
35PCI Journal  | September–October 2017

On May 16, 1968, a gas explosion blew out a 
load-bearing exterior wall on the 18th floor of the 
Ronan Point tower block in London, U.K., causing 

a progression of failures that resulted in the collapse of an 
entire corner of the 22-story precast concrete building.1,2 
This event provided an impetus for extensive research 
on the collapse resistance of large-panel precast concrete 
structures and for the development of design approaches 
for various structural systems to prevent such cases of dis-
proportionate collapse. Elliott and Jolly3 present a review 
of previous experimental research on collapse resistance 
of precast concrete structures and a summary of design 
approaches for disproportionate collapse mitigation with 
application to multistory precast concrete structures. One 
such approach is the tie force method, an indirect design 
approach that requires minimum levels of strength and 
continuity in the connections between the various com-
ponents of a structure. However, this approach does not 
consider the ductility of the ties and, thus, does not ensure 
that the loads can actually be redistributed as large defor-
mations develop following a local failure. The alternative 
load path method is a direct design approach that requires 
structural analysis to demonstrate explicitly the adequacy 
of the structural system to redistribute loads following a 
local failure. This approach requires characterization of the 
nonlinear behavior and ductility of structural components 
and connections.

■ This paper presents a full-scale experimental study 
of two precast concrete moment-frame assemblies 
(one ordinary and the other special) representing 
portions of seismically designed perimeter moment 
frames from two 10-story prototype buildings.

■ The assemblies were subjected to monotonically 
increasing vertical displacement of the unsupported 
center column to observe their behavior and failure 
modes under simulated column removal.

■ The failures of both the ordinary moment frame and 
special moment frame specimens were character-
ized by fractures of the bottom anchorage bars at 
the welded connection to the center column and 
diagonal cracking and shear deformation of the end 
columns under outward forces generated by arch-
ing action in the beams.
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tested one-third-scale precast concrete frame assemblies 
under a column removal scenario, comparing the perfor-
mance of monolithic connections; cast-in-place concrete, 
or wet, connections; and field-bolted, or dry, connections. 
Kang and Tan12 performed testing of half-scale precast 
concrete frame assemblies with cast-in-place concrete 
connections under simulated column removal, comparing 
the performance of specimens with different reinforcement 
details in the joints. These recent reduced-scale assembly 
tests10–12 considered rectangular beams with clear span-to-
depth ratios of approximately nine, which is comparable to 
the clear span-to-depth ratio of beams in the cast-in-place 
concrete assemblies tested previously by Lew et al.5

The study reported herein included full-scale testing of two 
precast concrete moment-frame assemblies, each compris-
ing three columns and two beams. Although both speci-
mens had moment-resisting beam-to-column connections, 
one specimen was designed as part of an ordinary moment 
frame and the other was designed as part of a special 
moment frame. The specimens were subjected to displace-
ment-controlled vertical loading of the unsupported center 
column to observe their behavior under a simulated column 
removal scenario, including the development of flexural 
action and arching action. Each test was continued beyond 
the ultimate capacity of the assembly to characterize the 
failure modes and collapse mechanisms that developed.

Design of prototype buildings

NIST, working with a panel of experts that included 
practicing structural engineers and fabricators, developed 
the overall configuration and dimensions of two prototype 

Experimental data from structural assemblies and systems 
under local failure scenarios, such as column removal, 
are indispensable in characterizing the complex nonlinear 
behaviors whereby alternative load paths can be developed. 
Experimental data are also critical for the validation of 
models used to represent such behaviors in the analysis of 
structural systems. 

To address the need for such experimental data and as-
sociated modeling capabilities, the National Institute of 
Standards and Technology (NIST) is conducting a compre-
hensive analytical and experimental research program to 
study the vulnerability of multistory building structures to 
disproportionate collapse. As part of this research, 10-sto-
ry prototype buildings have been designed with various 
structural systems, including steel-frame, cast-in-place 
concrete–frame, and precast concrete–frame buildings. 
Moment-frame assemblies representing portions of these 
structural systems have been tested at full scale under 
simulated column removal. Sadek et al.4 described testing 
and analysis of steel moment-frame assemblies, while 
Lew et al.5 described testing and analysis of cast-in-place 
concrete moment-frame assemblies. This paper focuses 
on testing of precast concrete moment-frame assemblies, 
while a companion paper6 presents computational model-
ing and analysis of these test specimens.

Experimental data on the disproportionate collapse resis-
tance of precast concrete moment-resisting–frame struc-
tures is limited. As summarized by Elliott and Jolly,3 sever-
al experimental studies have investigated the effectiveness 
of tie forces in precast concrete floor slabs at redistributing 
loads through catenary action.7–9 Recently, Nimse et al.10,11 

Figure 1. Prototype buildings. Note: 1 ft = 0.305 m.
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frame and special moment frame connections, Class B 
splices were provided between the anchorage bars and 
the beam flexural reinforcement to maintain continuity 
of the beam reinforcement through the connection, as re-
quired for precast concrete special moment frames in sec-
tion 21.6.2 of the American Concrete Institute’s (ACI’s) 
Building Code Requirements for Structural Concrete 
(ACI 318-05) and Commentary (ACI 318R-05).15

The precast concrete special moment frames were de-
signed in accordance with sections 21.2 through 21.6 of 
ACI 318-05. As noted in section 3.6.4 of the PCI Design 
Handbook: Precast and Prestressed Concrete,16 these 
provisions aim to produce structures with strong column, 
weak beam behavior. Section 21.3 of ACI 318-05 specif-
ically requires that flexural members of special moment 
frames have a clear span not smaller than four times the 
effective depth. To comply with this requirement, the 
special moment frame spandrel beams had a reduced depth 
relative to the ordinary moment frame spandrel beams. 
The clear span–to–depth ratio was 2.7 for the ordinary 
moment frame spandrel beams and 4.2 for the special 
moment frame spandrel beams. Cross-sectional dimensions 
and reinforcement details of the beams and columns are 
presented subsequently.

The prototype buildings were designed according to 
ASCE 7-0517 for occupancy category II. Seismic design 
of the ordinary moment frame building was based on a 
location in Atlanta, Ga., on Site Class C. Seismic de-
sign of the special moment frame building was based on 
a location in Seattle, Wash., on Site Class D. Both the 
precast concrete structural members and the concrete 
topping were designed using normalweight concrete, with 
a density of 150 lb/ft3 (24 kN/m3). A compressive strength 
of 6000 psi (41 MPa) was specified for the precast con-
crete structural members, and a compressive strength of 
4000 psi (28 MPa) was specified for the concrete topping. 
A minimum yield strength f

y
 of 60 ksi (410 MPa) was 

specified for the reinforcing bars.

10-story precast concrete buildings for office occupancy. 
The design of the buildings is described in NIST Techni-
cal Note 1886.13 To examine the effectiveness of seismic 
design and detailing in resisting disproportionate collapse, 
alternative designs were developed for seismic design 
categories B and D. A square plan layout was chosen for 
both prototype buildings (Fig. 1), with plan dimensions of 
150 × 150 ft (46 × 46 m). Both buildings have perimeter 
moment frames designed to resist lateral loads, while the 
interior framing was designed for gravity loads only. The 
building designed for seismic design category B incorpo-
rates ordinary moment frames, while the building designed 
for seismic design category D incorporates special moment 
frames. The interior gravity framing consists of simply 
supported inverted T beams spanning between columns 
in the east-west direction. The floor system consists of 
cambered double-tee members spanning the north-south 
direction, with a concrete topping that varies in thickness 
from 3.5 in. (89 mm) over the inverted T beams to 2.5 in. 
(64 mm) at midspan of the double-tee members.

The spandrel beams in the perimeter moment frames 
were placed inside pockets in the exterior columns 
(Fig. 2), and moment connections were established by 
welding steel link plates to steel angles embedded in 
the beams and to steel plates embedded in the columns. 
Figure 3 shows the special moment frame connection 
details. The ordinary moment frame connections were 
similar but with two no. 10 (32M) anchorage bars per 
link plate and different dimensions of the components. 
Details are provided in NIST Technical Note 1886.13 The 
steel column plates were embedded in the column con-
crete using AWS D1.1 Type B headed studs.14 Anchorage 
reinforcing bars in the spandrel beams were welded to 
the steel angles embedded at the top and bottom of the 
beams. The beam moment was transferred to the column 
by the coupling forces generated in the top and the bot-
tom link plates. Torsional restraint for the spandrel beams 
was provided by torsion rods installed through sleeves in 
the beams and columns. For both the ordinary moment 

Figure 2. Perspective illustration of a perimeter moment frame showing link-plate connections and placement of spandrel beams 
within pockets in the columns.
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at the bases of the end columns. The front of each specimen 
denotes the surface on which the link plates were welded 
when making the moment connections, and the designations 
left beam and right beam correspond to the orientation of the 
beams when viewing the specimen from the front (Fig. 4).

The beams of the special moment frame specimen were 
inadvertently installed in an inverted orientation so that the 
longer anchorage bars were at the bottom of the beams rath-
er than at the top as designed (Fig. 3). A slight misalignment 
of the torsion rod sleeves in the beams and columns also 
prevented installation of the torsion rods for the special mo-
ment frame specimen. As discussed in NIST Technical Note 
1886,13 the implications of these errors were investigated us-
ing computational modeling and were found to have only a 
slight influence on the response of the special moment frame 
specimen. The experimental results obtained for the special 
moment frame specimen are therefore believed to represent 
quite closely the behavior of the specimen as designed.

Measured material properties of the concrete and 
ASTM A706 Grade 60 reinforcing bars18 are reported in 
NIST Technical Note 1886.13 The average measured 28-day 
compressive strength of concrete was 5785 psi (39.89 MPa), 
and the average 28-day splitting tensile strength of concrete 
was 469 psi (3.23 MPa). All plates and angles were made of 
ASTM A36 steel19 with a minimum specified yield strength 
of 36 ksi (250 MPa). The torsion rods were ASTM A193 
Grade B7 bolts20 with a minimum tensile strength of 125 ksi 
(862 MPa).

Instrumentation

The complete instrumentation systems for the two test 
specimens are described in NIST Technical Note 1886.13 A 
total of 67 channels of data were recorded for the ordinary 
moment frame specimen, and 77 channels of data were 
recorded for the special moment frame specimen. Displace-
ment measurements included vertical displacements of the 
center column and the beams and horizontal displacements 
of the end columns. Two types of transducers were used to 
measure displacements: spring-loaded, string-type displace-
ment potentiometers with a range of 72 in. (1830 mm) and 
an accuracy of 0.001 in. (0.025 mm) and linear variable 
differential transformers (LVDTs) with a range of 6 in. 
(150 mm) and an accuracy of 0.005 in. (0.13 mm). LVDTs 
were used only to measure horizontal displacements of the 
end columns for the ordinary moment frame specimen, 
while all other displacements were measured using string 
potentiometers. To measure the rotation of the beam ends, 
digital inclinometers were attached to the top surface of the 
beams.

Both specimens were extensively instrumented with 
electrical resistance strain gauges attached to the surfaces 
of selected steel components. Uniaxial strain gauges were 

Experimental program

The primary objectives of these tests were the following:

• to characterize the response of the precast concrete 
moment frames under a column removal scenario, 
particularly the capacity of the moment connections 
to transfer loads through flexural action and other 
mechanisms

• to provide experimental data for validation of finite-el-
ement models to be used in evaluating the robustness 
of precast concrete structural systems

The test specimens were two-span moment-frame assem-
blies extracted from the third-floor framing system in the 
north-south direction (C1~E1) of the 10-story buildings 
(Fig. 1). The specimen from the seismic design category B 
building was part of an ordinary moment frame, while the 
specimen from the seismic design category D building was 
part of a special moment frame.

Experimental configuration

Figure 4 illustrates the experimental configuration, which 
was essentially the same for both specimens and is further 
described in NIST Technical Note 1886.13 The span length 
of the test specimens was reduced from 30 ft (9.1 m) to 
25 ft (7.6 m) to fit within the testing facility. The effect of 
the shortened span length was evaluated using computa-
tional modeling and is discussed in the companion paper.6 

The tops of the end columns were restrained by a steel 
frame to simulate the bracing effect provided by the upper 
stories in a multistory building. Vertical load was applied to 
the unsupported center column using a hydraulic actua-
tor with a capacity of 400 kip (1800 kN) and a stroke of 
20 in. (510 mm). The load was applied under displacement 
control at a rate of 1 in./min (25 mm/min). Horizontal 
movements of the steel loading plate were restrained by 
four columns positioned at the corners of the plate (Fig. 5). 
A special roller bearing support arrangement at the four 
corners of the plate allowed free vertical displacement 
of the plate along the four columns. Lateral bracing was 
provided at the lower end of the center column and at the 
midspan of each beam (Fig. 4).

Test specimens

Figure 5 shows member sizes and reinforcement details 
for the ordinary moment frame and special moment frame 
specimens. The columns had a rectangular cross section 
(section AA in Fig. 4), which was reduced to a T shape in 
the connection regions to form pockets for the spandrel 
beams (section BB in Fig. 4). Column longitudinal rein-
forcing bars were welded to 1 in. (25 mm) thick steel plates 
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displacement, rotation, and strain data is ±1%. In addition 
to these measurements, three digital video cameras were 
used to record each test. A camera was aligned with each 
of the three columns to capture deformations, surface 
cracking, spalling, and component failure in the region 
surrounding each moment connection.

Experimental results for ordinary 
moment frame specimen

Observed behavior and failure modes

Figure 6 shows a plot of the applied vertical load versus 
the vertical displacement Δ of the center column for the 
ordinary moment frame specimen. Figure 7 illustrates 
the progression of damage corresponding to the circled 
labels in Fig. 6. The load versus displacement was es-

attached to the reinforcing bars and anchorage bars in 
the beams, to the link plates connecting the beams and 
columns, and to the W16 × 67 (W410 × 100) beams used 
to brace the tops of the end columns. 

Strain gauges on reinforcing bars and shear studs 
were installed at the precasting plant prior to concrete 
placement, while surface-mounted strain gauges on the 
link plates and brace beams were installed at the testing 
facility. Strain gauges on the anchorage bars were installed 
at locations where tensile forces were expected and were 
installed in pairs on opposite sides of the bars to enable 
measurement of flexure as well as axial strains in the bars.

The vertical load applied by the hydraulic actuator 
was measured by a load cell with a capacity of 400 kip 
(1800 kN). The estimated uncertainty in the measured load, 
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to decrease. A drop in the load at point D was associated 
with detachment of the upper column plate from the left 
end column. The column plate was attached to the column 
with shear studs (Fig. 3), and detachment of the column 
plate was associated with concrete cracking on the left end 
column (Fig. 7). Figure 8 shows another view of the crack-
ing and spalling of concrete associated with detachment of 
the upper column plate from the left end column.

After the drop in load at point D in Fig. 6, the load be-
gan to increase steeply again up to point E, reaching an 
ultimate peak of 166 kip (738 kN) at Δ equal to 5.66 in. 
(144 mm). Between points D and E, the specimen devel-
oped additional capacity through arching action, with the 
top corner of each beam bearing against the center column 
and the bottom corner of each beam bearing against the 
end columns. Such bearing was evidenced by a narrowing 
of the gaps between the beams and columns with associ-
ated cracking and spalling of concrete in regions where 
bearing forces developed (Fig. 7).

After reaching the ultimate load at point E, the load 
dropped sharply to only 25% of its peak value. This drop 
in load was associated with fracture of the no. 10 (32M) 
anchorage bars welded to the bottom connecting angle 
on the left side of the center column. The anchorage bars 
fractured at the end of the flare-bevel-groove weld on the 

sentially linear up to point A, when concrete cracking 
occurred in the beams around the upper link plates at the 
center column and the stiffness of the specimen decreased. 
Further reductions in stiffness occurred at points B and C 
as concrete cracks formed in the end columns at the lower 
column plates. The load reached an initial peak of 133 kip 
(592 kN) at Δ equal to 2.87 in. (72.9 mm) and then began 

Figure 6. Applied vertical load versus vertical displacement 
of center column for ordinary moment frame specimen. Note: 
Labeled points D and E correspond to images in Fig. 7.
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panied by cracking and spalling of concrete on the right 
end column. Large deformations of the link plates were 
observed (Fig. 8), which indicated extensive yielding. Out-
of-plane bending of the link plates resulted from eccentric-
ity in the transfer of forces through the link plate connec-
tions (Fig. 9). This eccentricity also resulted in bending of 
the anchorage bars, which contributed to their fracture, as 
discussed subsequently. 

Figure 9 illustrates the bending that resulted from link 
plates in tension. For link plates in compression, the bend-
ing was reversed. (Compare the bending of the upper and 
lower link plates at the right end column in Fig. 8.) Finally, 
as the load continued to decrease and large chunks of con-
crete spalled from the specimen, the test was terminated at 
Δ equal to 17.8 in. (452 mm).

Displacement measurements

Figure 10 shows the displacement profile of the beams at 
selected values of the center column vertical displacement 
Δ. The displacement profile is largely symmetrical up 
to the ultimate load at Δ equal to 5.66 in. (144 mm), but 

connecting angle (Fig. 3), as is evident in Fig. 8, which 
shows the connecting angle and welded anchorage bars 
recovered from the specimen after the test.

After fracture of the anchorage bars, the load increased 
steeply as the specimen developed additional resistance 
through arching action, reaching 70% of the ultimate load 
at point F. A drop in load at point F was associated with 
fracture of the lower torsion bar at the right end column 
accompanied by diagonal cracking and shear deformation 
of the right end column below beam level. 

Shear deformation of the right end column continued 
throughout the remainder of the test, and Fig. 8 shows the 
final state of damage. Another drop in load at point G was 
associated with fracture of the lower torsion bar at the left 
end column accompanied by shear deformation of the left 
end column below beam level, which continued throughout 
the remainder of the test. Shear deformation of the left end 
column occurred with extensive concrete spalling.At point 
H in Fig. 6, the upper column plate detached from the right 
end column, similar to the failure observed previously on 
the left end column at point D. This failure was accom-

Figure 9. Top view of link plate connection illustrating eccentricity in force transfer and resulting bending of link plate and 
anchorage bars.
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some asymmetry is evident after the ultimate load, with 
larger displacements on the left side of the center column 
than on the right side. This asymmetry resulted from the 
anchorage bar fractures on the lower left side of the center 
column. Measured rotations at the beam ends differed from 
the calculated beam chord rotation by about 0.20 degrees 
at most. This implies that the beams essentially rotated as 
rigid bodies, with most of the deformations localized at the 
beam-to-column connections.

Figure 11 shows the horizontal displacement of the end 
columns at beam midheight, with positive values signify-
ing outward displacement, plotted against the vertical dis-
placement of the center column. The average of the two 
measurements, which cancels out rigid-body motions, is 
also plotted for comparison. Initially, both end columns 
displaced slightly inward, reaching an average inward 
displacement of 0.044 in. (1.1 mm) prior to the onset 
of arching action. After the onset of arching action at Δ 
equal to 4.0 in. (100 mm) (point D in Fig. 6), both end 
columns displaced to the left by about 0.17 in. (4.4 mm), 
indicating a slight rigid-body rotation of the end columns, 
which were linked at their tops by brace beams (Fig. 4). 
During this rigid-body rotation, the average inward dis-
placement decreased slightly as a result of arching action. 

After fracture of the anchorage bars at Δ equal to 5.66 in. 
(144 mm) (point E in Fig. 6), the motion of the right 
column changed directions and both end columns moved 
outward. The measured displacement from both gaug-
es froze at an outward displacement of about 0.15 in. 
(3.8 mm) and did not provide meaningful data after this 
point. Horizontal displacements after this point were 
estimated from video images, with an estimated uncer-
tainty of ±0.1 in. (±2.5 mm) determined by comparing 
displacements obtained from the video images with those 
measured by the displacement gauges. The displacements 
estimated from the video images are shown as solid cir-
cles in Fig. 16 and indicate that both end columns contin-
ued to displace outward as a result of arching action. An 
average outward displacement of 0.75 in. (19 mm) was 
estimated at Δ equal to 14.4 in. (366 mm), which corre-
sponds to point H in Fig. 6.

Measurements from strain gauges

Strain gauges were installed in pairs on the front and back 
sides of anchorage bars near the link plate connections, and 
these gauges enabled measurements of the bending that re-
sulted from connection eccentricities (Fig. 9). At link plates 
subjected to tension, this bending was evidenced through 
tensile strains that were larger on the front of the bar than 
on the back (strain profile in Fig. 9). Figure 12 presents an 
interaction diagram of axial force versus bending moment 
in the upper anchorage bars at the end columns. These 
axial force and bending moment values were calculated 

Figure 10. Vertical displacement profile of beams 
corresponding to indicated center-column displacements 
(ordinary moment frame specimen; displacements magnified). 
Note: Δ = vertical displacement. 1 in. = 25.4 mm.

Figure 11. Horizontal displacement of end columns at beam 
midheight (ordinary moment frame specimen).

Figure 12. Axial force versus bending moment for upper 
anchorage bars at end columns (ordinary moment frame 
specimen). Note: 1 in. = 25.4 mm; 1 kip = 4.448 kN.
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in the brace beam initially when the end columns moved 
inward at beam midheight (Fig. 11) and as negative 
moments in the beams tended to rotate the tops of the end 
columns inward. A drop in the compressive force at Δ 
equal to 3.7 in. (94 mm) corresponded to detachment of 
the upper column plate from the left end column, and a 
second drop at Δ equal to 5.7 in. (145 mm) corresponded 
to anchorage bar fracture. Tensile forces subsequently de-
veloped in the brace as the tops of the end columns were 
pushed outward by arching action.

Experimental results for special 
moment frame specimen

Observed behavior and failure modes

Figure 14 shows a plot of the applied vertical load versus 
the vertical displacement of the center column for the 
special moment frame specimen. Figure 15 illustrates 
the progression of damage corresponding to circled 
labels in Fig. 14. The specimen was initially loaded to 
89 kip (390 kN) and then unloaded to confirm that the 
instrumentation, data acquisition, and loading systems 
were working properly. During the initial phase of load-
ing, some limited damage occurred, including concrete 
cracking on the right beam near the link plates. After 
unloading, the center column had a residual vertical dis-
placement Δ of 0.65 in. (17 mm), corresponding to point 
A in Fig. 14. From this point, the specimen was loaded 
under monotonically increasing displacement for the 
remainder of the test.

After reaching an initial peak load of 151 kip (672 kN) 
at Δ equal to 2.49 in. (63.3 mm) (point B in Fig. 14), 
the vertical load dropped to 98 kip (435 kN). This drop 
in load was associated with fracture of a no. 11 (36M) 
anchorage bar welded to the bottom connecting angle on 
the left side of the center column (connection detail in 
Fig. 3). Strain data from the link plates indicated that the 
bottom anchorage bar fractured first and that the upper 
two anchorage bars fractured subsequently. The anchor-
age bars fractured at the end of the flare-bevel-groove 
weld on the connecting angle (Fig. 16).

After the drop in load at point B in Fig. 14, the load 
increased beyond the initial peak load, reaching a peak of 
165 kip (735 kN) at point D before dropping sharply again 
at Δ equal to 4.88 in. (124 mm). Between points C and 
D, the specimen developed additional capacity through 
arching action, with the bottom corner of each beam 
bearing against the end columns and the top corner of each 
beam bearing against the center column. The drop in load 
at point D was associated with the fracture of the two re-
maining no. 11 (36M) anchorage bars welded to the bottom 
connecting angle on the left side of the center column. 
Fracture of these anchorage bars was evidenced by further 

from the measured strains by assuming a linear strain 
profile across the bar (Fig. 9) using the measured stress-
strain curve for a no. 10 (32M) bar (from tensile testing 
reported in NIST Technical Note 188613) to calculate the 
corresponding stress profile and numerically integrating 
the stress profile over the cross section of the bar. Open 
circles on the curves of calculated bending moment 
and axial force indicate the point at which yielding first 
occurred on the front side of the bar. Based on tensile 
testing,13 the yield capacity of a no. 10 (32M) bar was 
81.3 kip (362 kN). Figure 12 thus shows that bending mo-
ments due to connection eccentricities caused yielding to 
initiate when the axial force was at about half of the yield 
capacity of the bar.

Figure 13 shows the axial force in the front brace beam 
spanning between the tops of the end columns, which was 
obtained from the average measured axial strain at mid-
span of the brace beam. Compressive forces developed 

Figure 13. Axial force in front brace beam (ordinary moment 
frame specimen). Note: 1 kip = 4.448 kN.

Figure 14. Applied vertical load versus vertical displacement 
of center column for special moment frame specimen. Note: 
Labeled points B, D, and F correspond to images in Fig. 15.
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up photograph in Fig. 16 illustrates the splitting failure 
and concrete spalling that resulted in bond failure at this 
location. As indicated in Fig. 15, shear deformation of the 
right end column also commenced with the drop in load at 
point F accompanied by diagonal cracking and spalling of 
concrete below the beam level (Fig. 16). Shear deformation 
of the right end column continued throughout the remain-
der of the test.

After the drop in load at point F (Fig. 14), the load contin-
ued to increase, but with a reduced stiffness, reaching 95% 
of the ultimate load at point G. A drop in load at point G 
was associated with diagonal cracking of the left end col-
umn below the beam level (Fig. 16). Shear deformation of 
the left end column commenced at point G and continued 
throughout the remainder of the test. By the end of the test, 
both end columns had displaced noticeably outward below 
the beam level, as a result of arching action, while the tops 

increases in the gap between the left beam and the center 
column, as well as extensive spalling of concrete near the 
anchorage bars (Fig. 15).

After the drop in load at point D in Fig. 14, the load 
increased again up to point F, reaching an ultimate peak 
load of 188 kip (836 kN) at Δ equal to 6.69 in. (170 mm). 
Between points E and F, the specimen continued to develop 
additional capacity through arching action. The sharp drop 
in load at point F was associated with bond failure of the 
upper anchorage bars at the right end column, resulting 
from the formation of splitting cracks and spalling of the 
concrete covering the upper anchorage bars near the right 
end column. Initial surface cracking was previously evident 
at this location (point E in Fig. 15). Finally, at point F, 
extensive spalling had occurred and a substantial gap had 
opened between the right beam and the right end column, 
providing evidence of bond failure (Fig. 15). A close-

Figure 15. Progression of damage for special moment frame specimen. Note: Images correspond to labeled points in Fig. 14.
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of both end columns, which were linked by brace beams 
(Fig. 4), had displaced noticeably to the right. The left end 
column thus displaced leftward near its base but rightward 
at its top, resulting in extensive tensile cracking on its left 
side (Fig. 16). From point G in Fig. 14, the load gradually 
decreased, falling to 78% of the ultimate load at point H. 
Finally, as the load continued to decrease and large chunks 
of concrete spalled from the specimen, the test was termi-
nated at Δ equal to 17.8 in. (452 mm).

Displacement measurements

Figure 17 shows the displacement profile of the beams 
at selected values of the center-column vertical displace-
ment Δ. The displacement profile is largely symmetrical 
up to the initial peak load at Δ equal to 2.49 in. (63.3 mm). 
Some asymmetry is evident after that point, with larger 
displacements on the left side of the center column than on 
the right side, as a result of the anchorage bar fractures on 
the lower left side of the center column. Figure 17 shows 
that the deflected profile of each beam was approximately 
linear at each level of loading, indicating that most of the 
deformations were localized at the beam-to-column con-
nections, with the beams primarily rotating as rigid bodies.

Figure 18 shows the horizontal displacement of the end 
columns at beam midheight, with positive values signi-
fying outward displacement, plotted against the vertical 
displacement of the center column. Figure 18 also shows 
the average of the two measurements, which cancels out 
rigid body motions. Initially, both end columns displaced 
slightly inward at beam midheight, reaching an average 
inward displacement of 0.042 in. (1.1 mm) prior to the 
onset of arching action. After fracture of the anchorage 
bars at Δ equal to 2.6 in. (66 mm) (point B in Fig. 14), both 
end columns began to move outward as a result of arching 

Figure 17. Vertical displacement profile of beams correspond-
ing to indicated center-column displacements (special mo-
ment frame specimen; displacements magnified). Note: 1 in. = 
25.4 mm.

Figure 18. Horizontal displacement of end columns at beam 
midheight (special moment frame specimen).

Figure 16. Observed failure modes for special moment frame specimen.
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age bars at the right end column and the onset of shear 
deformations of the right end column (Fig. 15). The 
top of the right end column was subsequently forced 
outward (rightward) by arching action, pulling the top of 
the left end column rightward as well, and thus develop-
ing tensile forces in the brace beams.

Differences between the axial forces in the two brace 
beams resulted from torsion in the end columns. Because 
the precast concrete spandrel beams were aligned with the 
front faces of the columns, rather than their centerlines (top 
view in Fig. 4), forces in the link plates produced torsion in 
the end columns. This torsion was resisted by contact with 
the cross beams used to brace the end column tops at their 
inside and outside faces, resulting in differential forces in 
the front and back brace beams. 

Initially, tensile forces in the upper link plates on the end 
columns tended to pull the front faces of the end columns 
inward, and this torsional rotation was resisted by great-
er compression in the front brace beam. Subsequently, 
compressive forces associated with arching action tended 
to push the front faces of the end columns outward, and 
this torsional rotation was resisted by greater tension in the 
front brace beam.

Conclusion

The responses of the two specimens consisted of three pri-
mary stages (Fig. 20). In the first stage, loads were resisted 
through flexural action. Tensile forces in the bottom link 
plates at the center column were balanced by compressive 
forces in the top link plates, and tensile forces in the top 
link plates at the end columns were balanced by compres-
sive forces in the bottom link plates. 

In the second stage, loads were resisted through a combina-
tion of flexural action and arching action. This stage began 
when deflections and rotations of the beams caused the ini-
tial gaps between the beams and columns to close, with the 
top corners of the beams bearing against the center column 
and the bottom corners of the beams bearing against the 
end columns, pushing them outward. 

In the third stage, the specimens continued to carry loads 
through arching action but at a reduced capacity because of 
multiple failures that reduced the flexural resistance of the 
beam-to-column connections. Specifically, these failures 
degraded the capacity for transfer of tensile forces through 
the link plate connections, both at the upper link plates on 
the end columns and at the lower link plates on the center 
column. After the flexural resistance was compromised 
by these failures in the transfer of tensile forces, diagonal 
cracks and shear deformations developed in the lower 
portions of the end columns as continued arching action 
forced the end columns outward. Catenary action did not 

action in the beams. At Δ equal to 6.7 in. (170 mm), after 
bond failure of the upper anchorage bars at the right end 
column, and after shear deformation of the right end col-
umn commenced (point F in Figure 14), the motion of the 
left column changed direction, and both columns moved 
to the right at beam midheight. The left column reached a 
peak inward (rightward) displacement of 0.23 in. (5.8 mm) 
at Δ equal to 11.7 in. (297 mm) before changing direction 
again and beginning to move outward as a result of crack-
ing and shear deformation of the left column. Although 
the displacement of the left column changed directions 
due to rigid-body motions, the average displacement at 
beam midheight shows a monotonically increasing outward 
displacement after the onset of arching action, with an 
average outward displacement of 1.05 in. (26.7 mm) at the 
end of the test.

Measurements from strain gauges

Figure 19 shows the axial forces in the brace beams 
spanning between the tops of the end columns, which 
were obtained from the average measured axial strains 
at midspan of the brace beams. Figure 19 also shows the 
total brace force obtained by summing the axial forces 
in the two brace beams. Compressive forces developed 
in the brace beams initially when the end columns 
moved slightly inward at beam midheight (Fig. 18) and 
as negative moments in the beams tended to rotate the 
tops of the end columns inward. Sudden reductions in 
the compressive force in the brace beams at Δ equal to 
2.5 in. (64 mm) and at Δ equal to 4.9 in. (120 mm) cor-
responded to fracture of the lower anchorage bars on the 
left side of the center column (Fig. 15). A steep reversal 
in the sign of the brace beam forces, from compres-
sive to tensile, occurred at Δ equal to 6.7 in. (170 mm), 
which corresponded to bond failure of the upper anchor-

Figure 19. Horizontal displacement of end columns at beam 
midheight (special moment frame specimen).
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deformation of the end columns below beam level 
as a result of arching action in the beams

• Fracture of the welded anchorage bars occurred at 
relatively small beam chord rotations of 0.019 rad for 
the ordinary moment frame specimen and 0.0087 rad 
for the special moment frame specimen. As a result of 
eccentricities in the connections (Fig. 9), the anchor-
age bars were subjected to local bending moments, 
which interacted with the tensile forces to produce 
larger tensile stresses.

• The diagonal cracking, spalling, and shear deformation 
of the end columns observed in these tests indicate that 
lateral forces due to arching action could potentially 
result in shear failure of columns. If arching action is 
to be exploited in resisting vertical loads under column 
removal scenarios, care must then be taken to ensure 
that the surrounding structure, including the columns 
and potentially the floor system, can resist the lateral 
loads induced by arching action.

• Additional failure modes that were observed included 
the following:

 – detachment of embedded steel column plates with 
welded shear studs from the end columns of the 

develop in either the ordinary moment frame specimen 
or the special moment frame specimen, in contrast with 
previous testing of reinforced concrete moment frames,5 
for which tensile forces developed in the beams when the 
deflection of the center column was approximately equal to 
the beam depth. The precast concrete spandrel beams test-
ed in this study had greater span-to-depth ratios than the 
reinforced concrete beams tested previously, and failures 
of the beam-to-column connections depleted the capacities 
of the specimens when the deflections of the center column 
remained much less than the beam depths.

Based on the study reported herein, the following observa-
tions and conclusions can be drawn:

• Both the ordinary moment frame and special mo-
ment frame specimens exhibited the following failure 
modes:

 – cracking and spalling of concrete near the welded 
link plate connections between the precast con-
crete beams and columns

 – fracture of the bottom anchorage bars at the weld-
ed connection to the center column

 – diagonal cracking, spalling, and outward shear 

Figure 20. Three stages in the response of the precast concrete specimens.
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ordinary moment frame specimen under a com-
bination of unbalanced shear forces and out-of-
plane bending induced by the link plates

 – bond failure of the upper anchorage bars at 
the right end column at the ultimate load of 
the special moment frame specimen, resulting 
from the formation of splitting cracks and 
spalling of concrete

• The ultimate capacity of the ordinary moment frame 
specimen was 166 kip (738 kN), while the ultimate 
capacity of the special moment frame specimen was 
188 kip (836 kN). Corresponding beam chord rotations 
at the ultimate load were 0.019 rad for the ordinary 
moment frame specimen and 0.022 rad for the special 
moment frame specimen. Thus, the more stringent 
seismic design requirements for the special moment 
frame specimen resulted in an increase of only 13% 
in the ultimate capacity under the column removal 
scenario, with an increase of 18% in the corresponding 
beam chord rotation.

The companion paper6 presents computational modeling of 
the precast concrete moment frame specimens and provides 
conclusions regarding their performance under column 
removal scenarios.
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Notation

d
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= reinforcing bar diameter

f
y
 = yield strength

L = span length between column centerlines

t
w
 = throat dimension of flare-bevel-groove weld

Δ = vertical displacement
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Abstract

This paper presents a full-scale experimental study of 
two precast concrete moment-frame assemblies, each 
comprising three columns and two beams. The assem-
blies represented portions of seismically designed 
perimeter moment frames from two 10-story proto-
type buildings. One assembly was part of an ordinary 
moment frame, and the other was part of a special 
moment frame. The assemblies were subjected to 
monotonically increasing vertical displacement of the 
unsupported center column to observe their behavior 
and failure modes under simulated column removal. 

The failures of both the ordinary moment frame and 
special moment frame specimens were character-
ized by fracture of the bottom anchorage bars at the 
welded connection to the center column and diagonal 
cracking and shear deformation of the end columns 
under outward forces generated by arching action in 
the beams.

Additional failure modes included shear stud failure 
for the ordinary moment frame specimen and bond 
failure of anchorage bars for the special moment frame 
specimen.
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connections, progressive collapse, structural robust-
ness, testing.
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