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Abstract

Conventional steel-concrete composite floor systems utilizing steel headed stud anchors
and metal decks are cost-effective and widely used solutions for non-residential multi-story
buildings, due in part to their enhanced strength and stiffness relative to non-composite
systems. Because these systems use steel headed stud anchors welded onto steel flanges
and encased in cast-in-place concrete slabs to achieve composite action, it is not possible
to readily deconstruct and reuse the steel beams and concrete slabs. As the building industry
is moving towards sustainability, there are clear needs for developing sustainable steel-
concrete composite floor systems to facilitate material reuse, minimize consumption of raw
materials, and reduce end-of-life building waste. This paper presents the behavior and
design strategies for a sustainable steel-concrete composite floor system. In this system,
deconstructable clamping connectors are utilized to attach precast concrete planks to steel
beams to achieve composite action. The load-slip behavior of the clamping connectors was
studied in pushout tests, and the test results showed that the clamping connectors possess
similar shear strength to 19 mm diameter shear studs and much greater slip capacity. Four
full-scale beam tests were performed to investigate the flexural behavior of the
deconstructable composite beams under gravity loading and validate the connector
behavior attained from the pushout tests. All the beams behaved in a ductile manner. The
flexural strengths of the composite beam specimens closely match the strengths predicted
for composite beams by the design provisions of the American Institute of Steel
Construction (AISC).

Keywords: Design for Deconstruction, composite floor system, clamping connector,

pushout test, composite beam test.

1. Introduction

Steel-concrete composite floor systems offer
excellent advantages over non-composite floor
systems, including enhanced flexural strength
and stiffness, reduced steel beam size and depth,
and increased economy. In current construction
practice, steel headed stud anchors are welded
through metal decks onto steel flanges and
embedded in cast-in-place concrete slabs to
achieve composite action, resulting in a highly
efficient, but integrated design. After
demolition, the steel beams and shear studs in the
conventional composite floor systems generally
are extracted from the demolition debris and
recycled, while the concrete slabs may be broken

up and sent to landfills or crushed to make
aggregate for fill or new concrete.

In this paper, a new sustainable steel-concrete
composite floor system, which consists of
precast concrete planks attached to steel beams
via clamping connectors, is proposed to facilitate
material reuse, minimize consumption of raw
materials, and reduce end-of-life building waste.
A comprehensive experimental investigation of
the system is described, and the pushout test
results and beam test results demonstrate the
load-slip behavior of the clamping connectors
and the load-deflection performance of the
deconstructable composite beams, respectively.
Design recommendations are also given to
predict the elastic stiffness and flexural strengths
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of similar deconstructable composite beams
using clamping connectors.

2. Experimental program

A new deconstructable composite beam
prototype is illustrated in Fig. 1; the original
concept was first introduced in Webster et al. [1].
In the system, precast concrete planks are
attached to steel beams using clamping
connectors. High strength T-bolts, which are
inserted in cast-in channels, are pretensioned to
firmly clamp the top steel flange to the underside
of the concrete plank. The resulting friction
generated at the steel-concrete interface is
utilized to achieve composite action in the
composite beams.

== Precast concrete plank

Steel beam i Cast-in channels

T-bolts

Clamps Z=%e

Fig. 1. Deconstructable composite beam
prototype

The following sections summarize the testing
program and experimental results to demonstrate
the behavior of the proposed system. Refer to
Wang [2] for more details.

2.1. Pushout tests
2.1.1 Pretension tests

To ensure that reliable normal force and
friction are generated between the steel beams
and concrete planks in the system, it is desirable
to yield the bolt material after pretensioning.
Since the heads of the T-bolts and the lips of the
channels which the T-bolts are inserted into are
both deformable, the required nut rotations
established for standard bolted connections
given in Table 8.2 in the RCSC Specification
(2014) [3] are no longer applicable. Thus, prior
to pushout tests, pretension tests, which simulate
actual assembly conditions, were performed to
determine the number of turns of the nut to
pretension the T-bolts.
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In the pretension test setup shown in Fig. 2,
three bolts were shug-tightened to restrain the
movement of the steel beam, and the nut of the
fourth bolt was rotated until fracture occurred in
the bolt head or shank. Three M24 and M20 bolts
were tested. As shown in Fig. 3, with the
exception of one M24 bolt whose head fractured,
all the bolts ultimately fractured in their shanks.
Prior to fracture, the ultimate nut rotation was at
least 4 complete turns for all six bolts.

Bolt tested

M24 bolts
Fig. 3. Fractured bolts

M20 bolts

During testing, the axial strain variation of
each bolt was measured using two uniaxial strain
gages that were attached on the bolt shank after
removing the threads locally. Using the stress-
strain curve obtained from tensile coupon testing
for the bolt material, stress-strain relationships
were plotted for typical M24 and M20 bolts in
Fig. 4. The stress and strain at every half turn
after a snug-tight condition are also identified on
the curves.

Based on the stress-strain relationships of all
six bolts, 2 turns and 1.5 turns after a snug-tight
condition are recommended for pretensioning
the M24 bolts and M20 bolts, respectively, since
the stress-strain relationships plateau at these
rotations, indicating that the bolt material has
yielded, and any moderate strain variation leads
to a minor change in the bolt tension.
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Table 1. Pushout test matrix

Test parameters

pretension tests Specimen B.Olt # of Rebar Shim

size  channels
1-m24-c2-h M24 2 Heavy  No
2.1.2 Pushouttests o o 2-m24-c2-hs  M24 2 Heavy  Yes
The pushout test setup is illustrated in Fig. 5. 3-m24-c3-h  M24 3 Heavy  No
The pushout specimen consisted of a 1219 mm 4-m20-c2-h  M20 2 Heavy  No
by 610 mm by 152 mm (4 ft. x 2 ft. x 6 in.) 5-c24-c2-h  M24 2 Heavy  No
concrete plank attached to a WT5%30 or 6-c24-c2-1  M24 2 Light  No
WT4x15.5 section using M24 or M20 clamps. 7-c24-c2-hs  M24 2 Heavy  Yes
To view the motion of the clamps and steel 8-c24-c3-h  M24 3 Heavy ~ No
9-c20-c2-h  M20 2 Heavy  No

beam, the pushout specimen was mounted
upside down. The slip at each clamp was
measured using a linear potentiometer. The load-slip curves of the monotonically

\ loaded pushout specimens are illustrated in Fig.
6. Testing of all the monotonic specimens was

\ M24 clamp terminated due to excessive slip of the clamps,
W pe and no specific limit states were observed.
\_"‘,.‘l Stip (in)
01 2 3 4 5 6 7 8 9 1011
25
100
20
E 80 1 —
—1-m24-c2- (=5
< “rmaren |2
= 2-m24-c2
g 40 —3-m24-c¢3-h 10 Fgg
— — 4-m20-c2-h 3
. - 5
Fig. 5. Pushout test setup 20 -
0 ! 0
The pushout test matrix is shown in Table 1. 0 30 60 90 120150 180210 240 270
; . ; Slip (mm)
The test parameters include: (1) loading
protocol: the clamping connectors were tested Fig. 6. Load-slip curves of monotonic pushout
under monotonic and cyclic loading to mimic specimens (per connector)
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The behavior of specimens 1-m24-c2-h and
3-m24-c3-h is very ductile throughout the tests,
and the strength degradation is less than 20%
even at a slip of 127 mm (5 in.). Three complete
turns of the nut was initially applied to
pretension the bolts in specimens 1-m24-c2-h
and 2-m24-c2-hs. However, the head of one of
the bolts in specimen 2-m24-c2-hs fractured
during the test, as indicated by the sharp strength
reduction at a slip slightly less than 25.4 mm (1
in.). Shortly after the fracture, load oscillation
began which could be attributed to a stick-slip
mechanism exacerbated by the shims. It is also
seen that use of the shims neither reduces the
peak strength of the specimen nor affects the
behavior of the specimen until bolt fracture.

As indicated by the load-slip curve of
specimen 4-m20-c2-h, the strength of the
specimen gradually declines starting at a slip of
17.3 mm (0.68 in.), which results from the bolt
tension reduction induced by the large rotation
of the clamps, as shown in Fig. 7. This is due to
the channel lips (which are the same size for all
tests) not being adequately large to support the
M20 clamps as fully as the M24 clamps are
supported, or due to the contact of the clamp
teeth with the steel flange having too small an
area compared to the M24 clamp. Redesigning
the M20 clamps, e.g., interlocking the clamp tail
into the channel to restrain its rotation, and
utilizing appropriately sized channels may
mitigate the strength degradation of the smaller
clamps at large slips.

EL 4 s

Fig. 7. Large rotation of M20 clamps

If used in composite beams, the behavior of
the clamps in the monotonic specimens at slips
comparable to those seen in deconstructable
composite beams is of particular interest. These
slips should be obtained from the composite
beam tests discussed in the next section. As
documented in Wang [2], the slip at the
serviceability of the beam specimens ranged

2018, Universitat Politécnica de Valéncia

from almost zero to 1.27 mm (0.05 in.), and the
ultimate slip varied from 0.51 mm (0.02 in.) to
8.89 mm (0.35 in.). At the serviceable slip, the
behavior of the clamps in the beam specimens
was very likely to resemble the initial and very
stiff portions of the load-slip curves presented in
Fig 6. At the ultimate slip, the clamps in the
beam specimens probably approached their peak
strength, and no strength degradation was
anticipated.

The load-slip curves of specimens 5-c24-c2-
h and 6-c24-c2-1 are plotted in Fig. 8. Testing of
these two specimens was terminated due to
excessive slip of the clamps, and no specific
limit states were observed.
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b) Behavior within 25.4 mm slip

Fig. 8. Load-slip curves of cyclic pushout
specimens (per connector)

The overall behavior of the two specimens is
shown in Fig. 8a. Similar to that observed for
shear studs [4], the peak strength and ductility of
the cyclic specimens are reduced, compared to
the corresponding monotonic specimen (i.e.,
specimen 1-m24-c2-h). This is due to the
reduction of the frictional coefficients at the slip
planes, which is caused by smoothing of the
contact surfaces during cycling, and the release
of the bolt pretension, which is caused by the
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damage to the steel flanges and clamp teeth. In
design, the cyclic shear strengths of the clamps
could be calculated as 80% of their monotonic
shear strengths. This coefficient is determined as
the mean of the ratios of the peak strengths of the
cyclic specimens to the peak strengths of the
corresponding monotonic specimens [2].

If used in composite diaphragms to transfer
in-plane inertia forces to lateral force-resisting
systems, the behavior of the clamps in the cyclic
specimens should be evaluated within typical
slip demand ranges, which are conservatively
assumed to be +/-25.4 mm (1 in.) slip. As
depicted in Fig. 8b, the behavior of the two
specimens is excellent within this range. The
insignificant differences between the two curves
in Fig. 8 indicate that the elimination of the
additional supplementary reinforcement in the
light reinforcement configuration had negligible
impacts on the behavior of the pushout
specimens.

2.2. Beam tests

The beam test setup is shown in Fig. 9. Each
beam specimen consisted of a 9144 mm (30 ft.)
long steel beam connected with fifteen 2438 mm
by 610 mm by 152 mm (8 ft. x 2 ft. x 6 in.)
concrete planks using clamping connectors. The
loading on the specimens was spread using
spreader beams to approximate uniform loading
supported by secondary beams in a structure. A
pin support and a roller support were placed at
the beam ends to simulate simply-supported
boundaries.

;-

Spreader beams

Fig. 9. Beam test setup

The beam test matrix is shown in Table 2.
Two W14x38 and W14x26 sections were tested
with the M24 and M20 clamps, respectively. As
the most important test parameter, the
percentage of composite action of the specimens

ranged from more than 100% to approximately
44%.

The load-center deflection curves of the
deconstructable composite beam specimens are
illustrated in Fig. 10. All the specimens were
first loaded to 40% of their predicted flexural
strengths, unloaded and then reloaded three
times. Two more loading/unloading cycles were
then applied to the specimens, with one cycle at
60% and the other one at 80% of the expected
flexural strengths of the specimens. These cycles
were intended to mimic  serviceability
conditions. After completing these cycles, the
specimens were loaded until the beams almost
touched the concrete strong floor.

Table 2. Beam test matrix

Test parameters

Specimen . # of % Of.
Bolt size Rebar composite
channels .

action
1-m24-c2 M24 2 Heavy 82.7%
2-m24-c1  M24 1 Light 45.1%
3-m20-c3  M20 3 Light 137.8%
4-m20-c1  M20 1 Light 43.8%

All the load-center deflection curves are
shifted from the origins to account for the
bending moment and deflection generated due to
the self-weight of the beam specimens after
removing the shoring used during construction.
All the beams exhibited ductile behavior, and
little or no strength reduction is observed from
the load-center deflection curves, even though
the beams were ultimately deflected to
approximately L/25.

Major events are identified on the curves,
including slip of the clamps, yielding of the steel
beam, localized concrete crushing and first bang
heard during the tests. Although the design of the
specimens is not governed by the compressive
strength of the concrete planks, localized
concrete crushing occurred along the top edges
of the planks, as shown in Fig. 11.

Table 3 summarizes the key results from the
composite beam tests. The stiffness calculated
using a lower bound moment of inertia (I.s from
AISC (2016a) [5]) underestimates the tested
stiffness of the deconstructable composite beam
specimens. As the percentage of composite
action increases, the stiffness of the composite
beams increases, as is indicated by the
comparison between specimen 1-m24-c2 and
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specimen 2-m24-c1 and between specimen 3-
m20-c3 and specimen 4-m20-c1.

Deflection (in.)
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600 140
500 120
— 100 —
Z 400 <
3 80 =
< 300 ® (9.65 mm, 96.39 kN) 60 ;’
8 200 O Beam yielding S
- * Slip 40 3
100 B First bang 20
0 < Concrete crushing 0
0 50 100 150 200 250 300 350
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a) Specimen 1-m24-c2
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r 100
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Fig. 10. Load-center deflection curves of
deconstructable composite beam
specimens
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Fig. 11. Localized concrete crushing in specimen
2-m24-c1 at 190 mm deflection

With the exception of specimen 4-m20-cl,
the experimental flexural strengths of the beam
specimens are close to those predicted by AISC
(2016a) [5], which probably indicates that the
ultimate flexural strengths of the specimens are
not affected by the localized concrete crushing
shown in Fig. 11.

Table 3 indicates that the maximum slip of
the clamps is inversely proportional to the
amount of composite action of the specimens,
with the smallest and largest slip occurring in
beams with the highest and lowest levels of
composite action, respectively.

After testing, all the specimens were
disassembled by loosening the bolts, and a
deconstructed steel beam is shown in Fig. 12. In
typical applications where a beam would not be
subjected to ultimate loads, it is anticipated the
steel beam would be in its elastic state when
deconstructed.

Fig. 12. Deconstructed steel beam from
specimen 1-m24-c2
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Table 3. Beam test results

Stiffness Flexural strength Maximum slip

Specimen KN/mm (Kips/in.) KN-m (ft.-Kips) mm (in.)

Test AISC Test/AISC Test AISC Test/AISC Westside Eastside

924 867 777 769 5.94 6.43
1-m24-c2 58y (49.5) 107 (571) (565) 101 (0.234)  (0.253)

776 6.81 634 632 8.18 6.45
Zm2a-cl 443 (38.9) L4 469) (466) 1ol 0.322)  (0.254)

6.46  6.10 494 510 0.46 0.23
3-m20-¢3  (359) (34.9) 106 (364) (376) 0.97 (0.018)  (0.009)

6.08  4.43 476 401 8.79 8.08
am20-cl o7y 53) ¥ (3s1) (pos) 1O (0.346)  (0.318)

3. Conclusions

A new deconstructable composite floor
system, which consists of precast concrete
planks attached to steel beams via clamping
connectors, is proposed to facilitate material
reuse, minimize consumption of raw materials,
and reduce end-of-life building waste.

Based on the experimental and corroborating
computational results, the following conclusions
are reached for the behavior of the
deconstructable composite floor system:

(1) Based on the pretension test results, 2 turns
and 1.5 turns after a snug-tight condition are
recommended for pretensioning the M24
bolts and M20 bolts, respectively.

(2) The behavior of the clamps in all the pushout

specimens is excellent at typical slip
demands expected in deconstructable
composite beams and composite

diaphragms, demonstrating the potential of
using the clamping connectors in these
applications.

(3) At aslip of 127 mm (5 in.), the monotonic
specimens using the M24 clamps retained
approximately 80% of their peak strengths.
In contrast, as the slip increased, the strength
of the monotonic specimen using the M20
clamps declined. However, if used in
applications where the slip is large, the M20
clamps could be redesigned, e.g.,
interlocking the clamp tail into the channel
to restrain its rotation, or utilized with
appropriately sized channels to mitigate this
issue.

(4) Although load oscillation, which could be
induced by a stick-slip mechanism, was seen
in the pushout specimens using shims
between the steel flanges and clamps,

neither the peak strength nor the load-slip
behavior of the specimens were affected by
the shims at slips comparable to those seen
in deconstructable composite beams, which
were less than 8.89 mm (0.35 in.) even at
peak deflections well past service load
deflections.

(5) Because the abrasion between the steel
flange and the clamp teeth and between the
steel flange and the concrete plank in the
early cycles smoothed the slip planes and
released some of the bolt tension, the
strengths of the cyclic pushout specimens
were lower than the corresponding
monotonic pushout specimens, which could
be accounted for in design using a strength
reduction coefficient of 0.8. If needed for
withstanding large slips, the clamp teeth
may be reconfigured to minimize the
damage to the steel flange and clamp teeth,
thus maintaining the bolt tension throughout
the test.

(6) Four full-scale deconstructable composite
beams with different levels of composite
actions were tested. All the specimens were
ultimately deflected to approximately L/25,
and the beams behaved in a ductile manner
with little or no strength degradation
observed, even though localized concrete
crushing occurred along the top edges of the
concrete planks at very large deflections.

(7) The stiffness of the deconstructable
composite beams can be conservatively
estimated with a lower bound moment of
inertia given in AISC 360-16. The flexural
strengths of the beams closely match those
predicted by the AISC provisions.

The channel, T-bolt, and
commercially available components.

clamp are
The
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components were not originally designed by the
manufacturers to work together in the proposed
configuration, which resulted in certain behavior
limitations that could be addressed by the
development of modified components tailored to
this particular application.
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