test #2 floor specimen: (a) steel work; (b) beato-column connections; (c) beam

to-girder connections prior to fireproofing insulation.

Thefloor slabwas reinforced with two layers of No. 3 deformed bars at 30 cm (12 in.)
spacing on averages shown irfFig. 9. The spacing ofometransverse bars above the
W18x35 girders ranged froapproximately 19 cnf7.5 in.)to 42 cm(16.5 in.)due to the bar
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clear distance from support columiifie longitudinal bars had a clear cover &em (1.9

in.) from the top surfacef the concrete, and theinsversdars had a clear cover aBIm

(1.5 in.)from the top surface of the slabhesouth ends of transverbars hadhe 180-
degreestandardhooks tominimize separation of the concrete slab from the south edge beam
during the fire testMechanicalcouplers were usadithin the test bayo splice the transverse
bars at 99 cn(39 in.)from the centerline of the norddgebeam and the longitudinal bars at
152 cm from the entetines of the girdersThese bars were also laggpwith the 63.5 cn{25

in.) long No. 4 deformed bars extended from the sfalze lire. A photograph of the test

floor prior to concrete placement is providedrig. 10. Refer toChoe et al[18] for the

details of slab reinforcement in the surrounding floors.
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Fig. 9. Scale drawings of slab reinforcementDimensionsare in inches.
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Fig. 10. Top of test floor assembly prior to concrete placement.

2.3.1. Mechanical Properties of Steel Components

The roomtemperature mechanical properti#steel components constituting the test floor
assembly were measudrata commeral testing facility The fabrication of specimens
(coupons) and testing procedures conformeatiedSTM E8/E8M[24] standardTable2
summarizes the average values of tf2e%.offset yield strengtly), the ultimate tensile
strength &), and percent elongation at fractuii) ( The valuesfter + symbols indicate one
standard deviation estimated using a uniform distribution of the two measured values.

Table 2. Measured mechanical properties of steel components.

Steel components gigiglnation Sy(MPa) Su (MPa) Uy (%)
W16x31 A992 380 + 50 500+ 30 335
W18x35 A992 360 + 20 500+ 6 331
Shear tab plate A36 290+1 440+ 30 37+1
Headed stud anchor A29 410+ 2 510+ 3 -

Structural bolt A325 (F3125) 890 £ 10 970+ 8 19+1
Steel deck A653 400 4 470+ 2 26+1
No. 3 deformed bar A615 480+ 1 770+ 2 22+1

20



2.3.2. Fireproofing Insulation

The fireexposedstructural steel componeniere protected with commercially available
sprayed fire resistive material (SFRMyhich was a&ementitious gypsurbased material

with a density ranging from 240 kg#rto 350 kg/ni. The thickness of the SFRapplied to

steel substrate méte 2hr fire-resistance rating requirement for Type IB construdtion
accordance witthe IBC[25]. Table3 shows the design and measured average values of the
SFRM thickness. The values after £ are the coefficient of variation in the measurements.

Table 3. Desigh and measured thickness of SFRM

Steel Component UL Design No.  Design Thickness Average Measured
Thickness
W16x31 (northprimary beam) N791 18 mm (11/16 in.) 20mm £9%
W16x31 (south primary beam) N791 18 mm (11/16 in.) 21mm £10%
W16x31 (secondary beam) D949 11 mm (7/16in.) 14mm =7 %
W18x35 (east girder) N791 18 mm (11/16in.) 22mm +£4 %
W18x35 (wespirder) N791 18 mm (11/16in.) 21mm £8 %
Standard shear tab - 25 mm (1in.) 26mm 17 %
(beamendconnections)
Extended shear tab - 25 mm (1in.) 33mm +£15%

(girderendconnections)

*The values after £ symbol atiee coefficient of variation. The SFRM thickness measurement was performed
at81 discrete point®n eachbeamand6 to 9 discrete point®n eachendconnection region.
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2.4. Concrete Placementand Curing

2.4.1. Mixture Design

The concrete mixture wakesigned to provide a lightweight aggregate concrete with
hardened mechanical properties typical of those used in current construction practice, but
with a low propensity for firenduced spalling. To reduce the likelihood of spalling,
2.37kg/m? (4 Ib/ycf) of monofilament polypropylene microfibers were used in theasix
proposed irMaluk et al [26]. To further reduce the chance of fireluced spalling,

expanded slate lightweight aggregate with low watéention characteristics and high
desorption was selected as suggestétburGhaz et al[27], to expedite the reduction of
moisture in theoncrete during curing. The concrete design mixture proportion are provided
in Table4.

Table 4. Concrete design mixtureproportions.

Slump: 14.0£2.5 cm

water/cement: 0.41 (5.5+1.0n.)

Surface Saturated

i 3
Material Dry. kg (Ib) Volume, n¥ (ft°)
Cement: ASTM C-150: Type /Il Lehigh 254 (560) 0.081 (2.85)
Fly Ash: éSTM C-618: Separation Technologies Clas 64 (140) 0.025 (0.89)
Aggregate: ASTM C-33: Carolina Stalite LTWT 404 (890) 0.269 (9.51)
Sand: ASTM C-33: Chaney Sand 622 (1372) 0.240 (8.46)
Air: 2.5% - 0.019 (0.67)
Water: ASTM C-1602; ASTM G1603 129 (284) 0.129 (4.55)
Admixture:  See details below 5(10) 0.002 (0.07)
Total 1477 (3256) 0.765 (27.00)
Unit Weight kg/n? (pcf) 1932 (120.6)
Calculated Equilibrium Dry Density kgfn 1853 (115.7)
(pcf)
Admixtures

FRC MONG150- 2.37 kg/ni (4 Iblyd®)

Sika Visocrete 21001.75 + 1.75 ml/kg3 £ 3 oz/cwt)
Sika Plastocrete 1612.91 £ 1.16 ml/kd5 + 2 oz/cwt)
SikaTard 440 1.16 £ 1.16 ml/kg2 £ 2 oz/cwt)

Sika ViscoFlow 2020 2.33 + 1.16 ml/kg4 + 2 oz/cwt)

2.4.2. Concrete Placement

The concrete was batched at a local remiky concrete plant and trucked to NIST for

casting. A total of two trucks were used to dhsttest floor slabAlthough the design

mixture proportions were the same for both batches (trucks), small adjustmentaacke

by adding superplasticizer prior to the concrete placement. Immediately after casting, the
concrete was covered with wet burlap to maintain a wet surface condition. The burlap was re
wet, as necessary, for the first 7 days of curing, after wheebuahap was removed. The
concrete in the surrounding bayad beertast on 6/4/2019 and remained in place.
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2.4.3. Curing Conditions
The measured relative humidity and air temperature in the test hall where the specimens were
cured from the date of casting uriiie testing are plotted iRig. 11.
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Fig. 11. Air temperature and relative humidity in test hall.

The relative humidity and temperature in the concrete during curing were measured using
probes placechio perforated sleeves embedded in the concrete during casting. The
manufacturer specified accuracy of the temperature and relative humidity in the applied
temperature range are + 0.2 °C and less than £ 2.5 %, respectively. The temperatures
measured in theoncrete are shown Fig. 12 and the relative humidity measurements in

Fig. 13. Measurement locations in the test specimen were in the southwest and northeast
guadrants of the specimen to provide an indication of variation across the specimen. The
measurement location for the surrounding bays was in the middle ofnitee certh bay. No
measurements were made in the surrounding bays until the time of testing. Therefore, the
relative humidity in the concrete in the surrounding bays is significantly lower than in the test
specimen. The moisture content of the specimehighais related to the relative humidity,

was measured separately on concrete cylinders cured under the same conditions as the slabs.
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2.4.4. Hardened Concrete Properties

Table5 summarizes the measured concrete ptegse Where applicable, the relevant ASTM
test standard used is provided in the table. The reader is directed to the current edition of
these standards for details on those test methods. Details about the tests used to determine the
thermal conductivity ad specific heat of the concrete are provideGhioe et al[18].

Except for the tension splitting strength tests, all tests were performed within one week after
the large specimen fire test. Except for the measurements made at the time of casting of the
concrete, almeasurements were made from 102 mm x 204 mm concrete cylinders prepared
according to ASTM C19f28] and cured alongside the concrete slab in the test hall. All
measurements were made at ambient laboratory temperatures; nominally 23 °C. No
measureents of the concrete properties at elevated temperatures were made.

The slump and plastic unit weight of the concrete are reporfeahie6. No replicate
measurementsf the fresh concrete were made so standard deviation is not re@ibésl7z
summarizes the measured properties (mean and one standard deviation) of the hardened
corcrete for each individual delivery truck (batch). Each value is from two or more
replicates. Average values for the concrete in the test specimen and surrounding bays are
provided inTable8.

Table 5. Matrix of measured concrete properties.

Number of cylinders

Property Casting 28-day Day of  Total
10/21/2020 11/18/2020 Test

Slump (ASTM C143) - - -

Plastic unit weight (ASTM C138) - - -

Compressive strength (ASTM C39) - 6 6 12

Density (ASTM C642) - - a

Static modulus (ASTM C469) - -

o

Splitting strength (ASTM C496) - - 6 6
Moisture content (ASTM C642) - - 6 6
Thermal conductivity - - 2 2
Specific heat - - ¢ -
aUse moisture content cylinders. Total 26

b Use tensile strength cylinders.

¢ Use microcores from thermal conductivity cylinders.
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Table 6. Fresh concrete properties.

Truck number

Property T1 T2
Waterto-binder (cement fly ash),- 041 0.41
Slump, cm 15.9 17.8
Tare ==> Emptymeasurekg 6.41 6.41
Mass ==> Measure + Concreke 3472 3466
Unit weight kg/n? 1995 1991

Table 7. Hardened concrete properties foreach truck.

Category Description Truck T1 Truck T2

Structural Compressive strength, MPa  78.4 0.5 775+1.2
Splitting tensile strength, MPa 6.1 £0.3 6.1 0.1
Static modulus, GPa 24.6 £0.7 26.0 £0.6

Thermal  Bulk density, kg/m 1931 +9.6 1964+18.6
Moisture content, % mass 6.0 0.1 5.4 0.0
Thermal conductivity, W/m-K 1.897 +0.047 2.395 +0.248
Specific heat 822182 773 £23

Table 8. Average hardened concrete properties.

Category  Description (STplefP; n2 Surrounding bays
Structural Compressive strength, MPa 78.0 £1.0 63.0+1.1
Splitting tensile strength, MPa 6.1 +0.2 not available
Static modulus, GPa 25.3+0.9 24.9 +0.2
Thermal  Bulk density, kg/m 1948 +22 1911 +10
Moisture content, % mass 5.7+0.3 7.7 0.2
Thermal conductivity, W/m-K 2.146 +0.306 2.180 +0.136
Speci fic heat, 79765 887 47

* Determined in November 2019.

26



2.5. Instrumentation & Measurement Uncertainty

Measurements were performedijeantify the applied mechanical and fire loading as well as
the thermal and structural responses of the test structure dndrafter fire exposure.

Details ofthemeasurement systemiata acquisition and recording systemspesented in
Choe et al[18] and briefly summarized hein. Appendix B provides the physical locations
andchannel namesf the sensors.

The mechanical load applied on fi@or specimerwas controlled and measured usfagr
servehydraulicactuatordModel: MTS 201.35TS)The heat release rate of the tast Wwas
quantified using both the fuel consumption and oxygen consumption calor{@@frirhe

gas temperatuneroduced in the fire test baynd temperatures of the floor specimen at
various locations (including composite slabs, floor beams, and connecteresheasured
using K-typethermocouples (with 2gaugeor 22-gauge wires)Gardon gauges were used to
measure instantaneous heat flusaghe exposed surface of tb@mpartment enclosur&as
velocity through the ventilation opening of the test compartment was measured using bi
directioral probeswith high-precision capacitance manometétssistive gsplacement
transducers were installeditside of the test compartment at a variety of locatiomseasure
the vertical and horizontal displacement of the test strudturear strain gauges were
mounted on the steel reinforcement in the test flooratalat the base of the support
columnsandsteelframes in the surrounding bays to measure the thermally induced forces
during and after fire exposure

The strain, voltage and temperature measurements were digitized and recorded using

National Instruments (NI) CompactDAQ and PXI systems wgha conditioned 1/0

Modul es. The heat release rate measured by t
recorded using a separate data acquisition system described by@wgdundy[29]. An

in-house softwvaredee | oped in LabVIl EWE cailuDaad MI DAS ( M«
Acquisition System) was used to allocate channels and control the data acquisition.

High-definition cameras were deployed to record anddiveam a variety of video scenes of

the test building and éhfire test compartment during the heating and cooling phases of a fire.
Thermal imaging of the unexposed (top) surface of the test assembly was performed using a
high-speed infrared came(ilodel: FLIR SC8303)

The measurement uncertainty is summarizethible9. The estimated total expanded
uncertainty values are rounded to the nearest integer, except émntsteuction dimensions

and heat release rate of burners which are rounded to the nearest tenth. The users of this
report are advised that the experimental results presented in Chapter 3 are either raw data or
the statistics of raw dat@he authorsecomnended incorporating the measurement

uncertainty reported herein into validation of predictive models or verification of new
metrology techniques.

The standard uncertainty in measurements is estimated based on four categories in
accordancevith Taylor andKuyatt [30] as follows:

1 Type A uncertainty estimated using statistical analgtthe measured data, e.g-, in
house calibration or random error caused by the test environment
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uncertainty by a coverage factéj Of 2 for a 95 % confidence level

The components considered in the component standard uncertainty include resolution,
calibration, installation, and random errors. The resolution is the minimum change irathe dat
measurement the instrument can exhibit. Calibration error includes uncertainties from
calibration of the sensor. The resolution and calibration uncertainties were derived from

instrument specifications (Type B). Uncertainty due to installation methodstiasated

based on engineering juglgent (Type B) considering misalignment, quality of the mounting

method of the sensors, and previous data. Random error which resulted from random

unpredictable variations in the environment and measurgmecess was estimated as Type

A.

Table 9. Estimated measurement uncertaintyFSOe = maximum measured values; N = number of samples used

for estimating random errors

. Combined Total
Uncertainty Standard Expanded
Measurement / Component . Standard .
Type Uncertainty - Uncertainty
Uncertainty _
(k=2)
Actuator Load (FS©= 125 kN)
Resolution Type B +0.1%
Calibration Type B +0.5% +06% +1%
Random (N=6390) Type A +0.4%
Vertical Displacement (FSO= 580 mm)
Resolution Type B +0.1%
Callibration nge B +0.2% t12% £2%
Random (N=12000) Type A +1.2%
Horizontal Displacement (FSG- 35 mm)
Resolution Type B +0.1%
Calibration Type B +11% +29% +6%
Temperature compensation Type B +2.0%
Random (N=12000) Type A +1.8%
Strain (FS@= 4320 OO0
Resolution Type B +0.1%
Calibration Type B +0.5% +05% +1%
Random (N=12000) Type A +0.1%
Steel Temperature (F$& 970 °C)
Resolution Type B +0.1%
Calibration Type B +04% +32% +6%
Installation Type B +2.0%
Random (N=12000) Type A +24%

Concrete Temperature (FE6 310 °C)
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Total

Uncertainty | Standard Combined Expanded
Measurement / Component . Standard .
Type Uncertainty - Uncertainty
Uncertainty (k=2)

Resolution Type B +0.1% +4.1% +8%
Calibration Type B +0.4%
Random (N=12000) Type A +2.8%
Gas Temperature (F&& 1110 °C)
Resolution Type B +0.1%
Bias Type B +0.4% +4.1% +8%
Radiative cooling or heating Type B +4.0%
Random (N=12000) Type A +0.4%
Construction Dimensions (F$& 9.1 m)
Rgso!utlon Type B +0.1% £0.2% +05%
Misalignment Type B +0.2%
Random Type B +0.1%
Weight (FS@ = 2.1 kN)
Resolution Type B +0.1%
Bias Type B +0.1% t12% t2%
Random Type A +1.2%
Fuel Consumption Calorimetry Type B +1.4%
(FSCG: =10 MW)
Oxygen Consumption Calorimetry Type B +8%

(FSQ: = 10 MW)
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3. TestResults

This chapter describélse seconccompartment fire experiment (Tes2)#:onducted on the
9.1 m by 6.1 m composite floor assembly, dateluding average values and standard
deviation where apjgable)and observations from the heating and cooling phase of a test
fire. Theraw dataare presented in Appendix B.

3.1. Test Protocol
The following test protocol was used in this experiment:

1. Increase atotalmechanicaloadto 125 kNat ambient temperature usifaur serve
hydraulic actuators

2. Ignite pilot flames of the burners and increase natural gas flow to ignite the burners. The
heat release rate of the burners (HRRburner)imtally set to 1000 kW for
approximately 2 min to verify the uniformity of natural gas flow to all four burners.

3. Increase the value of HRRburrfelowing the predeterminedHRRburner versus time
relationship whichwasdesignedo createthe upper layetemperature similar to furnace
temperatures prescribedtime ASTM E11%tandard13].

4. Remove the fire andydraulicloadng simultaneously when any of the following criteria
was met: (i) detachment ttie beamto-column connection(s), (ii) breach of the fire test
compartment (a test floor assembly, enclosing walls, or both), (iii) actoiaton stroke
reaching its maximurof 690 mm, (iv) loss of exhaust hood flow, or (v) failure of the
data acquisition system network connection for a period exceeding 5 min.

Table10 provideskey eventsduring thefire testexperimentwherethe reported timeare
rounded to the nearest minufes shown, hydraulic loading was continuously applied over a
2 hr cooling period following the burner extinguishment at 131 min.

Table 10. Timeline of Test # on March 10", 2021.

Clock Time Fire Exposure | Description
Time
10:36 AM Hydraulic loads of actuatotsegan to ramp up
11:25 AM 0 min The hurner ignitionwas confirmedSeeFig. 14a.
12:45 PM . A breachbecamevrisible along the south wadibove the test floor leve
100 min . D ; .
allowing flame extension; Seed circle inFig. 14b.
1:36 PM 131 min The burners were switched off
3:38PM Hydraulic pressure was released
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(b)
Fig. 14. Snapshots from the test videghowing(a) inside the tesicompartment at ignition of the burners
and (b) top of the test floor specimen at 120 min after the burner ignition.
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3.2. Fire Test Condition
This section describeéee mechanical loading and fire conditioaieated duringest 2.

3.2.1. Mechanical Loading

A total of four hydraulicactuatorgname: NE, NW, SE, and SWjere used to apply
mechanical loads distributed at 24 poiatsoss the testay. Locations of the hydraulic
actuators anthe raw data including loads and displacements applied using individual
actuators are provided in Appendixl. Theaveragevalue of appliedoads andstroke
displacemerst by a single actuatare shown irFig. 15a. Four actuatorgcreased #loor
load simultaneouslyo a target value of 31 kBachat ambient temperatur@his load level
was then maintained throughdbe heating and cooling phasetioétest fire. Themaximum
variation intheloadvalues from four actuators w8s kNat ambient temperature. During
the heating and cooling phasetioétest fire, the load values varied by 0.3 Ketotal load
appliedusing four actuators was maintaineqk3+ 11)KkN.

As shown inFig. 15b, the north half of the test floor slab loaded byNfeandNW actuabrs
exhibited smaller displacements throughout the test period due to slab contirtbéynorth
surrounding bayThe result indicated thaté¢ boundary (support) conditions of the test floor
assemblywas maintainedymmetrical about its nortbouth (trasverse) centerlindhe
maximumvariation inactuator displacemeralueswasestimatecb mm between the NE and
NW actuators and 2 mm between the SE and SW actuators.
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Fig. 15. (a) Average load applied by asingle actuator and (b) stroke displacement of the north actuators
(DispNE and DispNW) and the south actuators (DispSE and DispSW).
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3.2.2. Test Fire

The test fire environment was created using four natural gas b(tnars 1.5 m each)
distributedonthe floor of the test compartment. The time variatiome#t release rates and
compartment temperaturescordedduring the heating and cooling phasesheftest fireis
presented in the following subsections

3.2.2.1 Heat Release Rate

The heat release frothetest firewasmeasured using two methodse natural gas fuel
consumptiorbased on mass flot the burnerg¢channel: HRRburner) and the oxygen
calorimetry at the 20 MW exhaust hood (channel: HRR(lescribed iBryant and Bundy
[29]. The HRRburner and HRR data am@videdin Fig. 16. Thenatural gagdire was
controlled using the prprogramed fuel flow function toreatethe HRRburner versus time
relationship As shown inFig. 16, the HRR valieswere approximately 630 kW greater than
the HRRburner values. The fluctuation in HRR values apgsoximately+ 250 kWon
average

Tablel1l1shows a summary of the measupedk heat release ratetal heat energyand fuel
load densitythat wasestimated as the total heat energy divided by the floor area of the test
compartmentThe difference of the peak heat release bateveerthe natural gatuel

delivery system andxygen calorimetry was approximately 10e¥%12 MW.

Some imageshowinginsidethe test compartment and the test building captured dfireng
loadingare shown irfFig. 17 andFig. 18.

A14000_||||||||||||||||||||||||||||| A14OOO_|||||||||||||||||||||||||||||_
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g S000F 1 g F E
: 1 2 ool -
o 000F ERE E
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T —@—HRR ] T ‘ —@—HRR ]
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0 5 10 15 20 25 30 0 30 60 90 120 150
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(a) (b)
Fig. 16. Heat release datdHRRburner and HRR) measured (a) first 30 min and (b during entire
heating.

Table 11. Measured total heat release and fuébad density.

Method Peak heat release rat Total heat energy (MJ) Fuel load density
(kW) (MJ/mP)

Oxygen calorimetry 12776 86908 1332

Fuel consumption 11508 81287 1252
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5 ‘;(me from Ignition (Minutes) = 60
60 min
Fig. 17. Snapshots of the video showing inside the test compartment with the times recorded following the
burner ignition.

Fig. 18. Front view of the main vent openingof the fire test compartmentduring Test #2
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3.2.2.2.GasTemperature

Gas emperaturginside the test compartmeneremeasure@0 cm below théoor
specimen soffi{i.e., 346 cm above the compartment flagsjng twelve thermocouples
well astwo thermocouje treesmounted orthe compartment flooiLocations oindividual
thermocouple probeandraw data are reported in Appendix2.

The natural gas fire created practically uniform upper layer gas tempetathezthe floor
specimen soffjitas shown ifrig. 19a. The standard deviation in the temperature
measurements across the test bay was less thand@ifi@ heatingThe average upper
layer gas temperatu(@vgULG) measuredh this test wasbout 5 % higher than that
measured in Test #1. Thidferencewascaused byhe house natural gas supply pressure
during fire loading Theincoming naturafas pressure was measul@&® kPa 23 psig in
Test #1but 170 kPa 25 psig in Test #2 Althoughthe control vale position settings of the
natural gas fuel delivery system wealenost identicabetween the two testaithin 1%
difference), the elevateslipplygas pressure increast actuafuel mass flowby 6 % and
subsequentlynicreased the HRRburner value by 0.5 MW.

A comparison offtegas temperatummeasuredt three different heightaithin the test
compartmenti.e., 100 cm, 200 cm, and 300 cm above gheundfloor, is shown inFig. 19b.
The thermal gradient throughe height of théestcompartment wagreaterup tothefirst

15 min into heatingHowever,the temperature differentecamenmuch smaller at 1 hr after
the burner ignitionapproximately80 °Con average.
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(a) (b)
Fig. 19. (a) Averagal valuesand standard deviation of the upper layer gas temperaturemeasuredusing
TCC channelsand (b) gastemperatures measuredat 100 cm, 200 cm, 300 crfrom the floor of the test
compartment along with the average upper layer gas temperature (AvgULG).

Air flow through the windows of the test compartment was measured using a set of bi
directional probes with pressure transducers during fire loading. Refer to Appehditor
locations of the sensoes well as/elocity and gagphase temperatur@seasured across the
south and north widows of the test compartment.
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3.3.  Thermal Response

This sectiordescribesemperatures of the test floor assenblyasuredt a variety of
locations during the heating and cooling phasthefestfire. Most ofthedata presented
hereinarethe averagevalues oftemperatures measured by multiple thermocouples. All
thermocoupldocations andawtemperature data are reported in ApperfXthroughA.7.

3.3.1. ConcreteSlab and SteelReinforcing Bars

The averaged values obncretedemperatures measuredthin thefloor slabwith profiled
steel deckin@reillustratedin Fig. 20, where error bars indicate the standard deviation in
temperature measurementsoss the test bay the sameoncretedepth Refer to Appendix
A.3 andA.4 for locationsof individual thermocouplsand the list of temperature channels
used tocomputethe averagealues ofmeasureaoncrete or steel béemperatureseported
in this section

As shown inFig. 20, thechangen concrete temperatwsgariedwith themeasurement
locations (1 through 7) within thest floor slabThe concretegmperature near trexposed
deck reached 800 °C on averatyging the fire exposurd emperatures closer to top of the
slab increased more slowly but increasedtinuouslyduring the early cooling phase.
Temperaturemeasured at locations 1, 2 andiére significantly influenced by evaporation
of the moisture driven out towatdetop of the slab during heatings indicated by a 100 °C
plateau.The magnitude of error barsdicaes thathe larger variation in temperatures was
observed abcations4, 5, and 5. Thesetemperatureneasurement@ppeared tbe affected
by several factorsuch aghe separation of concrete frahe steel decking, concrete cracks
or combined effectsTemperaturemeasured at the nidiepthof the topping concretia the
test bay where the steel reinforcement was plasdied due to the concrete mass beléiv
107 min, for instance, the temperatareasured at location 1 anavés 140 °C and 420 °C,
respectively.

A total of eight thermocouple probes were mounted 3 mm below the top surface of the
concrete slabThe averag®alues otemperaturemeasuredtthetop of the deep and
shallow concretslabsectionsare plotted irFig. 21a. As shown thetemperature
measuremerdtthetop of thedeepconcrete sectioappeared to baffected by evaoration

of the moisture in the concredeer a longer periad'he top surface temperature of the
shallow concrete secti@xceeded 160 °C at 100 min, i.e., 140 °C above the ambient
temperatureneasuregbrior tothe ignition of a test fird-or thedeep sectionhe peak
temperatur@geached 200 °©Gn averagataboutl10 minafter the burners were switched off.

The average temperatures of No.3 deformed bars placed within the deep and shallow sections
of the test floor slab ahownin Fig. 21b. The peakeémperature of the bars widlarge

concrete coveffrom the specimen soffiteached about 350 °C on average about 5 min after

the test fie was extinguished, whereas the bars embedded in the shallow section were heated
to 540 °C at 125 min following the burner ignition.
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Fig. 20. Average temperaturesof (a) 15.9 cm deep sections and (b) 8.3 cm deep sections of the test floor
slab. Error bars indicate the maximum standard deviation of temperatures recorded from multiple
thermocouples installed at the same distance from the steel de€kmensions are incm.
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Fig. 21. (a) Average temperaturemeasured 3 mm below the top (unexposed) surface of composite slab
and (b) average temperatures of No.8eformed bars within the test floor slab.
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3.3.2. CompositeBeam and Girder

Temperaturesf the9.1 m span composite beaarsd6.1 m sparcompositegirderswithin
the fire test bayveremeasure@cross thenidspancross sectiomsshown inFig. 22.
Temperatures dll five SFRM-protectedsteel beam shapasd thetoppingslabare reported
in AppendixA.5 andA.6.
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Fig. 22. Locations ofthermocouple probes within the 9.1 m composite beam and the 6.1 m composite
girder at midspan. Dimensions are incm.

Thetypical temperaturehangeacrosghe compositdeamsections is presented fig. 23.

The9.1 m compositbeam temperaturébig. 23a) are the averagealues ottempeature

readings of the norflsouth and secondargeams at midspan. Similarly, themposite

girder temperatures Fig. 23b are the average tenmagure values of the east and west

girders at midspams shown, dring the fire exposuregmperatures of the SFREpplied

steel shapeseached peak value of 850 °C at the bottom flanges and 500 °C at the top
flanges on averag&emperatures of the embedded No. 3 reinforcing bars over the beams or
girders increased @ peak value a200 °C after the test fire was extinguish€bde greater
temperature variatioas large as 20 %yas observed at the top flange or within the coecret
slah
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Fig. 23. Average temperatures of (a) 9.1 m composite beam and (b) 6.1 m composite girder at midspan.
The error bars indicate the maximum standard deviation of temperature readings at differensections.

3.3.3. BeamEnd Connection

All beamendconnections within the fire test bay wemetectedwith the same SFRMsed
for theconnectedeams and girderRefer toTable3 for the thickness of applied SFRM
Typical locations of the thermocouples mounted on the ghbaronnections of the floor
beams are shown Fig. 24. The average temperatgref the bearrend or girdeiend
connection regions are providedrig. 25andFig. 26. Temperatures of all ten connectson
exposed to firare reported il\ppendixA.7.
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Fig. 24. Typical locations of temperature measurements in the bearend (left) and girder-end (right)
connection regions.

As shown inFig. 25, the bearrto-girder connection region was heated more rapidly due to its
proximity to the burners arathinner layer of SFRMI'he sheatabconnectiortemperature
exceede®00 °C on averagauring the fire exposurd emperatures of theame connection

at the north and south beam enelmained below 608C. The No.3reinforcingbar over the
connection remained below 200 f@ thenorth and secondary bearm®wever, he No. 3

bar temperature at the south beam estndgply increased after 120 min, indicatocuncrete
cracks
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Fig. 25. Average temperatures of the bearend connections of (ahorth edgebeam, (b)secondarybeam,
and (c) southedgebeam with W16x31 shapes. Error bars indicate a maximum value of standard
deviation of temperatures measured at multiple locations.

The girder engtonnection regionmdicateda similarchange in temperaturé€sSig. 26). The
beam end web and bolt head reached over 600 °C oagavdiowever, temperatures of the
extended shear tabsd welded jointsvere approximately 200 °@nd 400 °Gower,
respectivelypecause thermocouglin those regionsvere shaded by the column flanges.
The No.3 bar temperature wesnsiderably low witta peak value of 200 °C during cooling.

Thetemperaturevariation in the bearar girder endvebs as well aolt head was adarge
as25 %. This might be caused by local buckling of the endleading tophysical damages
(fissures, debonding, or bottg goplied SFRM where thermocouples were installed.
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Fig. 26. Average temperature of (a) east girder end connection and (b) west girder end connection
attached to W18x35 shape<rror bars indicate a maximum value of standard deviationin temperatures
measured at multiple locations.
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3.4. Structural Response

This section presents tkhertical and horizontal displacemewfsthehydraulicallyloaded
compositefloor assemblyduringthe heating and cooling phasesadést fire.The
displacement data not reported in this section tmathameasurements the support
columns and surrounding beaofghe twastory test buildingreincludedin AppendixA.8
andA.9, respectively.

3.4.1. Vertical Displacement

A total of fourteendisplacement transducgrsamedvD1 through VDY) were deployed to
measure the verticdeflectionof the testbay and surrounding flooes shown irFig. 27.
Somevertical displacemantsare plotted wittire exposure time and the average bottom
flange temperatures of the floor beamsillustrated inFig. 28. Other displacements not
presented in this figure are reported in Apped& The positive valuesfalisplacements
indicate the downward vertical displacements as the test floor assembly sagged under fire
exposureAs mentioned earlieithe actuator loading was not removed until the 2ooling
phasewvas completdi.e., 252 min in test timewhereashe test fire was extinguished at

131 min.
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| ———————— |-——————— B | ——————= — |47 [vD1 461 613
\ \ \ \ VD2 697 309
‘ | ovp1 | ‘ VD3 261 272
| 1 slab Splice 1 | VD4 6971 2
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42 14- 427-

Fig. 27. Location of the vertical displacement(VD) measurementsDimensionsand coordinatesare in cm.

As shown inFig. 28, thevertical displacement of the secondary beam at midspan (VD5)
increased to 455 mm (equivalent to the ratio L/20 where L = 9.1 m) at 131 min, finally
reaching its peak value of 475 mm abXin (i.e., about 14 min into cooling). The

maximum displacements of the north beam (VD1), the east girder (VD7), and the west girder
(VD11) were 200 mm, 115 mm, and 125 mm, respectividgigvertical displacemerof the

south edge beam at midspan (VDbeérame invaligfter 130 minbecausd&aowool strips
placedalong the south wall were flipped ovemeasurement string of this displacement

sensor as the south wall significantly bent toward the q&efer toFig. 14b).

The midpanel vertical displacement (VD5) increased at an approximate rate of 0.4 mm/°C
until the bottom flange temperature of the secondary beam reached.7lteiGcrease in

the VD5 valuebecamepproximately0.7 mm/°Cafterward The vertical displacement of the
south (exterior) edge beam (VD10) increased more rapidly than other edge beams (VD1,
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VD7 and VD11) because of their connectivity to the surrounding.Bagnapshot of the test
video recording top of the test floor is showrfFig. 29

@) =100 3L AL I L I O O
~ 0F =
9‘:1 100 —_— | VD1
(V] - = — VD3
5 200 — |—— VD5
87k 1 |—vor
3 |,
qE, 400 ;_ — VD11
" 500 -

600 CL L L 11 IS N NS S ST N NN S SN U AN Y SO N
0 60 120 180 240 300
Time (min)

(b) 100 T LI I B R B N L T T3
e 0F 3
S = =
£ 100 3 [—vb1
G 200 5 |——VD5
€ = = —— Vb7
© 300 = = |——Vb10
(5] = = — VD11
= 400 = =
0 = =
A 500 = =

600 Ev v b v b v b v b v by g
0 200 400 600 800 1000 1200

Bottom flange temperature (°C)
Fig. 28. Measured vertical displacements as a function of (a) fire exposure time and (b) bottom flange
temperatures of the floor beams.

\
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Fig. 29. Video image showing op of the test floor at 120 min after fire ignition.
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Thetemporal change in the vertical displacement measured along the centerlines of the test
bayis illustrated inFig. 30. The south half of the floor specimen @etied more than its

north half since the No. @formedbars placed perpendicular to the north edge beam
provided some degree of rotational restraintaintaininga good continuity with the steel
reinforcement placed in the north surrounding bay whictameed cool during fire loading.
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Fig. 30. Vertical displacement profile of the test floor assembly at (a) the nortsouth centerline and (b)
the eastwest centerline. The upper horizontal axes indicate theorresponding position of each vertical
displacement sensors.
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3.4.2. Horizontal Displacement
A total of eighteerstring potentiometers (HD1 through H8)lweredeployedo measure the
horizontaldisplacement of the test floor assembly and ap#raneter of the twstory
prototype buildingSeeFig. 31. TheHD4, HD6, HD18sensorsvere used toneasurehermal
expansiorof the north east and wesedges of thére test bayrespectivelyThe lateral
displacements of the firsttory columns (HD1 through HD3, HD5, HD8 through HD&Ad

HD16) as well as HD4 and HD6 were measured at 15 cm above the top surface of the test

floor slab.
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Fig. 31. Location of horizontal displacement (HD) measurementshe Z datum is defined at the
laboratory strong floor. Coordinatesare in cm.

Somehorizontal (lateral) displacemerdg§the exterior columnat thetest floorlevel are
illustratedin Fig. 32. Other displacements not presented in this figure are reported in
AppendixA.8. As shownapprox.5 min intofire loading,the displacements began to
increase in the east or west directilueto thermal expansion of the test floor assembly.
Simultaneouslythe lateral displacement of the north column (HDdtlthe secondtory
levelincreasedoward soutrsincethis column was pulled together with thaugh columns
deflecting toward the south during heatifige peak valugof eachdisplacement sensor
occurredbetweerB0 minand120 minafter the burner ignitior-or instance, fron80 min to
95 mininto heatingthermal expansion of the north edge be&id¥) and the south edge
beam (HD16)ame toahalt, which suggestthatlocal bucklingcould beinitiatednear the
ends ofthesebeans.

Displacement (mm)
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The horizontal displacements of the floor specimen are plotted as a function of the bottom
flange temperatures of the fisexposed steel beams or girders in the test bayt-i§ed3.

HD4 isplotted with the average bottom flange temperature of the north primary beam; HD7
is plotted with the average bottom flange temperature of the secoredary biD1, HD6,

and HD9 are plotted with the average bottom flange temperature of the east girder; and HD8
is plotted with the average bottom flange temperature of the west girder.

Thermal elongatiomlongthe north edge of the temssemblyHD4) was approximately

eqgual totwo times theaveragalisplacement of the eamhdwest exterior columns (HD&nd
HD5), as shown ifrig. 33a. Thechangan the displacement values becalegs sensitive to

the temperaturbeyond 600 °CThermal elongation along the longitudinal centerline (HD7)
continued until the bottom flange temperature of the secondary leaaimed to 870 °C,
followed by a descending trend afterwaftiermal elongation along the south edge of the
test assembly (HDO) continued until the bottom flange temperature of the south edge beam
reached to 720 °C, followed by a descending trend afterward

With the presence of the north surrounding bay, the east aneéagesbf the testissembly
thermally elongated mostly toward the south. As showfign33p, the averagéhermal

elongation of the easind west edgg$1D6 and HD18, respectivelywerevery similar to the
averagdateral displacement of the southeast and southwest column of the test bay (HD9 and
HD8, respectively)Beyond800 °C,those displacements stopped increasingbegan to

slowly decrease until the test fire was removed
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Fig. 33. Measured horizontal displacements as a function of bottom flange temperatures; (é)ermal
elongation and contraction in the eastvest direction and (b)thermal elongation and contraction in the
north-south direction.
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3.5. PostFire Residual Capacity

After cooldown, the test floor assembly was loadgdin using the santgdraulic actuate
used in the fire testintp examinats postfire flexural behavior at ambient temperature.
Locations of the loading points thetestfloor remained unchangd&efer toFig. 4b). For
this test, he mechanical loading was appldan approximateate of 9 KN/miruntil the
hydraulicactuatorsystemmaxed out its load limi{836 kN). The bendingstiffnessof thetest
floor before and aftethe fire test is compared kig. 34a. As shown, hefire-damaged test
floor retainedapproximately 42 % ats normalbendingstiffnessprior to fire exposure

The total actuator load versus vertical displacement relatiorspipttedin Fig. 34b. At a
maximum load of 836 kN, the migpan vertical displacement of the secondary beam (VD5)
wasabout85 mm, and the vedal displacement of the south middle slab (VD8) alasut

91 mm, relative to the permanent displacenmesasured after cooldown from fire loading
The maximum gravity load was approximately 17.8 kPa (370 psf), which was estimated
including selfweight of te test floor assembly prior to fire exposure trad ofloading

frames

It is noteworthy thatttetest floorassemblystill retained very large flexural strendtifter
cooldown)at leastwo times greater than t#&SCE 7loaddemand9 kPa)for normal
conditions determined from the load combinatdri.2 times dead load plus 1.6 times live
load A collapsemechanism was not developedenthoughthetotal floorload reached
almost90 % of theambienttemperaturenoment capacity (21 kPa) of thedesigned
secondargomposite beam calculate@daccordance witthe AISC 360specification15] but
with measuredanechanical properties of steel and concat¢t@mbient temperatu(Refer to
Table2 andTable8, respectively)

Several factorsnight haveinfluenced this high posfire capacity of theest floor, including

but not limited ta(1) the rotational restraint provided by the steel reinforcement in the
hogging moment regioaf the floor slab(2) the negligible damage in headed stud anchors
which developedhe desigrcomposite action between teeel beams and concrete slabs

under flexural loadingand(3) the concrete surrounding the headed studs appeared to be less
affected by thermal degradation as temperatures were measured lower th@nr2tdse
locations

y = 31.304x + 9.3898
R| = 0.999

80 f

/7y = 17.968 + 13.959
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Fig. 34. (a) Initial bending stiffness and (b) loaddisplacement relationship during the posffire loading
test.
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3.6. PostTest Inspection

Several visual inspections were performed to exastiuetural damages dfe fireexposed
floor speimenafter cooldown. This section presents the ficehckpattern of the concrete
floor slabas well adocal ruptures and deflection$ theexposed steel deckingupport
beams and connectians

3.6.1. Concrete Slab

Fig. 35shows a concrete crack patterntopof the floor specimenThe @ncrete crack
wereless than 5 mmwvide and randomly distributedcrosghe test bayThe south half of the
floor specimen exhibitethoretransverse crackbatresulted from tensile forces induced in
the longitudinal directiofflocationl). Longitudinal cracks appeared around the north edge
beam as well as around the secondary beam inalydé&kural andtensile forces induced in
the transverse directiprespectivelyWider aacks were visiblealong the centerlines tte
eastand wesgirders. These crackwerelargertowardthe south columsmbut becamesmaller
aroundthe north colums (locations 2 through 5Yhere were several spots indicating
localized aggregate spalling across the test floor slabtteegcenteof thenorthedge beam
(location 6)andthe slab penetration hol@scation 7)used for loading tubes

Some shortracks within the tedbay column grid appeared to be fdipth cracks with
visible soot marks but fully closed during cooldov@verall, he No.3 bars effectively
controlled the development of large crageningsn the hogging moment region as well as
within the midpanel zoneOnly one longitudinal bar next to the southwest column was
found to beruptured.

Top View
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Fig. 35. Posttest photographs of the test floor slabincluding closeups of concrete damage &ications?2
through 7.
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3.6.2. Steel Deckand Beams

Someposttestphotograph of the floor specimen soff{t.e., the ceiling of the test
compartmentand closeups of the damaged paresprovidedin Fig. 36 andFig. 37. As

shown, theest fire causedxtensive damagdo the steel decking across thairetest bay

All floor beamssuffered from a test fireexhibited permanent globdéeflectionand local

buckling, althoughthe severityof steel deformatiosivaried among beams. The north and

south primary beams exhibited some degree of lateral deformation and twisting, whereas the
secondary beam was mostly bent in its strong axis.

In this test, all three 9.m long beamg$W16x31)as well aghewest girde(W18x35)that
was 6.1 m longxhibited both flange and web local buckling towdlrelend connections.
The secondary bea(v16x31)clearly exhibited local buckling at its west efacation 6in
Fig. 37), but local buckling at its east end appeared to be minor. Instead, th¥v14
secondary beairfinraming tothe east surrounding bay locablyckled near its connection to
the east girder in the test bdgcation 5) The west girdealsoexhibiteda local rupture of
the bottom web toe at the north end, possibly caused by local buakimg end region.
Refer to AppendiXA.11 for additional photographs of the deflected beams and girders
disassembled from the test béyis alsonoteworthy thatheappliedSFRM coatingurned
black particularly near the ends of the secondary le&arations 5 and §)directly above the
east and west burnerBhisresultwaspossiblyinvolved withhigh temperature oxidation of
steel av00 °C or higher but needs furthekaminatiorto corfirm the cause of this
discolorationRefer to AppendiA.12 for the initial inspectionsf theblack coloredSFRM
samples

(g 5 :

Fib. 36. Posttest photograph of the floor specimen soffit.
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Fig. 37. Closeupphotographsof steel damage at locations 1 through 6 shown Fig. 36.
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