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CHAPTER 13
SEISMIC DESIGN REQUIREMENTS FOR NONSTRUCTURAL COMPONENTS
13.1 GENERAL

13.1.3 Component Importance Factor. All components shall
be assigned a component Imporiance Factor as indicated in this
section. The component Importance Factor, {,, shall be taken as
1.5 if any of the following conditions apply:

1. The component is required to function for life-safety
purposes after an earthquake, including fire protection
sprinkler systems and egress stairways.

13.5.10 Egress Stairs and Ramps. Egress stairs and ramps not
part of the seismic force-resisting system of the structure to which
they are attached shall be detailed to accommodate the seismic <:|

relative displacements, D, defined in Section 13.3.2 including
diaphragm deformation. '{l,'he net relative displacement shall be
assumed to occur in any horizontal directien. Such elements shall
be supported by means of positive and direct structural supports
or by mechanical connections and fasteners in accordance with
the following requirements:

a. Sliding connections with slotted or oversize holes, sliding
bearing supports with keeper assemblies or end stops, and
connections that permit movement by deformation of metal
attachments, shall accommodate a displacement D, but
not less than 0.5 in. (13 mm), without loss of vertical
support or inducement of displacement-related compres-
sion forces in the stair.

b. Sliding bearing supports without keeper assemblies or end
stops shall be designed to accommedate a displacement
1.5D,;, but not less than 1.0 in. (25 mm) without loss of
vertical support. Breakaway restraints are permitted if their
failure does not lead to loss of vertical support.

c. Metal supports shall be designed with rotation capacity to
accommodate seismic relative displacements as defined in
item b. The strength of such metal supports shall not be
limited by bolt shear, weld fracture, or other brittle modes.

d. All fasteners and attachments such as bolts, inserts, welds,
dowels, and anchors shall be designed for the seismic
design forces determined in accordance with Section 13.3.1
with R,, a,, and ; as given in Table 13.5-1.

EXCEPTION: If sliding or ductile connections are not
provided to accommodate seismic relative displacements, the
stiffness and strength of the stair or ramp structure shall be <:|

included in the building structural model of Section 12.7.3, and
the stair shall be designed with € corresponding to the seismic
force-resisting system but not less than 2 — 1/2.
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AISC Design Guide 34 L

Steel-Framed
Stairway Design

Chapter 3
Stairway Code Requirements

3.3 SERVICEABILITY REQUIREMENTS

33.2 Seismic Relative Displacements

Stairways in structures located in seismic regions must
also consider the difference in lateral movements between
adjacent floors or seismic relative displacements due to
earthquakes. In the direction parallel to stair stringers, the
expected movement or drift may result in axial loads being
resisted by the stairway members. In the direction perpen-
dicular to stair stringers, the seismic relative displacements
may cause additional horizontal flexure and shear, as well
as inducing torsion at the end connections of the stair to the
supporting floor system. Slip connections or sliding connec-
tions can be utilized to avoid additional forces due to the
interstory drift, but these connections must be detailed to
accommodate the anticipated seismic relative displacements
and possible additional movement.

Tread/Riser, Typ.

/ Stringer

Threaded rod set
in adhesive epoxy

© AISC 2018

These elements must be created through connections
with positive and direct structural support or by connections
and fasteners with the following criteria:

(a) Sliding connections incorporating a “secured ele-
ment” utilizing slotted or oversize holes, sliding bear-
ing supports with keeper assembly or end stops, and
connections that permit movement by deformation
of metal attachments. To ensure proper performance,
this connection type must:

* Accommodate the seismic relative displace-
ment, Dy;, or a minimum 0.5 in. in any horizontal
direction.

* Maintain vertical support including after seismic
event.

* No imparted compression forces due to seismic dis-
placement of stairs.

Refer to Figures 6-18 and 6-19 for examples of this
type of connection.

Stringer

|

Slab on Base plate with Base plate with \
grade oversize hole oversize hole @
Cdms
Washer plate with \_ Threaded rod
standard hole
Base Detail

Fig. 6-18. Seismic displacement detail using sliding connection at concrete siab on grade.

Tread/Riser, Typ.

Stringer
Threaded rod
attached to beam

Base plate with
oversize hole

Slab on deck

W beam

Fig. 6-19.

www.hoseinzadeh.net

Stringer

Base plate with
oversize hole _\

§

i Threaded rod

Washer plate with
standard hole

Base Detail

Seismic displacement detail using sliding connection at concrete slab on deck.
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Steel-Framed
Stairway Design

© AISC 2018

Chapter 3
Stairway Code Requirements

3.3 SERVICEABILITY REQUIREMENTS
33.2 Seismic Relative Displacements

(b} Sliding connections without a “secured element” (i.e.,
keeper assembly or end stop). To ensure proper per-
formance, this connection type must:

« Accommodate 1.5 times the seismic relative dis-
placement, 1.5D,;, or a minimum 1.0 in. in any
horizontal direction.

» Maintain vertical support, including after seismic
event.

Refer to Figure 6-20 for an example of this type of
connection.

Expansion joint
- cover plate

/ Fixed landing
]

Expansion joint

Stringer \

) ——

Fig. 6-20. Seismic displacement deiail using expansion joint.

When sliding or ductile connections are not provided to
accommodate seismic relative displacement, then the stair
must be incorporated into the building structural model (refer
to ASCE/SEI, Section 12.7.3) with appropriate stiffhess and
strength for the stairway elements. Careful analysis, design
and detailing are required to ensure acceptable performance.
The stair must be designed with the overstrength factor for
the main structure seismic force-resisting system, £, but

not less than 2'4.
Stairs must also be checked for lateral displacement due
to seismic forces to ensure the stair components are within

(c) Supports (connections or frames) designed with

rotation capacity to accommodate seismic relative
displacements. To ensure proper performance, this
system must;

* Accommodate 1.5 times the seismic relative dis-
placement, 1.5D,;, or a minimum 1.0 in. in any
horizontal direction.

¢ Maintain vertical support including after seismic
event.

= Not be limited by brittle failure modes (i.c., bolt
shear, weld rupture, or other brittle modes).
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6.3 Architectural Components

6.3.8 Stairways
6.3.8.1 Stairways

Typical Causes of Damage

» Stairs are primarily damaged by interstory drift, i.e., differential movement of the

adjacent floars, because the stairs must accommaodate the differential movement. Stair

damage is more likely to occur in flexible buildings with larger interstory drift and less
likely to occur in stiffer buildings.

o Whaen stairs are rigidly attached to both floor levels, the stair structure will try to

act like a diagonal brace and could be damaged as shown in Figure 6.3.8.1-3.

-

5 ok

v

|

: \
|
ﬁ__:

Figure 6.3.8.1-3 Stairs damaged up the full height of this apartment building in Vifia del Mar in
the 2010 magnitude-8.8 Chile Earthquake {Photo courtesy of Santiago Pujol,
Purdue University). The stairs were rigidly attached at adjacent floors and
behaved like diagonal braces although they were neither designed nor detailed
to function as structural braces.
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Seismic Mitigation Considerations

« Precast connection details in Christchurch, New Zealand often featured sliding joints in
“pockets” that allowed only limited movement that tended to put the stair in
compression. After stairs were compressed and shortened in one direction, the bearing
length was reduced for sliding in the cther direction. See Figure 6.3.8.1-6. Sliding
joints on stairs can also cause ¢ollapse if the bearing length is simply too small.
Guidelines in New Zealand recommend providing safe movermnent for 1.5 x the maximum

expected drift,

Compressed Stairs
Sliding

Stair jams and is
compressed and
permanently
shortened

EQ reverses and pulls
stir off the landing

/Cover

Lower end sliding Lower end sliding Upper end sliding
over lower floor in side pocket in seating member
Figure 6.3.8.1-6 Figure showing how inadequate sliding surface can compress and then drop

precast stair sections.
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Seismic Mitigation Considerations

In order to prevent stairs from behaving like diagonal struts between adjacent floors,
the stairs should be detailed with a fixed connection at one floor and a sliding
connection ai the other that aliows movement paraiiei to the direction of the stair.
Movement allowance must be adequate for the maximum possible drift, or connections
provided with a fail-safe mechanism to prevent gravity failure. See Figures

6.3.8.1-7 (steel) and 6.3.8.1-8 (wood).

2 layers of construction paper
each side of web prior to
pouring concrete

As

2 M O
L

Concrete
floor deck

——— Concrete slot
designed to allow
unrestricted sliding

Stri b of stringer (gap my
ahgeriza be filled with
Plan A-A backer rod and
sealant)
A A Bolts centered in

long slotted hole
installed snug

Sliding surface between —___ Cid BB R ot o =;°:;“a a5 SRR
floor and stair pans - ! 0 08 O Béqb'?yﬁ\ee; -{!2{5;”“

L DA Plate with horizontal
long slotted hole. Length
of slot should be designed

to accomodate expected
maximum drift between floors

Stair stringer
Steel beam

Piece of channel
with standard hole

Figure 6.3.8.1-7 Example slip connection for steel stair stringer (ER).

Stair
Carriage

___—— Steel angle with
slotted hole in
vertical leg

~
Steel angle with slot to
accommodate relative
movement

o\ -

carriage b _

Concrete
Anchor

Figure 6.3.8.1-8 Example slip connection for wood stair with single run between floors (ER).
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Stair I\/Iitigation

Pressed stainless
Vinyl steel cover plate

~- Flexible
her Stair stringer
connected to
floor above
P 1 y
'l— S .

Steel plate for separation == - | Stair stringer
with sliding material to . | connected to
accommodate ralative . 4 floor below

movement S = |
Seat large enough 3
to accommodate ¥
full range of maotion
without impact
or falling

October/November 2011

Stair Mitigation

W,

Slotted holes to
accommodate
interstory drift

}R3  seismic Design and Performance of Nonstructural Elements

October/November 2011

Damage to Stairs

People being lowered through the windows in the 17-storey Forsyth Barr
building due to failure of the stairs in the February 2011 earthquake

o R ] 5

NECLED-

Hotel Grand Chancellor's stairwells also disintegrated into rubble
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Seismic Performance of Reinforced-Concrete Stairways
during the 2008 Wenchuan Earthquake

Bixiong Li' and Khalid M. Mosalam, Ph.D., P.E., M.ASCE?

JOURNAL OF PERFORMANCE CF CONSTRUCTED FACILITIES @ ASCE / NOYEMBER/DECEMBER 2013

Slairway Strucilural Design and Analysis

Stairways are usvally designed to be integrated rigidly with the main
structure; therefore, the stairways strongly interact with the main
structure during earthquakes. According to the Chinese seismic
code (MOHURD of the People’s Republic of China 2001) before
20008, structural analyses of the main structures were carried out
without the stairways and earthquake actions were not consid-
ered in the structural analyses of the stairways in all types of buildings.
RC stairways typically were designed for gravity loads as one con-
tinuous, folded, inclined slab or as a menolithic slab-and-beam system
supported at the landing. A provision stuting that “seismic analysis on
the main stucture should be carried out including the stair compo-
nents,” was added to the revised Chinese seismic code (MOHURD of
the People’s Republic of China 2008) after the 2008 Wenchuan
earthquake.

e

Girder of frame

Column of frame ~ Riser Girder of frame Girder of frame

Column of frame Column of frame

Landing column
N Girder of frame Girder of frame L Girder of frame Girder of frame
(8) “Slab stair” with ing | (b) “Slab stair” without landing beam under the
g flight-landing junction
_}‘_ -
Girder of frame
Column of frame \Girder of frame
Landing column Landing
Column of frame

e Girder of frame Girder of frame

(c) “Slab stair” with freestanding landing platform

| Girder of frame
7

%

Column of frame Girder of frame

Column of frame

Girder of frame

Girder of frame

(e) “Z”-shaped stairway with stringers

Fig. 1. Typical stairway configurations in Wenchuan earthquake area: (a) slab stair with landing beam; (b) slab stair without landing beam under the
flight-landing junction; (c) slab stair with freestanding landing platform; (d) slab stair in masonry structures; (¢) Z-shaped stairway with stringers
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(a) Shear cracks on two sides (b) Damage to two sides of (c) Vertical cracks on two sides of
of the landing beam the landing beam landing beam

“eolumn of frame

I short beam girder of frame  short beam | |

P bosdace ool e L I |

Il |

T ) S B Jr |

I | —— flight — L

A ——

: : stringer) | Il 1 :

- 1 [N — 1
‘:._ 53 2O - L1 I | L

(d) Bi-directional shear cracks (e) Unidirectional shear ;
: : f) Structural plan leading to short beams
on “short beam™ cracking on “short beam” ® P &

Fig. 3.Damage to short beams: (a) shear cracks on two sides of the landing beam: (b) damage to two sides of the landing beam; (c) vertical cracks on two
sides of the landing beam; (d) bidirectional shear cracks on short beam: (e) unidirectional shear cracking on short beam; (f) structural plan leading to short
beams
In some cases, shear failures concentrated at the two ends of the landing beam, as shown in Figs. 2(c) and 3(a and b)
Vertical cracks at the two ends of the landing beam were detected [Fig. 3(c)]. This type of damage is attributed to
insufficient anchorage length of reinforcing bars in the joints.
In some cases, short beams were formed in the main structure owing to the layout of the stairway components, such as
the beams in Figs. 3(d and e).
Inclined stringers provided vertical and horizontal restraints to the beams at the intermediate location of the stringers
leading to short beams. No cracks were observed in other beams of this floor away from the stairway (i.e., the cracks
that developed in the beams supporting the stairway were owing to the effect of the stairway itself).
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Damage to Beam-Column Joints Adjacent to Stairways

As mentioned previously, a stairway cast monolithically with the
structural frame behaves as a truss, and, because of its rigidity,
it attracts large lateral forces. Because of earthquake loads, shear
force and torsion concentrate at the beam-column joints of the three-
dimensional configuration of the stairway. The beam-column joints
around the stairway were damaged more severely than those in other
parts of the main structures [Figs. 4(a and b)].

(a) Concrete spalling in slab-column joint ' . (b) Failure ofjoiﬁts

Fig. 4. Damage to beam slab-column joints: (a) concrete spalling in slab-column joint: (b) failure of joints
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(a) 6 cm horizontal displacement
in a platform and a landing beam

(d) Damage at bottom face of (e) Significant damage along the
whole landing beam length

landing beam mid-span

mi

(b) Shear cracking in a landing
beam

Damage to Landing Beams or Slabs

Damaged landing beams generally failed in shear at their midspan
where the two flights intersecting at the landing beam separated.
Fig. %(a) shows a platform that was broken into two parts where
dislocation of about 6 cm in the horizontal direction occurred be-
tween the two parts during the earthquake. Fig. 9(b) shows shear
damage in the middle of the landing beams where inclined shear

cracks can be observed. This type of damage was widespread in the
epicenter region of the Wenchuan earthquake. Fig. 9(c) shows shear
damage with visible flexural deformation of the landing beam. In
some cases, concrete damage started from the bottom face of the
landing beam midspan due to honzontal forces caused by the
truss behavior of the stairway [Fig. 9(d)]. Spreading of damage and
concrete cover spalling of the landing beam along the whole beam
length, because of a combination of straining actions, are shown in
Fig. S(e). Observed widely in masonry structures with reinforced-
concrete stairways, horizontal shear cracking occurred in the landing
beam and spread to the landing slab or along the junction between the
landing beam and the landing slab, especially when the landing beam
was weak [Fig. 9(f)].

L]

. — L
f) Shear damage along
horizontal direction

Fig. 9. Observed failure of landing beams: (a) 6-cm horizontal displacement in a platform and a landing beam; (b) shear cracking in a landing beam; (c)
shear damage and flexure deformation of a landing beam; (d) damage at bottom face of landing beam midspan; (e) significant damage along the whole

landing beam length; (f) shear damage along horizontal direction
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(c) Out-of-plane and in-plane shear and bending moments

Fig. 10. Interaction between flights and landing beam causing midspan
shear failures: (a) forces from flights; (b) out-of-plane and in-plane force
components: (c) out-of-plane and in-plane shear and bending moments
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Damage to Stair Flights

Stair flights were vulnerable to seismic actions. Various types of
damage were induced by unanticipated stresses in the inclined
flights or at the connections to the landing beams. Figs. 12(a—1) show
several types of damage due to tensicn and compression generated
by the complex diagonal truss action of the stairway.

(a) Damage due to cyclic
tension and compression

"8
(d) Damage scattering along the  (e) Inclined shear crack initiated
flight at junction

Concluding Remarks

Based on the ficld observations of the seismic performance of var-
ious types of RC structures and stairway systems during the 2008
Wenchwan earthquake, the following remarks can be made:

1.

The stairways interacted with the primary structure and un-
anticipated responses that were not considered during the
design stage occurred. Damage observed in main structures
was due to interactions with stairways and in stairways due
to high stiffness and corresponding high force demand, with
insufficient strength due to inadequate design.

Primary structures have been affected by (a) the formation of
short columns becavse of landings connected at midheight,
resulting in brittle shear failure; (b} the formation of short
beams becauvse of geomeltric configurations of stairway com-
ponents, leading to a significant increase in shear stresses; (c)
the formation of high local stresses in the beam-column joints
of stairways; and (d) shear cracking of structural enclosure
walls.

www.hoseinzadeh.net

(b) Shear damage to construction
interface

c) Damage to connection of

landing beam and ﬂiﬁht

(f) Inclined cracks initiated at
mid-span

Fig. 12. Damage to stair flights: (a) damage due to cyclic tension and compression; (b) shear damage to construction interface; (¢) damage to
connection of landing beam and flight; (d) damage scattering along the flight; (e) inclined shear crack initiated at junction; (f) inclined cracks initiated at
midspan

Damage to stairway components included the (a) failure of
brittle enclosure materials; (b) cracking of concrete or buckling
of reinforcing bars at the middle of the stair flights; (c) shear
damage at the horizontal construction joint interfaces; (d)
cracking and spalling of concrete cover at the stair flight-
landing junction; (e) formation of high local stresses in the
landing slab of L-shaped stairways; (f) existence of high local
stresses at the middle of landing beams where the two separate
connecting flights meet; and (g) disruption of building services
due to collapsed stairway.

A better understanding of stairway damage mechanisms re-
quires detailed information about the performance of stairways
during moderate and strong earthquake shaking. According
to the identified response and damage mechanisms, a meth-
edology for the evaluation of stairway contribution to struc-
tural response in terms of both overall and local responses
should be developed. Eventually, this would lead to the es-
tablishment of standard details and designs for various stair-
way design strategies in codes and specifications. Therefore,
better designs of stairways will survive forces and motions
from future earthquake shaking,
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12.8.2 Period Determination. The fundamental period of the
structure, T, in the direction under consideration shall be
established using the structural properties and deformational
characteristics of the resisting elements in a properly
substantiated analysis.
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CHAPTER 12
SEISMIC DESIGN REQUIREMENTS FOR BUILDING STRUCTURES

12.8 LINEAR DYNAMIC ANALYSIS

12.9.1 Modal Response Spectrum Analysis

12.9.1.4 Scaling Design Values of Combined Response. A
base shear (V) shall be calculated in each of the two orthogonal
horizontal directions using the calculated fundamental period of
the structure T in each direction and the procedures of
Section 12.8.
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18.4—Intermediate moment frames

18.4.4.3 Longitudinal reinforcement terminated in a
joint shall extend to the far face of the joint core and shall
be developed in tension in accordance with 18.8.5 and in

compression in accordance with 25.4.9, 7

18.8.5 Development length of bars in tension

18.8.5.1 Tor bar sizcs No. 10 through No. 36 tcrminating
in a standard hook, £ shall be calculated by Eq. (18.8.5.1),
but €4 shall be at least the greater of 84, and 150 mm for
normalweight concrete and at least the greater of 104, and
190 mm for lightweight concrete.

ta Sl (5407 ) (18.8.5.1)

The valuc of & shall be 0.75 for concrete containing light-
weilght aggregate and 1.0 otherwise.

The hook shall be located within the confined core of a
column or of a boundary element, with the hook bent into
the joint.
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Transverse reinforcement through
the column to confine beam
Direction ofI longitudinal reinforcement passing

analysis outside ‘the column core

Not greater than the smaller
i of ¢, and 0.75¢4 :

Section A-A

Fig. R18.6.2—Maximum effective width of wide beam and
required transverse reinforcement.
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