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Abstract

This report presents experimental investigations of the performance of cold-formed steel lateral
force-resisting systems (CFS-LRFS) under combinations of simulated earthquake and fire
loading. Three types of shear wall systems are investigated: gypsum-sheet steel composite
panel sheathed walls, oriented strand board (OSB) sheathed walls, and steel strap braced walls.
Twenty-two 2.7 m tall by 3.7 m long test specimens are subjected sequentially to combinations
of mechanical (cyclic shear deformation) and thermal (fire) load. The mechanical loading setup
and protocol are based on ASTM E2126 Method C. Fire loads of varying intensity that
represent the characteristics of actual fires are investigated. The work is a step toward
developing fragility curves (representations of the probability of exceeding a given damage
state as a function of an engineering demand parameter) for these systems for use in
performance-based design for fire.

Key words

cold-formed steel; earthquake; fire; fire following earthquake; gypsum-sheet steel composite
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1. Introduction

In the United States, lightweight framing systems are commonly used in single-story buildings
and for internal partitions in multistory buildings. However, they are also used for the structural
system in multi-story buildings; sometimes combined with other structural typologies, such as
cold-formed steel (CFS) framing on a concrete podium structure (Fig. 1). It is estimated that
in 2016, cold-formed steel accounted for $150 billion dollars worth of construction in the
United States (U.S. Department of Commerce, 2015; Steel Framing Industry Association,
2016). With the global trend toward urbanization expected to continue (United Nations
Department of Economic and Social Affairs, 2014), this places increased demand on high-
density, urban housing that optimizes land use. Consequently, there has been an uptake in
multifamily housing. Lightweight structural systems using cold-formed steel currently
represent about 20 % of the nonresidential construction market in the United States
(multifamily housing with five or more dwellings is considered commercial real estate) and
are touted for their cost advantages and increased construction speed; in particular, for pre-
fabricated systems (American Iron and Steel Institute, 2018). However, an important
consideration for tall, lightweight structures is their performance in fire, because as buildings
get taller, evacuation times increase and fighting a fire becomes more challenging.

In addition to the gravity load-resisting system that supports the weight of a building and its
contents, nearly all buildings have lateral force-resisting systems (LFRS) to resist horizontal
loads such as those due to wind or earthquakes. Although extensive information exists about
the structural performance and fire resistance of cold-formed steel construction (Sultan, 1996;
Takeda, 2003; Wang et al., 2015; Schafer et al., 2016), there is limited knowledge about the
behavior of cold-formed steel lateral force-resisting systems (CFS-LFRS) under combined
hazards; in particular earthquake and fire.

o
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s — ‘ —— —_ ‘ ; —_—
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Fig. 1. Example of five-story cold-formed steel framed building atop three stories of parking
(source: www.constructionspecifier.com).
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1.1. Background

In 2016, a series of experiments (Phase 1) was performed at the National Fire Research
Laboratory (NFRL) at the National Institute of Standards and Technology (NIST) to
investigate the performance of earthquake-damaged gypsum-sheet steel composite panel
sheathed cold-formed steel shear walls under fire load (Hoehler and Smith, 2016, 2018). Phase
I was conducted in conjunction with the project Earthquake and Post-Earthquake Fire
Performance of Mid-Rise Light-Gauge Cold-Formed Steel Framed Buildings performed at the
University of California, San Diego, which investigated the earthquake and fire performance
of a six-story, cold-formed steel framed building (Wang et al., 2018). The NIST tests indicated
a change in failure mode can occur in the walls from local to global buckling of the sheet steel
following a fire and highlighted the importance of the response of the gypsum for both the fire
and structural behavior (Hoehler et al., 2017).

1.2.  Scope and Objectives

This report (Phase 2) extends the Phase 1 research and presents experimental investigations of
the performance of three common cold-formed steel lateral force-resisting systems under
combinations of earthquake and fire loading. Fire loads of varying intensity that represent the
characteristics of actual fires, as opposed to standard furnace tests, are used. This is a step
toward the development of fragility curves (representations of the probability of exceeding a
given damage state as a function of an engineering demand parameter) for these systems; an
essential component of performance-based design for fire.

The report provides information about:

1. Post-fire lateral capacity: residual lateral strength after a fire has occurred;

2. Post-earthquake fire resistance: fire performance of earthquake-damaged lateral
systems and their ability to limit the spread of fire to neighboring spaces in a building;

3. Post-earthquake, post-fire, residual lateral strength: residual lateral strength in the case
of an aftershock after a fire following earthquake event.
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2. Test Program

Table 1 shows the test matrix used in this study. Three lateral force-resisting systems were
investigated: gypsum-sheet steel composite panel sheathed walls, oriented strand board (OSB)
sheathed walls, and steel strap braced walls. Specimen names including ‘01’ were subjected
only to load cycling. Specimen names including ‘02°, *03’, or ‘04’ were subjected to various
fire intensities followed by cyclic loading. Specimen names including ‘05’ or 06’ were pre-
damaged with cyclic loading, subjected to fire, and then cycled to failure. The influence of pre-
damage on the performance of gypsum-sheet steel composite sheathed walls was investigated
previously (Hoehler er al., 2017). Specimens with an ‘R’ designation were test replicates;
except for SO1R, which was a redesign of wall SO1 to use symmetric bracing. Specimen
OSBO1NG was an OSB sheathed wall with no gypsum board installed on one side of the wall
and OSB_Kitchen was a test where the fire load was provided by burning kitchen furnishings.
Descriptions of the mechanical and thermal loads are provided later in the report.

Table 1. Test matrix.

Wall Specimen . Loading .
type name Cycling ‘ Cycling
(before fire) Fire (after fire)

SBO1 Cycle to failure - -

SB02 - Severe Parametric Cycle to failure
Gypsum—she.et SBO03 - Mild Parametric Cycle to failure
steel composite ] ] ]

SBO3R - Mild Parametric Cycle to failure

SB04 - Standard Fire Cycle to failure

OSBO1 Cycle to failure - -

OSBOIR Cycle to failure - -

) 0OSB02 - Severe Parametric Cycle to failure
OSr 1entzd OSBO03 - Mild Parametric Cycle to failure
Bt(r)e:rl d OSBO3R - Mild Parametric Cycle to failure

OSB04 - Standard Fire Cycle to failure

OSBO05 Drift Level 3 Mild Parametric Cycle to failure

OSB06 Drift Level 1 Mild Parametric Cycle to failure

S01 Cycle to failure - -

SO1R Cycle to failure - -

S02 - Severe Parametric Cycle to failure

Stﬁf:ws;flap S03 - Mild Parametric Cycle to failure

S04 - Standard Fire Cycle to failure

S05 Drift Level 3 Mild Parametric Cycle to failure

S06 Drift Level 1 Mild Parametric Cycle to failure

. OSBOING Cycle to failure - -
Additional OSB Kitchen - Real furnishings -
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2.1. Specimens

A large percentage of lateral-force resisting systems used in cold-formed steel structures are
shear walls located on the interiors of building, as opposed to at the outside perimeter of a
building. Consequently, this investigation was limited to interior walls. Moreover, fire-
resistance requirements for gravity-load bearing walls were not considered, nor were the
effects of supplemental vertical (gravity) loads.

Fig. 2 shows photographs of the three investigated wall types. The walls are Type I Shear
Walls; i.e. walls designed to resist in-plane lateral forces that have no openings and are
provided with holdowns and anchorage at each end of the wall segment. All wall specimens
had dimensions of 2.7 m tall by 3.7 m long (9 ft. x 12 ft.). The cold-formed steel studs and
track were 152 mm (6 in.) wide and had a thickness of 1.37 mm (0.054 in.) or greater. The first
steel strap braced wall constructed was designed with straps only on one side of the wall
(asymmetric bracing). The strap braced walls were subsequently redesigned to have straps on
both sides (symmetric bracing) for the remainder of the experiments. All walls were designed
using Allowable Stress Design (ASD) nominally following American Iron and Steel Institute
(AISI) standards S100-16 (American Iron and Steel Institute, 2016a) and AISI S400-15/S1-16
(American Iron and Steel Institute, 2016b) and dimensioned to have expected shear strength
of approximately equal amplitude using a mix of design provisions and test data.

Shear walls on the interiors of buildings are often placed along corridors; which provide long,
straight runs. In multifamily residential buildings, a typical use for cold-formed steel framed
structures, kitchens are often located adjacent to these corridors. The scenario of a post-
flashover kitchen fire in a room adjacent to a corridor was used as a prototype for these
investigations' (Fig. 3). For the sheathed walls and the asymmetrically braced wall, the fire
was applied opposite to the shear-load resisting elements. For the symmetrically braced walls,
straps were present behind both the fire-exposed and unexposed gypsum. All wall specimens
were designed to achieve a 1-hour fire-resistance rating per American Society for Testing and
Materials (ASTM) standard E119 (ASTM International, 2016). The influence of insulation
material in the wall cavity on the thermal and mechanical behavior of the walls was not
investigated.

Fig. 2. Photographs of partially-constructed test specimens: (a) gypsum-sheet steel composite
panel sheathed walls; oriented strand board sheathed walls; (c) steel strap braced walls.

! The location of the fire relative to the sheathing was reversed in the Phase 1 tests.
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Fig. 3. Fire scenario for Phase 2 tests.

2.1.1. Gypsum-sheet steel composite panel sheathed walls

The gypsum-sheet steel composite panels were a proprietary product (Sure-Board® Series 200)
2.7m x 1.2 m (9 ft. x 4 ft.) in dimension which consisted of 0.686 mm (0.027 in.) thick sheet
metal adhered to 16 mm (5/8 in.) thick Type X gypsum board. For Type I sheathed walls with
height-to-length ratio (4 / w) < 2, per AISI S400-15/S1-16 the nominal shear strength (V) can
be calculated as:

Vh=v,"w Eq. (1)

where w is the length of the shear wall (3.66 m), and v, is the nominal shear strength per unit
length. Using Table 1 in the Evaluation Report for Sure-Board Series 200 panels (IAPMO,
2018), for a fastener spacing of 102 mm (4 in.) at the panel edges® and a framing member
thickness greater than or equal to 1.37 mm (0.054 in.), the nominal shear strength is
33.65 kN/m (2306 Ibf/ft.). Therefore, the total nominal shear strength is 123 kN (27.7 kip).
Assuming an expected strength factor (£2;) of 1.2 based on the Phase I test results (Hoehler
and Smith, 2016), the expected shear strength of the wall is:

Qg -V, =1.2-123 kN = 148 kN (33.2 kip) Eq. (2)

For holdown anchorages located at the outside edge of the wall, for a 2.7 m tall by 3.7 m long
wall, the maximum compression (or tension) force in the chord studs will be:

(25 Vn)-h
distance between anchor points

Two 600S250-54(50) cold-formed steel studs 1.37 mm (0.054 in.) thick steel with 345 MPa
(50 ksi) strength which are 152 mm (6 in.) wide with a flange width of 64 mm (2.5 in.), placed
back-to-back with an unbraced length of 1.2 m (48 in.) provide an ASD allowable axial
strength (capacity) of 77.1 kN (17.33 kip)®. Applying a load factor of 0.7 to the expected
(earthquake) shear strength of the walls per American Society of Civil Engineers (ASCE) /
Structural Engineering Institute (SEI) standard ASCE/SEI 7-10 (American Society of Civil

= 111 kN (24.9 kip) Eq. (3)

% The Phase 1 tests used a fastener spacing of 76 mm (3 in.) at the panel edges. The fastener spacing was increased to 102 mm (4 in.) in
Phase 2 to reduce the shear capacity of these walls and provide a larger margin of safety relative to the capacity of the loading actuator.
* Allowable compression capacity determined using proprietary design software.
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Engineers, 2013) and conservatively neglecting the allowable stress increase factor of 1.2 when
ASD load combinations for overstrength are employed, the design demand on the chord studs
is 77.5 kN (17.43 kip), providing a demand-to-capacity ratio of 1.01. This is deemed close
enough to 1.0 to be acceptable.

The specimen framing is shown in Fig. 4 and Fig. 5. The interior vertical framing members
were 600S162-54(50) cold-formed steel studs; 152 mm (6 in.) wide with a flange width of
41 mm (1-5/8 in.) spaced 610 mm (24 in.) on center (O.C.). The top and bottom tracks were
600T125-54(50) cold-formed steel channels; 152 mm (6 in.) wide with a flange width of
32 mm (1-1/4 in.). The webs of the top and bottom tracks were drilled with two rows of
@19 mm (3/4 in.) holes at 305 mm (12 in.) on center to allow for attachment to the loading
beams. Additionally, the web of the bottom track was drilled with two &29 mm (1-1/8 in.)
holes 25 mm (1 in.) in from both ends to allow the holdown bolts to pass through (Fig. 6a).
Bridging channel, 150U50-54(50) cold-formed steel channels; 38 mm (1.5 in.) wide with a
flange width of 13 mm (0.5 in.) was installed 0.9 m (3 ft.) and 2.1 m (7 ft.) from the bottom of
the wall and attached using bridging clips to provide a maximum unbraced chord length of
1.2 m (48 in.). All cold-formed steel sections were 1.37 mm (0.054 in.) thick Structural Grade
50 (Grade 340) Type H conforming to ASTM A1003 (ASTM International, 2015) with a
minimum specified yield strength of 50 ksi (345 MPa).

All framing members were fastened using 5 mm x 19 mm (#10 x % in.) self-tapping, flat pan
headed sheet metal screws. The chord studs were secured back-to-back with two rows of
screws at 305 mm (12 in.) on center and stitched at the ends with screws spaced at 38 mm
(1.5 in.) or less* (Fig. 6b). All other joints had one screw where flanges overlapped.

The gypsum-sheet steel composite panels were attached to the cold-formed steel framing with
4 mm x 44 mm (#8 x 1-% in.) self-tapping, bugle-headed sheet metal screws. The screw
spacing was 102 mm (4 in.) on center at the panel edges and 305 mm (12 in.) on center in the
field. Three 2.7 m x 1.2 m (9 ft. x 4 ft.) panels were installed with vertical seams between the
panels. No drywall joint compound or paper tape was used on this side of the wall.

The opposite side of the wall (fire exposed side) was sheathed using two 2.7 m x 1.2 m (9 ft.
x 4 ft.) and two 2.7 m x 0.6 m (9 ft. x 2 ft.) Type X gypsum boards 16 mm (5/8 in.) thick. The
vertical seams on the front and back of the wall were staggered by one stud spacing. The
gypsum boards were attached using 3.5 mm % 41 mm (#6 x 1-5/8 in.) self-tapping, bugle-
headed sheet metal screws. The screw spacing was 152 mm (6 in.) on center on the board
perimeter and 305 mm (12 in.) on center in the field. The seams were sealed using a base coat
of drywall joint compound and paper tape. The seams and fastener heads then covered with a
skim coat of drywall joint compound. The measured moisture content of specimens from three
randomly sampled gypsum boards was (18.9+0.1) percent by mass.

The design for fire-resistance of the gypsum-sheet steel composite panels walls was based on
product approval documents (Intertek, 2010). The wall cross section is shown in Fig. 7.
Drawings of the screw patterns can be found in the Appendices.

4 Stitching at the bottom of the chord studs was provided by the screws attaching the holdowns.
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Fig. 5. Photograph of framing for the sheathed walls.
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Fig. 6. Photographs of (a) framing connection at bottom track and (b) fastener stitching at top

of chord studs.
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Fig. 7. Cross section of gypsum-sheet steel composite panel sheathed walls
(1 — steel framing; 2 — Sure-Board Series 200 panel; 3 — gypsum board).

2.1.2. Oriented strand board sheathed walls

The design of the oriented strand board (OSB) sheathed walls was analogous to the gypsum-
sheet steel composite panel sheathed walls. The sheathing elements were wood structural
panels rated for shear resistance, 11 mm (7/16 in.) thick and 2.7 m x 1.2 m (9 ft. x4 ft.) in
dimension. For a fastener spacing of 102 mm (4 in.) at the panel edges, Table E1.3-1 in AISI
S400-15/S1-16 prescribes a nominal shear strength per unit length for this sheathing of
20.6 kN/m (1410 Ibf/ft.). For a wall length of 3.66 m (12 ft.) this yields a total nominal shear
strength of 75 kN (16.9 kip) for the oriented strand board walls.

Taking an expected strength factor (2;) of 1.8 per Section E1.3.3 in AISI S400-15/S1-16, the
expected shear strength of the wall is:

Qg -V, =1.8-75kN = 135 kN (30.5 kip) Eq. (4)

and the maximum compression (or tension) force in the chord studs will be:

(2gVn)-h
distance between anchor points

= 102 kN (22.8 kip) Eq. (5)

Because the maximum design chord force is slightly smaller than that for the gypsum-sheet
steel composite panel sheathed walls (102 kN versus 111 kN), the same framing was used;
refer to Section 2.1.1 and Fig. 4 to Fig. 6 for framing details.
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The oriented strand boards were attached to the cold-formed steel framing with 4 mm x 44 mm
(#8 x 1-% in.) self-tapping, bugle-headed sheet metal screws. The screw spacing was 102 mm
(4 in.) on center at the panel edges and 305 mm (12 in.) on center in the field. The measured
moisture content of specimens from three randomly sampled OSB boards was (7.36+0.02)
percent by mass. Three 2.7 m x 1.2 m (9 ft. x 4 ft.) panels were installed with vertical seams
between the panels. Two 2.7 m x 1.2 m (9 ft. x 4 ft.) and two 2.7 m x 0.6 m (9 ft. X 2 ft.) Type
X gypsum boards 16 mm (5/8 in.) thick were then attached to the oriented strand boards to
meet 1-hour fire-resistance rating requirements per Underwriters Laboratory (UL) Design No.
U423 (Underwriters Laboratory, 2017b); with the addition of wood panels as described in
(Underwriters Laboratory, 2017a). The vertical seams between the oriented strand boards and
the gypsum boards were staggered. The gypsum boards were attached to the oriented strand
boards using 3.5 mm x 41 mm (#6 % 1-5/8 in.) bugle-headed drywall screws. The screw spacing
was 305 mm (12 in.) on center and positioned to avoid fastening to the framing. Drawings of
the screw patterns can be found in the Appendices. To the authors’ knowledge, the location of
screws used to connect drywall to oriented strand boards is not covered by the building or fire
codes and various practices are used in the field. In these tests, the authors elected not to attach
the gypsum board through the oriented strand boards to the framing in order to maintain the
102 mm (4 in.) fastener spacing on the oriented strand boards panels and facilitate comparison
with the gypsum-sheet steel composite panel sheathed walls. No drywall joint compound or
paper tape was used on this side (unexposed side) of the wall.

The opposite side of the wall (fire exposed side) was sheathed using two 2.7 m x 1.2 m (9 ft.
x 4 ft.) and two 2.7 m x 0.6 m (9 ft. x 2 ft.) Type X gypsum boards 16 mm (5/8 in.) thick;
except for Specimen OSBOING which had no gypsum on this side of the wall. The vertical
seams on the front and back of the wall were staggered by one stud spacing. The gypsum
boards were attached using 3.5 mm x 41 mm (#6 x 1-5/8 in.) self-tapping, bugle-headed sheet
metal screws. The screw spacing was 152 mm (6 in.) on center on the board perimeter and
305 mm (12 in.) on center in the field. The seams were sealed using a base coat of drywall
joint compound and paper tape. The seams and fastener heads then covered with a skim coat
of drywall joint compound.

The oriented strand board sheathed wall cross section is shown in Fig. 8.

S _

s_|: E E_z
@{ @f FIRE SIDE

Fig. 8. Cross section of oriented strand board sheathed walls (1 — steel framing; 2 — oriented
strand board; 3 — gypsum board).

OSB manufacturers recommend that a 3 mm (1/8 in.) gap be maintained between OSB panels
to allow the panels to expand or shrink with changes in moisture content; see for example 7he
Engineered Wood Association (The Engineered Wood Association, 2018). However, for
interior studs with a flange width of 41 mm (1-5/8 in.) it was difficult to maintain a distance of
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10 mm (3/8 in.), or more, between the screws and the panel edges®, which is the minimum
allowable distance in the United States and Mexico per Section E1.4 of AISI S400-15/S1-16.
Furthermore, it was observed during initial mechanical load tests that at an edge spacing of
10 mm (3/8 in.), the connections occasionally (fewer than 30 % of the connections) failed by
edge breakout of the OSB panel, rather than pull-through of the head through the OSB. For
construction in Canada, Section E1.4 of AISI S400-15/S1-16 requires a larger edge spacing of
13 mm (1/2 in.). Because expansion and shrinkage of the OSB was not expected to play a
significant role in the experiments and to obtain more consistent test-to-test shear capacity
from the oriented strand board walls, the gap was eliminated and at 13 mm (1/2 in.) edge
spacing was maintained in later tests. Specimens OSB01 and OSB03 had a 3 mm (1/8 in.) gap
between the OSB panels and the screw to edge spacing was not controlled (Fig. 9a). All other
tests with OSB panels had no gap and a 13 mm (1/2 in.) edge distance was maintained (Fig.
9b).

() (b)
Fig. 9. Photographs of oriented strand board panel joint (a) with 3 mm (1/8 in.) gap and
(b) without gap.

2.1.3. Steel strap braced walls

The steel strap braced walls were designed to achieve significant yielding of the straps before
failure. Initially, the wall was designed with straps only on the side of the wall not exposed to
fire (asymmetric bracing) using the same stud and track dimensions as for the sheathed walls
(refer to Section 2.1.1). However, during the first test, SOla, the wall failed before the strap
yielded due to a combination of buckling and torsional failure of the top track. Although this
test was unsuccessful, the specimen detailing and test results for Specimen S01 are provided
in the Appendices but are not discussed further in this report. The strap braced wall was
redesigned using bracing on both sides of the wall (symmetric bracing) to eliminate the torsion.
The symmetric bracing design is discussed below.

The nominal strength for shear (V,) of a strap braced wall can be calculated according to
equation E3.3.1-1 in AISI S400-15/S1-16 as:

V, =T, w/Vh? + w? Eq. (6)

° The screw would often miss the stud, or the screw tip would deflect off the radiused corner of the stud and the screw would need to be
reinstalled.
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where w and / are the length and the height of the wall, respectively, and 7, is the nominal
strength of the strap in yielding:

T, =4, -F, Eq. (7)

where A, is the gross area of the flat strap and F) the yield stress of the flat strap. To keep the
chord stud design the same as in the sheathed walls and to maintain a margin of safety in case
of unexpected overstrength of the strap material, a strap width of 83 mm (3.25 in.) and
thickness of 1.8 mm (0.0713 in.) was chosen; providing an 4gof 150 mm? (0.232 in?). Because
there are straps on both sides of the wall, for calculation purposes one strap of double width
providing an 4g of 300 mm? (0.463 in?) was assumed. For a design yield stress of the strap
material of 345 MPa (50 ksi) the resulting 7, is 103 kN (23.2 kip) and the nominal shear
strength (V) of the wall specimen per Eq. (6) is 82 kN (18.5 kip). The expected strength can
be obtained by multiplying the nominal strength 7, by R, =1.1, where R, is the ratio of expected
strength and specified minimum tensile strength from Table A3.2-1 in AISI S400-15/S1-16:

Ry -V, = 1.1-82 kN = 91 kN (20.4 kip) Eq. (8)

and the maximum compression (or tension) force in the chord studs will be:

(-QE'Vn)'h
distance between anchor points

= 68 kN (15.3 kip) Eq. (9)

Because the maximum design chord force is smaller than that for the gypsum-sheet steel
composite panel sheathed walls (68 kN versus 111 kN), the same chord studs and bridging
were used.

The specimen framing is shown in Fig. 10 and Fig. 11. A notable difference to the framing for
the sheathed walls is that the top and bottom track size was increased to 600T150-68 (50);
flange width of 38 mm (1-1/2 in.) and a thickness of 1.72 mm (0.068 in.) to increase the
buckling strength. Furthermore, two additional 19 mm (3/4 in.) holes were drilled at each
end of the top track outside of the chord stud to accommodate additional bolts to help distribute
loads in the track near the gusset plates to the loading frame.

Load was transferred from the braces to the framing through gusset plates using screw
fasteners; see Fig. 12 and Fig. 13. The gusset plates allowed for distributed force transfer into
the framing and provided the required area to place the number of screw fasteners necessary
to develop the yield strength of the strap. To ensure that the braces do not fail by fracture before
they yield, per S400-15/S1-16 Section E3.4.1 the following conditions shall be met:

(Re*F)/(Ry - Fy) 2 1.2 Eg. (10)
R,AnFE, 2R, A, "F, Eq. (11)

where R; is the ratio of expected tensile strength and specified minimum tensile strength of the
flat strap, £ is the ultimate strength of the flat strap, and A4, is the net area of the flat strap. To
determine the net area, it is necessary to first calculate the number of screw fasteners ()
required to develop the expected yielding strength of the flat strap, which was used the
following equation:
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LBy 4B Eq. (12)
PnUS/Q

where P, is the nominal shear strength for a single screw reported by the manufacturer and
the safety factor Q2 = 3.0 per S400-15/S1-16 Section J4. Using the same 5 mm x 19 mm (#10 x
% in.) self-tapping, flat pan headed sheet metal screws used to connect the framing, for a Py
= 6 kN (1.29 kip), the require number of screws 7 is 30. Using 8 rows of 4 screws (32 screws
total) exceeds the required number of screws, while maintaining the required screw spacing
(3d, where d is the nominal diameter of the screw) and edge distance (1.5d) per S400-15/S1-
16 Section J4 and fulfilling Eq. (10) and Eq. (11)°.

A gusset plate with dimensions of 305 mm x 305 mm (12 in. X 12 in.) was required to
accommodate the connection between the strap and the gusset plate. The strap was positioned
such that the centerline of the strap intersected the web of the back-to-back chord studs. A
similar material to that used for the strap was selected with a strength of 345 MPa (50 ksi) and
a thickness of 1.72 mm (0.068 in.). The tension capacity of the gusset plates was checked using
the theoretically effective cross-sectional area at the end of a connection limited by the
Whitmore section (Whitmore, 1952). The number of screws connecting the gusset plates to the
chord and track flanges was determined using the conservative assumption that the vertically
placed screws carry the vertical component of the expected brace force, and the horizontal
screws carry the horizontal component. Table 2 provides a summary of the number of screws
for the gusset connections.

Table 2. Screw requirements for brace connections of the symmetric strap braced walls.

Connection Expected strength Number of 5 mm (#10) screws
kN (kip) Required Placed
Strap-to-gusset 57 (12.7) 30 32
Gusset-to-chord 34 (7.6) 18 18
(vertical)
Gusset-to-track 45 (10.2) 24 24
(horizontal)

Both sides of the wall were sheathed with 16 mm (5/8 in.) thick Type X gypsum boards to
meet 1-hour fire-resistance rating requirements per UL Design No. U423 (Underwriters
Laboratory, 2017b). The vertical seams on the front and back of the wall were staggered by
one stud spacing. The gypsum boards were attached using 3.5 mm x 41 mm (#6 % 1-5/8 in.)
self-tapping, bugle-headed sheet metal screws. The screw spacing was 152 mm (6 in.) on center
on the board perimeter and 305 mm (12 in.) on center in the field. No drywall joint compound
or paper tape was used on the unexposed side of the wall. On the fire exposed side, the seams
were sealed using a base coat of drywall joint compound and paper tape and the seams and
fastener heads then covered with a skim coat of drywall joint compound.

The symmetric strap braced wall cross section is shown in Fig. 14. Drawings of the screw
patterns can be found in the Appendices.

® The straps were pre-tensioned during installation to minimize slack in the strap; see SO1R Data in Appendices.
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Fig. 10. Drawing of framing for the symmetric strap braced walls (1 ft. = 30.5 cm).

Fig. 11. Photograph of framing for the symmetric strap braced walls.
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Fig. 12. Drawing of gusset detail for the symmetric strap braced walls (units in inches;
12 in. = 30.5 cm).
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Fig. 14. Cross section of symmetric steel strap braced walls (1 — steel framing; 2 — steel
strap; 3 — gypsum board).
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2.1.4. Holdowns

Uplift forces were transferred from the chord studs to the test frame by holdown devices.
Simpson Strong-Tie S/HD10S holdowns with an allowable tension capacity of 54.4 kN
(12.2 kip) when used with back-to-back 1.37 mm (0.054 in.) thick studs were used (Simpson
Strong-Tie, 2017). Two holdowns were attached to the bottom of each chord stud with
twenty-two 6 mm (% in.) diameter screws (Fig. 15). This provided a resistance larger than
the design tension demand for any of the investigated walls.

Fig. 15. Photograh of installed holdowns.

2.2.  Test Setup

The experiments were conducted in the large test hall of the National Fire Research Laboratory
(NFRL) at the National Institute of Standards and Technology (NIST) in Gaithersburg,
Maryland (Fig. 16). The test setup was informed by ASTM E2126 Standard Test Methods for
Cyclic (Reversed) Load Test for Shear Resistance of Vertical Elements of the Lateral Force
Resisting Systems for Buildings (ASTM International, 2011), but deviations were made to
accommodate a burn compartment on a rolling platform that was rolled into position and
removed multiple times during testing. Specifically, this necessitated unobstructed access to
the specimen from the east, resulting in a 1.9 m (6 ft. 4 in.) free span of the top loading beam
between the specimen and the actuator, and thermal protection of several portions of the
mechanical loading setup.

For Specimen OSB Kitchen, no mechanical loading was performed, so a stand-alone
compartment fire test was conducted as described below.
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Fig. 16. Photograph of test setup in large test hall of the National Fire Research Laboratory.

2.2.1. Mechanical

The test specimens were loaded mechanically by holding the base of the wall fixed and
applying a prescribed in-plane deformation to the top of the wall. Out-of-plane movement of
the wall was limited by four steel guide frames placed perpendicular to the wall. Fig. 17 to Fig.
21 provide an overview of the test setup with critical dimensions for the erection of the setup
indicated. The reaction frame, guide frames and the bottom beam (W16x26) were secured to
the strong floor using high-strength rods tensioned to 445 kN (100 kips) each.

In Phase 1 (Hoehler and Smith, 2016) and for the first three specimens tested in Phase 2 (SBO1,
S01, and S02), the top loading beam consisted of a MC6x15.3 steel channel stiffened against
vertical bending at the actuator end using a W6x12 steel section. However, due to large vertical
deformations observed during these tests, the top loading beam was further stiffened in bending
using a truss as shown in Fig. 22. The friction between the top loading beam and the guide
frames was reduced using Polytetrafluoroethylene (PTFE) glides (Fig. 23).

The wall was attached to the bottom beam as shown in Fig. 24 by two rows of 16 mm (5/8 in.)
A325 structural bolts (24 total) each pretensioned to 162 Nm (120 ft-lbs). Nonskid tape was
used between the beam and the cold-formed steel track to provide more uniform friction. Each
holdown at the bottom of the chord studs (Fig. 15) was attached to the bottom beam using a 22
mm (7/8 in.) diameter A325 structural bolt (4 total) pretensioned to 542 Nm (400 ft-1bs). The
attachment of the top track to the loading beam was the same as at the bottom track, however,
no holdowns were present. For all braced walls, except Specimen SO1, two additional 16 mm
(5/8 in.) A325 structural bolts were placed outside the web of each chord stud at the top to
improve load transfer as discussed in Section 2.1.3.

Mechanical load was applied to the specimen using a servo-hydraulically controlled actuator
(MTS Series 201) with a load capacity of 240 kN (54 kips) in tension and 365 kN (82 kips) in
compression. The maximum stroke of the actuator was 760 mm (30 in.). The actuator was
controlled using a MTS Flextest 100 controller with 793.00 System Software and 793.10
MultiPurpose TestWare.
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Fig. 17. Photograph of mechanical loading setup looking east.
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Fig. 18. Schematic of mechanical loading setup looking east (1 ft. = 30.5 cm).
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Fig. 19. Photograph of mechanical loading setup looking south.
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Fig. 20. Schematic of mechanical loading setup looking south (1 ft. = 30.5 cm).
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Fig. 21. Schematic of mechanical loading setup plan view (1 ft. = 30.5 cm).
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Fig. 22. Photograph of stiffened top loading beam.
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Fig. 24. Photograph of connection of bottom track to the test frame.
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2.2.2. Fire

For all specimens subjected to fire loading except for Specimen OSB_Kitchen, the thermal
load was provided by a natural gas diffusion burner located in a three-sided compartment that
could be rolled up and positioned against the specimen and removed as required. For Specimen
OSB_Kitchen, a separated compartment (fixed location) was built adjacent to the test wall and
furnished to simulate a typical kitchen.

Natural gas fueled fire compartment

Fig. 25 shows photographs of the constructed compartment and Fig. 26 provides key
dimensions. Cold-formed steel framing sheathed with sheet metal was used to provide the
structural support. The inside of the compartment was lined with two layers of thermal ceramic
fiber blanket each 25 mm (1 in.) thick attached with insulation fasteners to the sheet metal. The
side of the compartment that mated with the test specimen was also lined with thermal ceramic
blanket to provide a seal against smoke and flame leakage. Two vents approximately 1.7 m tall
x 1.2 m wide (5 ft. 6 in. x 4 ft.) each were located at the ends of the compartment. The height
of the vents was chosen to create an upper gas layer similar in depth to that expected for in the
prototype kitchen fire. A window made of fused silica glass was placed in the back wall of the
compartment to allow viewing of the test specimen.

The natural gas diffusion burner is shown in Fig. 27. Gas entered the burner near the bottom,
filled the burner cavity and percolated through a 25 mm (1 in.) thick layer of thermal ceramic
fiber blanket to distribute the gas. Partway through the test series, an additional 150 mm (6 in.)
wide by 25 mm (1 in.) thick gasket of thermal ceramic fiber blanket was added at the edge of
the burner and weighed down with steel weights to prevent gas leakage at the edges of the
burner as the blanket shrank during repeated heating and cooling cycles. The top edge of the
burner was water cooled to reduce distortion of the burner during heating. The gas mass flow
rate to the burner was measured using a positive displacement rotary flow meter, pressure
gauge and thermistor. The energy value of the natural gas was determined using gas
composition measured by an in-line gas chromatograph.

Fig. 28 shows the compartment rolled up against the test specimen. To reduce thermal bowing
of the top loading beam and control the temperature of the PTFE glide plates during the fire,
water was flowed through the channel (Fig. 29).

(b)
Fig. 25. Photographs of compartment for natural gas fueled fires: (a) front; (b) back.
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Fig. 26. Compartment dimensions for natural gas fueled fires (1 ft. = 30.5 cm).

Fig. 27. Photograph of burner with cylindrical weights around the edge.

22


https://doi.org/10.6028/NIST.TN.2038

1N

SOFFIT

SPECIMEN

COMPARTMENT

ROLLING PLATFORM

fi T \ BURNER

\ * . El I “H GUIDETRACK H I

Fig. 28. Schematic cross section of burn compartment against wall (1 ft. = 30.5 cm).

(a) (b)
Fig. 29. Photographs of water cooling of top load beam: (a) connection between channel and
drain ramp; (b) view along channel with water flowing.

Kitchen furnishing fire compartment

The three-sided compartment used to test Specimen OSB_ Kitchen was constructed using cold-
formed steel framing lined with two layers of 16 mm (5/8 in.) thick Type X gypsum board
(Fig. 30). The seams of the gypsum layers were staggered, and the innermost layer was sealed
using a base coat of drywall joint compound and paper tape. The seams and fastener heads
were then covered with a skim coat of drywall joint compound. The interior of the rectangular
compartment was 2.81 m tall by 3.56 m wide by 2.83 m deep (9 ft. 4 in. x 11 ft. 8 in. x 9 ft.
3 in.). A single opening 1.98 m tall by 1.62 m wide (6 ft. 6 in. X 5 ft. 4 in.) was centered at the
front of the compartment; opposite the test wall specimen. This provided a ventilation factor

of 0.08 m'?; defined as Ag+/Hy /A, where Ao and Ho are the area (m?) and height (m) of the
opening and A, is the total area (m?) of all compartment interior boundary surfaces. The design

of the test specimen that comprised the fourth wall of the compartment was as described in
Section 2.1.2. The fuel load in the compartment is described below.
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(b)
Fig. 30. Photograph of exterior of the kitchen compartment: (a) front; (b) rear with wall
specimen in place.

2.3. Cyclic Loading Protocol

ASTM E2126-11 (ASTM International, 2011) Method C (CUREE Basic Loading Protocol)
was used with a reference deformation A based on expected story drift ratios (SDR) for each
wall at peak load. The reference deformations were selected to be 1.5 % SDR and 2.5 % SDR
for the sheathed and braced walls, respectively. The loading procedure involves displacement
cycles grouped in steps at incrementally increasing displacement levels (Fig. 31). The loading
history starts with six small (0.05-A), equal-amplitude cycles. Subsequently, each step consists
of a primary cycle with amplitude expressed as a fraction (percent) of the reference
deformation A and subsequent trailing cycles with amplitude of 75 % of the primary cycle.
Four combinations (patterns) of primary and trailing cycles are prescribed. The rate of
displacement was 1.524 mm/s (0.06 in./s) and 2.54 mm/s (0.1 in./s) for the sheathed and braced
walls, respectively. These rates minimized inertial influences while maintaining efficient test
durations; 36 min and 51 min for the sheathed and braced walls, respectively. Sinusoidal cycles
(True sine with absolute end level) were used with the first excursion (positive) putting the
actuator in tension. Before the start of a test, the actuator was brought into contact with the
loading beam and the bolts were tightened while the operator kept the load under 1.3 kN
(300 1bf). Once the bolts were tightened, the actuator was moved in displacement control until
the load was back to zero and the displacement was zeroed. The amplitude increments —
expressed as percent A, absolute amplitude, and drift — along with the cycling frequency and
step duration are given in Table 3 and Table 4.

Damage Level 1 and Damage Level 3 (Level 2 was deemed unnecessary) were selected based
on test data (Ayhan et al, 2018) and judgement to achieved displacements intended to
represent damage in earthquakes smaller and larger than the Design Earthquake, respectively.
Damage Level 1 was 0.45 % and 0.50 % SDR for the sheathed and braced walls, respectively.
Damage Level 3 was 1.50 % and 1.75 % SDR for the sheathed and braced walls, respectively.
Before the fire, the trailing cycles at a given Damage Level were completed. After the fire,
cycling was restarted at the primary cycle for that Damage Level.
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Fig. 31. Cyclic displacement pattern (Test Method C) from ASTM E2126-11.
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Table 3. Amplitude of primary cycles and step durations for sheathed walls.

Number Amplitude of Story Step
Pattern Step of cycles primarycycle Amplitude Frequency driftratio duration
%A inch?® Hz % min
_ 1 1 6 .5 _._ _. 008 0182 008 054 _
1 7.5 0.122 0.1235 0.11 0.14
i € o _._._._. 0001 _ Ol646 __ 008 0.61
3 1 10 0.162 0.0926 0.15 0.18
i 6 o __._._._.012 01235 011 . 0.81
3 4 1 20 0.324 0.0463 0.30 0.36
e 3 __._._.0243 00617 _ 023 0.81
5 1 30 0.486 0.0309 0.45 0.54
I 3___Damagelevell 0365 00412 034 122
4 6 1 40 0.648 0.0231 0.60 0.72
e 2 . ._._._.048% 00309 _ 045 1.08 __
7 1 70 1.134 0.0132 1.05 1.26
e 2 . _._._.081 00176 _ 075 1.89 _
8 1 100 1.620 0.0093 1.50 1.80
N 2___Damagelevel3 1215 = 00123 113 270
9 1 130 2.106 0.0071 1.95 2.34
e 2 . ._._._.158 _000% _ 146 351 .
10 1 160 2.592 0.0058 2.40 2.88
e 2 . _._._.1%4 00077 _ 18 ___ . 432
11 1 190 3.078 0.0049 2.85 3.42
2 2.309 0.0065 2.14 5.13
®1in.=25.4mm Total test time, min ~ 36.25
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Table 4. Amplitude of primary cycles and step durations for strap braced walls.

Number Amplitude of Story Step
Pattern Step of cycles primarycycle Amplitude Frequency drift ratio duration

%A inch?® Hz % min
_ L 1. - S 0135 _ 0182 _ 013 0.54

2 1 7.5 0.203 0.1235 0.19 0.14
. 6 ] 0152 _ 0l1e46 _ 014 0.61

3 1 10 0.270 0.0926 0.25 0.18
. 6 0203 _ 01235 019 0.81

3 4 1 20 0.540 0.0463 0.50 0.36
R 3___Damagelevell 0405 _ 00617 _ 038 0.81

5 1 30 0.810 0.0309 0.75 0.54
e S 0608 _ 00412 036 122

4 6 1 40 1.080 0.0231 1.00 0.72
e 2 . 0810 _ 00309 _ 075 . 1.08 _

7 1 70 1.890 0.0132 1.75 1.26
L 2__Damagelevel3 1418 _ 00176 _ 131 189 _

8 1 100 2.700 0.0093 2.50 1.80
e 2 . 2025 _ 00123 1.8 270

9 1 140 3.780 0.0066 3.50 2.52
e 2 . 2835 _ 00088 _ 263 3.78 _

10 1 180 4.860 0.0051 4.50 3.24
e 2 __.C 3.645 _ 00069 _ 338 4.86

11 1 220 5.940 0.0042 5.50 3.96

2 4.455 0.0056 4,13 5.94

12 1 260 7.020 0.0036 6.50 4.68

2 5.265 0.0047 4.88 7.02

21in.=25.4mm Total test time, min  50.65

2.4. Fire Loading Protocols

2.4.1. Natural gas fueled fire
The target fire loads were developed to represent various fire severities. Fig. 32 shows the three
investigated fire scenarios, defined as temperature-time curves, described here as:

e Standard Fire: 1-hour of temperature-time exposure similar to ASTM E119 (ASTM
International, 2016).

o Severe Fire: A post-flashover fire of relatively long duration (35 min) and a peak upper
layer gas temperature of 1100 °C.

e Mild Fire: A post-flashover fire of relatively short duration (15 min) and a peak upper
layer gas temperature of 900 °C.
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Fig. 32. Target temperature-time curves for the natural gas fueled fires.

The Standard Fire used here does not fulfill all requirements of an ASTM E119 test, however,
the thermal load in the upper gas layer approximates those specified in the standard. The Severe
Fire and Mild Fire encompass a range of realistic fire conditions in typical compartments.

To implement the Standard Fire with the test setup, an initial fire was run using a gypsum-
sheet steel composite panel sheathed specimen (non-combustible) in which the heat release
rate of the burner was controlled via the gas mass flow to match the target gas temperature in
an ASTM E1109 test. This heat release rate versus time curve was then fixed for all subsequent
Standard Fire tests. This was necessary because the upper layer gas temperature varied for
specimens with combustible sheathing or if large cracks occurred in the gypsum during
heating. By fixing the heat release rate versus time better comparisons under the same thermal
load were achieved.

To implement the Severe Fire and Mild Fire, initial tests using a gypsum-sheet steel composite
panel sheathed specimen were run controlling the heat release rate of the burner to match the
target upper layer gas temperatures at about half the duration of the target temperature plateau.
In all subsequent tests, the heat release rate was rapidly increased to the respective target levels
for the Severe Fire and Mild Fire and allowed the fire growth and decay rates to be dictated by
the geometry and materials of the compartment. Due to the thermal inertia of the compartment,
this meant the temperature was slightly below the target temperature early in the plateau and
slightly above it late in the plateau but matched on average.

For this test setup, the resulting heat release rates of the burner were: varied to a maximum of
1.44 MW for the Standard Fire, a constant 2.3 MW for the Severe Fire, and a constant 1.7 MW
for the Mild Fire. Additional information about the development of fire loads can be found in
the Appendices.

2.4.2. Kitchen furnishings fire
The kitchen fire was designed to represent average dimensions and fuel load of North
American residential kitchens. The average fire load density of 807 MJ/m? for a residential
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kitchen was taken from a survey of fire load by Bwalya (Bwalya et al., 2008). Fig. 33 shows
photographs of the arrangement of the furnishings as installed. The primary furnishings include
sink base cabinets, wall cabinets, countertops, a table with two chairs, and a supplemental
wood crib placed in a wall cabinet to achieve the target fire load density. All primary
furnishings were made of ‘white wood’ (unspecified spruce, pine and fir) or particle board. A
few miscellaneous items typically found in a kitchen (knife block, coffee maker, table settings,
paper towels, cereal boxes, etc.) were added for visual effect but did not contribute significantly
to the fire load. A complete listing of the primary furnishings in the compartment, including
the item manufacturer, article number or description, dimensions, material and mass, is
provided in the Appendices.

Dimensionally accurate 2D and 3D representations of the as-tested fuel locations are shown in
Fig. 34. The positions were verified using a tape measure prior to the test and varied less than
+25 mm. The measured positions and dimensions are provided in the Appendices.

()
Fig. 33. Photographs of furnished kitchen: (a) looking south; (b) looking north.
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Fig. 34. Model of the fuel as installed: (a) plan view; (b) isometric view (units in mm).

The furnishings were weighed prior to placement. The total weight of the combustible material
was (41140.1) kg. The estimated energy for each item was determined using the calorific
values from literature (Society of Fire Protection Engineers, 2016). Neglecting the paper on
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the innermost layer of drywall (the layer participating during flashover) which constituted 1.9
% of the total fuel by energy, the total estimated energy for the primary furnishings was 8100
MJ. The calculated fire load density was 804 MJ/m?.

The measured dimensional and mass information for the fuel was used to generate a fuel energy
distribution. The 3D model in Fig. 35 split each piece of fuel into 8 surfaces (6 sides plus a
vertical and a horizontal plane through the center). The mass distribution to each surface was
estimated. The values used are provided in the Appendices. The compartment was arbitrarily

divided into 99 (length) by 74 (width) regions and the energy of the content (from floor to
ceiling) in each region was determined.

Opening

Energy (MJ)

40

60 20
Y-index (-) X-index (-)
Fig. 35. Isometric view of the movable fuel energy as installed.

The fire was started by auto-ignition of a pan of oil left unattended on a stove. A 203 mm
(8 in.) diameter cast iron pan filled with 500 ml of corn oil was placed on the large burner of a
propane-fueled cooktop. The cooktop was located 508 mm (20 in.) below the bottom of a wall
cabinet as shown in Fig. 36. To ensure the spread of the fire from the pan to the cabinet, the
doors of the cabinet were left ajar (= 1 cm opening) and a small supplemental wood crib
(= 6.5 kg) and two rolls of paper towels were placed in the cabinet.
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Fig.§6. Ph(rr)iorgra[’)h;)f' Vignition source and obts of first ignition.

2.5. Instrumentation

This section is grouped according to instrumentation used for the mechanical loading tests,
natural gas fueled compartment fire tests and the kitchen furnishings fueled compartment fire
test. Each of these types of tests had a unique instrumentation configuration. The configuration
used in most of the tests is presented. In select instances, thermocouple types or attachment
details; e.g., screw attachment versus cloth tape versus foil tape, were varied as noted in the
electronic data associated with this report, however, these variants are not discussed as they
have little bearing on the presented results.

The measurements were digitized and recorded using two National Instruments (NI)
cDAQ 9188 data acquisition (DAQ) chassis populated with NI 9213 [/O-Modules for
thermocouples and NI-9205 modules for sensors with voltage outputs. An in-house software
developed in LabVIEW™ called MIDAS (Modular In-situ Data Acquisition System) was used
to allocate channels and control the data acquisition. For mechanical loading tests, each
channel was sampled at 2500 Hz and read at 500 Hz providing data at a rate of 5 Hz along with
the standard deviations from the averaging process. For the fire tests, each channel was
sampled at 4 Hz and read at 4 Hz providing data at a rate of 1 Hz. The I/O-Modules had at least
16-bit precision, resulting in uncertainties from the DAQ that were orders of magnitude lower
than those from other sources in the measurements reported.

For all fire tests, Heat Release Rate (HRR) measured by the NFRL calorimeter and the burner
heat release rate (HRRburner) were digitized and recorded using a separate data acquisition
system described by (Bryant et al., 2004) and the data were mirrored to the recorded data.

Where expanded uncertainty is reported, a coverage factor of 2 corresponding to an
approximately 95 % confidence interval is used. Additional details about measurement
uncertainties are provided in the Appendices.

31


https://doi.org/10.6028/NIST.TN.2038

2.5.1. Mechanical loading
Fig. 37 shows the locations and orientations of the sensors used for mechanical loading tests.
Fig. 38 and Fig. 39 show photographs of key specimen displacement measurement setups.

Actuator force and displacement

The load applied by the hydraulic actuator (ActuatorForce) was measured by a force transducer
integrated into the actuator with an expanded uncertainty of £2.0 % of the full-scale output
(FSO); FSO values are needed to determine uncertainty. The displacement of the actuator
(ActuatorDisp) was measured by a transducer on the actuator with an expanded uncertainty of
+0.2 % FSO.

Specimen displacement

Longitudinal displacement at the top of the wall specimen (Disp_Long) was measured using a
string potentiometer (UniMeasure Model PA30) with an expanded uncertainty of £1.0 % FSO.
The out-of-plane (Disp Tran) and vertical (Disp_Vert) movement of the top loading beam
were measured using string potentiometers (UniMeasure Model PA-10L3M) with expanded
uncertainty of £1.0 % FSO. The uplift (Disp_Uplift N/S) and slip (Disp_Slip) of the wall
relative to the bottom beam were measured using linear potentiometers (Novotechnik Model
TR2S5) with expanded uncertainty of 1.1 % of the reading (RD).

{— ActuatorForce Disp_Tran
= ActuatorDisp (Out-of-plane; West positive)
I T
N | ]
T Disp_ActVert Disp_Long

€

Disp_Uplift_N
Disp_Uplift_S
Disp_Slip < 1
il g0 0

Fig. 37. Sensor locations on specimen and loading frame during mechanical loading.
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J}; ﬁ

Fig. 38. Phbtograph of string potentiometer to measure top of wall drift.

@ | B (b)
Fig. 39. Photographs of linear potentiometers to measure specimen uplift and slip: (a) north
end of wall; (b) south end of wall.

2.5.2. Natural gas fueled fire

Burner heat release rate

The burner heat release rate was calculated using the measured mass flow and composition of
the natural gas. The natural gas mass flow rate was determined using a positive displacement
rotary volume flow meter, pressure transducer and thermistor. Complete combustion was
assumed for the burner heat release rate values reported in this study. The carbon monoxide
mass yield was less than 2 % and the effect of combustion efficiency was factored into the
uncertainty analysis of heat release rate. The composition of natural gas was measured using a
gas chromatograph (GC) with a sampling period of 3 min. The expanded relative uncertainty
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of the Ideal Gross Heating Value was determined to be 0.9 %. The expanded relative
uncertainty of the natural gas burner heat release rate was estimated to be less than 3 % for
these experiments. Details of the gas fuel delivery and measurement system can be are
described in detail by (Bryant et al., 2004).

Calorimeter heat release rate

Heat release rate measurements were also performed using an oxygen consumption fire
calorimeter. The calorimeter consisted of a 15 m square canopy style smoke collection hood,
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 was located 12.5 m
above the test floor and was equipped with 6 m retractable side curtains.

The heat release rate measurement system was verified within 18 months of this experiment
using a natural gas burner reference fire. The calorimetry system gas analyzers and pressure
transducers were calibrated weekly during the testing period. The heat release rate of the
reference fire had a measurement combined standard uncertainty of less than + 1 %.
Calorimeter verification tests were performed on 2 separate days at heat release rate values of
1 MW, 5 MW, 10 MW, 15 MW and 20 MW. The maximum relative difference between the
measured heat release rate and the reference fire was less than 4.5 %. The relative standard
deviation of the heat release rate varied from 6.5 % at 1 MW to 3 % at 20 MW for a steady
reference fire over a period of 180 s. The total expanded relative uncertainty for the heat release
rate measurements was determined to be 14.8 % for these verification experiments. This
uncertainty estimate is valid for near steady state fires. Transient events (< 30 s) have larger
uncertainty due to the effect of system response time. Additional time delays and smearing of
heat release rate data related to transport of the combustion gases out of the test compartment
are not quantified in this report. For further information see (Su et al., 2018).

Compartment temperatures

Fig. 40 and Fig. 41 show the locations of the sensors in the rolling compartment used for the
natural gas fueled fire tests. Gas temperatures on the thermocouple arrays near the north and
south vents in the compartment were measured using Inconel-sheathed, 3.175 mm (1/8 in.)
outside diameter, grounded junction Type K thermocouples (Omega Engineering Model
HKQIN-18G) purchased in fixed lengths with a measurement range from -200 °C to 1250 °C
and an expanded uncertainty of £2.8 % RD. This is the uncertainty of the thermocouple bead
temperature. The gas temperature may have added uncertainty due to radiative loss/gain and
response time effects that were not considered here. The thermocouple arrays were wrapped
with thermal ceramic fiber blanket, with the tips of the thermocouples projecting from the
blanket approximately 50 mm (2 in.). The sheathing and blanket allowed the arrays to be reused
in multiple tests. Additionally, a single sheathed-thermocouple (HKQIN-18G) was located
25 mm (1 in.) from the ceiling at the center of the compartment (TC_TopCenter) and another
measured the outflow temperature of the burner cooling water (TC_BurnerH20).

In addition to the measured compartment temperatures, two derivative temperatures are
reported in the Appendices. These are the upper layer temperature determined as the average
of the top three thermocouples on the north and south arrays plus the temperature at the top
center of the compartment (TC_AveULT) and the average temperature measured by the top
three plate thermocouples (TC_AveULPT).
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Heat flux

Nine plate thermocouples (Pentronic Model 5928060) were attached to the back of the
compartment facing the test specimen to measure temperature and the spatial distribution of
heat flux to the specimens. Pretests with plate thermocouples located opposite to each other;
i.e., on the back wall of the compartment and on the specimen, indicated that front-to-back
heat flux in the compartment was approximately symmetric. Each plate thermocouple probe
plate had a surface area of 100 mm x 100 mm (4 in. x 4 in.) and was specified to operate up to
a maximum temperature of 1200 °C. A manufacturer-reported standard uncertainty for the
plate thermocouple is not available, however, the uncertainty of the temperature was estimated
to be £1.8 % RD. The plate thermocouples were mounted on brackets 100 mm (4 in.) from the
back wall of the compartment. To calculate heat flux using the plate thermocouples, gas
temperature directly adjacent to each probe was measured using OMEGACLAD™-sheathed,
3.175 mm (1/8 in.) outside diameter, exposed junction Type K thermocouples (Omega
Engineering Model KMQXL-125E) with a measurement range from -200 °C to 1335 °C and
an expanded uncertainty of £3.0 % RD. For clarity, these collocated thermocouples are not
depicted in Fig. 40, but are designated in electronic data associated with this report using the
plate thermocouples names; e.g. PT NT TC.

n

The incident heat flux at the plate thermocouples at step i ([}1,.]!, in W/m?) is calculated, using
the measured temperature of the plate thermocouple (Tpr, in K) and the gas temperature near
the plate thermocouples (T gas, in K), as follows:

i ; [Tpr]"*t = [Tpr] ™t
(hc + KPT) ([Tgas] - [TPT] ) - CPT [t]i"'l - [t]i_l Eq (13)

Epr

[ql";lc]l = O-[TI;}T]i -

where the time (¢) is in seconds, the Stefan Boltzmann constant (o) is 5.6704E-8 W/m¥K*, the
convection coefficient (hc) is taken to be 10 W/m?/K, the heat transfer coefficient due to heat
losses of the plate thermocouples (Kpr) is taken to be 8 W/m?/K (Haggkvist, Sjostrom and
Wickstrom, 2013), the lumped heat capacity of the plate thermocouples (Cpr) is taken to be
4200 J/m?/K (Haggkvist, Sjéstrom and Wickstrom, 2013), and the emissivity of the plate
thermocouple (epr) is taken to be 0.9. The emissivity was suggested by the inventor of the plate
thermocouple based on experience.

Specimen temperatures

Temperatures were measured using two types of thermocouples. Both were K-type
thermocouples with a measurement range from -200 °C to 1250 °C and an expanded
uncertainty of +£6.2 % RD. The locations of the thermocouples in the specimens for the three
wall types are shown in Fig. 42.

The majority of the thermocouples were glass-sheathed extension wire, 24-gage, bare-bead
thermocouples (Omega Engineering Model GG-K-24). The wire was purchased in 305 m
(1000 ft.) spools, cut to length and a bead was created using a thermocouple welder. The
thermocouple beads were held in position by fabric tape and the clamping force between wall
elements (Fig. 43a) or compressed against the material using a screw (Fig. 43a-d). On gypsum
on the unexposed side of the wall specimens, self-adhering surface-mount thermocouples with
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a response time of less than 0.15 s (Omega Engineering Model SA1XL-K) were used (Fig.
43e,f). Because these were reused from test to test, in some cases an additional piece of fabric
tape was placed over the thermocouple to hold it in place as the self-adhesive wore off.

Specimen air pressure and flow velocities

Fig. 44 shows the locations of the pressure and velocity sensors in the wall specimens used for
the natural gas fueled fire tests. The measurements from these sensors were made using
differential pressure transducers (MKS Model 220DD) with a maximum range of 133 Pa
(1 Torr) and an expanded uncertainty of +6.8 % RD (Fig. 45).

The air pressure in the wall cavity relative to the ambient pressure in the test hall (P_dP) was
sampled from a 6 mm (“4-inch) diameter stainless steel tube with its opening approximately 56
cm (20 in.) from the top of the wall between the center studs (Fig. 46a). The exact location
varied slightly from test to test.

Air flow velocities into and out of the wall cavity were determined using dynamic pressures
measured at the top and bottom knockouts (P_PvT/B) in the north chord stud (Fig. 46b). The
pressures were measured by transducers that produced voltages, Vi, related to the exposed
differential pressures by the following equation: APpg, = 13.332(Vypa — Vipa,zero), Where
the pressure difference is in pascals and the voltages are measured in volts. The zero voltage,
Viap,zero, condition is created when the positive and negative ports of the transducer are
connected so there can be no pressure difference between them.

The transducers were connected to 1.3 cm diameter bi-directional probes (McCaffrey and
Heskestad, 1976) with 4.7 mm diameter copper tubing. Probe leads were routed close to each
other, so each lead was exposed to the same levels of heating. This installation care minimized
differential heating and any resulting non-flow induced pressure differences between the leads.

Bi-directional probes enable the measurement of dynamic pressure which is the difference
between the total pressure on the face where flow impinges and the static pressure on the
downstream face of the probe. Using Bernoulli’s principle and including a calibration factor,
velocity, v, can be obtained from the dynamic pressure and a local gas temperature through the

following relation: v = C/APpqy,Tpapwhere APpgy, is the measured pressure across the bi-
directional probe, Tpqy, is the temperature (in K) of the gases flowing past the probe and C is
defined as:

1 2R
dep PrefM%as

C Eq. (14)

The calibration coefficient, Crap, for a bi-directional probe is equal to 1.08 + 0.05 (McCaffrey
and Heskestad, 1976) when the local Reynolds number (defined by the probe diameter) is
greater than 1000. R is the ideal gas constant and MWgas is the molecular mass of the gas.

To generate the velocity from the differential pressure, the temperature near the bi-directional
probe is required. Because aspirated thermocouples can intrude on the pressure measurement
bare-bead thermocouples were used to measure temperature (TC_PvT/B). Assuming standard
atmosphere values for air:
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. 1 R . 1 [2|APpap|Tha
v= SLgn(APbdp) E\/2|Apbdp|dep P = sign(APpap) oo W Eq. (15)

The measured velocities had a total expanded uncertainty of 15.2 % RD.
Cameras

High-definition video footage of the inside of the compartment during the fire was captured
through a fused silica window on the back wall of the compartment using a video camera
placed in a water bath (Fig. 47). The water served dual purposes of cooling the camera and
filtering out the thermal radiation produced by the fire; water is very efficient at absorbing
energy in the infrared spectrum. Fused silica has a low coefficient of thermal expansion, so it
is resistant to thermal shock, and maintains its structural integrity at high temperatures. The
camera was placed in a modified waterproof case so that power could be provided to the camera
and HDMI video could be streamed from the camera in real time.

In select videos, the compartment was illuminated using narrow-spectrum 450 nm (blue) light
and frequency-matched bandpass optical filters were placed on the camera to enhance the
visibility of the specimens through the flames. Additional information about this imaging
technique is provided in (Smith and Hoehler, 2018).
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(a) (b)
Fig. 40. Sensor locations in compartment during natural gas fueled fires: (a) looking east;
(b) looking north (1 ft. = 30.5 cm).
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