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Abstract

Advancing the seismic resilience of building systems is an active area of research
in earthquake engineering. Ensuring safe egress in and out of buildings dur-
ing extreme events, such as an earthquake, is essential to supporting this effort.
To this end, understanding the seismic response of stairs facilitates the robust
design of egress systems to ensure they can remain operable after an earthquake.
From prior earthquake events and physical experiments, it is understood that
stairs with a flight to landing fixed connection at multiple levels within a build-
ing are prone to damage. In addition, the stair system with flight to landing
fixed attachments may affect the dynamic behavior of the building. To accom-
modate seismic inter-story drifts, a kinematically free connection between the
stairs and landing has been proposed. Herein this connection is referred to as a
drift-compatible stair connection. To investigate and aid in the design of such a
connection, a unique set of shake table experiments were conducted at the Uni-
versity of Nevada, Reno. In this paper, an overview of these tests is presented,
and a high-fidelity finite element model of the tested stair system is used to pre-
dict the responses measured during these experiments. Developed in Abaqus, the
robustness of the modeled stair unit is investigated considering a variety of con-
trasting connections, namely, drift-compatible connections, fixed ends and one
end fixed and the other free. Results from these numerical simulations offer guid-
ance towards development of simplified models of multi-level stair subsystems.
Such models are needed when investigating seismic resilience of building sys-
tems across a wider range of hazard levels. Furthermore, best practices observed
utilizing the models developed and evaluated herein against experimental data
will be useful for subsequent analysis of larger stair tower models, such as the 10-
story stair system implemented in the NHERI Tall Wood mass timber building
with post-tensioned rocking walls, conducted in 2023 at the UC San Diego Large
High-Performance Outdoor Shake Table.
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1 | INTRODUCTION

During extreme events such as earthquakes, safe egress in and out of buildings is essential. From prior earthquake events
and physical experiments, it is observed that stair systems are prone to damage. For instance, extensive damage to concrete
stairs during the 2008 Wenchuan earthquake was reported by Li and Mosalam.! In addition, damage to both concrete and
steel stairs in the 2010 Darfield and the 2011 Christchurch earthquakes were significant (e.g., the technical report published
by Department of Building and Housing?). The latter led to extensive guidance within New Zealand practice to assure more
robust performance of stair systems.>

Stairs, spanning from floor to floor, are exposed to multiple-support dynamic excitations caused by relative floor move-
ment during an earthquake. Despite their vulnerability, very limited research has been conducted to understand their
complex response during seismic motions. Amongst the most detailed experimental investigations were those conducted
by Higgins*. Utilizing quasi-static simulated seismic loading, these tests investigated the performance of two full-scale
prefabricated steel stair assemblies with landings. Although an interstory drift ratio of 2.5% was attained, large local defor-
mation demands at the stair to landing connections were observed. The overall performance of the stair was observed to
strongly depend on the flexibility of these connections. In subsequent research, prefabricated operable steel stairs were
incorporated within a 5-story reinforced concrete building tested on the shake table at the University of California, San
Diego.” Wang et al.® summarizes the seismic performance of egress systems in this shake table test program. Despite the
integration of capacity-limited designed connections, damage to the stair flight to slab connections, at multiple levels and
at drift demands below design targets for the building, was observed. In addition, observed during this shake table test,
Wang et al.” reported connection plate weld fracture at 0.74% and 1.41% peak interstory drift ratios (PIDRs), and connec-
tion plate yielding at 2.75% and 5.46% PIDRs. The severe damage to the stair flight to slab connection at multiple building
levels resulted in non-operable stairs. Observations from this full-scale, 5-story stair tower as tested in a building further
corroborated the importance of connection deformability on the seismic response of stairs.

To better understand the seismic response of stair systems, computational investigations have been undertaken to com-
plement experimental studies. For example, Sun et al.,® Tegos et al.” and Noorifard and Tabeshpour'® studied the effects of
stairs on the seismic response of buildings by incorporating the stairs into a numerical model of the building. In the work
of Sun et al.,® the response of a frame-braced structure with and without the stair system is investigated. They found that
the existence of the stair system reduces the vibration period of the building and impacts the internal force distribution.
Similarly, Tegos et al.? found that stair systems stiffen the structure, however, this work revealed the resulting reduction
in floor relative displacement due to the presence of stairs. Noorifard and Tabehshpour'® found that a stair system built
with reinforced concrete slab performs as a K-shaped brace in parallel to the stair flight direction and as an inclined shear
wall in transverse to the stair run direction. Therefore, stair systems of this type result in stiffening the structural system
and reducing the period and lateral displacement of the building. For the first time, Wang and Hutchinson'! developed a
detailed three-dimensional (3D) finite element model (FEM) of the stair subsystem and studied, numerically, the response
of steel stairs under uniaxial pseudo-static displacement loading. They performed parametric studies to understand the
impact of story height, landing, connection, and geometry of the stairs on the global and local response of this system.
These studies provide the impetus for the present study, which focuses on the numerical simulation of the seismic response
of stair systems.

From aforementioned prior studies and field observation, it is clear that stairs fixed at multiple levels within a building
are prone to damage. To this end, ASCE 7-16,'> Section 13.5.10 states that egress stairs and ramps not part of a seismic
force-resisting system are required to be detailed to accommodate the seismic relative (floor-to-floor) displacement. This
section of the ASCE 7-16" standard suggests the use of slotted or oversized holes to accommodate the relative displacement
without loss of gravity support. To this end, in 2016 and 2018, two shake table programs of full-scale straight-run prefab-
ricated steel stairs with a variety of connection details were conducted at the 14 X 14.6 ft (4267 X 4450 mm) two degrees
of freedom (2-DOF) shake table at the University of Nevada, Reno (UNR).'*!* Each phase utilized a similar configura-
tion, that is a straight-run prefabricated steel stair assembly, with the variation focused on the stair connection details.
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FIGURE 1 (A) Test setup for the fixed-drift-compatible stair specimen,™* (B) flight to top landing connection, (C) test setup drawing, and
(D) drift-compatible (Drift — readyTM) connections (I’ =12",1” = 25.4 mm).

In the first phase, connection details included stairs with a free sliding connection at the bottom (floor) and fixed at the
top (landing) (free-fixed) and the stair system fixed at both ends (fixed-fixed). In subsequent tests in 2018 a unique stair
with a fixed connection at the bottom and a hanger connection at the top (fixed-drift compatible) were investigated.'>"1>
Free-fixed stair systems sustained severe damage during target maximum credible earthquake (MCE) scaled motions.
Stairs with drift-compatible connections sustained no damage and performed well under all load levels. To this end, the
present paper provides an overview of the shake table test programs at UNR and describes comprehensive FEMs of each
of the stair specimens, as developed in Abaqus.'® Detailed comparisons between the measured test results and predicted
numerical response are provided, with a summary of model suggestions offered as a key outcome of the effort herein.

2 | EXPERIMENTAL PROGRAM
2.1 | Specimen details and test setup

211 | Flight and landings

The full-scale straight-run stair specimens were each of common geometry and constructed of similar flight and land-
ing arrangements. Notably, the single flight consisted of 11 steps, with a vertical projected height of 8.50 ft (2591 mm),
a horizontal projected length of 14.10 ft (4298 mm), and a width of 4.25 ft (1295 mm), see Figure 1A,C. The top landing
was connected to the shake table, while the bottom landing was connected to the laboratory reaction floor. The treads
and risers were fabricated with 12-gauge plates welded, at both ends, to the stringers. The stringers were continuous
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FIGURE 2 Fixed connection details: (A) stair flight to top landing connection, and (B) stair flight to bottom landing connection (1” =
25.4 mm).

members fabricated of MC 12 X 10.6 channels. To incorporate stair systems with different boundary conditions, the stair
flights consisted of three main parts. The bottom part consisted of one step and two risers, the middle part consisted of
nine steps and nine risers, and the top part consisted of one step and one riser. These parts were connected using MC
12 % 10.6 channels (see Figure 2B). These end channels were each welded to the risers, treads, and stringers. The end
channels were connected by six 0.875 in (22.2 mm) diameter ASTM A325 tension control bolts. Specifically, the 5.25 X 5.50
ft (1600 X 1676 mm) top landing consisted of four MC 18 x 42.7 channels at the perimeter. To stiffen the top landing, two
6 X 6x0.51n (152.4 X 152.4 x 12.7 mm) Hollow Structural Sections (HSS) were placed diagonally and two 4 X 4 X 0.5 in
(101.6 x 101.6 x 12.7 mm) HSS were welded at the top of the landing in parallel to the stair flight direction. The top landing
was supported, in the vertical direction, on two 6 X 4 X 0.5 in (152.4 X 101.6 X 12.7 mm) HSS posts at the corners close to
the stair flight. These landing posts were each connected to the landing using three 0.75 in (19.1 mm) diameter ASTM A325
bolts and were connected to the shake table using four 0.875 in (22.2 mm) diameter ASTM A325 bolts. The top landing was
installed against a rigid block. The bottom landing consisted of a 1 in (25.4 mm) thick plate supported on four W12 X 16
wide flange beams. The stiffened plate, including the top landing as assembled during the drift-compatible-fixed stair
system, is shown in Figure 1. During tests on fixed-fixed and free-fixed stair systems, a gap at the end channel connections
was observed due to the flexibility of the end channel. To address this, during the test of a drift-compatible-fixed stair
system, stiffener plates were installed at these connections (see Figure 2A).

2.1.2 | Stair flight to landing connections

In the free-fixed stair system, the top landing-to-stair flight connection was detailed with a 4 in (101.6 mm) wide 0.25 in
(6.35 mm) thick steel plate welded to stringers, which was bolted to the landing. Subsequently, under a target MCE-scaled
earthquake, the attachment plate yielded. Hence, to avoid the out-of-plane bending of this plate, two stiffener plates were
welded to this connection, see Figure 2A. The movement of the stair on the bottom landing was not constrained along the
XY (horizontal) plane, and only supported vertically, thus the stair was freely moving at its bottom landing. In contrast, the
fixed-fixed stair system consisted of both the flight-to-top landing connection and the flight-to-bottom landing connection
fixed in all degrees of freedom. The connection between the stair flight to the top landing was detailed similar to the
free-fixed stair system. As shown in Figure 2B, the stair flight to the bottom landing connection was fixed using four
0.5 in (12.7 mm) diameter ASTM A325 tension control bolts. It should be noted that prior to testing in a fully fixed-drift-
compatible connection arrangement, the 2016 tests adopted a top landing stringer connected via a hanger-type connection,
thus no vertical support is provided for the stair flight and the straight flight was solely attached, using this hanger type
of connection, to the top landing."* Transverse movement of the stair flight was naturally observed, even with walking
on the stair assembly. Therefore, in the 2018 test program, to refine the design of this general type of connection, drift-
compatible connections, with 3-degrees-of-freedom released, were installed at the top landing level along with vertical
(gravity) support, see Figure 1B,D. To achieve two-translational and one-rotational displacement release (Ay, A, and
Oy), two HSS tube cantilevers extending from the top landing worked as gravity supports and avoided the transverse
movements of the stair under service loads. As seen in Figure 1B, the drift-compatible connection has three released (or
free) degrees of freedom, the Y, and Z translational degrees of freedom along with the Y rotational degree of freedom. These
three degrees of freedom allowed the top landing to move freely, under all load levels, in both transverse and longitudinal
directions without imposing large deformations to the stair system, and thus preventing damage to the stair flight and
connection. It is also notable that the connection provides a second-dependent release location, as it facilitates a rotational
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TABLE 1 Earthquake tests conducted during the 2016 shake table test program (1” = 25.4 mm).

Max. amplitude in Max. amplitude in

X-direction (inches) Y-direction (inches)
Test Test name* Intensity + = aF =
1 Test-N Level 1 11 16 13 2.4
2 Test-O Level 2¢ 1.7 2.5 2.1 3.8
3 Test-0220 Level 2 2.3 33 2.8 5.1

aThese test names are per Black et al.'*!4
bLevel 1 was intended to target a design basis demand (2.5 % PIDR).
Level 2 was intended to target a maximum credible earthquake demand (4.0 % PIDR).

TABLE 2 Earthquake tests conducted during the 2018 shake table test program (1” = 25.4 mm).

Max. amplitude in Max. amplitude in

X-direction (inches) Y-direction (inches)
Test Test name Intensity F = A =
1 Test-N Level 1 11 21 0.9 1.3
2 Test-O Level 1 0.9 1.3 1.1 2.1
3 Test-P Level 1 1.4 2.1 1.3 1.2
4 Test-Q Level 2 1.4 2.0 1.6 31

release about the Y-axis and translation release along the X-direction at its connection with the flight, as shown in blue in
Figure 1B,D. Note that tests with the drift-compatible top landing connection exclusively incorporate a fixed connection
at the bottom landing as shown in Figure 1A.

2.2 | Test protocol

In each of the 2016 and 2018 shake table test programs, the stair specimens were subjected to uniaxial and biaxial quasi-
static, dynamic, and earthquake motions across a range of amplitudes. Quasi-static cyclic tests were performed under
displacement control, at a target rate of 0.25 in/s (6.35 mm/s) in both directions to target amplitudes of 0.5 in (12.7 mm)
and 2.5 in (63.5 mm). Subsequently, dynamic tests were performed at a frequency of 0.5 Hz. In addition, a bilinear single
degree of freedom (SDOF) building model with a period of 0.35 s was used to generate interstory drift time histories for
testing.!® The SDOF model had a mass of 0.155 kip—s2 /in (27145 kg), a damping coefficient of 0.279 kip-s/in (48.9 N-s/mm),
and a bilinear stiffness definition. The elastic and inelastic stiffnesses of the numerically modeled building were assumed
to be 50 kips/in (8756.2 N/mm) and 10 kips/in (1751.2 N/mm), respectively. The yield strength of the model was taken
as 28 kips (124550 N), which results in a 0.56 in (14.22 mm) yield displacement. Interstory drift time history responses
determined from these analyses were used as table input displacements to investigate the performance of stairs under
motions representative of earthquake shaking. In time history analyses of the building model, the Newhall-LA County
Fire Station record recorded during the 1994 Northridge earthquake with different scale factors was used. This record
has relatively strong shaking in both directions for 8-10 s and results in a strong forward-and-backward displacement
pulse. The fixed-fixed stair system was tested under one interstory drift time history. In contrast, three earthquake tests
were performed on the stair system with free-fixed connections. The maximum amplitudes in each X (parallel to the stair
flight) and Y (transverse to the stair flight) directions are shown in Table 1. The fixed-fixed stair system was tested under
only the Y-component of Test-1 in this table. Four earthquake tests were performed on a fixed-drift compatible stair system.
These tests are summarized in Table 2.

2.3 | Instrumentation
Displacements and accelerations of the stairs were measured at five locations as shown in Figure 3. Measurements D5 and

D¢ record the displacements of the top of the stair flight, parallel to the stair flight direction, relative to the top landing,
whereas measurements D, and D, record the transverse (Y-direction) absolute displacements at the top and bottom of the
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FIGURE 3 Instrumentation plan (I’ =12”,1” = 25.4 mm)."*

MC12x10.6 /; ~—~—— Rigid plate representing

End channels MCI12x10.6 7 the top-landing

Stringers

12 Ga. plates
Treads and risers

/" Lax2x3/16"
Tread supports

Stair flight to bottom-
landing connection

Stair flight to top-landing
connection

FIGURE 4 Geometry of the fixed-fixed stair system (1” = 25.4 mm).

stair flight, respectively. Measurements D, and D5 are the longitudinal (X-direction) absolute displacements at the bottom
of the stair.

3 | FINITE ELEMENT MODEL DESCRIPTION

The high fidelity finite element (FE) software Abaqus'® was used to develop 3D FEMs of the fixed-fixed stair system,
free-fixed stair system, and stair system with flight to bottom landing connection fixed and drift-compatible connection
installed at the flight to the top landing. Eigenvalue and dynamic analyses were conducted utilizing the various FEMs.
The robustness of the FEMs was then evaluated by comparing with the measured responses obtained from the UNR tests.
In what follows the details adopted and decisions undertaken in the development of the FEMs are discussed.

3.1 | Geometry and simplification

All components of the stair systems were modeled using solid FEs. Since the top landing is rigid and does not have a
significant impact on the response of the stairs, it was modeled using only one rigid plate. Figure 4 shows the geometry
of the model of the fixed-fixed stair system. In this configuration, both the top and bottom connections are fixed. The
geometry of the free-fixed stair system is the same as that of the stair systems with fixed ends, however, there are no bolts
at the bottom connection of the free-fixed stair system.

Figure 5 shows the geometry of the model of the stair system with fixed bottom connection and drift-compatible con-
nections installed at the top landing level. In this specimen, to capture the forces at the bottom landing, two load cells in
each of the X- and Y-directions were installed along the edge of the bottom landing plate. The bottom landing plate of the
stair rested on five HSS tubes, and a layer of grease was applied between the landing plate and the HSS. This resulted in
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FIGURE 5 Geometry of the stair system with fixed bottom connection and drift-compatible connections installed at the top landing to
stair flight connection (1” = 25.4 mm).

TABLE 3 Material and finite element types (1 ksi = 6.89 MPa).

Expected yield Expected ultimate Finite element
Component Steel section strength (ksi) strength (ksi) type
Stringer A36 Channel 46.8 69.6 C3DsI
Tread and riser A36 plate 46.8 69.6 C3DsI
Attachment plate A36 plate 46.8 69.6 C3DsI
Drift compatible connections Various 46.8 69.6 C3D8I
Bolts ASTM A325 110 132 C3D20
Top Landing plate Rigid Material - - C3D8R
Bottom Landing, plate A36 plate 46.8 69.6 C3D8R
Bottom Landing, HSS A500 Gr. B 54.6 69.6 C3D8R
Bottom Landing, I beams A36 plate 46.8 69.6 C3D8R
100
500
= - =
Z] _ . ‘A [}
%40 Monotoplc 300 2, __:‘ . . =
2 ® Yield point 2 3 P
Z ©,=46.8 ksi 200 2 = 2
20 £,=0.161% 100 % -50 @
-500
0 0 - -
-100 _ —
0 005 = 01 015 -0.06 -0.04 -0.02 0 0.02 0.04 Isotropic hardening
Strain [in/in] Strain [in/in] —— Combined hardening
(A) (B)

FIGURE 6 Stress-strain curve of A36 steel: (A) Monotonic stress-strain curve (Modified from Wang and Hutchinson''), and (B) Cyclic
stress-strain curve (Note that combined hardening is synonymous with mixed hardening, i.e., isotropic and kinematic hardening).

small rotations of the bottom landing during the experiment. In numerical simulations, to impose rotation to the bottom
landing, four linear elastic springs (two springs in the X-direction, and two springs in the Y-direction), one at each corner,
with a stiffness of 5 kips/in (875.63 N/mm) were modeled. Since the springs are linear elastic, using a single iteration, the
stiffness of springs was adjusted such that the rotation recorded by string potentiometers D;, D,, and D5 were achieved.

3.2 | Material properties

The steel sections and material types used in the tests are summarized in Table 3. Material test data for the stair components
were not available in this shake table test. Therefore, in this study, a typical material stress-strain response previously
used by Wang and Hutchinson'!' was used to define the stress-strain relation for the half-cycle (Figure 6A) of the material
models in Abaqus with expected material properties from prior mill certification of mild ASTM A36 steel. In Abaqus,
plastic material models with isotropic and combined cyclic hardening rules were used to model the attachment plates
and end channels, the bottom and top parts of the stair flight. Figure 6B shows the cyclic stress-strain response of ASTM
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FIGURE 7 (A) Assumed friction model'® and (B) surfaces with penalty friction model are highlighted.

A36 material determined using a single shell element under uniaxial displacement loading. Since the stair systems in this
study do not show large inelastic deformation, both material models showed approximately the same response. However,
as shown in Figure 6B, under large plastic strains, the material model with isotropic hardening overestimates the yield
strength of the elements. Since no inelastic behavior is expected in the middle region of the stair flight, bottom landing,
and bolts, these elements were modeled using an elastic material.

3.3 | Boundary conditions

For all FEMs of the various stair systems, the bottom of the I-beams was defined as a fully fixed (encastre) type boundary
condition, in which the rotation and translation degrees of freedom in all three directions are zero. In the tests, the top
landing of the stair was constructed on the shake table against a rigid block. Except for the translation of the top landing
in the X- and Y-directions, all other degrees of freedom were assumed to be zero. In the same manner, in the dynamic
analyses, the rigid plate representing the top landing has two free translational degrees of freedom. However, during
eigenvalue analyses, all degrees of freedom of the top landing should be constrained.

3.4 | Friction model

Interactions between components of the stairs were modeled using surface-to-surface contact elements with a friction
model. In the friction model, the penalty formulation shown in Figure 7A is adopted. Figure 7B shows the surfaces with
contact elements in various colors. It is noted that the original model (e.g., dashed line in Figure 7) utilized to capture the
shear stress and corresponding slip of the surfaces in contact resulted in convergence issues. To this end, the penalty for-
mulation with isotropic directionality, and a small 0.005 unit elastic slip was assumed. In Abaqus, using Equation (1), the
critical shear stress (7.,;;) is determined based on the contact pressure (p) between two surfaces and the friction coefficient
(u) provided by the user. The contact pressure is determined by the Abaqus solver based on the normal forces developed
at each surface in contact, and the surface area. The friction coefficients between components of the stair systems were
not measured in the laboratory. Therefore, the friction coefficients used in this study (see Figure 7B) are per the Fastener
Design Manual by Barrett."” In this design manual, a variety of material friction coefficients are summarized. Notable to
the study herein, the static and sliding friction coefficients (kinetic coefficient of friction) between two dry mild steels are
0.74 and 0.57, respectively. The sliding friction coefficient between two mild steel surfaces with grease between them is
reported as 0.19. Thus, in the current paper, considering the sliding state, for the dry surfaces of the steel to steel a friction
coefficient of 0.6 was assumed, while, for the greased surfaces of steel to steel, a friction coefficient of 0.2 was assigned.

Terit = M X P @

3.5 | Finite element selection and mesh generation

Various types of FEs were used to model the behavior of the major stair components, as noted in Table 3. To avoid hour-
glassing and shear-locking effects that are often problematic with the use of solid elements, the C3D8I element, an 8-node
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FIGURE 8 Details of the finite element mesh generation.

linear brick element with incompatible modes, was used to model the components of stairs whose bending behavior is
critical. In contrast, the C3D8R element, an 8-node linear brick element with reduced integration points, which is com-
putationally more efficient than C3D8I, was used to model components with less likelihood of bending-induced behavior,
in this case, ideal for the landings. The landing components were meshed using a coarse mesh with a global seed size of 2.
The end regions of the stair flight were meshed using a fine mesh with a global seed size of 0.5, while the middle regions
of the flights were meshed using a moderate mesh with a global seed size of 1.5. The drift-compatible connections were
modeled with a fine mesh using a global seed size of 0.5. The bolts were meshed using a global seed size of 0.11. Figure 8
shows the generated mesh of the fixed-drift compatible stair system. Note that mesh sensitivity analysis was performed,
and the selected mesh sizes are the converged mesh sizes. Refining the mesh size beyond that shown in Figure 8 does
not significantly modify the modal characteristics and dynamic responses of stair systems. Additional guidance regarding
element selection and mesh generation within commercial software was sought in literature.'

3.6 | Analysis procedures

After applying the boundary conditions and defining the contact model, dynamic analysis was performed in three steps.
In the first step, the bolts were post-tensioned. In the second step, gravity analysis was conducted. Finally, interstory drift
histories were imposed dynamically in the final step. A dynamic implicit solver, namely the Hilber-Hughes-Taylor integra-
tor, with default parameters (¢ = —0.41421, 8 = 0.5, and y = 0.91421) was used as a time integration operator to perform
the nonlinear analysis.'® All dynamic implicit solvers in Abaqus have numerical damping. However, to minimize the
numerical damping the maximum time increment should remain small enough (e.g., smaller than 5% of the fundamental
period of the model). In the dynamic analysis, Rayleigh damping was used with a critical damping ratio of 2% at the two
predominate modes of each stair system. Linear perturbation analysis was performed to determine the modal properties
of the stair systems. During linear perturbation analysis, the model’s response is defined by its linear elastic stiffness at
the base state.

4 | MODEL VALIDATION

The developed FEMs were evaluated through comparisons with the measured responses obtained during the experiments.
Initially, to evaluate the robustness of the model, the dynamic characteristics of the stair systems were determined by con-
ducting an eigenvalue analysis. The natural frequencies of stair systems determined by FE analysis were compared to
those estimated based on the Frequency Response Function (FRF) developed utilizing measured acceleration responses.
For further evaluation of the proposed FEM of the stair systems with various flight-to-landing connections, the displace-
ment time histories and peak acceleration responses from the dynamic analyses were compared to the measured responses
from the tests.

sd}y) SUORIPUOY) PUE SuiIRL, o4} 938 “[SZ0Z/10/S 1] U0 AXeiqrT QuIUQ ASTIA “BIUIOHIED) JO ANSIDAIN £q L1 143b9/Z001°01/10p/w00Ka[1mATeaquiout[uoy/:sdiy woij papeojumod ‘g ‘b20z ‘S+869601

o)/ wod o[ 1M Areqrpauy

ASUQDIT SUOWWO)) 2ANLaI) d[qedrdde oy Aq pauIaA0S are sa[onIe Y $osn Jo sa[ni 10§ A1eiqiT aurjuQ L3I\ UO (SUONIPUOD-Pi



2500 Wl LEY SOROSH ET AL.

U, Magnitude
148

U, Magnitude U, Magnitude
059
054
0.49
044

- 039
034
030
025

0.20 0.61 4

0.15 0.46

0.10 2

0.05 0.15 0.12

0.00 0.00 0.00
Natural frequency Natural frequency : Natural frequency
(20.1 Hy) (36.5 Hz) / (46.6 Hz)

(A) (B) (C)

FIGURE 9 Mode shapes of fixed-fixed stair system: (A) 1st mode, (B) 2nd mode, and (C) 3rd mode.
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FIGURE 10 FRF computed using measured acceleration responses of the fixed-fixed stair system. FRF, Frequency Response Function.

4.1 | Eigenvalue analysis
411 | Fixed-fixed stair system

The first three natural frequencies from eigenvalue analyses of the stair systems were compared to the estimated natural
frequencies from an FRF computed using the measured acceleration responses. The first three mode shapes of the fixed-
fixed stair system are shown in Figure 9. The first mode, with a natural frequency of 20.1 Hz, of this stair, corresponds to
the transitional mode of the stair in the transverse direction. It is noted that although, in the design phase, it was assumed
that the bottom landing is fixed, the I-beams are still flexible in their weak axis direction and this contributes to the first
mode of the stair system. This mode is also visible in test results (see Figure 10). The second mode, with a natural frequency
of 36.5 Hz, of the stair, corresponds to the vibrational mode of the stair flight in perpendicular to the stair run direction (X
and Z-directions). The torsional vibration mode of the stair, with a natural frequency of 46.6 Hz, is identified as the third
mode of the stair system fixed at both ends.
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FIGURE 11 Mode shapes of the free-fixed stair system: (A) 1st mode, (B) 2nd mode, and (C) 3rd mode.

The FRF in the experimental eigenvalue analysis is also referred to as the Transfer Function (H) between the input
and output signal. This method is also referred to as an input-output System Identification (SI) method. In this study, the
input signal is the acceleration recorded at the top landing and the output signal is the acceleration recorded throughout
the stair height and the bottom landing. Since, in these test programs, no white noise tests were conducted. In this paper,
the actual earthquake test data were used in FRF calculations. In general, the white noise test is conducted with a root
mean square amplitude of 3-5%g. Therefore, in this paper, the acceleration data that are smaller than 10%g were used
in FRF calculations. The H can then be computed as the ratio between the Cross Spectral Density of the input and the
output (G, pur,out pur) a0d the Auto Spectral Density of the input (0, pus,inpus )- FOr the stair systems with fixed-free and fixed
drift-compatible boundaries, no windowing is applied to the signals. However, for stair systems with fixed-fixed boundary
conditions, to increase the visibility of modes with high vibration frequency a Hamming window with a length of 25% of
that of the data and 50% overlap is applied. The resulting magnitude of H is shown in Figure 10. In this work, the Savitzky-
Golay Finite Impulse Response (FIR) filter of polynomial order 5 and frame length of 201 is used to smooth the Transfer
Function plots. In addition, for comparison purposes, the first three natural frequencies predicted by eigenvalue analysis
are also plotted as vertical dashed lines. The dashed lines match the identified peaks of the experimentally computed
Transfer Functions reasonably well. In addition, the amplitudes of the Transfer Functions at different sensor locations
compare favorably with the mode shapes predicted using FE analysis.

4.1.2 | Free-fixed stair system

Similarly, the first three mode shapes of the free-fixed stair system were computed with the FEM and shown in Figure 11.
The first mode of this stair assembly is the vibrational mode in the transverse to flight direction with a natural frequency of
14.5 Hz. The vibration of the bottom landing in the Y-direction with a natural frequency of 19.5 Hz contributes to the second
mode of the stair assembly, and the third vibration mode with a natural frequency of 26.8 Hz corresponds to the vibration
of the stair flight in the perpendicular to the stair run direction, which has components in both X and Z directions.

Similar to the comparative strategy adopted when modeling fixed-fixed stairs, evaluation of the FEM is undertaken to
compare with estimated natural frequencies determined via FRFs of the measured accelerations, see Figure 12. Unlike
the fixed-fixed stair system, the free-fixed stair systems are more flexible. The analysis results for the first and third
modes match well with those of the experiments. However, a larger difference (approximately 15%) between the eigen-
value analysis and experimental results exists for the second mode. The second mode engages the vibration of the bottom
landing in the Y-direction. Since the free-fixed stair system is not attached to the bottom landing, the effect of bottom-
landing vibration on the stair system response is minimal. Using the C3D8R element, an 8-node linear brick element with
reduced integration points may contribute to the nominal 15% difference. Using quadratic element (e.g., C3D20, a 20-node
quadratic brick element) or linear element with incompatible modes (e.g., C3D8I, an 8-node linear brick with incompati-
ble modes) would result in improved comparison with the experimental results. However, in this study, since the impact
of bottom landing is minimal on the dynamic response of this stair system, and the differences are not significantly large,
the computationally more efficient element (C3D8R) is preferred.
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FIGURE 12 FRF computed using measured acceleration responses of free-fixed stair system. FRF, Frequency Response Function.
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FIGURE 13 Mode shapes of the fixed-drift compatible stair system: (A) 1st mode, (B) 2nd mode, (C) 3rd mode.

4.1.3 | Fixed-drift compatible stair system

The first three mode shapes of the stair system fixed at the bottom and with drift-compatible connections installed at the
top landing to stair flight, predicted by Abaqus, are shown in Figure 13. The first mode of this stair system, with a natural
frequency of 3.6 Hz, is transverse movement at the top of the stair system which is accommodated in part by rotation of the
bottom landing. The second mode of this stair system with natural frequencies of 6.4 Hz corresponds to the vibration of
stairs in the vertical direction. A combination of the vertical and torsional modes of the fixed-drift compatible stair system
is the third vibration mode with a natural frequency of 8.7 Hz.

The amplitude of the FRF of the measured accelerations for this configuration is plotted in Figure 14. It is observed that
the FEM predicted the vibrational natural frequencies well. However, tracking the magnitudes of FRF, it is shown that
unlike FEM-prediction in which the first mode was predominantly due to vibration of stair flight in transverse to the stair
flight direction, the magnitude of FRF at the first mode is happening in Z-direction. Since this mode of the stairs is of very
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TABLE 4

Summary of natural frequencies of stair systems with various boundary conditions.

Bottom connection Top connection Mode Test (Hz) Model (Hz) Description®

Fixed Fixed 1 19 20.1 Transverse to flight (Y-direction, global)

Fixed Fixed 2 39.5 36.5 Perpendicular to the stair flight (X and Z-directions, global)
Fixed Fixed 3 N/AP 46.6 Torsional about flight (local)

Free Fixed 1 13.9 14.5 Transverse to flight (Y-direction, global)

Free Fixed 2 22.9 19.5 Transverse at bottom landing (local)

Free Fixed 3 26.8 26.8 Perpendicular to the stair flight (X and Z-directions, global)
Fixed Drift-compatible 1 3.6 3.6 Transverse to flight (Y-direction, global)

Fixed Drift-compatible 2 7.0 6.4 Vertical along flight (Z-direction, global)

Fixed Drift-compatible 3 8.7 8.7 Torsional + vertical along stair flight (local)

2These mode descriptions are based on FEM prediction.
®N/A = not available.

low frequency, it would have not been excited significantly. Relative to the fixed-fixed and the free-fixed stair systems, the
fixed-drift compatible stair system is more flexible with smaller natural frequencies. For comparative purposes, a summary
of the first three natural frequencies of each stair system with different boundary conditions is provided, see Table 4. It is
worth mentioning that some of these estimated natural frequencies based on the peaks of the FRF plots are approximate
as precise values may not be well defined, particularly for closely spaced modes.

4.2 | Dynamic response analyses

421 | Fixed-fixed stair system

The fixed-fixed stair system was tested under interstory drift histories as shown in Figure 15. In this test, the shake table
input displacement was imposed only in the Y-direction. The displacements measured at the top and the bottom of the
stair flight along with the FE analysis results are overlaid to facilitate comparison in Figure 16. It is worth noting, as
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FIGURE 16 Measured displacement responses compared with FE analysis results for the fixed-fixed stair system. FE, finite element.

discussed in Section 2.3, that the displacement in X-direction at the top of the straight flight is the displacement of the
stair flight relative to the top landing. However, all other displacements are absolute displacements. Observing both the
test and analysis results, although the bottom connection was assumed to be fixed, the bottom of the stair flight moderately
translated, in both X- and Y-directions, about 5% of the top landing movement. Considering the displacement at the top
of the stair flight, in the Y-direction, the FEM predicted the experimental response with a high level of accuracy. This is
consistent even under a large peak inter-story drift of 2.4 in (60.9 mm). Observing the relative displacement at the fixed
ends, a larger difference between the FE and experimental results is observable. Nevertheless, comparing to the absolute
displacements of the stair flight, the amplitudes of these relative displacements are much smaller (approximately 5% of
the input interstory drift).

The acceleration responses of each stair system were recorded at five locations as discussed in Section 2.3. A fourth-order
bandpass Butterworth filter with cut-off frequencies selected as 0.5 and 60 Hz was used to filter the measured acceleration
responses. The measured peak accelerations overlaid with the FEM predictions at these five locations along the stair height
are plotted in Figure 17. It is noted that, although the input displacement was purely in the Y-direction (transverse to the
flight direction), the recorded peak accelerations on the stair flights in the X- and Z-directions are much higher than those
in the Y-direction. Comparing the FE analysis results to the measured values, the analysis predicted the peak accelerations
reasonably well. However, the FE analysis showed larger peak accelerations at the top landing. This is due to the large
stiffness of the top-landing in the FEM as was discussed in Sections 3.1 and 3.2, adopted to simplify the top-landing, that
is, modeled as a single plate with rigid material. Since, in this study, the dynamic analysis was displacement controlled,
having a rigid top-landing would not affect the analysis result negatively.
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FIGURE 19 Measured displacement responses versus analysis results for the free-fixed stair system (Test 2).

422 | Free-fixed stair system

The free-fixed stair system was tested under three different bidirectional interstory drift histories (Table 1). Figure 18 shows
the input displacement time histories of Test 2, while Figure 19 presents a comparison for this test of the displacement
responses of the stair with the FE analysis results. The free movement of the stair flight on the bottom landing can be
observed from the displacement time histories of the bottom of the stair flight in both the X- and Y-directions. Nevertheless,
the transverse displacement of the stair flight at the bottom landing connection is slightly larger than that of the stair flight
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FIGURE 21 Inputdisplacement time histories for the fixed-drift compatible stair system (Test 3) (1” = 25.4 mm).

near the top landing connection. This displacement amplification was higher during the tests under the combination of
live and lateral loads. In addition, in the free-fixed stair system, unlike the fixed-fixed stair system, no movement of the
stair flight relative to the top landing is observed. The FEM in this configuration predicted the deflection of the stair
accurately even under a peak interstory drift of 3.8 in (97.2 mm).

The maximum accelerations recorded at five locations throughout the stair height are plotted in Figure 20. During Test
2, despite maximum interstory drifts of 3.8 in (97.2 mm), the peak accelerations in X- and Y-directions throughout the
stair flight remain nearly constant. The free movement of the stair flight in both X- and Y-directions is the reason behind
these constant acceleration profiles. Observing the peak accelerations recorded in the bottom landing, it is seen that the
peak accelerations in the X- and Z-directions are approximately zero. This is due to the fact that the bottom landing is
fixed in both X- and Z-directions, and no movement of the bottom landing in these directions is observed. However, at
this location, the peak acceleration in the Y-direction is 0.35 g. Low stiffness of I-beams at the bottom landing, in the Y-
direction, results in deflection and non-zero acceleration in the Y-direction. Observing the measured peak accelerations
in Z-direction the acceleration is amplified, relative to top-landing, on the stair flight. The plot labeled as Model shows the
FE analysis results in which the input interstory drift is the same as Test-2. The analysis predicted the peak accelerations
reasonably well. However, like the FEM of the fixed-fixed stair system, the predicted peak accelerations, in the X- and
Y-direction, at the top landing are larger than the measured ones. This is caused by the simplification of the top landing
as discussed in Sections 3.1 and 3.2.

423 | Fixed-drift compatible stair system

To evaluate the performance of the FEM of the stair system with bottom connections fixed and drift-compatible connec-
tions installed in flight to top-landing connection, the responses of the stair under biaxial drift time histories (Test 3 in
Table 2) were studied. Specifically, the input displacement time histories of Test 3 are shown in Figure 21, while the mea-
sured displacements at the top and the bottom of the stair flight, along with the analysis results, are shown in Figure 22.
Observing the measured displacement time history at the top of the stair flight, in the Y-direction, a residual drift of 0.35
inches (8.9 mm) is visible. Since no yielding of the stair components was observed, this residual drift is either due to a
slip in the stair flight to the bottom landing connection or displacement of the bottom landing plate relative to its sup-
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FIGURE 22 Measured displacement responses versus analysis results for the fixed-drift compatible stair system (Test 3).
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FIGURE 23 Peak absolute acceleration profile for the fixed-drift compatible stair system (Test 3).

porting HSS tubes. To allow a small rotation of the bottom landing, two springs in each of the X- and Y-directions were
used in the FEM. To capture the observed response, bolt pre-tensioning load and spring stiffnesses were calibrated. The
responses shown in Figure 22 are from the model with a spring stiffness of 5 kips/in (876 N/mm). In this analysis, the bolts
were pre-tensioned with 65% of the yield strength of the bolt. Despite the nominal rotation of the stair flight during the
experiments, the displacement of the stair flight in the Y-direction was captured with reasonable accuracy. In addition,
the FEM predicted the displacement of the stair flight relative to the top landing, in the X-direction, with high level of
accuracy. The displacement time histories at the top of the stair flight, in X-direction, facilitated the free movement of the
top landing relative to the stair flight, and this feature resulted reasonable prediction of the overall stair system response
for this connection configuration. However, observing the displacement time histories of the stair flight in the transverse
direction (Y-direction), it is seen that approximately 50% of the top-landing movement is accommodated.

The peak accelerations along the stair height are shown in Figure 23. These results demonstrate that the accelerations
in the X- and Y-directions are not amplified, relative to the top landing, along the stair flight, with the exception of small
amplifications near the top landing, that is, at the 11th tread. Nonetheless, the peak acceleration amplifications are much
smaller than that observed when the stair system is fixed at both ends. Observing the peak accelerations at the bottom
landing in Y- and Z- directions, there is a non-zero peak acceleration which is likely due to the movements of the bottom
landing plate in these directions. The plots labeled as Model show the analysis results in which the input interstory drift
is the same as Test-3, which in this case articulates a very reasonable FEM prediction of the peak accelerations. There are
small differences because these stair systems were tested many times and the FEM is based on the state of stairs without
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being exposed to external loads. In addition, as is seen in Figure 23, the predicted peak accelerations at the top landing are

not as large as was the case for the fixed-fixed and free-fixed stair systems because these accelerations were determined

from a node on the attachment plate at the top landing.

5 | CONCLUSIONS

Stair systems are the primary egress means during and following an earthquake. Unfortunately, prior earthquake events
and experimental investigations continue to demonstrate that these essential nonstructural systems are prone to dam-
age. Since stair systems span from floor to floor, they are exposed to multiple support dynamic excitation during an
earthquake. To this end, the ASCE 7-16'? standard requires stairs to be detailed to accommodate anticipated seismic rel-
ative displacement. In this regard, new connection concepts have been explored, with a particularly appealing approach
involving releasing a stairs most significant boundary connections with the structural system. Experimental investigations
between 2016-2018 explored such innovative connection “release” concepts.' Data from this shake table test program pro-
vide an opportunity to develop and evaluate the robustness of high-fidelity numerical models for use in future analytical
investigations. Since the seismic response of stair systems strongly depends on the connection details such as the bolt’s
pre-tensioning forces, the friction responses between each element, the boundary conditions, and the material proper-
ties, it is essential to model the response of each element and the interaction between them accurately. In this regard, the
present paper provides a brief overview of the two prior shake table test programs,'* and the development of a suite of high-
fidelity FEMs for use in cross-comparison with these test results. The accuracy of the modeled fixed-fixed, free-fixed, and
fixed-drift compatible stair systems was evaluated by comparing the analysis results with the measured responses. Based
on the measured seismic responses of stairs and numerical simulation results, important observations are summarized as
follows:

* FEigenvalue analysis results show that the first vibration mode of all straight-run stair systems studied corresponds
to their vibration in the transverse to flight direction. The vibration mode in the vertical direction is subsequently
consistently the second dominant mode; while torsional vibration modes are occurring at larger frequencies than the
transverse and vertical vibration modes.

* The low stiffness of the bottom landing supports in the transverse to the stair flight direction contributes to the first
mode of the fixed-fixed stair system, and the second mode of the free-fixed stair system. The natural frequencies of
these two modes are approximately equal.

* In the case of fixed-fixed stair systems, although the input displacement time history was purely in the transverse to
flight direction (Y-direction), considerably high accelerations, on the stair flight, in the parallel to flight (X-direction)
and vertical (Z-direction) were observed.

* Observing the peak accelerations recorded on the bottom landing of the fixed-fixed and free-fixed stair systems, it is
concluded that since the movement of the bottom landing in the X- and Z-directions was restrained, the accelerations
in these directions are approximately zero. However, the supports of the bottom landing (I-beams) had a low stiff-
ness in the Y-direction (transverse to flight direction). Therefore, movement of the bottom landing in this direction
resulted in non-zero acceleration at the bottom landing. Both the eigenvalue and time history analyses indicate that
the movement of the bottom landing in the Y-direction played an important role in the dynamic response of these stair
systems.

* In the case of a free-fixed stair system, since the movement of the stair at the bottom connection is not constrained, the
peak acceleration profiles along the stair height are approximately constant.

* Inthe stair system with a fixed bottom connection and a drift-compatible connection installed at the top landing to flight
location, the drift-compatible connection allows free movement of the top landing in the longitudinal (X-direction).
However, observing the response of the stair flight in the transverse direction (Y-direction), it is observed that approx-
imately 50% of the top landing movement is accommodated. In addition, the amplification of accelerations, in both X-
and Y-directions, on the stair flight is much smaller than that of the same stair assembly with a fixed-fixed connection
configuration. This observed response, which is also captured with the high fidelity FEM, offers a beneficially seismic
resilient stair system, which in the optimal case supports building seismic resiliency.

In summary, the proposed FEM was capable of capturing the dynamic characteristics of the stair systems with three
types of flight-to-landing connections. Notably, the numerically predicted eigenvalues were in good agreement with

ASULDIT suoWWo)) dANLaI)) d[qearjdde ayy £q pauISA0T A1 SI[OILIE V() AN JO SN 10§ A1eIqIT AUI[UQ) A[IA\ UO (SUONIPUOD-PUB-SULI} WO A[1M AIRIqI[auI[u0//:sd)y) SUOnIpuo)) pue suia [, 3y 338 “[§70z/10/51] uo Areiqry auruQ Ao[ip “erutojife)) 3O Ansioatun £q 21 14oba/z001°01/10p/wod Kopim:Krexquaurjuoy/:sdny wosy papeojumo( ‘8 “$70Z ‘S869601



SOROSH ET AL. Wl LEY 2509

experimentally determined system identification results. In addition, the robustness of the FEM was demonstrated by
performing nonlinear dynamic time history analysis and comparing results with measured responses obtained during
shake table tests. It should be noted that careful considerations regarding the definition of elements, and material con-
tacts are warranted in such FEM-based studies in particular to the sensitivity of the stair boundary conditions on response.
The generally good agreement between model and experimental measurements utilizing the proposed modeling approach
lends confidence towards development of larger FEMs of the stair system (e.g., multi-level stairs) or computationally effi-
cient and reduced order FEMs that can be integrated into a building model to further investigate building-stair system
interaction across different seismic hazard levels. For instance, Sorosh et al.'’ used the proposed FEM approach to predict
the response of a scissor-type modular stair system with a drift-compatible connection, and two types of attachment strate-
gies that were tested as part of the NHERI TallWood building in 2023 at the UC San Diego. In addition, the adaptation
of the proposed FEM was presented in Sorosh et al.?® to investigate the behavior of a new friction-based drift-compatible
connection for stair systems.
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