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This article describes a novel, small-scale nonlinear beam-column connection and an associated 10
six-story frame test structure for the experimental dynamic response investigation of multi-story
buildings subjected to earthquake loading. The objective is to create a re-configurable, reusable
experimental platform on which several aspects of nonlinear dynamic response can be investi-
gated through successive, exhaustive testing under suites of earthquake records. Static and dynamic
calibration tests demonstrate excellent test-to-test repeatability of four structure configurations. 15
These results confirm that the properties of each configuration (period, strength, energy dissipa-
tion) remain invariant, thus allowing future experimental investigations (e.g., of peak engineering
demands) under earthquake loading.
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1. Introduction

The seismic analysis/design of most civil engineering structures is based on significant
nonlinear behavior under large earthquake loading [Ibarra et al., 2005; Goulet et al., 2007;
Elnashai and Di Sarnio 2008; Erberik et al., 2012; Seo and Sause, 2013]. The motivation
for the nonlinear beam-column connection and the associated multi-story frame structure 25
described in this article is the development and calibration of a reusable, re-configurable
experimental platform that can be used in future studies to investigate the seismic demands
(e.g., peak lateral displacements) of building frame structures under earthquake loading.
Most of the previous experimental research on the nonlinear dynamic response of building
structures under earthquake loading has focused on large-scale specimens [Schoettler et al., 30
2009; Panagiotou et al., 2011; Kim et al., 2012; Stavridis et al., 2012]. A major limitation
of these studies is that only a few specimens could be tested and under only a small num-
ber of ground motion records (e.g., Nader and Astaneh-Asl, 1996; Filiatrault et al., 2002,
among others) due to the small number of large-scale shake-table facilities in the U.S. and
abroad and the costs associated with these experiments. While a much larger database of 35
shake-table experiments is available for small-scale specimens, many of these studies were
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FIGURE 1 Six-story frame: (a) schematic (beam-column connections not shown); (b) test
setup.

limited to elastic response (e.g., Dyke et al., 1998; Mo and Lee, 2000; Lafortune et al.,
2007; O’Donnell et al., 2012) and the studies that did investigate nonlinear response (e.g.,
Rodgers and Mahin 2003; Rodriguez et al., 2007; Lignos et al., 2011] were limited to struc-
tures with damaged components that had to be replaced (i.e., the nonlinear test specimens 40
were not truly re-usable). As such, the number of tests that could be conducted was small,
resulting in limited tests to demonstrate the repeatability of each structure. To the best of the
authors’ knowledge, the test bed described in this paper provides an enhanced repeatability
over similar structures that have been developed previously, and has also been subjected to
a more rigorous assessment of its repeatability. 45

As shown in Fig. 1, the experimental platform described in this paper utilizes a re-
usable, six-story, single-bay test frame constructed from extruded aluminum beam and
column members. The frame dimensions, which were determined based on the size lim-
itations of the shake table, correspond to a building length-scale of, approximately, SL =
1/10 and a time scale of ST = 1/3. More information on the general features of the frame 50
can be found in O’Donnell et al. [2012]. One of the key features of the structure is a reusable
nonlinear beam-column connection design that can consistently emulate the behavior of
representative structural connections under earthquake loading. While the beam and col-
umn members of the test specimen are designed to remain linear elastic, the nonlinearity
and energy dissipation during an earthquake are concentrated at the beam-column connec- 55
tions. The lateral strength of the structure can be altered by prescribing the moment strength
for the beam-column connections. The fundamental period of vibration can be varied by
changing the amount of mass (i.e., the number of mass plates) attached to the floor and roof
levels.

Since the primary intended use of the experimental platform is to conduct a large 60
number of shake table tests using each structural configuration (with a prescribed lateral
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strength and fundamental period), an important requirement is that the behavior of the
frame specimen be repeatable such that each test starts from the same initial conditions
with the structure possessing the same structural properties from test to test. In other words,
while the behavior of the structure is allowed to go into the nonlinear range during each 65
ground motion, the initial properties (i.e., lateral stiffness, period, damping) should remain
invariant between the tests. In accordance with this requirement, this article focuses on the
design and calibration of the nonlinear connection as well as the repeatability of the multi-
story frame test specimen, especially when considering the median engineering demand
parameters (e.g., peak displacements) from a suite of records. 70

2. Beam-Column Connection

The development of the beam-column connection requires a reusable, damage-free compo-

Q1

nent that can satisfy the functional demands associated with nonlinearity, reconfigurability,
and repeatability without any permanent change in the behavior of the structure from
test to test. The connection needs to act in a linear-elastic manner up to a prescribed 75
“yield” moment, after which the behavior becomes nonlinear to emulate representative
structural connections during strong earthquake loading. The initial stiffness, prescribed
yield moment, post-yield behavior, and hysteretic characteristics of the connection need to
remain consistent under repeated use, while the yield moment can be calibrated to result in
a desired lateral strength and behavior for the multi-story frame. 80

The design of the connection was based on a rotational friction damper that was pre-
viously developed for supplemental energy dissipation in seismic precast concrete frame
structures [Morgen and Kurama, 2008]. Precast concrete beam-column subassembly tests
under quasi-static loading as well as isolated damper experiments under dynamic load-
ing were conducted [Morgen and Kurama, 2009] with two types of friction interfaces: 85
(1) lead-bronze (brass) alloy against stainless steel and (2) lead-bronze alloy against cast
steel alloy. The use of lead-bronze alloy at the friction interfaces is desirable because the
material “self-lubricates” when rubbing against an adjacent metal surface, which helps to
reduce the phenomenon of stick-slip and results in a consistent value for the coefficient
of friction. Sample isolated damper test results for lead-bronze alloy against stainless steel 90
friction interfaces can be seen in Fig. 2. The experiments showed that friction dampers
can provide: (1) repeatable, damage-free behavior that is largely independent of slip veloc-
ity and displacement amplitude (a desirable characteristic for design and performance);
(2) close-to-rectangular force-displacement characteristics with consistent strength and
large energy dissipation per cycle; and (3) large initial stiffness allowing slip to occur early 95
in the response, providing energy dissipation beginning at small lateral displacements of
the structure. The results were used to determine the static and kinetic coefficients of fric-
tion, µstatic and µkinetic, respectively, and the effect of the normal force, Fn acting on the
friction interfaces.

Based on the results from Morgen and Kurama [2008, 2009], a nonlinear beam-column 100
connection utilizing lead-bronze alloy (CDA 932 bearing bronze) against stainless steel
(cold drawn 303 annealed stainless steel) friction interfaces was developed for this research.
As shown in Fig. 3, the connection component bolted to the beam end is fabricated out of
stainless steel and the component bolted to the column is lead-bronze alloy. The moment
strength of the connection is controlled by the normal force, Fn applied to the friction 105
interfaces using a high-strength (ASTM A574 alloy steel) machined shoulder bolt. The
normal force Fn generates the friction required to develop the moment resistance when
the connection components are rotated with respect to one another. Belleville washers are
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FIGURE 2 Characterization of lead-bronze alloy against stainless steel friction interfaces:
(a) coefficient of friction (b) friction force vs. slip displacement (adapted from Morgen and
Kurama, 2009).
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FIGURE 3 Nonlinear connection design: (a) schematic; (b) photograph; and (c) as
assembled.

used to maintain a consistent level of normal force during each test due to their spring-like
behavior and consistency through many loading and unloading cycles. 110

The outside dimensions of the connection components were selected to be compatible
with the 38-mm thickness and 114-mm width of the beam members of the six-story frame.
Each “tooth” (on both the lead-bronze and the stainless steel components of a connection)
was manufactured to be 5.39-mm thick and each void between two teeth was 5.49-mm
thick; thus, leaving an extremely small tolerance gap of 0.05 mm on both sides of each 115
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tooth. This design ensured that the number of friction interfaces was adequate (total of
21 teeth and 20 friction interfaces) to achieve the desired moment strength of the connection
without overstressing the shoulder bolt or washers, while allowing the teeth to experience a
very small amount of elastic deformation to achieve a near-even normal stress distribution
across the friction interfaces. Both joint components were manufactured to a very high level 120
of precision using a computer numerical control (CNC) machining process, resulting in a
tightly assembled system with a fairly linear direct relationship between the connection
strength and the applied torque as shown later in this article.

Block flanges were included in the lead-bronze component to allow for attachment
bolts to the column, ensuring essentially no slack between the connection and the column. 125
Similarly, top/bottom flanges were included in the stainless steel component to accommo-
date the placement of attachment bolts to the beam, providing essentially no slack between
the connection and the beam. Additional attachment bolts to the beam and column members
were placed through the mid-thickness of the connection components.

A machined shoulder bolt was used to join the connection components and apply the 130
normal force due to the high precision with which the shoulder diameter is made. It was
determined that a 19-mm-diameter bolt would be adequate to achieve the desired connec-
tion strength without the need to overstress the bolt during repeated use. High strength,
structural-grade Belleville washers with an outer diameter of 34-mm (to bear within the
diameter of the teeth rotation zone) and an inner diameter of 20-mm (to fit over the shoul- 135
der of the shoulder bolt) with a load rating of 89-kN were used to generate sufficient normal
force without yielding. Multiple Belleville washers were used in series to increase the num-
ber of nut turns required to reach a given level for force normal to the friction interfaces,
Fn and thereby reduce the sensitivity of Fn to the number of turns. The Belleville washers
were arranged such that the broader end of their conical profile was bearing against the 140
outside face of the connection to provide a more even compressive stress distribution to the
friction interfaces.

3. Connection Behavior and Calibration

The moment capacity of each nonlinear beam-column connection is related to the normal
force, Fn applied to the friction interfaces. However, since it was not practical to incorporate 145
a load cell into the design of the connection, the normal force had to be regulated through
a means other than direct measurement. Bolt gauges were not used because of increased
specimen preparation time from test to test. Direct tension indicators were also deemed
impractical since new indicators would have to be installed in the connections after each
test. Therefore, an electronic calibrated torque wrench was used to determine the amount 150
of torque applied on the normal bolt and relate the measured torque to the moment strength
of the connection. A similar method is often used in the construction of bolted connections
in steel structures where tighter torque values are attributed to tighter connections that are
often referred to as “slip-critical.”

Static and dynamic tests of an isolated beam-column subassembly were used to cal- 155
ibrate each connection by correlating its moment strength, Mcm to the torque, Ta applied
on the shoulder bolt. As shown in Fig. 4, the assembly consisted of a vertically oriented
beam member, a column member fixed horizontally to the shake table, and a nonlinear
connection between the beam and the column. During each test, the shake table was moved
through a reversed-cyclic displacement history at different excitation amplitudes and fre- 160
quencies. A pin-ended threaded rod with a load cell was connected to the beam at a distance
of 375 mm from the column face (which is close to the midspan location of the beams
in the six-story structure). The other end of the threaded rod assembly was connected to
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a rigid steel reaction frame to keep the beam stationary while measuring the resulting
force as the nonlinear connection was rotated through the displacements of the shake table. 165
Displacement transducers mounted to an adjacent wall (isolated from the reaction frame)
were used to measure the beam chord rotation, θb.

As shown in Fig. 5, each connection subassembly was first subjected to a slow quasi-
static test with two displacement cycles at six different amplitudes up to a maximum beam
chord rotation of θb = 2.2%, which was determined based on the largest expected connec- 170
tion rotations in the six-story frame. The quasi-static tests were conducted using a constant
velocity during the applied loading history. Immediately following the quasi-static load-
ing, each connection was subjected to the dynamic test combinations in Table 1, which
were determined from the expected dominant frequencies of the test structures. For each
combination of beam chord rotation and excitation frequency in Table 1, the subassembly 175
was subjected to 10 loading cycles, resulting in a dynamic loading sequence of 70 cycles.
Similar to other studies on friction dampers [Gregorian et al., 1993; Way 1996; Morgen
and Kurama 2009], no significant dependency of the dynamic connection response to the
excitation frequency was found. Note that even though higher mode vibrations in a multi-
story frame structure can subject the beam-column connections to greater (i.e., higher 180
mode) excitation frequencies than the frequencies listed in Table 1, this effect is considered
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TABLE 1 Dynamic connection test parameters

Beam Chord
Rotation (%)

Excitation
Frequency (Hz)

0.27 2.3 − 4.35 −
0.69 2.3 3.8 4.35 5
1.11 − − 4.35 −
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FIGURE 6 Beam-column moment-rotation behavior of Connection 1: (a) hysteresis
results and (b) connection moment strength.

insignificant as compared to the variations from the connection normal bolt force (since the
bolt force was not directly measured).

Sample quasi-static connection moment, Mc vs. beam chord rotation, θb behaviors
from the beam-column subassembly tests are shown in Fig. 6a. The connection moment 185
was determined by multiplying the measured load cell force with the distance to the
column face (375 mm). As can be seen from Fig. 6a, the connection exhibits a high ini-
tial stiffness before beginning to slip and rotate, ultimately reaching a plateau through a
pinched hysteretic behavior. The pinched behavior occurs because at zero rotation, the
fixed ends of the teeth on the beam and column components of the connection are fur- 190
thest away from each other, but as the beam and column components are rotated, the fixed
ends move closer to each other, thus effectively stiffening the connection. As expected,
the connection moment strength increases as the torque, Ta on the shoulder bolt is
increased.

The inability to directly measure the connection moment or the normal bolt force 195
introduces variability and uncertainty in the repeatability of the connection strength and
behavior. To quantify this variability and calibrate the relationship between the applied
clamping torque and the moment strength for each connection, a series of tests were con-
ducted. After each test, the shoulder bolt was fully loosened, the connection was brought
back to plumb, and the bolt was re-tightened to the next torque value. To minimize the 200
variability, each connection was tested with the same set of shoulder bolt and Belleville
washers, as would be used in the full six-story frame structure.

The applied bolt torque, Ta vs. the resulting connection moment strength, Mcm from the
calibration tests of a typical connection is shown using the x markers in Fig. 6b. As shown
in Fig. 6a, the moment strength, Mcm was calculated as the average moment resistance 205
of the connection after the attainment of the ultimate strength plateau during quasi-static
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testing. In Fig. 6b, the straight lines represent the best linear fit to the calibration data for
each subset of eight tests collected sequentially throughout the testing of a connection.
The arrow represents the progression from earlier tests to eventual stability achieved in the
later tests of the same connection. Repeated testing showed that each connection initially 210
underwent a period of “stiffening” as it was tested from its virgin, untested state until it
eventually stabilized and the relationship between moment strength and applied torque was
sufficiently repeatable and predictable. This stiffening was most likely attributable to the
removal of loose particulates from the friction interfaces. Each connection was subjected
to a minimum of 80 tests until at least 40 tests (5 subsets of 8) were determined to be 215
sufficiently repeatable. The achievement of adequate stability in the performance of each
connection was defined as the discontinued increase in the slope of the linear regression
defining the torque to moment relationship for the ith subset as compared to subset i-1.
Some of the connections were able to reach stability within the minimum 80 tests while
others required up to 128 tests to exhibit behavior that was deemed stable. Eventually, a 220
stable set of 40 tests was produced for each connection, as shown in Fig. 7, correlating
applied bolt torque, Ta to the moment strength, Mcm.

As can be seen from the dashed lines in Fig. 7 depicting a band of ± one standard
deviation, σ from the fit line, each connection demonstrated a different level of uncertainty
in its performance despite the fact that all 12 connections were fabricated and tested using 225
the same process. Table 2 lists the standard deviation of the measured connection strength
from the linear regression line for each connection. Since it is reasonable to expect that the
nonlinear connection rotations will be greatest in the lower floors of the six-story frame
structure, the connections with lower standard deviation were placed in the lower floors
and those with larger standard deviation were placed in the upper floors. This was done 230
in an effort to minimize the variability in the behavior of the overall frame. The ordering
of the connection calibration plots in Fig. 7 visually illustrates how the connections were
distributed within the frame.

As example of typical results, Fig. 8 shows the quasi-static moment versus rotation (Mc

vs. θb) behaviors from four stable tests of Connection 1 (with the lowest standard deviation 235
in Table 2) and Connection 4 (with the highest standard deviation in Table 2) with an
applied torque of Ta = 26 N-m. To result in the largest extent of variability possible, the
tests were conducted in a non sequential manner. It can be seen that the hysteretic behavior
of Connection 1 demonstrates excellent repeatability. While the increased variability in
Connection 4 is noticeable, the behavior is acceptable for use in the upper levels of the 240
six-story frame structure. The effect of the connection variability on the behavior of the
six-story frame is investigated in the next section.

4. Six-Story Frame Behavior and Repeatability

This section discusses the behavior and repeatability of the six-story frame structure using
the 12 nonlinear beam-column connections. To ensure that the beam-column connections 245
undergo nonlinear rotations as intended in their design, the dynamic behavior of the six-
story frame was monitored using three-dimensional digital image correlation (3D-DIC)
during a limited number of initial trial tests [McGinnis et al., 2012]. Figure 9 compares the
observed deformed shapes of two beams from the lowest two floors of the structure at the
instant of maximum inter-story drift during a dynamic base excitation. One of the beams 250
was rigidly connected to the columns while the other beam was fastened to the column
using nonlinear friction beam-column connections, as described in Sec. 2. The 3D-DIC
measurements show that the beam with nonlinear connections essentially displaced like a
rigid body, with most of the rotations concentrated in the connections rather than distributed
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FIGURE 7 Stable Mcm vs. Ta calibration data set for each connection.

along the span length. This observation indicates that the nonlinear connections worked as 255
intended with regard to the response of the beam during inter-story drift demands.

To generate structures with different fundamental periods, two different superimposed
mass configurations were investigated for the six-story frame. Additionally, the lateral
strength of the structure was adjusted by prescribing specific moment strengths to the beam-
column connections, resulting in four frame configurations (referred to as Frames NL2R2, 260
NL2R4, NL4R2, and NL4R4) with different lateral strengths (representing varying degrees
of nonlinearity) as follows.

● Frame NL2R2 – two mass plates at each floor and one plate at the roof, with the
structure configured to achieve a lateral strength equal to 1/2 (corresponding to a
response modification factor of R = 2) of the linear-elastic base shear demand from 265
the median 5%-damped acceleration response spectrum for a suite of 39 unscaled
ground motion records described in O’Donnell et al. [2012].

● Frame NL2R4 – two mass plates at each floor and one plate at the roof, with the
structure configured for a lateral strength equal to 1/4 (R = 4) of the linear-elastic
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TABLE 2 Connection variability

Connection
No.

Stand. Dev.
σ (kN-M)

1 0.013
2 0.017
3 0.021
4 0.022
5 0.022
6 0.023
7 0.027
8 0.028
9 0.03
10 0.038
11 0.039
12 0.045
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FIGURE 8 Moment-rotation behavior from stable set with applied torque, Ta = 26 N-m:
(a) Connection 1 (most repeatable) and (b) Connection 4 (least repeatable).

800distance along span (mm)

be
am

 d
ef

le
ct

io
n 

(m
m

)

1.5

–1.5
0

beam w/o connections
beam w/connections

0

FIGURE 9 Beam deflected shape.



Nonlinear Frame Test Structure with Repeatable Behavior 11

base shear demand from the median 5%-damped response spectrum for the same 270
suite of 39 ground motion records.

● Frame NL4R2 – four mass plates at each floor and one plate at the roof, with the
structure configured for a lateral strength equal to 1/2 (R = 2) of the linear-elastic
demand.

● Frame NL4R4 – four mass plates at each floor and one plate at the roof, with the 275
structure configured for a lateral strength equal to 1/4 (R = 4) of the linear-elastic
demand.

The beam-column connection moment strengths, Mcm to result in the desired lateral
strengths for the structures were determined by conducting pseudo-static lateral load tests
on the frames. As described in O’Donnell et al. [2012], these tests were conducted by 280
holding the fourth floor of the frame stationary while displacing the base laterally using
the shake table. The connection layout in Fig. 7 was used and the moment strengths for all
12 connections in each frame configuration were kept constant.

Figure 10 shows the hysteretic base shear, Vb vs. 4th floor drift, "4 behavior of the
four frame configurations under five repeated reversed-cyclic lateral load tests to observe 285
whether the behavior remained repeatable. Between each test, the shoulder bolt in each
connection was loosened, the structure brought back to plumb, and the connection bolts
re-tightened to the desired torque based on the regression results in Fig. 7. Since each
frame configuration was designed for use under a large number of shake table tests, it was
imperative that the structure be reusable and repeatable such that each test started from the 290
same initial conditions with the structure possessing the same properties from test to test.
In other words, while the behavior of the structure was allowed to go into the nonlinear
range during testing, the initial properties (e.g., lateral stiffness) were required to remain
invariant between the tests. The hysteresis plots in Fig. 10 show that the structures exhibited
excellent repeatability under static loading. 295

The linear elastic fundamental period for Frames NL2R2 and NL2R4 was T1 = 0.22 s
and for Frames NL4R2 and NL4R4 was T1 = 0.27 s as computed by the transfer function of
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the response of the frames to a long duration white noise base excitation. With the selected
time-scale of ST = 1/3, the fundamental periods of the test frames correspond to full-scale
periods of T1 = 0.66 and T1 = 0.82 s, respectively. Low amplitude white noise excitation 300
rather than resonant sine sweep tests were used to determine the structure periods to ensure
that the frames remained in the linear-elastic range during these tests (i.e., rotations of the
beam-column connections did not occur).

Following the static lateral load tests and the white noise base excitation tests, each
structure was subjected to five repeated dynamic shake table tests under five different input 305
ground motions, resulting in a total of 100 tests for the four frame configurations. The roof
drift, "r time history responses from these 100 tests can be seen in Fig. 11 (the different
lines in each plot depict the different shake table test trials of the same frame configuration).
The corresponding maximum inter-story drift demands, δs over the height of each structure
during each dynamic test are provided in Fig. 12. 310

With a few exceptions, the results in Figs. 11 and 12 generally indicate very good
test-to-test consistency in the lateral displacement behaviors of the frames. The five ground
motions used in the study, selected from a full suite of 38 records in O’Donnell et al. [2012],
are listed in Table 3 (note that Record A-CTR270 in the aforementioned reference had to
be excluded from the current study). A range of ground motion intensities were selected in 315
order to subject the frames to a broad spectrum of seismic demands. Similar to the static
repeatability tests, the dynamic tests were conducted in a non-sequential manner to result in
the largest extent of variability possible. Table 4 lists the median, "̂r, and dispersion defined
as the coefficient of variation, COV("r), of the peak roof drift demands from each repeated
set of five tests, where COV ("r) is defined as the standard deviation of the peak rood drift 320
demands divided by the average (i.e., mean) response. The corresponding median, δ̂s, and
coefficient of variation, COV(δs), of the peak inter-story drift demands (i.e., largest inter-
story demand over the height of the structure) are given in Table 5. It can be seen that the
COV("r) values for the four frames remained less than 0.05 (or 5%), which is a generally
accepted threshold for good repeatability. 325

However, the results for the peak inter-story drift demands are not as consistent. Two
of the ground motions resulted in large (greater than 0.05) COV(δs) for Frames NL2R2 and
NL4R2 (i.e., the two stronger structures). As one would expect, the structures with smaller
lateral strength (i.e., Frames NL2R4 and NL4R4) generally experienced larger lateral roof
and inter-story drift demands than the structures with larger lateral strength. Frame NL4R4, 330
which had the largest lateral drift demands out of the four frames, also had the largest
average variability in the peak roof drift response (i.e., largest average COV("r)) and
consistently large variability in the peak inter-story drift response (second only to Frame
NL2R2).

Given the generally larger variability in the lateral displacements of Frame NL4R4, 335
additional tests were performed on this structure to further investigate and quantify its
dynamic response. To investigate this variability, the specimen was subjected to five trials
for each of the 38 unscaled ground motion records in O’Donnell et al. [2012] result-
ing in 5 trial responses for each of the 38 input ground motions. As can be seen in
Table 5, the dispersion in the peak roof drift demand, COV("r) ranged from a mini- 340
mum of 1.9% to a maximum of 19.1%. Thus, the structure showed an increased amount
of test-to-test variability when subjected to the full suite of 38 records. While this test-
to-test variability is above the generally accepted threshold of 5% for good repeatability
under a single ground motion record, a more important factor for seismic hazard analy-
sis is the median (i.e., geometric mean) demand from the ground motion suite selected 345
to represent a particular seismic hazard. This median demand is a random variable with
uncertainty/variability stemming from the test-to-test variability of the structure response.
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FIGURE 11 Repeatability of dynamic roof drift response, "r for the four frame configu-
rations: (a) 1059-N; (b) FKS090; (c) GIL067; (d) GOF160; and (e) KJM000.

A Monte-Carlo Simulation (MCS) was conducted to investigate this variability to show
that the variability in this median demand is less than the acceptable 5% threshold for good
repeatability. 350

The full suite of 38 unscaled ground motions was considered to represent the seismic
hazard at a particular site with the median response of the structure to the suite of 38 ground
motions assumed to represent the expected seismic demand. For this purpose random
combinations of 38 responses from each of the 5 trial shake table tests were generated.
A sufficiently large number (500) of such combinations was considered to obtain accurate 355
results based on Monte Carlo statistical analysis; 500 uniformly distributed random sets of
38 integers from 1–5 were generated with each integer for each ground motion determining
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the trial test response for that ground motion to be included in the specific combination (i.e.,
select one "r1 through "r5 for each record in Table 6).

The median peak roof drift, "̂r,MCS38 over the 38 ground motions was then calculated 360
for each of the 500 combinations and its samples are plotted in Fig. 13a. It can be seen
that the median peak roof drift of each of the 500 combinations ranged from a minimum
of 0.55% to a maximum of 0.60% indicating a relatively small amount of variability (note
that peak roof drifts from the 38 records were much greater than the median values—as
large as 6.82% for Frame NL4R4 as shown in Table 6). The corresponding dispersion of 365
the 500 sample medians for the full suite of 38 ground motions, COV("̂r,MCS38) was calcu-
lated as 1.3% by taking the quotient of the standard deviation in the sample medians over
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TABLE 4 Peak roof drift, "r demand statistics for five trials

Frame NL2R2 Frame NL2R4 Frame NL4R2 Frame NL4R4

Record ID "̂r (%) COV("r) "̂r (%) COV("r) "̂r (%) COV("r) "̂r (%) COV("r)

1059-N 0.071 0.047 0.085 0.012 0.102 0.036 0.093 0.048
FKS090 0.322 0.013 0.512 0.034 0.585 0.010 0.976 0.049
GOL067 0.228 0.033 0.430 0.029 0.350 0.035 0.437 0.040
GPF160 0.399 0.025 0.827 0.029 0.680 0.020 1.210 0.043
KJM000 1.110 0.033 2.370 0.045 0.990 0.023 3.920 0.038
Average 0.426 0.030 0.845 0.030 0.541 0.025 1.327 0.043

TABLE 5 Peak inter-story drift, δs demand statistics for five trials

Frame NL2R2 Frame NL2R4 Frame NL4R2 Frame NL4R4

Record ID δ̂s (%) COV(δs) δ̂s (%) COV(δs) δ̂s (%) COV(δs) δ̂s (%) COV(δs)

1059-N 1.591 0.033 1.470 0.008 0.184 0.096 0.174 0.048
FKS090 2.339 0.221 2.097 0.021 1.310 0.023 1.449 0.039
GOL067 1.519 0.034 1.662 0.013 0.848 0.027 0.774 0.035
GPF160 2.187 0.007 2.417 0.014 1.507 0.017 1.682 0.038
KJM000 2.505 0.016 4.235 0.025 1.780 0.023 4.394 0.029
Average 2.028 0.062 2.376 0.016 1.126 0.037 1.695 0.038

the average value of the sample medians. This small variability in the calculated median
is important in showing that even though there may be considerable variability for the
test-to-test response under particular ground motions as discussed earlier, the variability 370
in the median seismic risk estimate is not large when these excitations are used within an
ensemble of ground motions describing the seismic hazard.

To further support this claim, 500 subsets of three distinct ground motions and 500 sub-
sets of seven distinct ground motions were selected from the full suite of 38 records and
subjected to a similar MCS procedure as previously described. 500 random combinations 375
of 5 trials were selected for each of the 500 subsets of 7 distinct ground motions and all
125 possible combinations of 5 trials were selected for each of the 500 subsets of 3 distinct
ground motions. The specific choice for three and seven ground motion records is motivated
by the number of records required in the seismic response history procedures described in
ASCE 7 [ASCE, 2010]. The coefficient of variation, COV over the sample median roof drift 380
demands for each ground motion subset was then obtained, quantifying the variability in
the seismic demand if this specific smaller subset was used to describe the seismic hazard.
Figures 13b and 13c show the distribution of the COVs in the median demands from the
500 subsets of seven and three ground motions, COV("̂r,MCS7) and COV("̂r,MCS3), respec-
tively. It can be seen that the expected (i.e., mean) COV is still very low for small ensembles 385
of ground motions, calculated as 3.0% for subsets of seven ground motions and 4.5% for
subsets of three ground motions. The largest observed COV in the median roof drift demand
was 9.5%, which occurred for a subset of three ground motions.

Since inter-story drift, δs is also a parameter of great importance to practitioners per-
forming seismic response history analysis, the same MCS procedure described above was 390
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TABLE 6 "r demands of Frame NL4R4 subjected to 5 trials of 38 ground motions

Record ID "r1 "r2 "r3 "r4 "r5 "̂r COV("r)

1058-E 0.206 0.243 0.242 0.273 0.239 0.240 0.099
1059-N 0.093 0.098 0.087 0.090 0.097 0.093 0.048
1061-E 0.104 0.097 0.083 0.078 0.084 0.089 0.123
1062-E 0.250 0.216 0.202 0.218 0.213 0.219 0.082
375-N 0.221 0.192 0.230 0.218 0.208 0.213 0.069
531-N 0.079 0.091 0.074 0.075 0.085 0.081 0.088
BOL090 0.739 0.756 0.760 0.752 0.726 0.747 0.019
DZC270 1.41 1.10 1.63 1.54 1.25 1.37 0.155
AMA090 1.38 1.28 1.77 1.37 1.33 1.41 0.138
FKS090 0.916 0.940 1.03 1.01 0.984 0.976 0.049
KJM000 3.76 3.77 4.03 4.01 4.06 3.92 0.038
NIS090 0.400 0.661 0.552 0.585 0.643 0.560 0.183
PRI000 5.40 4.62 4.78 4.55 4.88 4.84 0.070
SHI000 0.682 0.728 0.747 0.705 0.759 0.724 0.043
TAK090 4.24 4.59 5.10 5.44 6.82 5.17 0.191
TAZ090 0.965 1.05 0.990 0.945 1.01 0.990 0.040
BRN090 0.555 0.567 0.570 0.594 0.580 0.573 0.025
CAP000 0.733 0.629 0.618 0.660 0.633 0.653 0.071
CLS000 0.760 0.828 0.851 0.843 0.841 0.824 0.045
G02000 0.584 0.620 0.629 0.682 0.623 0.627 0.056
G03000 0.273 0.234 0.196 0.251 0.285 0.246 0.140
G04000 0.605 0.579 0.530 0.481 0.598 0.557 0.094
G06090 0.210 0.246 0.222 0.237 0.230 0.229 0.061
GIL067 0.441 0.407 0.442 0.449 0.448 0.437 0.040
GOF160 1.16 1.29 1.19 1.19 1.23 1.21 0.043
LGP090 0.759 0.652 0.618 0.599 0.570 0.636 0.115
LOB000 0.197 0.215 0.191 0.198 0.202 0.201 0.045
SJTE225 0.243 0.252 0.238 0.222 0.220 0.235 0.060
STG000 0.725 0.890 0.823 0.915 0.844 0.837 0.087
UC2090 0.182 0.149 0.174 0.172 0.156 0.166 0.083
WAH090 0.502 0.488 0.575 0.548 0.548 0.531 0.068
WVC270 0.927 0.753 0.840 0.841 0.762 0.822 0.086
CPM000 2.33 2.69 2.93 2.84 2.83 2.72 0.088
FOR000 0.308 0.288 0.345 0.313 0.308 0.312 0.067
PET090 3.34 4.39 4.76 4.38 4.78 4.30 0.135
RIO360 0.430 0.328 0.375 0.363 0.413 0.380 0.106
I-ELC180 0.336 0.363 0.384 0.380 0.383 0.369 0.055
HEC090 0.646 0.566 0.594 0.534 0.560 0.579 0.074

applied to the maximum δs demands. As shown in Fig. 14, very small degrees of variabil-
ity were again observed for the dispersion in the median peak (i.e., largest over the height
of the structure) inter-story drift demands, with expected (mean) COVs of 3.0% and 4.3%
for subsets of seven and three ground motions, respectively. While the peak inter-story
drift demand may be representative of the largest extent of strain in a structure during a 395
seismic event, it is not sure whether this demand parameter will exhibit the largest amount
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of variability. For this reason, the maximum inter-story drift in each story was also ana-
lyzed independently using the same Monte-Carlo subset simulation procedure. The results
are presented in Table 7 where it can be seen that the variability in the maximum inter-
story drift for each story follows the same trends as the peak roof drift and peak inter-story 400
drift demands. The largest expected (mean) COV was again obtained using subsets of three
ground motions and was observed at the 6th story to be 7.5%. Recall that this value is actu-
ally lower than the maximum observed dispersion in the peak inter-story drift demand. The
reason for this observation is that while the peak inter-story drift can occur at any floor
for a given ground motion record, the values for inter-story drifts of each floor are con- 405
strained to that particular location in the structure thereby limiting the observed variability
in this demand parameter. Furthermore, although this dispersion value is greater than the
5% threshold, it is still quite small given both the small size of the ground motion subset
and the comparatively small magnitude of the inter-story drift. Thus, it is concluded that the
test structures described in this article can be used in the seismic risk and hazard analysis 410
of nonlinear structures, provided that the median demands from a suite of records are used
to quantify the expected demands.

5. Use of Multi-Story Frame Test Structures

While the frame test specimens described in this paper were developed primarily to extend
a previous experimental study on ground motion scaling [O’Donnell et al., 2012] to nonlin- 415
ear structures, there are other potential applications for this research platform. For example,
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TABLE 7 Statistics of inter-story drift demands for Frame NL4R4

δ̂s,MCS38 COV(δ̂s,MCS7) COV(δ̂s,MCS3)

Story mean COV mean COV mean COV

1 0.921 0.011 0.027 0.235 0.040 0.392
2 0.771 0.014 0.030 0.256 0.046 0.386
3 0.684 0.016 0.036 0.231 0.056 0.347
4 0.610 0.020 0.044 0.214 0.066 0.317
5 0.479 0.014 0.032 0.187 0.050 0.276
6 0.444 0.021 0.048 0.333 0.075 0.460

the seismic demands from the four frame configurations can be used to evaluate various
analytical and design procedures for nonlinear engineering design parameter (EDP) esti-
mation [Krawinkler et al., 2006; ASCE, 2010]. Additionally, the test specimens can be
used to investigate damage detection algorithms [Todorovska and Trifunac, 2010] for non- 420
linear structures based on the changes in the building response as the connections go into
the nonlinear range representing damage. The connection strength distribution within the
frames can be altered to impact the temporal and spatial evolution of damage, thus provid-
ing a versatile test bed for comparisons of different damage detection algorithms against
measured data of nonlinear seismic structural response. While not possible with the current 425
test frames, it may be possible to develop similar connections for the columns to simulate
the development of story mechanisms in the structure as well.

These experimental studies that are envisioned can ultimately be used to validate and
support numerical studies, which often rely on a number of modeling assumptions. Some
aspects of nonlinear dynamic response are especially difficult to accurately capture using a 430
numerical model. These include the floor accelerations, which are greatly affected by the
higher mode vibrations of the structure, and the inter-story residual drifts, which are greatly
affected by the permanent plastic offsets in the hinges. Once the structure has reached a
full mechanism, its response becomes very sensitive to the amount of plasticization in the
hinges. This can be clearly seen in Fig. 11 where the greatest differences between repeated 435
tests occur in the residual drifts upon the full plasticization of the structure. It can also be
seen from Fig. 11 that the permanent plastic offsets often governed the peak drifts as well.
These effects would be difficult to simulate accurately using a numerical model, where the
experimental platform proposed herein can become especially useful.

6. Conclusions 440

This article describes a novel reusable nonlinear beam-column connection design and an
associated frame test structure for the experimental dynamic response history investigation
of multi-story buildings subjected to earthquake loading. Calibration tests were performed
on the connections as well as four configurations of the test frame to determine their char-
acteristics and variability under static and dynamic loading. The following conclusions can 445
be drawn from the research.

1. Repeated calibration tests showed that the nonlinear beam-column connections ini-
tially underwent a period of “stiffening,” but ultimately stabilized to provide a
predictable moment-rotation behavior. The resulting calibration data was used to
quantify the variability in the connection strength and guide the placement of the 450
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connections in the test frame, with the connections demonstrating low variability
placed lower in the structure to promote more consistent overall frame behavior.

2. Reversed-cyclic lateral load tests of the four frame configurations revealed excellent
repeatability under static loading.

3. The frames showed increased test-to-test variability during dynamic response under 455
some ground motion records from a selected full suite of 38 near-field records.
As would be expected, the variability in the inter-story drift demands was higher
than the variability in the roof drift demands.

4. While the test-to-test variability in the dynamic response of the structures under
some of the earthquakes was large, the variability in the median peak roof drift 460
and inter-story drift demands of the frames from a suite of records was low, even
for small subset suites of only three ground motion records. Thus, the test frames
described in this article can be used in the seismic risk and hazard analysis of non-
linear structures provided that the median demands from a suite of records are used
to quantify the expected demands. This conclusion is important in supporting the 465
use of these structures in future investigations on experimental nonlinear dynamic
response history testing. Note that the use of median demands is consistent with
the seismic response history analysis procedures described in ASCE 7-10, which
require the use of average demands when an appropriately selected and scaled suite
of seven or more ground motion records is used in design. 470
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