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ABSTRACT

The reinforced concrete stair system, as a critical component of a safe
egress path in buildings, has shown considerable vulnerability during past
earthquakes. Despite the widespread use of seismic separation techniques,
their effectiveness requires careful evaluation. The objective of this study is
to numerically assess the performance and failure mechanisms of a
commonly used separation method—namely, the use of compression struts
in reinforced concrete moment-resisting frames. To this end, four finite
element models were developed: a bare frame (baseline), a fully connected
stair—frame system, and two separated configurations using compression
struts (one with a continuous flight and another with the flights separated
at the mid-landing). These models were subjected to nonlinear static
analysis in ABAQUS. The results indicate that the commonly used
configuration with continuous flights is ineffective in reducing stiffness and
seismic interaction with the main structure. This model exhibits similar
behavior to the fully connected stair system, with plastic hinges forming in
the stair flights. In contrast, separating the flights at the mid-landing
eliminates damage in the flights but concentrates it within the compression
struts, which may still compromise the safety of the egress path. This study
highlights the inherent limitations of the compression-strut separation
method and emphasizes the necessity of complete flight separation at the
mid-landing as a design requirement.
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Introduction

The staircase system, as one of the vital
components of a building, plays a crucial role
in providing a safe evacuation route for
occupants and facilitating rescue operations
after an earthquake. However, numerous
reports from past seismic events, including the
Wenchuan and Sarpol-e Zahab earthquakes,
have highlighted the high vulnerability of these
components. Staircase failure not only blocks
the escape path but, due to unintended
interaction with the main structural system,
may also lead to unforeseen damages such as
the short-column effect in adjacent columns
and the attraction of significant seismic forces.
These damages primarily stem from neglecting
the  three-dimensional behavior  and
considerable stiffness of stair systems in
conventional design procedures, where sloped
ramps behave similarly to diagonal braces.

To mitigate this detrimental interaction,
seismic separation of stair systems from the
main structure has been widely proposed,
aiming to transform the staircase into a truly
non-structural component. One of the common
practical approaches to achieve this goal is the
use of short concrete compression struts to
support the gravity loads of intermediate
landings. This method, which is relatively
simple to implement, is intended to prevent the
direct transfer of lateral forces between floors.
Although several studies have investigated
different separation strategies, a rigorous
guantitative evaluation of the performance of
the compression-strut  method and an
examination of its potential failure
mechanisms—particularly with respect to
varying construction details at the intermediate
landing—remain necessary.

The novelty of this research lies in
conducting a precise and quantitative
assessment of the efficiency of the
compression-strut separation method through
advanced finite element modeling. In this
regard, for the first time, the seismic
performance of the system is directly compared
in two key construction scenarios: continuous
return ramps at the intermediate landing versus
separated ramps. The behavior of these models

is evaluated against two limit cases—frames
without stairs (representing the ideal baseline)
and frames with fully connected stairs
(representing the worst-case condition). This
comparative approach not only clarifies the
actual effectiveness of the separation method
but also helps identify and analyze its hidden
failure mechanisms.

Methodology

To mitigate the detrimental interaction
between staircases and the main structure,
various seismic separation techniques have
been proposed, with the use of short concrete
compression struts being one of the most
common in practice. Despite its widespread
application, comprehensive numerical
investigations of this method—particularly
under different construction details at
intermediate landings—remain limited.

In this study, four three-dimensional finite
element models of a reinforced concrete
moment-resisting frame were developed in
ABAQUS: (1) a bare frame (reference model),
and (2) a staircase isolated with compression
struts and separated ramps at the intermediate
landing. Nonlinear static (pushover) analyses
were carried out using advanced constitutive
models for both concrete and reinforcement.
The numerical model was validated against
analytical stress—strain relationships as well as
experimental beam test results.

Results

The analysis demonstrated that the
compression strut isolation with integrated
ramps was largely ineffective, as its stiffness
and seismic response were nearly identical to
the fully connected case, with plastic hinges
forming in the ramps. In contrast, the separated-
ramp configuration significantly reduced
stiffness and interaction forces, yielding
behavior closer to the bare frame model.
Damage localization also shifted: while in
connected and integrated cases ramps suffered
major damage, in the separated-ramp case
failure concentrated in the compression struts,
which acted as sacrificial elements. Although
this  improved seismic  behavior, the



vulnerability of struts raised concerns for
maintaining the safety of egress routes.

Conclusion

The study highlights the ineffectiveness of
compression strut isolation when ramps remain
integrated and emphasizes that complete ramp
separation at the intermediate landing is a
critical design requirement. Even in the
optimized separated  configuration, the
concentration of damage in struts suggests that
these elements should be detailed as ductile
fuses to ensure reliable seismic performance.
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