Experimental evaluation of novel
precast concrete beam-to-column
moment connections

for enhanced collapse resistance
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B The study presents experimental data that character-
ize the behavior of novel precast concrete beam-to-
column moment connections subjected to loading
that could initiate disproportionate collapse.

B The test assemblies were produced at a five-eighth
scale based on a 10-story prototype building and
consisted of two spandrel beams connected to a
central column. The two precast concrete assemblies
used either anchor bolts or threaded rods and did
not require field welding.
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isproportionate collapse is a phenomenon charac-
D terized by local damage or failure of a relatively

small part of a structure that leads to collapse of the
entire structure or a large part of it.! A notable instance of
disproportionate collapse occurred on May 16, 1968, at the
Ronan Point apartment tower in London, England, when a
small gas explosion on the 18th floor precipitated collapse
of 22 stories of corner apartments at the southeast corner of
the building. That incident led to the first changes to U.K.
building regulations that specifically aimed to prevent dis-
proportionate collapse.” The September 11, 2001, collapse of
the World Trade Center Towers 1 and 2 in New York, N. Y.,
following impacts from two commercial airliners, provided
additional motivation to the engineering community and
regulatory bodies to develop design methods and robust
structural systems capable of resisting disproportionate col-
lapse.® The idea behind robust structural systems is that un-
anticipated loads that are not explicitly considered in design
(for example, loads from an explosion, vehicle impact, or
material degradation) should not lead to the collapse of all or
a large part of a building.

The National Institute of Standards and Technology (NIST)
has experimentally and computationally researched dis-
proportionate collapse for years, examining the collapse
resistance of various moment frame systems composed

of cast-in-place reinforced concrete,” steel,’ and precast
concrete.® The current study builds on some of NIST’s
more recent work, specifically, the connections presented
in this paper were developed in part to address shortcom-



ings observed from experimental testing of full-scale precast
concrete assemblies of moment-resisting spandrel beam—to—
column connections by Main et al.® In that recent study, the
investigators tested two types of assemblies under a simulated
column-removal scenario. One of the assemblies had detailing
that met special moment frame requirements, and the other
had detailing that met ordinary moment frame requirements.
Both assemblies had precast concrete beam—to—column
moment connections made by steel link plates, which were
fillet welded to steel angles embedded in the beams and then
fillet welded to plates embedded in the columns. Standard
connection details for precast concrete seismic applications’
were used in both assemblies, therefore the assemblies’
ability to resist disproportionate collapse was unknown. An
energy-based analysis of the test results found that both as-
semblies had a small margin of safety against collapse under
sudden column loss considering applicable gravity loads.
Main and coauthors® identified two modifications that would
likely improve the performance of the connections:

* reducing eccentricities of the tensile force transfer path

* limiting the use of field welding to make connections
between critical components because weld quality is
difficult to control in the field

Motivated by the small margin of safety against collapse of
the tested precast concrete assemblies, NIST identified several
alternative connection concepts in coordination with an
industry review committee of PCI members. These alternative
connection concepts were intended to address the potential
vulnerabilities in the welded link plates identified during
testing, thereby improving the robustness of the connections.

One of the alternative connection concepts used high-strength
threaded rods that pass from one beam through the column
and into the adjacent beam and are connected using embed-
ded couplers within the column. The threaded rods replace
the welded link plates and, when placed at the center of the
spandrel beams’ cross sections, eliminate tension-load-path
eccentricities. Investigators have assessed the performance
of this type of connection concept under different loading
scenarios. French et al.? investigated the seismic behavior
of precast concrete beam—to—column moment connections
subjected to cyclic loads that used grouted high-strength rods
and threaded couplers. The connection assemblies exhibited
ductile behavior but had concrete crushing in the blockout
regions of the spandrel beams where the rods were anchored.

Quiel et al.'"” investigated a similar concept but tested two con-
nection assemblies under a notional column-removal scenario,
each with a different diameter of high-strength rod. In their
work, the high-strength rods passed continuously from one
beam through the column and into the adjacent beam, with the
rods being ungrouted and anchored by nuts that bore against
anchorage blocks on the interior face of each beam. The
anchorage blocks exhibited substantial distress during testing,
as indicated by spalling and crushing of the concrete, but the

study’s numerical analysis of the prototype building frame
from which the assemblies were derived indicated that both
connections were able to arrest collapse in a scenario where a
single column was lost. The connection concepts detailed in
this paper are similar to those previously described and have
novel design and detailing features aimed at achieving robust
performance against disproportionate collapse.

The goal of the study reported herein was to generate exper-
imental data that characterize the behavior of novel precast
concrete beam—to—column moment connections subjected to
loading that could initiate disproportionate collapse (that is, a
column-removal scenario). This paper presents experimental
results for two moment connections that used either anchor
bolts or threaded rods. Data generated from this study can

be used to validate nonlinear computational models of entire
precast concrete moment-framed buildings to ascertain which
connection will most effectively arrest disproportionate col-
lapse and minimize building damage under notional removal
of a column.

Prototype building design

The connection assemblies described in this paper were based
on a 10-story prototype precast concrete office building de-
signed by S. K. Ghosh and Associates in 2009."' The building
was designed assuming a location in Seattle, Wash., with

site Class D. The building was classified as seismic design
category D and occupancy category II. The lateral-load-resist-
ing system consisted of perimeter special moment frames in
each orthogonal in-plan direction. The floor system consisted
of double tees spanning the north-south directions and resting
on inverted tee beams spanning the east-west directions.

The design specified a normalweight cast-in-place concrete
topping slab with a thickness ranging from 2.50 to 3.50 in.
(64 to 89 mm) to account for camber in the double tees. In
addition to self-weight, a superimposed dead load of 10 1b/ft
(0.48 kN/m?) and a live load of 100 Ib/ft* (4.79 kN/m?) were
considered for a typical floor. The live load was reduced in
accordance with the American Society of Civil Engineers’
Minimum Design Loads for Buildings and Other Structures
(ASCE 7-05)."2 The connection assemblies that were tested
are representative of the third-story moment frame assembly
shown in Fig. 1, which shows plan and elevation views of the
prototype building from which the experimental assemblies
were derived. The elevation view of the prototype building
(Fig. 1) highlights the extracted moment frame assembly that
was considered for the experimental tests described in this

paper.
Connection concepts

Figure 2 shows test assemblies featuring the two connection
concepts investigated in this study—bolted and threaded
rod—along with their steel reinforcement details and the lo-
cations of strain gauges applied to the reinforcing bars before
the concrete was cast. Due to laboratory constraints, the
dimensions of the test assemblies were scaled to five-eighths
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Figure 1. The 10-story prototype building for the tested moment frame assemblies. Note: 1 ft = 0.305 m.

of those of the prototype building. The spandrel beams for

the tested assemblies extended to half the scaled bay width on
either side of the column, which corresponded to the location
of assumed inflection points under a notional column-loss
scenario. The height of the portion of the column between
spandrel beams was determined by the clearance available
underneath the assembly, which needed to be large enough to
permit significant rotation of the beam connections. Using a
column height in the specimens that was less than five-eighths
of the prototype building third-story height was deemed
acceptable, since the column’s primary function in the tests
was to transfer force into the connection, and a longer column
would not have an appreciable effect on the connection behav-
ior.

The factored moment demand at the beam-to-column con-
nection for the prototype scale was 959 kip-ft (1301 kN-m).
This value was calculated using the extraordinary events
load case (1.2D + 0.5L + A,, where D is dead load, L is
live load, and A, is the load or load effect resulting from the
extraordinary event) from ASCE 7-16," and a 1.2 dynamic
amplification factor calculated using the U.S. Department of
Defense’s Unified Facilities Criteria: Design of Buildings to
Resist Progressive Collapse (UFC 4-023-03).'* For geometric
similitude with length scale S, of % and stress scale S_of 1,
the moment demand scale S, = §, X § X §, X § = 0.244,
which results in a moment demand for the scaled connection
assembly of 234 kip-ft (317 kN-m).
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Testing the connection assemblies at less than full scale was
expected to minimally influence the test results because the
connection assemblies and associated design forces and
moments were properly scaled from the prototype structure
using geometric similitude and dimensional analysis. Testing
at full scale would have likely facilitated fabrication of the
beams and columns at the precast concrete plant and assem-
bly of the connections in the laboratory. Clearances would
increase, and precast concrete plants are accustomed to fab-
ricating components at full scale. Furthermore, the increased
sizes of the beams, columns, and connection components
would presumably create more space (for example, larger
hand holes) to align and make the connections and to ensure
that the steel reinforcement and connection components do
not become congested.

Both connection concepts relied on threaded rods to transfer
moments between the beams and column. Beam longitudinal
reinforcement was welded to embedded steel boxes near the
ends of the beams. The threaded rods passed through voids
in the beams and were anchored against the embedded steel
boxes and coupled within the column. The main difference
between the two connection concepts was the length of
threaded rods and the attendant grade of steel necessary to
achieve similar connection rotations before fracture. The steel
deformed bar reinforcement for both connections was ASTM
A706 Grade 60 (414 MPa)."” The specimens were assembled
by sliding the threaded rods through voids in the beam ends
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Figure 2. Schematic of the bolted and threaded rod connection concepts illustrating their steel reinforcement details and loca-

tions of embedded strain gauges. Note: All dimensions shown in inches. No. 6 =

19M; 1in. = 25.4 mm.

created by either hollow structural sections for the bolted con-
nection or 2.00 in. (51 mm) diameter corrugated ducts for the
threaded rod connection, placing the beam ends on 0.50 in.
(13 mm) thick bearing pads that were in the column pockets,
and then threading the bars into the couplers embedded in the
column.

The bolted connection was based on a connection

concept shown in the PCI Design Handbook: Precast

and Prestressed Concrete.'® The bolted connection used

1.50 in. (38 mm) diameter, fully threaded Grade 55

(379 MPa) anchor bolts produced in accordance with ASTM
F1554-20." The anchor bolts had a specified tensile strength
between 75 and 95 ksi (517 and 655 MPa). The length of bar
used for this connection was 17 in. (432 mm), as opposed

to 31 in. (787 mm) for the threaded rod connection, there-

fore a lower-strength steel was necessary to achieve the
target connection rotational capacity of 2.30 degrees. The
target connection rotational capacity was selected based on
acceptance criteria for experimental evaluation of innovative
seismic moment frames presented in the American Concrete
Institute’s Acceptance Criteria for Moment Frames Based
on Structural Testing and Commentary (ACI 374.1-05)."8
The bolted connection was made by passing the anchor bolt
through the rectangular steel hollow structural sections em-
bedded within the beams, which then terminated in coupling
nuts embedded in the column. Similar to the threaded rod
connection, the bolted connection had beam longitudinal
reinforcing welded to the tops and bottoms of the hollow
structural sections to allow forces in the anchor bolts to be
transferred to the beams. The two coupling nuts embedded
near the top and bottom of the column were mated with a
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5.50 in. (140 mm) long anchor bolt and tightened against a
1.00 in. (25 mm) thick plate washer made from ASTM A36
steel.!”” The connection was completed by threading a nut
on the end of the anchor bolts and dry-packing the interface
between the beams and column with cementitious nonshrink
grout. Tensile force in the anchor bolts was measured by
through-hole (donut) compression load cells that were sand-
wiched between the nuts and a 0.63 in. (16 mm) thick steel
plate welded to the end of the hollow structural sections
(Fig. 2). Spherical washers were employed between the
through-hole load cells and nuts to compensate for any lack
of perpendicularity in the bearing surfaces.

For the threaded rod connection, a moment-resisting connec-
tion was established by mating high-strength thread bar with
cylindrical couplers that were embedded in the column. The
two cylindrical couplers embedded near the top and bottom
of the column were mated with a 6.75 in. (171 mm) length of
thread bar and tightened against a 0.50 in. (13 mm) thick plate
washer made from ASTM A36 steel.! The 1.00 in. (25 mm)
diameter (nominal) Type II high-strength thread bar, which
was produced in accordance with ASTM A722/A722M-18,%
had a minimum specified yield strength of 120 ksi (827 MPa)
and a minimum specified tensile strength of 150 ksi (1034
MPa). The cylindrical couplers were advertised as being
capable of developing the ultimate strength of the thread bar.
The connection was established by first sliding the 1.00 in.
diameter (nominal) thread bars through 2.00 in. (51 mm)
diameter corrugated duct embedded within the beams, placing
the beam ends on 0.50 in. thick bearing pads that were in the
column pockets, and then threading the bars into the couplers
embedded in the column. The thread bars were tightened by
hand with the occasional use of a strap wrench. The connec-
tion was completed by anchoring a hex nut on the end of each
thread bar and then dry packing the beam-column interface
with nonshrink cementitious grout. Axial forces in the thread
bars were transferred into the beams by bearing of the em-
bedded built-up steel box sections within the beams and steel
reinforcing bars welded to the top and bottom of the built-up
sections. Tensile force in the thread bars was measured by
through-hole compression load cells that were sandwiched
between the hex nuts and 1.25 in. (32 mm) thick steel bearing
plates (Fig. 2). Spherical washers were used between the load
cells and nuts, as was done for the bolted connection.

To limit the eccentricity of force transfer between connection
components, both the bolted and threaded rod connections
used components that were centered on the beam thickness.
During the full-scale experimental tests conducted previously
by NIST,S the eccentricity of tensile force transfer introduced
localized out-of-plane bending and played a critical role in
the premature fracture of the anchorage bars. Both the bolted
and threaded rod connections also eliminated the need to
weld critical components on-site.

Construction tolerances do not properly scale, and thus care

should be taken in interpreting observations about construct-
ibility in the laboratory; however, each connection was found
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to have advantages and disadvantages during assembly of the
specimens. The longer length, smaller diameter, and coarser
threads (two threads per 1.00 in. [25 mm] of length) of the
thread bars used for the threaded rod connection permitted
greater flexibility and maneuverability in establishing the
connection. The finer threads of the anchor bolts used for the
bolted connection (six threads per 1.00 in. of length) were
susceptible to damage during fit up, making them difficult to
thread smoothly and fully into the coupling nuts. A tap and
die were necessary to clean the threads of the nuts and anchor
bolts, respectively, to ensure that the pair could be mated
during construction. A pipe wrench was needed to thread

the anchor bolts into the coupling nuts because the coupling
nuts might have slightly shifted during casting, resulting in
the bottom anchor bolts being inclined from horizontal and
skewed out of the plane of the connection.

Experimental program
Test setup

Figure 3 shows the test setup for the static pushdown tests.
The assemblies were tested using a single-span portal frame
with a servohydraulic actuator mounted to the underside

of its cross beam. The precast concrete column was at-
tached to the actuator loading plate using four high-strength
threaded rods that threaded into nuts embedded at the top
of the column. The actuator displaced the unsupported
column downward in 0.25 in. (6 mm) increments at a rate
of 0.20 in./min (5 mm/min). Loading was paused after each
increment to allow for photographs to be taken and cracks
to be highlighted with permanent marker. The end of the
spandrel beams away from the connection were connected
to steel cradles via a 3.00 in. (76 mm) diameter steel pin.
The cradles rested on a low-friction sliding surface, which
allowed them to slide freely in the plane of the connection.
The force from the actuator was transmitted into the strong
floor through a steel foundation frame. A lateral bracing
system that attached to the foundation frame via high-
strength bolts ensured that the column displaced vertically,
while simultaneously permitting in-plane rotation of the
connection. This experimental configuration tested the
connections under flexure with minimization of axial and
torsional forces. Although the spandrel beams would be
subjected to flexural, axial, and torsional forces during an
actual column-removal scenario, NIST’s previous full-scale
tests of precast concrete moment frame connection assem-
blies showed that the flexural response assumed a dominant
role in arresting collapse; therefore, the flexural response of
the connection assemblies was considered most important to
investigate.

Instrumentation

Figure 4 presents a schematic of the instrumentation layout.
The force applied to the assembly by the actuator was
measured using four through-hole compression load cells
that were sandwiched between the actuator loading plate
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Figure 3. Connection test setup.

and the plate embedded at the top of the column. The load
cells (LCO1 through LCO04) were preloaded to approximately
15 kip (66.7 kN) each to ensure that they remained in com-
pression for the duration of the test. Vertical displacement of
the assembly was measured by 10 string potentiometers (D01
through D10) that were mounted to aluminum beams located
above the spandrel beams and oriented parallel to the span

of the precast concrete beams. Axial elongation and contrac-
tion of the spandrel beams near the connection were mea-
sured using four linear variable inductance transducers (TO1
through T0O8) mounted to each beam, two on the top side of
the beam and two on the bottom side. Five inclinometers (RO1
through R0OS5) were mounted to the front surface of the beams
and column to measure in-plane rotation. Two linear variable
displacement transducers (L11 and L12), one at the bottom of
each steel cradle, were used to measure cradle displacement.
Uniaxial strain gauges were adhered to the surface of the rein-
forcing steel in the spandrel beams to measure strain (Fig. 2).
These strain gauges were applied before the concrete was
cast at the precaster’s plant. Strain gauges also were adhered
to the thread bars in the laboratory to capture surface strains.
These strain gauges were attached to the top and bottom

sides of the thread bars, 4.50 in. (114 mm) from their ends,

which were embedded in the column. Strain gauges were not
applied to the anchor bolts because there was no appropriate
surface on which to adhere them. Table 1 shows the estimated
total expanded uncertainty of the measured forces, rotations,
displacements, and strains, which were calculated using a
coverage factor k of 2. The uncertainties in Table 1 apply to
all measurements presented in the experimental results section
of this paper.

Material properties

All beams and columns were cast consecutively on the
same day from the same concrete batch and mixture pro-
portions. A concrete compressive strength of 6000 psi (41.4
MPa) with an expected compressive strength of 9000 psi
(62.1 MPa) was specified for the design of the precast
concrete components. The 28-day compressive strength of
the concrete, tested in accordance with ASTM C39-21%!' and
based on six breaks of 4 X 8 in. (102 X 203 mm) cylinders,
was 8050 = 200 psi (55 = 1.4 MPa), where 8050 psi is the
mean value u of the six break strengths, and 200 psi is the
expanded uncertainty U. The expanded uncertainty is calcu-
lated using Eq. (1).
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Figure 4. A schematic of the instrumentation layout. Note: All dimensions shown in inches. 1in. = 25.4 mm.

Table 1. Measurement uncertainty

Measurement Measurement device

Estimated expanded

Measuring range

Distance, in. Tape measure

Strain, %
Vertical displacement, in. String potentiometer

Linear variable displacement

Horizontal displacement, in.
transducer

) ) . Linear variable inductance
Horizontal displacement, in.

transducer
Rotation, degrees Inclinometer
Compressive force, kip Load cell

Moment, kip-ft Derived quantity

Note: 1in. = 25.4 mm; 1 kip = 4.448 kN; 1 kip-ft = 1.356 kN-m.

ku
U=—+ ey
n
where
k = coverage factor calculated using the two-tailed
student’s ¢ distribution to define an interval in which
the true mean lies with a level of confidence of 95%
u, = sample standard deviation
n = number of independent measurements

The material strength values in this section are presented in
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Resistance-based strain gauge

uncertainty

300 0.06
=0 1

20 0.08

4 0.02

2 0.01

+10 0.05
190 1.5

1670 14.1

the form p = U. The concrete compressive strength on test
day was 9380 = 190 psi (65 = 1.3 MPa) for the threaded rod
connection assembly and 9140 *= 350 psi (63 = 2.4 MPa) for
the bolted connection assembly.

Two batches of dry-pack cementitious grout were used to
pack the beam-to-column interface for each connection
assembly, one batch for the interface to the left of the column
and one batch for the interface to the right of the column.
Grout cubes were made and tested in accordance with ASTM
C109-21% and ASTM C1107/C1107M-20. For the threaded
rod assembly, the average compressive strength of the grout
based on two grout cubes each for the interface to the left and
right of the column was 10,430 * 1290 psi (71.9 * 8.9 MPa)



for the interface to the left and 9780 = 610 psi (67.4 * 4.2
MPa) for the interface to the right. For the bolted connection
assembly, the average compressive strength of the grout based
on two grout cubes each for the interface to the left and right
of the column was 9540 = 1490 psi (65.8 = 10.3 MPa) for
the interface to the left and 10,190 % 1980 psi (70.3 £ 13.7
MPa) for the interface to the right.

To characterize the behavior of the thread bars and anchor
bolts, monotonic tension tests were conducted using a servo-
hydraulic load frame. Two 31 in. (787 mm) long thread bars
and two 17 in. (432 mm) long anchor bolts were tested. Their
lengths corresponded to the lengths of the bars used in the
experimental tests. The bars were tested in force control at a
rate of 25.0 kip/min (111 kN/min) up to half the minimum
specified yield strength. Loading was then continued in dis-
placement control at a rate of 0.25 in./min (6 mm/min) until
bar rupture. An extensometer with an 8 in. (203 mm) gauge
length was attached near the midlength of each bar to measure
strain. The average yield strength was 143 * 19.7 ksi (986

* 136 MPa) for the thread bars and 71.3 = 1.3 ksi (492 *=
8.96 MPa) for the anchor bolts. Yield strength was calculated
using the 0.2% offset method. The average tensile strength
was 160 = 2.4 ksi (1103 = 16.5 MPa) for the thread bars and
89.8 + 1.9 ksi (619 = 13.1 MPa) for the anchor bolts. For all
tests, stress was calculated by dividing the force measured by
the in-line load cell of the load frame by the cross-sectional
area specified in the corresponding ASTM standard. The
cross-sectional area was taken as 0.85 in? (548 mm?) for the
thread bars (in accordance with ASTM A722/A722M-18%)

450

and as 1.405 in? (674 mm?) for the anchor bolts (in accor-
dance with ASTM F1554-20").

Experimental results

Figure 5 shows a plot of the applied connection moment
versus beam chord rotation up to connection failure. The
applied connection moment was derived using the force
applied to the column in conjunction with shear and moment
mechanics, which assumed plastic hinge formation at the
beam ends, 105.5 in. (2680 mm) from the center of the pin
connections. The moment due to the weight of the assembly
was not considered in the applied connection moment calcu-
lation because it accounts for less than 5% of the maximum
applied connection moment for each assembly. Vertical
displacement of the center column was based on the average
displacement measurements from two string potentiometers
attached to the top of either side of the column. Beam chord
rotation 6 was then calculated using the following equation:

6= tanl(iJ
Ll

0 = average of two vertical displacement measurements
from D05 and D06

where

L = distance from centerline of column to centerline of
pin (112.5 in. [2858 mm])

400
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Figure 5. Applied connection moment versus beam chord rotation for both connection assembly tests. Note: 1 kip-ft = 1.356 kN-m.
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The initial moment-rotation responses for both connection
assemblies were linear. Those responses were followed

by increases in strength until the connection assemblies’
ultimate moment capacities were achieved, and then de-
creases in strength until fracture occurred in one of the bars
that were in tension at the bottoms of the connections. The
bolted connection assembly remained linear up to approx-
imately 0.53 degrees of chord rotation and a moment of
approximately 250 kip-ft (339 kN-m), whereas the threaded
rod connection assembly remained linear up to approxi-
mately 0.73 degrees of chord rotation and a moment of 302
kip-ft (409 kN-m). Both connection assemblies initially had
a similar stiffness up to 0.27 degrees of chord rotation, after
which their stiffnesses began to deviate. The stiffness of the
bolted connection assembly was approximately 50% greater
than that of the threaded rod connection assembly. This dif-
ference can likely be partially attributed to the greater flex-
ural stiffness of the larger diameter anchor bolts compared
with that of the thread bars. The bolted connection assembly
achieved an ultimate moment of 419 kip-ft (568 kN-m) at a
chord rotation of 2.43 degrees, which is 6% greater than the
2.29 degree chord rotation that the connection was designed
to achieve. In contrast, the threaded rod connection assem-
bly achieved an ultimate moment of 340 kip-ft (461 kN-m)
at a chord rotation of 3.87 degrees. Using the chord rotation
at the ultimate moment capacity to quantify the rotation-

al capacity of the assembly, the rotational capacity of the
threaded rod connection assembly was nearly 60% higher
than that of the bolted connection assembly. However, this
increase in rotational capacity came at a sacrifice of strength
and stiffness: the stiffness of the bolted connection assembly
was approximately 50% greater than that of the threaded
rod connection assembly and the bolted connection assem-
bly had approximately 23% greater moment capacity. Note
that these comparisons of rotational capacity, stiffness, and
strength are only valid for the measurements made for the
two tested connection assemblies. No replicate connec-

tion assemblies were fabricated or tested to understand the
potential for specimen-to-specimen variations in rotational
capacity, stiffness, or strength.

For the bolted connection assembly, flexural cracking in

the spandrel beams was initiated during the vertical column
displacement increment from 0.75 to 1.00 in. (19 to 25 mm),
which corresponded to a change in chord rotation from 0.27

to 0.38 degrees. This initial cracking consisted of one flexural
crack near midspan of the right spandrel beam on its front
face, with the crack initiating at the bottom of the beam and
extending about halfway up its depth. Flexural cracking was
not immediately observed in the left beam, as the beam was
resting on the bottom anchor bolt and thus deformation was
first concentrated in the anchor bolt as the column displaced
downward. During the vertical column displacement increment
from 1.25 to 1.50 in. (32 to 38 mm), which corresponded to a
change in chord rotation from 0.50 to 0.62 degrees, the bolted
assembly response transitioned from linear to nonlinear and
numerous flexural cracks occurred near midspan of both span-
drel beams on their front (which would be the interior building
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face) and back faces. During the vertical column displace-
ment increment from 2.25 to 2.50 in. (57 to 64 mm), which
corresponded to a change in chord rotation from 1.00 to 1.13
degrees, the top corners of both beams began to bear firmly

on the grout, generating compressive forces in the column
that led to cracking and spalling on its left and right sides. The
subsequent vertical column displacement increment from 2.50
to 2.75 in. (57 to 70 mm), which corresponded to a change in
chord rotation from 1.13 to 1.26 degrees, was accompanied by
audible sounds of crushing and spalling of the column at its
top end near the top corners of the beams. As loading contin-
ued, the gap between the bottom corner of the left beam and
the grout grew at a rate that outpaced the growth of the gap

on the right side of the assembly, eventually leading to tensile
rupture of the bottom-left anchor bolt near the inner face of the
hand hole at a vertical column displacement of 5.46 in. (139
mm), which corresponded to 2.78 degrees of chord rotation.
Photographs of the failure mode of the bolted connection are
shown in the left part of Fig. 6.

Hairline flexural cracks were initiated at the bottom front

and back faces of both spandrel beams of the threaded rod
assembly during the vertical column displacement increment
from 1.00 to 1.25 in. (25 to 32 mm), which corresponded to

a change in chord rotation from 0.41 to 0.52 degrees. The
cracks began extending upward toward the tops of the beams
with increased loading. During the vertical column displace-
ment increment from 1.50 to 1.75 in. (38 to 44 mm), which
corresponded to a change in chord rotation from 0.64 to

0.76 degrees, the assembly response transitioned from linear to
nonlinear. During the vertical column displacement increment
from 2.25 to 2.50 in. (57 to 64 mm), which corresponded to a
change in chord rotation from 1.02 to 1.14 degrees, the right
end of the top of the left beam began to bind, leading to minor
spalling in the column at the top left pocket. In the next incre-
ment, spalling at the top of the right column pocket occurred.
Gaps at the bottom of the beams between the beam ends and
the grout interface widened symmetrically until the vertical
column displacement increment from 4.50 to 4.75 in. (114 to
121 mm), which corresponded to a change in chord rotation
from 2.16 to 2.29 degrees. During that increment, the gap at
the bottom right was approximately 0.13 in. (3 mm) larger than
the gap at the bottom left and the bottom-right gap continued
to increase at a higher rate. A reduction in moment occurred
at a vertical column displacement of 4.30 in. (109 mm), which
corresponded to a chord rotation of 2.19 degrees. This reduc-
tion in moment was associated with a loud noise emitted from
one of the thread bars, which was potentially caused by slip-
page of the thread bar. With continued loading, deformation
continued to concentrate at the bottom-right connection until
tensile rupture of the bottom-right thread bar occurred near the
beam end at a vertical column displacement of 8.74 in. (222
mm), which corresponded to a chord rotation of 4.44 degrees.
Photographs of the failure mode of the threaded rod connec-
tion are shown in the right part of Fig. 6.

Figure 7 shows vertical displacement profiles from both
connection assemblies based on measurements from the 10



Bottom left anchor bolt near the
inner face of the hand hole for
the bolted connection assembly

- Ruptare ™ -

. location

Bottom right thread bar near the beam end
for the threaded rod connection assembly

Figure 6. Tensile rupture failure modes.

symmetrically placed string potentiometers shown in Fig. 4.
The column centerline corresponds to a spanwise distance of

0 in. (0 mm), with positive distances indicating measurements
taken to the right of the centerline and negative distances
indicating measurements taken to the left of the centerline. The
left part of Fig. 7 shows five different displacement profiles
corresponding to different points in the loading of the bolted
connection assembly. Beginning at the first displacement
profile and moving sequentially to the last profile from small-
est to largest vertical displacements, the profiles correspond to
approximately midway through the linear region of assembly
response (6 = 0.34 degrees), the transition point from linear to
nonlinear response (6 = 0.53 degrees), the end of the increment
in which column spalling initiated (@ = 1.13 degrees), ultimate
moment (0 = 2.43 degrees), and the instant just before fracture
of the bottom-left anchor bolt (6 = 2.78 degrees). Asymmetry
of the displacement profile is apparent, with larger displace-
ments on the left side of the column than on the right side. The
asymmetry grew with increasing vertical column displacement,
eventually leading to fracture of the bottom-left anchor bolt.

The right part of Fig. 7 shows five different displacement
profiles corresponding to different points in the loading of

the threaded rod connection assembly. In order of increasing
displacement, the profiles correspond to approximately midway
through the linear response region (6 = 0.36 degrees), the tran-
sition from linear to nonlinear response (6 = 0.73 degrees), the
point at which there was a sudden drop in force or moment (6

= 2.19 degrees), the ultimate moment (6§ = 3.87 degrees), and
the instant just before fracture of the bottom-right thread bar (6
= 4.44 degrees). In the linear response region, the displacement
profile was fairly symmetric; however, with increasing vertical
column displacement, the column began to rotate clockwise
within the plane of the connection, leading to a concentration of
axial deformation at the bottom-right connection that eventually
led to fracture of the bottom-right thread bar.

Rotation

Figure 8 shows measured in-plane beam rotations for both
connection assemblies plotted as a function of vertical
displacement of the column. Clockwise rotations are shown
as positive, and counterclockwise rotations are shown as
negative. The beam rotations were measured with inclinome-
ters, which were positioned as shown in Fig 4. Figure 8 also
shows the plotting of beam chord rotations calculated using
Eq. (1). The beam chord rotation curve appears twice on each
plot, once for positive values of rotation and once for negative
values, to provide a basis to compare with inclinometer mea-
surements to determine the occurrence of rigid body rotation.

The curves indicating rotation measurements from inclinome-
ters on the left beam (RO1 and R02) and right beam (R04 and
ROS5) of the bolted connection assembly are essentially the
same as the curves for the beam chord rotation. This finding
indicates that the beams were undergoing rigid body rotations
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and that deformations were localized at the beam-to-column
connections. The left part of Fig. 8 also shows the rotation of
the column (R03), which began to rotate counterclockwise at
approximately 3.00 in. (76 mm) of column vertical displace-
ment. This counterclockwise rotation led to a concentration
of axial deformation at the bottom-left anchor bolt, which
eventually led to its rupture.

The right part of Fig. 8 shows inclinometer measurements from
the threaded rod connection assembly, excluding RO3, which
malfunctioned during the test and did not produce meaningful
data. In a manner similar to the beams in the bolted connection
assembly test, the beams in the threaded rod connection assem-
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bly rotated as rigid bodies, as indicated by the close agreement
between the inclinometer measurements and beam chord rota-
tion curves. The measured rotation near midspan of the right
beam (R05) deviated the most from the beam chord rotation
because it exceeded the beam chord rotation by 0.30 degrees,
which is indicative of close agreement.

Measured strains

Strain gauges on the stirrups of the bolted connection and
threaded connection assembly beams (Fig. 2) recorded small
strains, well below measurements that would indicate yield.
Strain gauges in the bolted connection assembly beams indicat-



ed that flexural yielding of the beams did not occur. In contrast,
flexural reinforcing steel at the bottom of the right beam in the
threaded rod connection assembly yielded at a column vertical
displacement of 2.30 in. (58 mm) and a beam chord rotation of
1.17 degrees. This initiation of yielding occurred near where
the moment-rotation response transitioned from linear to non-
linear (Fig. 5). A strain of 0.0026 was considered as indicative
of yield in any reinforcing bar, assuming that the ASTM A706
Grade 60" (414 MPa) steel had a yield strength of 74 ksi

(510 MPa) and an elastic modulus of 29,000 ksi (200 GPa).

Strain measurements at a cross section of the top thread bar
in the right beam of the threaded rod connection assembly
indicated that the thread bar was subjected to flexure. The
magnitude of the tensile strain at the bottom side of the bar
was nearly equal to the magnitude of the compressive strain at
the top side of the bar. The top strain gauge on the top thread
bar in the left beam malfunctioned, but it is inferred that this
thread bar also underwent flexure because of symmetry in
the assembly displacement profile. According to strain gauge
measurements and force data from the through-hole com-
pression load cells at the ends of the bars, the top thread bars
remained elastic. The investigators considered a thread bar
to have yielded at a strain of 0.0048, which was calculated
by dividing the average yield strength by the average elastic
modulus obtained from the previously described monotonic
tension tests. The bottom thread bar in the left beam had
tensile strains at the top and bottom of the bar. The top strain
gauge had strain readings similar to those from the bottom
strain gauge until it malfunctioned at approximately 2.00 in.
(51 mm) of vertical column displacement. The bottom strain
gauge functioned for the duration of the test and peaked at a
strain of 0.07. The equal tensile strains at the top and bottom
of the thread bar indicate that the bar was initially subjected
to pure axial loading. Because the top strain gauge malfunc-
tioned, it is unknown whether the bar stayed under a pure
state of axial force for the remainder of the test.

Robustness index

As defined in Eurocode 1, a structural system can be consid-
ered robust if it can “withstand events like fires, explosions,
impact, or the consequences of human error, without being
damaged to an extent disproportionate to the original cause.
Many researchers have proposed frameworks or methodolo-
gies to quantify structural robustness, and a succinct review
and discussion of many of these approaches can be found

in Bao et al.» An energy-based framework that has been
largely accepted in the research community was developed by
Izzuddin et al.?® In that framework, estimates of the capaci-

ty of a structural system under a dynamic loading scenario,
such as sudden column loss, can be ascertained from a static
pushdown test. The framework operates under the premise
that at the instant when the maximum vertical displacement
above the removed column is reached, the kinetic energy of
the system is zero and the external work done by the gravity
loading is equivalent to the internal energy (that is, the energy
absorbed by the structure). Bao et al.® used this framework
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in conjunction with aspects of other research to develop a
robustness index R. They also presented a case study in which
robustness indexes were calculated for two 10-story rein-
forced concrete buildings: one using intermediate moment
frames and one using special moment frames. The robustness
index of the special moment frame building was greater than
that of the intermediate moment frame building, indicating
that the stringent seismic design and detailing of the special
moment frame building resulted in superior robustness against
column loss.

The robustness index quantifies the ability of a structure to
withstand gravity loading under sudden column loss, with
values above unity indicating that the collapse will be ar-
rested. The robustness index R for the bolted or threaded rod
connection assembly can be calculated using the following
equation:

R=——|P(A)dA
PA (4)
where
P, = factored service-level gravity load acting on the
unsupported column according to the extraordinary
events load case (1.2D + 0.5L + A)) specified in
ASCE 7-16"
4, = vertical displacement of the unsupported column
corresponding to ultimate static load
A = vertical displacement of the unsupported column
P(A) = force-displacement relationship obtained from the

static pushdown tests discussed in this paper

When calculating the robustness index R, the load or load effect
resulting from the extraordinary event A, equals 0 and plays no
role in the determination of the factored service-level gravity
load acting on the unsupported column according to the ex-
traordinary events load case P because the load effect resulting
from the extraordinary event (column loss) was physically con-
sidered in the testing by pushing down the unsupported column.

Figure 9 shows the force-displacement curves up to connection
failure of the bolted and threaded rod connection assemblies
for both static loading and sudden column loss. The sudden
column loss curves were derived by numerically integrating the
static loading curves over the interval from zero to maximum
column vertical displacement, normalizing by the column verti-
cal displacement at each subinterval to obtain units of force and
then plotting the normalized values as a function of the static
column vertical displacement. The resistances of the bolted

and threaded rod connection assemblies to sudden column loss
are less than their resistances to static column loss because the
resistances to sudden column loss account for the detrimental
dynamic effects induced by sudden column loss. The ultimate
capacities under sudden column loss were 68.8 and 64.5 kip
(306 and 287 kN) for the bolted and threaded rod connec-

PCl Journal | July-August 2025




100

90 F (1
1
1
80 | !
|
70
60 |
50

40 1 12D+ 05L

Vertical force, kip

30 |

—— Static loading
——Sudden column loss

1
1
[}
[}
[}
20 | !
1
[}
1
[}
1

0 2 4 6 8 10
Column vertical displacement, in.

Bolted connection assembly

100

[

1
90 [

1
80 L
70 1
60 |
50
40 r 1.2D + 0.5L
30 |

Vertical force, kip

Static loading

[}
1
[}
]
[}
20 | !
[}
10 | —— Sudden column loss 1

[}

1

0 2 4 6 8 10
Column vertical displacement, in.

Threaded rod connection assembly

Figure 9. Force-displacement responses considering static loading and sudden column loss. Note: D = dead load; L = live load.
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tion assemblies, respectively, as indicated by the point where
the vertical dashed line intersects the sudden column-loss
curves. The vertical dashed lines intersect the static loading
curves at the points at which the ultimate capacity is achieved.
Robustness indices of 1.6 and 1.5 were obtained for the bolted
and threaded rod connection assemblies, respectively, by
normalizing the sudden column loss capacities by the factored
service-level gravity loading of 44.2 kip (197 kN), which is
indicated by the horizontal dashed line. The robustness indexes
for both assemblies indicate significant reserve capacity against
collapse during sudden column loss under service-level gravity
loads. The bolted and threaded rod connection assemblies
could sustain loads 60% and 50% greater, respectively, than the
44.2 kip that they would need to sustain under sudden column
loss to prevent collapse. These results are a vast improvement
over the steel link plate connection performance reported by
NIST,® where robustness indices of 1.02 and 1.11 were obtained
from testing ordinary precast concrete moment frame and
special precast concrete moment frame specimens, respectively.

Conclusion

This paper presented results from static pushdown testing that
simulated a column-removal scenario for disproportionate
collapse applications for two precast concrete assemblies
with novel moment connections that did not require the use of
field welding. These connections were similar in concept in
that they used anchor bolts or high-strength rods with pairs of
threaded couplers embedded near the tops and bottoms of the
respective columns. Based on the test results, the following
main conclusions were reached:

e Both beam-to-column moment connection assemblies
achieved the target design rotational capacity of 2.30 degrees
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before reaching their ultimate moment strengths. The bolted
connection assembly achieved an ultimate moment strength
of 419 kip-ft (568 kN-m) at 2.43 degrees of beam chord
rotation. The threaded rod connection assembly achieved an
ultimate moment strength of 340 kip-ft (461 kN-m) at 3.87
degrees of beam chord rotation.

e The required moment strength stipulated by design was
234 kip-ft (317 kN-m). Both connection assemblies
achieved this strength within their linear response region.

e  For both connection assemblies, rotational deformations
were localized at the beam-to-column connections as
was intended by the design. The connection components
(that is, anchor bolts and threaded rods) from both tests
behaved as ductile fuses, and their rupture in tension was
the mode of failure intended by the design.

*  Robustness indices of 1.6 and 1.5 were obtained for the
bolted and threaded rod connection assemblies, respec-
tively, indicating that the assemblies could have sustained
loads of 60% and 50% greater, respectively, than the
44.2 kip (197 kN) that they would need to sustain to
prevent collapse under sudden column loss.

e In the laboratory, the threaded rod assembly’s moment
connections were easier to construct than those of the
bolted connection assembly. The coarser threads and
longer lengths of the thread bars provided the flexibility
needed to establish the connections quickly and easily.

Care should be taken during the fabrication of these connec-
tions, with close attention paid to the steel couplers embedded
in the column. The couplers should be level with no out-of-



plane skewness and should be secured before casting the
concrete to ensure that they do not shift during casting. For
the bolted connection, it is recommended that the anchor bolt
threads be rolled instead of cut because rolled threads will
likely be easier to mate with the coupling nuts embedded in
the column. The process by which rolled threads are created
results in threads that are typically free of surface imperfec-
tions and more resistant to damage, making them the pre-
ferred choice to ensure ease of construction in the field.

Table 2 compares the performance metrics of both beam-to-
column moment connection assemblies. The bolted connec-
tion had a larger ultimate moment strength and robustness
index, whereas the threaded rod connection had a larger
rotational capacity. Both connections exceeded their design
moment strengths and target rotational capacities.

The test results suggested that both connection concepts are
viable for use in precast concrete construction to achieve robust
performance against disproportionate collapse. Both connection
concepts eliminate costly field welding and the need for spe-
cialized labor. Because the connections can be made by hand,
they are easier to make than typical welded precast concrete
moment frame connections. Future research is needed to thor-
oughly quantify the potential cost savings that can be achieved
when using these connections instead of welded ones. Further
work is also required to quantify the long-term performance of
both connection concepts and to gain an understanding of their
behavior under loads induced by earthquakes and strong winds.
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Notation

A, = load or load effect arising from extraordinary
event A

D = dead load

k = coverage factor

L = live load

L, = horizontal distance from centerline of column to
centerline of pin

n = number of independent measurements

P, = factored service-level gravity load

P(A) = force-displacement relationship obtained from the

static pushdown tests
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= robustness index

= length scale

moment demand scale

= stress scale

= sample standard deviation

expanded uncertainty

= average of vertical displacement measurements
D05 and D06

= vertical displacement of the unsupported column

= vertical displacement of the unsupported column
corresponding to ultimate static load

= beam chord rotation

mean value
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Abstract

This paper presents an experimental study of two
precast concrete moment frame assemblies tested
under a notional column-removal scenario. The
assemblies were derived at a five-eighth scale from

a 10-story prototype building and consisted of two
spandrel beams connected to a central column. The
unsupported column was subjected to monotonical-

ly increasing vertical displacement until connection
failure. Moment connections in both assemblies were
made using either anchor bolts or high-strength thread-
ed rods, which were threaded into couplers embedded
near the tops and bottoms of the respective columns

to complete the connections. The connection compo-
nents were centered on the thickness of the beams to
limit the eccentricity of the tensile force transfer path.
Both connection assemblies failed from the rupture of
one of the anchor bolts or threaded rods at the bottom
connection. An energy-based analysis of the test results
revealed that both connections had a similar reserve
capacity against collapse under sudden column loss.
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The connections did not require field welding and were
easily constructed in the laboratory. They also demon-
strated improved reserve capacity against collapse
under sudden column loss compared with conventional
steel link plate moment connections. These advantages
suggest the viability of these connections for use in
precast concrete construction.
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