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SUMMARY

This paper investigates the dynamic characteristics and seismic behavior of prefabricated steel stairs in a
full-scale five-story building shake table test program. The test building was subjected to a suite of earth-
quake input motions and low-amplitude white noise base excitations first, while the building was isolated
at its base, and subsequently while it was fixed to the shake table platen. This paper presents the modal
characteristics of the stairs identified using the data recorded from white noise base excitation tests as well
as the physical and measured responses of the stairs from the earthquake tests. The observed damage to
the stairs is categorized into three distinct damage states and is correlated with the interstory drift demands
of the building. These shake table tests highlight the seismic vulnerability of modern designed stair sys-
tems and in particular identifies as a key research need the importance of improving the deformability of
flight-to-building connections. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Stairs are a primary means of egress in most buildings and therefore are critical to building accessi-
bility and survivability in the event of an emergency. They should remain operable following even a
rare and strong-intensity earthquake and ensuing post-earthquake disasters to support occupant evacu-
ation and recovery response [1]. However, the behavior of stairs is complex, and their response during
an earthquake has been demonstrated to be poor in prior earthquakes [2-5]. This is largely due to
the variability in spatial geometry (e.g., straight-run, scissors, and spiral), material (e.g., reinforced
concrete, steel, and wood), and construction methods (e.g., cast-in-place, site-assembled, precast, or
prefabricated). Each of these aspects significantly affect the structural behavior and integrity of stairs.
For example, stairs in a scissor configuration are susceptible to twist as their structural form rises in
elevation, whereas straight-run stairs will be significantly weaker orthogonal to the primary direction.
Steel stairs tend to be more deformable and lighter than those constructed with reinforced concrete. In
addition, some stairs (e.g., cast-in-place reinforced concrete stairs) may detrimentally interact with the
supporting structure by acting as diagonal braces during lateral loading. These stiffer and heavier stairs
may shift the centers of mass and stiffness of a building, and therefore inducing significant torsion to
the building.
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Regardless of these specifics, in US design practice, stairs are typically attached to their primary
structure and span as a floor-to-floor system, and therefore, they are subjected to dynamic multi-support
excitations during an earthquake. Although the seismic design forces for stairs can be readily deter-
mined from code provisions [6], detailing these floor-to-floor systems to remain damage-free during
relative deformation between their upper and lower floors is difficult. The current state of practice often
imposes specific provisions to one end of the stair (e.g., ductile or slotted connections and seismic
gaps) to accommodate the anticipated floor-to-floor (interstory) relative drift. However, more com-
monly designers simply fix both the top and bottom of a stair system to the upper and lower floors of the
supporting structure. This practice has demonstrated catastrophic results, as the stairs lack protection
from large floor-to-floor relative displacements.

Numerous earthquakes documented these and other damage modes to stair systems (e.g., [2-5]).
Severe damage and collapse of stairs were reported following the 2008 Wenchuan earthquake in
China [4], the 2010 Maule earthquake in Chile (Figure 1(a)), and the 2011 Christchurch earthquake
in New Zealand [2, 3] (Figure 1(b)). [Stair damage in these earthquakes caused disruptions to building
functionality, delayed rescue operations, and threatened safety.

Despite these and other evidence of the vulnerability of stairs and the implications related to stair
damage, experimental studies on the seismic behavior of stair systems have occurred only in a few
occasions [7,8]. In the study of Simmons and Bull [8], quasi-static cyclic tests of three full-height rein-
forced concrete straight-run stair flights conforming to the New Zealand design code were conducted,
whereas Higgins [7] performed tests of two full-sized prefabricated steel scissor stairs constructed in
accordance with the US design standards. [These studies advance the state of understanding regarding
the seismic behavior of stair systems; however, they were both conducted in their isolated configuration
using quasi-static cyclic loading to replicate earthquake floor drifts. Past research has also attempted
to quantify the impact of a stair system on the building response (e.g., [9, 10]). These works have
primarily focused on numerical simulations of system-level building models with and without stairs
incorporated. To date, limited test data is available to validate findings of these and other numeri-
cal studies. Complementing these studies, system-level testing using earthquake motions is warranted.
Such tests would capture the dynamic interaction between the stairs and the supporting structure as
well as other nonstructural components. To the authors” knowledge, a seismic test program of a stair
system as installed within a building has yet to be conducted.

To this end, a landmark full-scale five-story building, completely outfitted with a broad array of
nonstructural components and systems, was tested on the Network for Earthquake Engineering Simu-
lation Large High-Performance Outdoor Shake Table [11] at the University of California, San Diego

(b)

Figure 1. Stair damage in prior earthquakes: (a) crumbled exterior reinforced concrete stairs in the 2010
Maule earthquake and (b) damaged interior precast concrete stairs in the 2011 Christchurch earthquake.
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(UCSD) in 2012 [12-14]. Within this test building, for the first time, a prefabricated steel stair sys-
tem was installed at full scale, allowing investigation of system-level interactions between the primary
structure and the stairs as well as interaction between the stairs and other nonstructural components. In
this paper, the modal characteristics of the stair system identified using white noise (WN) base excita-
tion test data are presented. In addition, the physical and measured responses of the stair system from
the earthquake tests are reported. The observed damage to the stairs is categorized into three damage
states and correlated with the peak interstory drift demands experienced by the test building.

2. SHAKE TABLE TEST PROGRAM

The full-scale five-story test building was constructed with cast-in-place reinforced concrete and
designed to resist seismic loads with a pair of special moment frames in the direction of shaking (east-
west direction) (Figure 2(a)). The design utilized ground motions developed for a site in Southern
California, with the maximum considered earthquake (MCE) ground motion spectrum for a Site Class
D (stiff) soil conditions, with a short-period spectral acceleration Spss = 2.1 g and a one-second spec-
tral acceleration Sy = 1.4 g.[The MCE level performance targets of 2.5% peak interstory drift ratio
(PIDR) and maximum peak floor acceleration (PFA) between 0.7 and 0.8 g were selected during the
conceptual design phase. As shown in Figure 2(b), the building had two bays in the longitudinal direc-
tion and one bay in the transverse direction, with a plan dimension of 11.0 x 6.6 m. Two moment
resisting frames were placed in the east bay (north and south sides) in the longitudinal (shaking)
direction, while two transverse shear walls were placed within the interior of the building to provide
transverse lateral load resistance. The slabs were 204-mm thick cast-in-place concrete and incorpo-
rated two large openings, one on the northwest to accommodate a full-height elevator shaft and the
other on the southeast for the stairs. The building floor-to-floor height was 4.3 m at each level, resulting
in a total building height of 21.3 m above the foundation (Figure 2(c)).

The seismic test program comprised two phases, namely: (i) the building isolated at its base (BI) and
subjected to seven earthquake input motions and (ii) the building fixed at its base (FB) and subjected
to six earthquake input motions. In addition, low-amplitude WN base excitation tests were conducted
at various stages during the test program to facilitate the identification of the dynamic characteristics
of the test building and its nonstructural components and systems. All earthquake and WN motions
were applied in the east-west direction using the single-axis shake table, whose axis coincided with the
longitudinal axis of the building. The earthquake input motions and measured building peak responses
are summarized in Table I. This table summarizes the PFAs at the roof and the PIDRs at level 2,
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Figure 2. Test building: (a) photograph of structural skeleton, (b) schematics of plan layout (level 3), and
(c) schematics of elevation (shear walls not shown).
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Table I. Summary of earthquake input motions and measured building peak responses.

Test Motion Earthquake input motions Building responses
phase name PIA" PIV? PID® S,(Ty.&)* T,°> PFAR® PIDR.,’
(® (m/s) (m) €3] (s) (€3] (%)
Base BI-1:CNP100 0.21 0.23 0.08 0.09 15 0.09 0.08
isolated BI-2:LAC100 0.22 0.24 0.09 0.06 20 0.10 0.10
(BI) BI-3:LAC100 0.25 0.24 0.09 0.08 20 0.10 0.11
BI-4:SP100 0.52 0.35 0.08 0.08 80 0.12 0.10
BI-5:ICA50 0.17 0.22 0.04 0.08 130 0.08 0.09
BI-6:ICA100 0.31 0.43 0.09 0.15 128 0.16 0.19
BI-7:ICA140 0.50 0.63 0.13 0.23 97 0.26 0.32
Fixed FB-1:CNP100  0.21 0.24 0.09 0.33 15 0.44 0.47
base (FB) FB-2:LAC100  0.18 0.23 0.09 0.29 20 0.39 0.56
FB-3:ICA50 0.21 0.26 0.06 0.47 91 0.58 0.94
FB-4:ICA100 0.26 0.28 0.07 0.46 96 0.64 1.41
FB-5:DEN67 0.64 0.64 0.20 1.13 49 0.99 2775
FB-6:DEN100  0.80 0.84 0.34 1.36 49 0.90 5.99

I PI A - (achieved) peak input acceleration;

2PIV — (achieved) peak input velocity;

3 PID — (achieved) peak input displacement;

48,(T1, €) — elastic spectral acceleration of the input motion (T; = 2.5 s and § = 12% for the BI test,
T1 = 1.0 s and £ = 5% for the FB tests);

ST, — strong motion duration (defined as the time interval between 5% and 95% total Arias intensity of the
input motion);

6 PFAR — (averaged) peak floor acceleration measured at the roof;

7PIDR; > — (averaged) peak interstory drift ratio measured at level 2.

which represent the largest peak responses of the test building during each test. It is also noted that
although the building fundamental period 7; varied during the testing because of accumulated struc-
tural damage, reference values of 2.5 s for the building in the base-isolated test phase and 1.0 s for the
fixed-base test phase are used for evaluating the elastic spectral accelerations at the building fundamen-
tal period S, (771, §). The damping ratio § = 12% is selected for the base-isolated tests, which provides
reasonable estimates of the measured peak roof accelerations using an equivalent linear single-degree-
of-freedom system with this damping ratio, while a value of £ = 5% is used for the fixed-based tests.

As the seismic demands on the building (superstructure) were relatively low (with PIDR < 0.4%
and PFA < 0.3 g) in the BI test phase, the building sustained only minor damage to its most brittle non-
structural components (e.g., partition walls [15]) and very little damage to its structural components. In
the FB test phase, the earthquake motions were applied with increasing intensity to progressively dam-
age the structure. The building was severely damaged during the last two FB tests. Physical damage
during test FB-6 included fracture of the longitudinal reinforcement at the ends of the frame beams and
punching shear mechanisms at the slab—column interfaces of the second and third floors. This resulted
in the development of a soft story mechanism at the lower levels of the test building (also known as an
intermediate failure mechanism) [16, 17]. It is notable that the design target PIDR of about 2.5% was
achieved during test FB-5, while well above the design target PIDR of 6% was attained during test FB-
6. Interested readers may find additional information regarding the broader test program and results in
[12-14].

3. PREFABRICATED STEEL STAIRS

The prefabricated steel stairs were located on the southeast side of the building (Figure 2(b)) and pro-
vided access to all floors including the roof. As shown in Figure 3, the stair assembly at each level
was installed in a scissor configuration, consisting of a mid-level landing and two parallel straight
flights running in opposite directions from the landing. The flights, landings, and handrails were factory
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Figure 3. Stair layout: (a) three-dimensional schematic of the stair (handrail not shown for clarity), (b)

photograph of the stair installed in place during structural skeleton completion, and (c) photograph of

the stairwell at building completion. Note that double-headed arrow denotes the direction of input motion
applied at the base of the test building.

fabricated and installed in place by the stair manufacturer in conjunction with construction of the build-
ing. The in-place installation consisted of welding of the flights and landing posts to steel embeds cast
within the beams and slabs of the test building. Bolted connections were only utilized at connections
between the flights and the landings. [The total weight of the stair was approximately 10.1 kN, with
3.3 kN from the landing and 3.4 kN from each of the flights (including handrails). The stairs were
enclosed within cold-formed steel framed gypsum partition walls framed from floor to floor on all
sides of the openings (Figure 2(b) and 3(c)). A nominal gap between the stairs and the partition wall
enclosure was provided and ranged between 30 and 40 mm.

3.1. Specimen description

3.1.1. Flights and landing. The flight stringers utilized ASTM A36 25.4-mm thick plates, and the
treads and risers were constructed with 14 gage checkered plates welded to the stringers. Each flight
consisted of 11 steps, with a horizontal projected length of 3.07 m and a vertical projected height of
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Figure 4. Flight-to-building connection details: (a) lower flight to slab connection, (b) upper flight to slab
connection, and (c) upper flight connection angle.

2.13 m. The 1.07 x 2.24 m landing deck was supported on two ASTM A36 C200 x 17.1 joists placed in
the transverse-to-stair-run direction. Four ASTM A36 76.2 x 76.2 x 6.4 mm hollow structural section
(HSS) landing posts provided vertical support to the landing joists at the corners at each level. These
landing posts were each connected to the landing joists using two 16-mm diameter ASTM A325 bolts
and were fillet welded to steel embeds cast with the building at their base. In addition, the connections
between the (upper and lower) flights and the landing joists utilized two 16-mm diameter ASTM A325
tension control bolts per flight.

3.1.2. Flight-to-building connections. With the exception of the lower flight at level 1, which was
connected to the slab at the first floor (foundation) using post-installed wedge anchors, the lower flights
at level 2 through level 5 were each connected to the building using an ASTM A36 L102 x76x 6.4 mm
angle (Figure 4(a)). Likewise, the upper flights at all levels were each connected to the building using
an ASTM A36 L76 x 51x 6.4 mm angle (Figure 4(b)). All these connection angles were shop welded
to the stair stringers at each end and field welded to the steel embed cast with the building using 51 mm
long stitch welds spaced at 305 mm on center. It is noteworthy that while the lower flight to building
connections were designed to provide limited deformability, the upper flight connection angles differed
from those at the lower flight because of the presence of a pair of notches at the ends of the vertical legs
of the connection angles (Figure 4(c)). These notches were intended to facilitate floor-to-floor relative
motions and intended to yield during design interstory drift demands.

3.2. Instrumentation

The stairs were instrumented with an array of 20 uni-axial accelerometers and 30 displacement trans-
ducers, accounting for about 10% of the total sensors deployed within the test specimen. These sensors
were connected to a multi-node distributed data acquisition system, which collected data simultane-
ously at a sampling frequency of 240 Hz. It is noted that while the accelerometers on the stairs were
all installed prior to the tests, the displacement transducers were modified as needed during the test
program. Figure 5 presents the instrumentation of the stair at level 2 during test FB-6. It is noted that
each sensor channel is assigned with a unique name, and these names are used in the discussion of
the measured stair response later in this paper. As shown in the figure, the stair at level 2 was densely
instrumented and included eighteen accelerometers, six each on the flights and the landing, and eight
displacement transducers (D-L-1 through D-L-8) measuring relative deformations of the stair connec-
tions as well as three between the landing and surrounding partition walls (D-L-9, D-L-10, and D-T-1).
Four networked video cameras were also deployed at the stairwell to monitor the physical behavior of
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Figure 5. Instrumentation of the stair at level 2: (a) accelerometers and (b) displacement transducers. Sensor
orientations shown are consistent with the global coordinate system used for the building. Note that level 2
as the most densely instrumented level of stairs.

the stairs. The response of the building structure was measured with a dense accelerometer array con-
sisting of four tri-axial accelerometers installed at the corners of each floor of the building. It is noted,
however, that these tri-axial accelerometers were connected to a stand-alone data acquisition system
sampling data at a frequency of 200 Hz. Additional details of the instrumentation of the stairs and the
test building can be found in [18].

4. SYSTEM IDENTIFICATION OF STAIRS

Low-amplitude WN base excitations were applied to the building using the shake table at various
stages during the test program. Although low amplitude, the modal parameters derived from these tests
provide a unique understanding of the initial dynamic characteristics of the stairs and are useful for
numerical model calibration. Using measurements from these WN tests, the deterministic-stochastic
identification (DSI) method [19] is used to estimate the modal parameters (natural frequencies, damp-
ing ratios, and mode shapes) of the stairs. The DSI method is a time-domain system identification
method that realizes a linear state-space model using input—output data. It is robust to both process
noise and measurement noise because both terms are explicitly considered in its formulation. Fur-
thermore, it is suitable for dynamic systems with multiple inputs (multiple-support excitations). This
method has been applied successfully to identify the modal parameters of the full-scale test building
[20] as well as other large-scale structures in previous shake table tests [21,22]. However, unlike the
building that considered base excitation as the single input for the system, the system identification of
stairs requires consideration of multiple inputs because the stairs were subjected to excitations from
both the upper and lower floors of the building in the WN tests.

The system identification focuses on the stair at level 2, because it represented the most densely
instrumented stair in the test building. As shown in Table II, four WN tests are selected for system
identification of the stair, each associated with a representative state during the test program. Tests
S0 and S2 correspond to the beginning and end states of the base-isolated test phase, respectively,
while test S1 corresponds to an intermediate state during this test phase. Test S3 corresponds to the
beginning state of the fixed-base test phase. It is noted that test S3 is the only WN test in the fixed-base
test phase prior to the occurrence of severe damage of the stair at level 2. All subsequent WN tests in
the fixed-base test phase were conducted after test FB-4. As the stair sustained severe damage during
test FB-4 and the subsequent two fixed-base earthquake tests, this rendered the system identification
results unstable.
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Table II. White noise base excitation tests selected for stair system identification.

Cumulative number of

State Test configuration ~PIDRy>' (%) interstory drift ratio cycle
SO (before BI-1) BI N/A 0
S1 (after BI-5) BI 0.11 29
S2 (after BI-7) BI 0.32 83
S3 (before FB-1) FB 0.32 83

IPeak interstory drift achieved at level 2.

Each of the selected WN tests consisted of input excitations of three distinct amplitude levels with
root-mean-square (RMS) accelerations of 1.5% g, 3.0% g, and 3.5% g . For result comparison pur-
poses, the state of the stair during the 1.5% g RMS WN test SO (at the beginning of the test program)
is selected as the reference state. Table II also summarizes the PIDR and the cumulative number of
interstory drift ratio (IDR) cycles of level 2 of the test building corresponding to each representative
state. It is noted that both the PIDR and the IDR cycles consider the interstory drift response from
the beginning of the test program to the beginning of each WN test. The cumulative number of IDR
cycles are determined using the rainflow counting method [23], in which the IDR bins are centered at
values starting from 0.1% to the maximum IDR at a constant width of 0.1% (e.g., the first bin repre-
sents a range between 0.05% and 0.15%). It is also noted that IDR cycles with amplitudes less than
0.05% are excluded from the cycle-counting algorithm, as their effects on the damage to the stairs are
considered insignificant. Provided the fact that the interstory drifts of the building were insignificantly
small (<0.05%) during the WN tests in the base-isolated test phase, the cumulative IDR cycles as pre-
sented in Table II are the contributions of the seismic tests. This also explains the fact that the PIDR
and the cumulative IDR cycles remained unchanged from state S2 to S3, because no seismic test was
conducted between these two states.

In the system identification procedure, the averaged absolute longitudinal accelerations measured
on the second and third floors of the building are used as input data, while the accelerations measured
on the stair at level 2 are used as output data. To illustrate the characteristics of the input and out-
put data of the system, Figure 6 presents the acceleration responses measured on the second floor of
the building and the stair at level 2 during the reference state (1.5% g RMS WN test SO). Because
the base excitation applied to the building was only in the longitudinal direction, the amplitudes of the
transverse floor accelerations were much smaller than (about 5%) their longitudinal counterparts in the
WN tests (Figure 6(a)). In addition, the longitudinal floor accelerations measured at the four corners of
the building were very similar to each other, as the relative RMS errors between the floor accelerations
at the corners and the averaged floor accelerations were generally less than 5%. In this regard, only
the averaged longitudinal accelerations at the lower (second) and upper (third) floors are considered
as input data for the stair at level 2. Despite the predominant longitudinal floor excitations, the stair
landing and flights observed acceleration responses of comparable amplitudes in all three directions
(Figure 6(b)). In addition, the frequency contents of these acceleration responses differed considerably.
The spectral peaks as observed in the frequency range different from those of the building (5-25 Hz)
are indications of modal frequencies of the stair. Therefore, the output data considers the stair accel-
erations measured in all three directions. This results in a multiple-input multiple-output system with
two input and eighteen output channels. It is noted that the input and output data were filtered with
a fourth-order Butterworth filter using band-pass frequency between 0.25 and 50 Hz. In addition, the
input and output data were recorded using separate data acquisition systems sampling data at differ-
ent frequencies (i.e., 200 Hz for the building and 240 Hz for the stairs), and therefore, the measured
accelerations were resampled and synchronized before applying the system identification algorithm.
The processed data were resampled to 100 Hz such that the Nyquist frequency (50 Hz) is much higher
than the modal frequencies of interest in this study.

Stability diagrams, which are not shown for brevity, indicate that three stable vibration modes are
consistently present in the WN tests. Figure 7 presents the polar plot representations of the complex-
valued mode shapes identified at the reference state (1.5% g RMS WN test S0). It is observed that the
three identified modes are nearly classically damped because the mode shape components are nearly
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Figure 6. Selected (a) input and (b) output acceleration histories and corresponding Fourier amplitude
spectra during the reference state (1.5% g root-mean-square white noise test S0).
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Figure 7. Polar plot representations of the complex-valued mode shapes identified at the reference state
(1.5% g root-mean-square white noise test SO).

collinear. The real-valued mode shapes of the stair obtained using the method proposed by Imregun
and Ewins [24] are shown in Figure 8. The first and second modes both correspond to global torsional
vibration modes of the stair and the third mode represents global vibration of the stair in its parallel-
to-flight direction. Importantly, each of the three identified modes includes vertical vibration of the
flights. It is noted that the first and second modes exhibit very similar mode shapes. This is because
the effects of the handrails are not considered in the identification in the absence of measurements on
the handrails, while they accounted for about 30% of the total mass of the stair at each level. This is
confirmed by eigen-value analysis results using a finite element model of the stair, which indicates that
the deformation of the handrails differs completely in these two modes, even though the deformation
of the flights and landing appears similar [25].

Table IIT summarizes the identified natural frequencies, damping ratios, and modal assurance cri-
terion (MAC) values [26] for the three identified modes at different WN test states. The MAC values
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Figure 8. Identified mode shapes: (a) first mode, (b) second mode, and (c) third mode.

Table I1II. Identified modal parameters of the stair at different white noise (WN) test states.

WN test st mode 2nd mode 3rd mode
RMS?  Frequency' £ 3 Prequency' £ Frequency' £
State Amp. (Hz) (%) MAC (Hz) (%) MAC (Hz) (%) MAC

SO 1.5% g  8.88 [100] 4.17 1.00 11.14 [100] 452 1.00 19.75 [100] 1.01 1.00
30%g 878 [989] 421 1.00 11.20 [100.5] 4.01 0.99 19.50 [98.7] 1.26 0.99
35%¢g 876 [98.6] 4.10 0.99 11.10 [99.6] 368 099 1947 [98.6] 0.72 0.99

S1 1.5%¢g 890 [100.2] 4.17 1.00 11.16 [100.2] 4.62 1.00 19.74 [99.9] 1.03 1.00
30%¢g 879 [99.0] 421 099 11.21 [100.6] 4.07 098 19.51 [98.8] 1.27 0.99
35%¢g 878 [989] 4.13 099 11.14 [100] 3.68 099 19.44 [98.4] 0.72 0.99

S2 1.5%¢g 853 [96.1] 5.64 099 11.07 [99.4] 232 096 19.02 [96.3] 1.46 097
30%¢g 852 [959] 451 099 11.10 [99.6] 272 094 1891 [95.7] 1.42 0098
35%g 850 [95.7] 471 098 11.03 [99.0] 2.83 094 1885 [954] 129 094

S3 1.5%¢g 837 [942] 395 099 11.02 [98.9] 1.32 095 1874 [949] 121 0.95
30%¢g 829 [934] 485 099 10.90 [97.8] 268 093 1857 [94.0] 1.63 094
35%¢g 822 [92.6] 439 099 10.76 [96.6] 3.01 092 1831 [92.7] 212 094

'Value in the square bracket shows the frequency relative to that in the reference state (1.5% g RMS WN test S0),
unit in percentage; 2root-mean-square amplitude of the white noise excitation; MAC?>, modal assurance criterion.

are computed between each identified mode shape and its counterpart identified at the reference state
(1.5% g RMS WN test SO). Important observations from the modal identification results are as follows:

(1) The identified natural frequencies at state S1 remained nearly identical with those at state SO,
as the building experienced very low PIDR demands (0.11%) prior to state S1 and accumu-
lated IDR cycles (29). However, the natural frequencies slightly decreased in state S2 as the
PIDR (0.32%) and the cumulative number of IDR cycles (83) increased. Although the PIDR
and cumulative number of IDR cycles remained unchanged between state S2 and S3, the natu-
ral frequencies underwent further decrease at state S3. This is due to the larger amplitude of the
interstory drifts during the WN test S3, because the building was fixed at its base at state S3.
These observations suggest that the accumulation of IDR cycles as well as larger PIDR result in
reduction of the identified natural frequencies for the system.
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(2) The identified damping ratios are primarily in the range of 1-5% during these WN tests.
The first two modes (torsional) present notably higher values of damping ratio than those of the
third mode (longitudinal) in the reference state (1.5% g RMS WN test SO). In most cases, the
identified damping ratios of the third mode slightly increased, and the values of the first two
modes decreased as IDR cycles accumulated. However, unlike the case of natural frequencies,
the damping ratios do not consistently correlate with the increase of PIDR or the accumulation
of IDR cycles.

(3) The MAC values for the three identified modes are reasonably close to unity in the first two states
(SO and S1). During the last two states (S2 and S3), the calculated MAC values of the higher
modes slightly deviate from unity as a result of the accumulated IDR cycles and the increased
PIDR. However, all identified MAC values remain larger than 0.9, indicating that the identified
mode shapes are consistent with those at the respective identified reference states (1.5% g RMS
WN test SO).

(4) The experimentally identified modal parameters (e.g., frequency, damping ratio, and mode
shape) can be used for verification of numerical models of the stairs and therefore improving
the predictive capacity of such models when used in time history analysis. However, it is note-
worthy that the parameters identified using the DSI system identification method are developed
based on linear system theory, and, therefore, the identified results represent those of an equiv-
alent linear system at their specific states. The dynamic response of the stairs is nonlinear from
the onset of loading even when subjected to low-amplitude excitations. The physical dissipa-
tive sources of nonlinearity (e.g., friction, yielding, and contact) are lumped into the identified
equivalent viscous damping. Therefore, direct application of the identified damping ratios in
structural modeling for nonlinear time history analysis may lead to erroneous results.

5. SEISMIC TEST RESULTS

5.1. Physical observations

5.1.1. Damage metrics and repair actions. Post-shaking inspection of the stairs were conducted at
each inspection phase to characterize their physical damage. Damage documentation relied upon visual
inspections as well as detailed photographs, videos, and notes. It is noted that inspections of the weld
connections at the bottom of the landing posts were not possible because they were enclosed within

Closure Plate | Handrail
Detachment Fracture

Connection
plate yielding

| Connection Connection
bolt Lower flight bolt

Figure 9. Examples of observed stair damage: (a) closure plate detachment (DS-1; photograph taken at the

landing between level 1 and 2 after test FB-4), (b) handrail fracture (DS-1; photograph taken at level 3 after

test FB-5), (c) upper flight connection angle weld fracture (DS-3; photograph taken at level 3 following test

FB-4), (d) plastic yielding of the connection plate between the landing and lower flight (DS-2; photograph

showing the bottom view of the landing at level 2 following test FB-5), and (e) lower flight detachment and
complete loss of vertical support (DS-3; photograph taken at level 3 after test FB-6).
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Table I'V. Stair damage states and physical descriptions of the damage mechanisms.

Damage Damage implications and Physical descriptions
state corresponding repair actions of the damage mechanisms
DS-1 No immediate repair needed Closure plate detachment (Figure 9(a));
(minor) for continued service handrail fracture (Figure 9(b))
DS-2 Repair needed with minimal disruption to service, Connection plate yielding (Figure 9(d));
(moderate) safe egress prior to repair is possible by occupants anchor bolt washer plate yielding
DS-3 Immediate repair needed with downtime required Connection weld fracture (Figure 9(c));
(severe) to assure service (this state may be unsafe for egress) flight detachment (Figure 9(e))
I Connection < Stitch weld - Fillet weld
angle (field welding) (shop welding)

Repair I (for upper flight Repair II (for upper flight Repair 111 (for lower flight

connection): rewelding fractured connection): welding 6 mm thick connection): rewelding fractured

fillet welds A36 steel plate connecting the stitch welds

stringer with slab embeds

A36 steel

A36 steel
plate

(b) (©)

Figure 10. Stair repair actions: (a) R-I, (b) R-II, and (c) R-III (only the welds that require repair are shown
in the figure).

the partition walls. As shown in Figure 9, five common types of damage mechanisms were observed
during the tests. These are categorized into three distinct damage states (DSs) according to their impli-
cations on stair functionality and repair actions. The definitions of the damage states and the physical
description of the observed damage are summarized in Table IV, and the repair actions implemented
in these tests for the different damage mechanisms are illustrated in Figure 10. It is noted that, while
no repair action was taken for minor and moderate damage during these tests, severe damage to the
stairs was repaired immediately to restore safe access to the test building and to allow the execution of
subsequent tests.

5.1.2. Damage progression. No physical damage to the stairs was observed in the BI test phase and
the first three FB tests, as the building drift demands remained relatively low (PIDR < 1%). Damage to
the stairs initiated during test FB-4 and became extensive in the last two FB tests. Figure 11 illustrates
the progression of stair damage as observed post-shake at each of the last three FB tests and the asso-
ciated repair actions. The associated PIDRs during the specified seismic tests (as boxed and in black)
and the IDRs related to the exact time of damage occurrence (in parenthesis and in red when available)
are also presented in this figure. FB-4:ICA100 — Inspection following test FB-4 indicated a detached
closure plate (DS-1) at the landing at level 1 (Figure 9(a)) as well as fracture of the upper flight connec-
tion angle vertical fillet welds (DS-3) at levels 2 (Figure 9(c)) and 4. It is noted that although complete
detachment and subsequent loss of vertical support did not occur, the service capacity of the stair was
compromised, as its lateral connectivity to the building was non-existent at these two levels. The two
cases of weld fracture were repaired prior to test FB-5 as follows: (i) re-welding of the upper flight
connection angle to the stringer (R-I) at level 4 (Figure 10(a)) and (ii) welding steel plates between the
upper flight stringer and the slab embed (R-II) at level 2 (Figure 10(b)).
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PIDR
(%) A Closure Plate
Level 5 Detachment (DS-1)
® Handrail Fracture
Level 4 (DS-1)
ve Connection Plate
Level 3 Yielding (DS-2)
R-II
(0.92) - Connection Plate
Level 2 Weld Fracture (DS-3)
Flight Detachment
B and Loss of Vertical
Level 1 Su DS3)

FB-4:1CA100 FB-5:DEN67 FB-6:DEN100

Figure 11. Stair damage progression during the last three fixed-base (FB) tests (notes: damage types are
differentiated by color and marker shape, that is, red for DS-3, yellow for DS-2, and green for DS-1; boxed
values represent peak interstory drift ratios (PIDRs) during the specified seismic tests and are shown in
black, and red values in parenthesis represent the actual interstory drift ratios (IDRs) at damage instance).

FB-5:DEN67 — Damage to the stairs was distributed at various locations in the form of closure
plate detachment (DS-1), handrail fracture (DS-1) (Figure 9(b)), connection plate yielding (DS-2)
(Figure 9(d)), and connection weld fracture (DS-3). Severe damage that required immediate repair
included (i) the lower flight connection angle stitch weld fracture (note that the lower flight did
not slide off of its vertical support at the slab embeds, however it was completely detached) at
level 3 (DS-3) and (ii) the upper flight connection angle vertical fillet weld fractures (DS-3) at levels 1,
3, and 4. Repair of the lower flight connection angle stitch weld fracture was conducted by re-welding
of the lower flight connection angle to the slab embed (R-III), and the three cases of the upper flight
connection angle vertical weld fracture were repaired by R-II. In addition, plastic yielding occurred at
the connection plate (DS-2) between the landing and the lower flight at level 2 as well as at the washer
plates (DS-2) of the lower flight to landing connection at level 1.

FB-6:DEN100 — The lower flights at levels 3 and 4 completely detached and slid off of their verti-
cal support at the slab embeds (DS-3) because of complete weld failure (Figure 9(e)). Repair of the
detached flights involved use of a pulley to re-position the flights in place and subsequent re-welding
of the flights to the slab embeds (R-III). In addition, plastic yielding of the connection plate (DS-2)
between the landing and the lower flight at level 1 was detected, and the washer plates of the lower
flight to landing connection at level 1 suffered continued plastic deformation (DS-2).

Physical inspection during building demolition revealed complete fracture of the welds between

the landing posts and the slab embeds at the lower three levels. This type of damage rendered the
landings unattached at their base. However, the onset of these weld fractures is uncertain, because these
connections were enclosed within the partition walls during the seismic tests.
Summary of Physical Damage — These physical damage observations highlight that stair damage was
sensitive to interstory drift demands of the building. It is noted that test FB-5 represents an earthquake
scenario that achieved the design performance objectives of the building (PIDR of 2.5%), and that
this design target PIDR is comparable with prescribed values in ASCE 7-10 [6]. This test (FB-5)
coincidentally also caused four instances of severe damage to the stairs, including at levels of PIDR
below the 2.5% performance target.

During all seismic tests, eight instances of severe damage were detected at all levels except at level
5. Severe damage to the stairs at each level initiated consistently in the form of upper flight connection
angle vertical fillet weld fracture, with associated PIDRs of 2.64% at level 1 (test FB-5), 1.41 at level
2 (test FB-4), 2.08% at level 3 (test FB-5), and 0.74% at level 4 (test FB-4). Notably, even prior to
attainment of the building design target PIDR, safe egress from the building was compromised during
test FB-4 as a result of the two occurrences of upper flight connection angle vertical fillet weld fracture.
The associated PIDRs, which caused this severe damage (0.74% and 1.41%), were much lower than
the design performance target (PIDR of 2.5%).| During the last two FB tests, severe damage to the
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stairs continued to occur in the form of upper flight connection angle vertical fillet weld fracture,
lower flight connection angle stitch weld fracture, and ultimately complete lower flight detachment that
rendered the stairs completely inoperable. It is noteworthy that ground motions as intense as those of
the last two fixed-base tests can result in the development of a double-story mechanism, also known as
an intermediate failure mechanism [16, 17], in reinforced concrete moment resisting frames designed
according to the ACI 318 code [27]. This aspect further complicates the seismic design of stairs because
large drift demands tend to concentrate at only a few levels of a special moment frame building.

5.1.3. lIdentification of time instance of damage occurrence. The PIDR represents the absolute max-
imum of an interstory drift history and may not coincide with the IDR at which the most pronounced
damage occurs. Fortunately, during these tests, additional time-synchronized measurement sources
were available at select locations to allow identification of time instances of the stair damage. Table V
summarizes two instances of upper flight connection angle vertical weld fracture, which were iden-
tified using the data measured by the displacement transducers and the video camera monitoring the
stair connections. These two damage instances both corresponded to the initial damage occurrences at
the individual locations. The IDR cycles are also determined using the rainflow counting method [23]
(similar to the procedure used in Table II). These cycles account for the contribution of both the seis-
mic tests and the low-amplitude WN base excitation tests from the beginning of the test program until
the occurrence of the damage. Figure 12 provides the distributions of the IDR cycles as well as the
associated IDR time histories corresponding to the two damage instances. IDR cycles less than 0.05%
are excluded from the cycle counting, because these cycles are considered insignificant to affect the

Table V. Damage instances for the two upper flight connection angle vertical weld fracture
failures (DS-3).

PIDR* (%) IDR;,,... (%) IDR* Cycles

Test Location Data source! [time (sec)] [time (sec)] Total High-amplitude
FB-4  Level2  displacement sensor  1.41[29.34] 0.92 [27.56] 668 33.5
FB-5 Level 3 video camera 2.08 [46.42] 1.86 [38.72] 960 66.0

I Data source refers to the measurement source to obtain the / DR jamage; 2 peak interstory drift ratio; 3 the
time instantce of stiar damage; 4 interstory drift ratio.

(b)
® PIDR=2.08%

(a)
® PIDR=1.41%

T T T T T T T T T T

@ IDR 4105 ~0.92% @ IDR 4y00~1.86%
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FB-4 (Level 2) |
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Figure 12. Interstory drift response and the accumulated interstory drift ratio (IDR) cycle distribution for

the two instances of upper flight connection angle vertical weld fracture: (a) FB:4-ICA100 and (b) FB-

5:DENG67. (PIDR), peak interstory drift ratio; (WN), white noise tests; (BI), base-isolated seismic tests;
(FB), fixed-base seismic tests.
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Figure 13. Absolute acceleration time histories and corresponding Fourier amplitude spectra (FAS) of the
stair landing at level 2 during test FB-1.

stair responses, while cycles in the 0.4% or larger IDR bins are defined as high-amplitude IDR cycles
as numerical simulation of the stairs suggests that plastic yielding of the upper flight connection plate
occurs at an IDR lower than 0.4% [25].

As shown in Figure 12, the majority of low-amplitude cycles (0.1-0.3% bins) occurred during the
WN and base-isolated tests, while high-amplitude cycles (0.4%-and-higher bins) were exclusively
attributed to the fixed-base tests. It is also shown in Figure 12 that the stair at level 3 experienced 66
high-amplitude IDR cycles prior to the weld fracture, as compared with 33.5 cycles for the same type
of damage, which occurred at level 2. The two damage instances may not provide adequate informa-
tion on the low-cycle fatigue behavior of the welds; however, these observations do not warrant a clear
trend of loading histories on the weld fracture, because the stair that was damaged at a higher IDR
value (1.86%) underwent twice as many high-amplitude cycles as the one damaged at a lower IDR
value (0.92%).

5.2. Measured responses

5.2.1. Acceleration response. The absolute acceleration time histories of the stair landing at level 2
during test FB-1 and the corresponding Fourier amplitude spectra (FAS) are presented in Figure 13.
The measured acceleration responses were filtered with a fourth-order Butterworth filter with band-
pass frequencies between 0.25 and 25 Hz. The longitudinal accelerations at the two corners of the
stair landing (A-L-3 and A-L-4, Figure 5(a)) were comparable, and their amplitudes were both simi-
lar to those at the upper and lower floors [14]. Despite the insignificantly small floor excitations in the
transverse direction, the amplitude of the transverse landing acceleration (A-T-2) is even larger than its
longitudinal counterparts (A-L-3 and A-L-4). In addition, it is observed that the FAS peak of the land-
ing longitudinal acceleration responses occur at around 1 Hz, which correspond to the first longitudinal
vibration mode of the building at this damage state, while the landing transverse acceleration response
was predominately attributed to the first torsional vibration mode of the stair at a higher frequency
around 7.5 Hz. This frequency also corresponds to the higher modes of the building in its fixed-base
configuration [20].

Table VI summarizes the peak component accelerations (PCAs) of the stair landing at level 2 and the
PFAs at the corresponding floors for all base-isolated and the first three fixed-base seismic tests. In this
case, the PCA is defined as the absolute maximum of the landing acceleration time history. It is noted,
however, that the landing observed frequent high-frequency acceleration spikes during the last three FB
tests as a result of pounding of the stair with its surrounding partition walls as well as abrupt connection
weld fractures. These high-frequency responses are not representative of the dynamic characteristics of
the stairs and are instead a result of the practical configuration of the stairs with their adjacent systems.
As a result, these values are excluded from the table. During the base-isolated tests, the acceleration
response of the landing underwent no amplification in the longitudinal direction, as the ratios between
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Table VI. Peak acceleration responses of the stair landing at level 2.

. - landing landing

e peAsi  poalndns PCAme"  PCAwm"

2nd floor  3rd floor PFAq. PCAg"
Test name ® (€} ® ® (%) (%)
BI-1:CNP100 0.08 0.07 0.07 0.02 92 35
BI-2:LAC100 0.09 0.08 0.08 0.03 88 39
BI-3:LACI100 0.09 0.08 0.08 0.03 89 42
BI-4:SP100 0.08 0.09 0.09 0.04 99 42
BI-5:ICA50 0.07 0.08 0.08 0.02 98 22
BI-6:ICA100 0.14 0.14 0.14 0.03 97 22
BI-7:ICA140 0.20 0.21 0.20 0.08 97 41
FB-1:CNP100 0.27 0.32 0.36 0.59 115 179
FB-2:LACI100 0.28 0.31 0.28 0.44 98 164
FB-3:1CA50 0.24 0.35 0.40 0.53 131 138

Notes: PFA — peak floor acceleration; PFA,, — peak floor acceleration as averaged between the

floors above and below the landings of level 2; PCAfZZging — peak component acceleration of the stair

landing in the longitudinal direction; P C Aff;ljf”g — peak component acceleration of the stair landing in

the transverse direction.

the landing PCAs in this direction and the corresponding PFAs were all below 100%. In addition, the
landing PCAs in the transverse direction were 20—40% of their longitudinal counterparts during the
base-isolated tests. In contrast, the landing accelerations were amplified notably, while the building
was fixed at its base, with amplifications as high as 30%. In addition, the PCAs in the transverse
direction exceeded their longitudinal counterparts by about 40-80%. The distinction of the acceleration
responses between the base-isolated and fixed-base tests can be attributed to the period shift of the test
building, because the predominant long-period response of the BI building was less likely to excite the
higher frequency stair torsional response than the response of the fixed-base building.

5.2.2. Displacement response. The displacement responses of the stairs were obtained by double-
integrating the measured stair acceleration responses. Because the acceleration responses of the stairs
and the building were measured using separate data acquisition systems with different sampling fre-
quencies (i.e., 200 Hz for the building and 240 Hz for the stairs), the acceleration responses of the
stairs were resampled at 200 Hz and time-synchronized with the building responses for calculating
the stair displacements relative to the building. The relative displacements were then filtered using a
fourth-order Butterworth filter with band-pass frequencies between 0.25 and 25 Hz. It is noted, how-
ever, that permanent displacements (low frequency drifts) accumulated by the stairs are not captured
when displacement responses are obtained through the double-integration method.

Figure 14 shows the displacement time histories of the stair landing at level 2 relative to the lower
(second) floor of the building as well as the interstory drift response of level 2 during test FB-3. Test FB-
3 is selected because level 2 achieved the largest interstory drift demands (about 1%) prior to the onset
of severe damage to the stair at this level. The time instances of the positive (denoted as red circles) and
negative (denoted as blue diamond) peak interstory drift responses are identified and then correlated
with the landing displacement responses. It is also noted that landing drift ratios are presented in these
plots, which are calculated as the ratios between the landing horizontal displacements and the height
of the landing (half the story height).

As shown in Figure 14, the longitudinal landing displacements at the two corners differed signifi-
cantly. While the peak relative displacement was 17 mm (corresponding to a landing drift ratio of 0.8%
or a peak interstory drift of 41%) on the north corner, the response was much smaller at the south cor-
ner of the landing and the peaks did not coincide with those of the interstory drift response. The fact
that the transverse displacement of the landing was as large as the longitudinal counterpart at the north
corner indicates that the stair landing twisted appreciably. Figure 14 also presents the orbital plots of
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Figure 14. Displacement time histories of the stair landing at level 2 relative to the lower floor during test
FB-3 (note: red dot denotes the positive interstory drift peak and blue dot denotes the negative peak).

Table VII. Peak responses of the landing displacement relative to the lower floor and the upper flight-to-slab
connection deformation of the stair at level 2.

. landin, . landin, X connection
PIDR PID Afz::gmg Along ¢ Ai%’j;ng Arrans & connection Ai
PID PID PID
Test name (%) (mm) (mm) (%) (mm) (%) (mm) (%)
BI-1:CNP100 0.08 35 0.9 26 0.9 26 - -
BI-2:LAC100 0.10 4.3 1.0 22 0.8 18 - -
BI-3:LAC100 0.11 4.5 1.0 21 0.7 16 - -
BI-4:SP100 0.10 4.2 1.4 33 14 32 - -
BI-5:ICA50 0.09 39 0.7 19 0.7 19 - -
BI-6:ICA100 0.19 8.0 1.5 18 1.4 17 - -
BI-7:ICA140 0.32 13.6 32 24 24 18 - -
FB-1:CNP100 0.47 19.8 9.9 50 9.9 50 6.3 32
FB-2:LAC100 0.55 23.8 10.3 43 11.3 48 7.8 33
FB-3:ICA50 0.94 40.2 16.6 41 18.1 45 13.3 33
Notes: PIDR — peak interstory drift ratio; P/ D — peak interstory drift; Agﬁ:gmg — peak longitudinal land-
ing displacement relative to the lower floor; Aﬁf;’fsi"g — peak transverse landing displacement relative to the

lower floor; Aco™ection _ peak deformation of the upper flight-to-building connection (data not available in the
base-isolated tests).

the displacement responses at the two corners of the landing. Correlation of the stair displacement
responses in the two horizontal directions of the building further corroborates the landing torsional
response. It is clearly shown in the orbital plots that while the relative displacement was primarily in
the transverse direction at the south corner, the north corner of the landing moved diagonally as the
amplitudes of the relative displacements were similar in the two orthogonal directions. This can be
attributed to the fact that the upper flight-to-building connection was much more deformable than the
lower flight-to-building connection, and therefore allowed the landing to move in a torsional mode
against the landing-to-lower flight connection.

5.2.3. Connection deformation response. Figure 15 shows the longitudinal connection deformation
responses of the stair at level 2 during test FB-3. These responses were measured directly using
displacement transducers (D-L-1 to D-L-8), and they were filtered with a low-pass fourth-order But-
terworth filter with a corner frequency at 25 Hz. As shown in the figure, the deformation of the upper
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Figure 15. Longitudinal connection deformation time histories of the stair at level 2 during test FB-3 (note:
red dot denotes the positive interstory drift peak and blue dot denotes the negative peak).

flight-to-building connection was about 16 mm (about 30% of the peak interstory drift at level 2) and
were much larger than that of the lower flight-to-building connection. It is noted, however, that D-L-
1 failed to record the connection deformation shortly after the negative peak interstory drift occurred.
In addition, comparison of the connection deformation responses to the peak interstory drifts suggests
that the two flight-to-building connection deformation responses were in the complete reversed direc-
tion. The flight-to-landing connection deformations were also small compared with those of the upper
flight-to-building connection. It is noteworthy that the repair action R-II (Figure 10(b)) of the upper
flight-to-slab connection for the stair at level 2 immediately following test FB-4 modified the origi-
nal deformation mechanism of the stair system. Absent the intended yielding mechanism at the upper
flight-to-building connection because of the repair, the relative deformation of the other connections
increased significantly during the last two FB tests and led to plastic yielding of the connection plate
between the lower flight and the landing during test FB-5 (Figure 9(d)).

5.2.4. Discussion of the displacement responses of the stair system. Prior to the onset of severe dam-
age to the stair, the measured responses indicate that deformation of the stair at level 2 is characterized
by the landing torsional movement as well as the upper flight-to-building connection deformation.
Table VII summarizes the peak landing displacements relative to the lower floor and the upper flight-
to-building connection deformation at level 2 in all base-isolated and the first three fixed-base tests.
These responses are compared with the associated peak interstory drifts. It is observed that the peak
landing displacements relative to the lower floor were very similar in the two orthogonal directions
in all these tests. While the displacements were about 20-30% those of the interstory drifts in the BI
tests, the ratio increased to 45-50% in the first three FB tests. In addition, the upper flight to building
connection deformation consistently accounted for more than 30% of the interstory drift in each of the
first three FB tests.
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6. CONCLUSIONS

A prefabricated steel stair system was installed within a full-scale five-story reinforced concrete build-
ing and was subsequently tested with the building in a shake table test program. The building was
subjected to a suite of uni-directional earthquake motions and low-amplitude WN base excitations,
first, while the building was isolated at its base and subsequently fixed to the shake table platen. These
system-level tests, for the first time, allowed investigation of the seismic behavior of stair systems
under realistic installation conditions and earthquake motions. Coincident with the seismic tests, low-
amplitude white noise base excitations were applied to the test building. These data are used to perform
modal identification of the stair system at various stages of the test program. Important findings regard-
ing the dynamic characteristics and seismic response of the prefabricated steel stairs are summarized
as follows:

(1) The modal identification results indicate that the first and second vibrational modes of the stairs
both correspond to the global torsional vibration of the stair systems with frequencies of 8.9 and
11.1 Hz, respectively. As a result, the stairs observed considerable acceleration and displacement
responses in the transverse-to-flight direction, even when loading was imposed entirely in the
parallel-to-flight direction. The stair landing displacements were comparable in the two direc-
tions, and its accelerations in the transverse-to-flight direction was observed to be even larger
than those in the parallel-to-flight (loading) direction.

(4) As aresult of predominantly torsional movement, the stair system observed considerable out-
of-plane (transverse) forces and deformations of similar amplitudes to those imposed along
the in-plane (longitudinal) direction, despite the uni-directional seismic input excitations to the
test building.

The present system-level test data (building outfitted with stairs and other nonstructural components
and systems) provide unique opportunities for calibrating numerical models and subsequent paramet-
ric studies to further investigate the response of the critical egress system offered by prefabricated
steel stairs.
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