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[. Introduction

The goal of FastFloor Residential project is to create a new floor system that is lightweight, fast to construct
and nonproprietary. FastFloor Residential strives to achieve this by using 3 in. deep steel deck of 18 gauge
that is fastened back-to-back to create a cellular deck, as shown in Figure I. The cellular deck is then topped
with % in thick cementitious (structural) panel that is screwed to the steel deck.
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Figure |. FastFloor Residential cross-section

A series of physical four-point bending tests were conducted in the Thin-Walled Structures Lab at Johns
Hopkins University, As seen in Figure 2. The goal of the testing is to understand the behavior of the
composite action between the steel deck and cementitious panel, identify the failure modes, and evaluate

the strength and stiffness of the composite floor system.

Figure 2. Four-point bending lab setup



2. Background

There exists a competitive market for residential floor systems. It is important to understand how the
FastFloor Residential prototype fits in comparison to these systems. Thus, a brief literature review of
available systems is provided. Three proprietary systems, and three nonproprietary systems, are discussed
including composite steel deck, dovetail steel deck, cold-formed steel joists, Ecospan, iSpan, and Hollow-
core Plank to provide a sample of the current market.

Composite metal deck [1], as shown in Figure 3, is nonproprietary and common system particularly for
longer spans. It consists of steel deck, shear studs, mesh reinforcement, and concrete. This provides a
shallow deck profile but can provide up to a two-hour fire rating. For spans shorter than 14 ft, no shoring is
required, making this system convenient, although, there is wet concrete needed that takes time to set on
site and may involve multiple trades and the system is relatively heavy
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Figure 3. Composite deck rendering [2]

Dovetail deck [3], as shown in Figure 4, is also a common nonproprietary floor system. This system is
optimized for slightly longer spans with the composite dovetail metal deck system providing up to 20 ft.
Dovetail deck also provides a shallow floor system, but it commonly requires a thicker slab of at least 6 in.
to satisfy acoustical requirements. The thicker slab helps provides this system with a fire rating of up to three
hours.

Figure 4. Dovetail deck rendering [4]

Cold-formed steel joists [5], as seen in Figure 5, is another nonproprietary floor ideal for spans around 20 ft
or less, but has a very different design. It does not require any wet concrete allowing for quick construction,
but is a deeper system, commonly greater than 8 in., typically with 12 in. to 24 in. spacing. Oriented strand
board or cementitious panels are used as topping on the joists. A one-hour or two-hour fire rating can be
achieved based on final detailing. Blocking against the webs is sometimes required to prevent torsion in the



joists. The system is relatively light, but requires more steel to achieve its stiffness compared with some
other solutions, and this can in some cases be costly.
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Figure 5. Cold-formed steel joists rendering [6]

Ecospan [7], as shown in Figure 6, is a longer span proprietary system by Vulcraft. This open web steel joist-
based system is a more complex solution that has between 10 in. and 30 in. depths depending on spans and
load. The open web steel joists are spaced up to 60 in. apart. The system uses a composite deck in addition
to the joists, and Ecospan uses proprietary Shearflex screws rather than conventional shear studs to provide
the composite action between the concrete and steel deck. This system has up to a three-hour fire rating.
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Figure 6. Ecospan rendering [7]

iSpan [8], as seen in Figure 7, is a proprietary version of cold-formed steel joists for fast floor assembly. The
joists have |-shaped cross-sections for greater torsional stability and longitudinal stiffeners for improved
strength-to-weight when compared with standard cold-formed steel C-sections. The iSpan joists are
typically spaced between 12 in. and 24 in, but the system can achieve larger spans of up to 28 ft. With
typical detailing, iSpan has a one-hour fire rating.
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Figure 7. iSpan rendering [8]

Hollow-Core Plank [9], as seen in Figure 8, is a shallow proprietary concrete modular floor system for spans
between || ft to 46 ft. This system has more concrete than the other systems investigated which makes this
system heavier, but also able to provide a fire rating of up to four-hours. This system is precast meaning that
no wet concrete is required on site, but grout to fill voids between panels is required. A cast in place
topping can be added to improve capacity and acoustics. (Which may also be done with many of the other
systems detailed here as well).
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Figure 8. Hollow-Core Plank rendering [ 10]

Taken together, one can see that a rich array of different solutions exist for providing acceptable floor
systems at spans and loads consistent with residential needs. All solutions must provide acceptable vibration,
fire, and acoustic performance in addition to structural considerations. In general, solutions may be
separated into those that use wet concrete and those that do not, and between heavy and light systems.
For the exercise herein, we are focused on dry systems that are relatively light — and examining simple
innovations that may provide a solution under those constraints.

3. Test Matrix and Specimens

Twelve specimens were tested in flexure with six unique configurations. All specimens used #12-14%3/4
Hilti fasteners for the deck-to-deck connections and #8 x [-5/8” Grabber® fasteners for the deck-to-
cementitious panel connection. For the cementitious floor panels 4 ft x 8 ft X %" structo-crete® structural
panels were provided by USG. The 18 gage (43 mil) 3 in. deep N-deck was provided by DACS Inc. The
unigue configurations consist of tests with and without cementitious panels as well various combinations of
fastener spacings to achieve various amounts of composite action between the materials, as summarized in
Table I. When referring to the panel, partially composite refers to a |12 in. panel fastener spacing and fully



composite refers to a 6 in. fastener spacing. When referring to the deck, partially composite refers to an 8
in. deck fastener spacing and fully composite refers to a 4 in. fastener spacing. For all specimens, the deck

fasteners have | ft at each end with 2 in. spacing to prevent the top and bottom decks from pulling apart

due to the large support reaction forces. The layout of the fasteners is provided in Figure 9.

Table |. Test matrix

Name Deck Fastener Panel Fastener Quantity
Spacing (in.) Spacing (in.) (#)
FC' Deck 4 - 2
FC Deck + PC’ Panel 4 12 2
FC Deck + FC Panel 4 6 2
PC Deck 8 - 2
PC Deck + PC Panel 8 12 2
PC Deck + FC Panel 8 6 2

! Fully Composite
2 Partially Composite

Cementitious
panel seam

S
1 Field fasteners (Deck-to-Deck)
(6) #12-24 @ 4" o.c. for fully composite deck specimens

! (6) #12-24 @ 8" o.c. for partially composite deck specimens
~

[ (0 L1 1 - Endfasteners (All specimens)

.," ) XIS X S (6)#12-:24 @ 2" oc

End of ( i
bottom deck I {740 i " Bolts (All specimens)
= (4) Socket ©3/8-16
End of
cementibous panel Cementitious panel fasteners
Support plate (3) Grabber #8 @ 6" o.c. for fully composite panel specimens

(3) Grabber #8 @ 12" o.c. for partially composite panel specimens

Figure 9. Layout of the fasteners to the deck

Stiffeners made from 600S137-68 lipped channels and 2x4’s were added under the load points to ensure
the specimen would not fail locally due to web crippling, as shown in Figures 10 and | I.



Figure | 1. Stiffeners inside the full specimen



4. Test Setup

The four point bending tests were conducted on pin-roller end support conditions by using one 2 in.
diameter free roller and one 2 in. diameter roller blocked with wood at the specimen ends. The specimens
themselves had a longer top deck than the bottom deck to accommodate the support connections at each
end. The top deck has % in. bearing plates at the end support rollers that were wide enough to prevent
web crippling. The end supports were affixed to the ground |6 ft apart with a primary W8x35 beam to
distribute the load to two load points, as shown in Figures 12 and |3. The actuator was connected to a
loading frame with swivel joints on both ends of the actuator. This allowed the specimen to deform freely.
The loadcell was connected between the actuator and the swivel joint that attached to the main spreader
beam. The spreader beam applies the point loads 5 ft apart from each other, with two fixed rollers to
transfer the load from the primary loading beam to two HSS 6x6x%5/8 secondary spreader beams. To
prevent friction between the specimen and secondary spreader beams, 1/8 in. thick Teflon plates were put
between the bottom face of the secondary HSS spreaders and the top face of the specimen.
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Figure 12. Lab setup schematic - Isometric view
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Figure 13. Lab setup schematic - Elevation view

5. Instrumentation and loading procedure

Six position transducers were used to measure deflection of the specimen with one at each side of the
specimen at the midspan of the specimen and under both load points (PT1-PT6). The slip between the top
and bottom deck and the slip between the deck and the structural panel was measured on both sides of
the specimen with four additional position transducers (PT7-PT10). The location of the PT’s can be seen in
Figures 14 and I5.

The applied load in the tests were controlled using an MTS 407 controller. A displacement loading
procedure was used at a rate of 0.0018 in/sec. The data acquisition system was a National Instruments NI
cDAQ-9174. Timelapse photos were taken every 10 seconds using a Canon EOS Digital Rebel XS camera.
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Figure 4. Position transducer sensor layout

Figure |5. Position transducer locations

6. Material Properties

Six coupon tests were conducted per ASTM A370-21, as shown in Figure 16.
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Figure 16. A370-21 coupon dimensions



The tests were conducted using an MTS Criterion Model 43 tensile testing rig using a load rate of 0.001

in/sec. The samples were taken from the ends of the first test specimen to determine the material
properties of the steel deck, as provided in Figure 17.

Figure |7. Tensile test of deck coupon

An extensometer with a | in. gage length was used for all tests. The extensometer was removed just before
the specimen reached 20% strain, therefore ultimate and fracture strain was calculated using the overall
displacement of the MTS crosshead. These results are summarized below in Table 2, where the average Fy
was determined using the 2% offset method to be 58 ksi. The stress strain curves from this test are also

shown in Figure 8.

Table 2. Coupon test results

Coupon (/) w(n)  t(n)  F(ks) R (s) &4 & (0 Erracture (%)
I 0.502 0.0458 57.87 7197 0.45 6.7 283
2 0.501 0.046| 58.73 74.03 047 |64 25.8
3 0499 0.046| 58.14 72.14 045 6.6 26.1
4 0.501 0.0474 57.65 71.45 045 6.6 26.7
5 0.498 0.0475 56.79 71.36 0.46 [6.1 234
6 0.502 0.0464 59.00 73.46 0.50 6.2 24.8
Mean 0.501 0.0465 58.03 72.40 0.46 6.5 259
COV (%) 0.29 |.55 |.37 |.52 3.76 [.39 6.52
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Figure 18. Stress-strain plot of the coupon tests

7. Test Results

The overall load and deflection of the specimens is provided in Figure 19 based on actuator displacements
and load. A more acurate load and deflection curve, utilizing the position transducers, is provided in Figure
20, but only for the ten test specimens where the position transducers were properly in place and
recorded. In some tests the position transducers registered their maximum deflection (stroked out) prior to
peak load which results in Figure 20 appearing to show drops in load with no change in deflection when the
specimen in reality, continued to deflect around the 5 in. mark.

The first test of the bare steel specimen with the fully composite deck to deck fastener spacing as well as
the the first test of the fully composite panel and fully composite deck specimen were shakedown tests for
this study and were conducted before the position transduceres were setup and therefore only have data
for the load and displacement of the crosshead. The peak loads are reported in Table 3.
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Figure 19. Load-displacement plots based on the actuator loadcell and cross head displacement
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Figure 20. Load-displacement plots based on position transducers at midspan

Figure 21 provides the moment rotation plots for the specimens. Here the rotation is the chord angle at the
support, as shown in Figure 22 and the moment is from Equation |. The peak moments for all tested
specimens are reported in Table 3.
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Figure 21. Moment rotation plot

M= (—) e Equation |

Adding cementious (structural) panels had a clear impact on the specimen capacity and stiffness, while the
spacing of the deck-to-deck fasteners had only a negligible effect on the specimen capacity. Note, the
baseline bare steel deck specimen with the lowest capacity was slightly warped before testing and therefore
did not completely lay flat on the rollers throughout the test, potentially leading to some reduction in gross
strength.



The capacity and stiffness of the specimens are summarized in Tables 3 and 4, respectively. The
experimental El is calculated from the position transducers at the midspan of the specimens. The Analytical
El'is calculated using 29500 ksi for the modulus of elasticity of the steel and 747 ksi for the modulus of
elasticity of the cementitious panel, as detailed in Appendix 2.

Table 3. Four-point bending ultimate capacity

Load, Moment, Avg. My,
Specimen Name Pt Mur Mutavg M/Mbare M/M*
(kip) (kip-ft) (kip-ft)
FC! Bare Deck o0 o 830 .00 028
FC Deck + PC*Panel 00 o 11,10 134 033
FC Deck + FCPanel (oo o 1332 .60 040
PC Bare Deck e e 841 .00 028
PC Deck + PCPanel oo o 124 134 034
PC Deck + FC Panel (o0 0 1329 .58 040

* M, = 30.1 kip-ft and 33.5 kip-ft for the bare deck and full specimen, respectively — Both calculated in
Appendix 2

! Fully Composite

2 Partially Composite

Table 4. Stiffness results

Analytical El - Experimental El - .
. . ° Ratio of
Specimen Name Fully Composite at 40% P Analvtical El
(10° X kip-in’) (10°  kip-in’) alytica
| __ __
FC' Bare Deck 547 595 096
) 5.70 0.83
FC Deck + PC* Panel 6.84 545 0.80
FC Deck + FC Panel 6.84 559 08|
446 0.82
PC Bare Deck 547 536 098
5.85 0.86
PC Deck + PC Panel 6.84 567 083
6.06 0.89
PC Deck + FC Panel 6.84 578 0.84

! Fully Composite
2 Partially Composite



8. Test observation

The bare steel deck specimens and the specimens with the cementitious panel added to the top deck acted
substantially different from one another. Using timelapse photos synced with the data collection, the
behavior can be understood in alignment with the overall load-displacements response.

The behavior of the bare steel deck specimens were as follows. The load and deflection acted faily linearly
until buckling in the top deck formed mechanisms and plasticized, as shown in Figure 23. The deflection then
continued with a fairly constant load until the plastic mechanism formed in the bottom deck. Once the
bottom deck began to contribute to the plastic mechanism, the specimens continued to deflect with
significant drop in load, as shown in Figure 24.
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Figure 23. Initial buckling and yielding in the top deck of a bare steel deck specimen
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Figure 24. Substandial mechanisms in top deck and Initial buckling and yielding in the bottom deck of a bare
steel deck specimen



The behavior of the specimens that included the cementirous (structural) panels was slightly different. The
load and deflection again acted fairly linearly until buckling in the top deck beagn to form plastic mechanisms,
as shown in Figure 25. The deflection then continued, with a reduced stiffness, but with an increase in
capacity. Presumably, the cementitious panel was only fully engaged once the steel mechanisms formed and
the majorty of compression had to be taken by the panel. This behavior continued until fasteners
connecting the cementitious panel to the steel deck began to experience shear failure, as shown in Figure
26. Once the bottom deck contributed to plastification, the specimens continued to drop load, but not as
quickly, as shown in Figure 27. This part of the failure is more ductile than the shear failure of the fasteners.
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Figure 25. Initial buckling and yielding in the top deck of a specimen with cementitous panel
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Figure 26. Panel fasteners begin failing in shear as peak load is reached
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Figure 27. Yeilding in the bottom deck of a specimen during descending branch of structural response

All the specimens at their ultimate capacity are provided in Figures 28 and 29. All the specimens at final test
condition are provided in Figures 30 and 31.

Bare Deck Partially Composite Panel Fully Composite Panel

Figure 28. Ultimate capacity of all tests with fully composite deck-to-deck connections



Bare Deck Partially Composite Panel Fully Composite Panel

Figure 29. Ultimate capacity of all tests with partially composite deck-to-deck connections

Bare Deck Partially Composite Panel Fully Composite Panel

Figure 30. Final condition of all tests with fully composite deck-to-deck connections



Bare Deck Partially Composite Panel Fully Composite Panel

Figure 31. Final condition of all tests with partially composite deck-to-deck connections

For the tests with cementitious panels attached to the top deck. The shear failure of the fasteners was
apparent after the test. The fasteners typically failed on one side of each specimen's primary buckling
location, as shown in Figure 32. These failures occurred with loud popping sounds. The fasteners caused
uplift on the structural panels on the side where the shear failures occurred, as shown in Figure 33.

Figure 32. Shear failure of the panel fasteners



Figure 33. Uplift of structural panel due to shear failure of the panel fasteners

9. Position Transducer Sensor Data

The first fully composite (FC) deck specimen and the first FC Deck + FC Panel specimen, were shakedown
tests and did not have position transducer sensors in place. All other specimens' sensor data are deatiled
below in Figures 34 to 43.

Although the tests are nominally symmetric, failure localizes and all of the tests show one shear span slipping
slightly more than the other shear span, with respect to the the deck-to-deck slip. The deck-to-deck slip was
measured by PT sensors 7 and 8, as labeled in Figure 14, by clamping the sensor to the top deck and
magnetically attaching the extention rod to the bottom deck. Once peak load was reached, the deck-to-
deck slip stopped increasing as the weakest link was no longer deck-to-deck movement but rather at the
plastic mechanisms where failure was occuring. For specimens with cementitious (structural) panels, The
deck-to-panel slip was measured by PT sensors 9 and 10, also labeled in Figure 14, by clamping the sensor
to the top deck and the extention rod was kept in place aginst the end of the cementitious (structural)
using a rubberband. The deck-to-panel slip was also asymmetric with one shear span side measuring no
further slip after peak load while the other would continue to slip. This continued slip always happened on
the side of the specimens that the panel fasteners failed on. The slip of one side of the deck can best be
observed in Figures 44 to 53. These figures also show that the panels slip much more than the decks
throughout the tests.

It should be noted that the partially composite (PC) Bare Deck — Test | specimen was slightly warped and
when the load reached 2.77 kips, the ends of the specimen quickly warped the other way, which had little
to no impact on the displacement PT sensors, but impacted the deck-to-deck slip PT sensors substantially.
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Figure 36. FC Deck + PC Panel - Test 2 - Position Transducer Data
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Figure 37. FC Deck + FC Panel - Test 2 - Position Transducer Data (PT data not available for Test |)
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Figure 38. PC Bare Deck — Test | - Position Transducer Data
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Figure 43. PC Deck + FC Panel - Test 2 - Position Transducer Data
The magnitude of the deck-to-panel slip is also much greater than the deck-to-panel slip.
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Figure 44. FC Bare Deck - Test 2 — Deck-to-deck slip (PT data not available for Test I)
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Figure 45. FC Deck + PC Panel - Test | - Deck-to-deck and deck-to-panel slip
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Figure 46. FC Deck + PC Panel - Test 2 - Deck-to-deck and deck-to-panel slip
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Figure 47. FC Deck + FC Panel - Test 2 - Deck-to-deck and deck-to-panel slip (PT data not available for
Test I)
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Figure 48. PC Bare Deck — Test | — Deck-to-deck slip
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Figure 49. PC Bare Deck - Test 2 - Deck-to-deck slip
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Figure 50. PC Deck + PC Panel - Test | - Deck-to-deck and deck-to-panel slip
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Figure 51. PC Deck + PC Panel - Test 2 - Deck-to-deck and deck-to-panel slip
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Figure 52. PC Deck + FC Panel - Test | - Deck-to-deck and deck-to-panel slip
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Figure 53. PC Deck + FC Panel - Test 2 — Deck-to-deck and deck-to-panel slip

0. Conclusions

The Fastfloor residential project explores a new type of modular floor system using non-proprietary
materials while avoiding the use of any cast-in-place concrete. This prototype design uses two cold-formed
steel profiled decks fastened together with self-drilling screws to create a cellular deck that is then topped
with a cementitiouspanel. Through a series of |12 four-point bending tests, the impact of fully and partially
composite deck-to-deck and deck-to- panel connections are explored. The deck-to-deck fastener spacing of
4 in. and 8 in. has only a marginal influence on the results — whiel the presence of the cementitous panel
and the spacing of the panel-to-deck fasterns has a substantial influence. When the cementious panel is
added stiffness increases marginally, on average xx% about the bare steel deck specimen, but strengh
increases substantially. For panels fastened at |12 in. o.c. the strength increases xx% and for 6 in., on center
yy% above the bare steel deck specimens. The system is able to undergo large rotations without significant
degradation in strength. The primary limit state observed is buckling and yielding of the steel deck, followed
by shear of the panel-to-deck fasteners at large deformations. Future work for the team includes
development and comparison to design methods, examination of vibration and non-structural performance,
further examination of the panel-to-deck fastener behavior and more.
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Figure Al-I. Steel deck datasheet
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Figure Al-5. Grabber® fasteners datasheet
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