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Summary

This paper presents a new approach to the project of steel buildings, mainly focused
on the architectural, structural, and seismic design of stairs. The objective is to design
a structural stair system capable of controlling seismic damage and contributing to
the bracing system of the building. The article begins with a review of the seismic
standard (ATC, FEMA, and EC8) on which the current design criteria for new build-
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ings with stairs are based. The research is based on two spatial building models (A-B)
with the same bracing elements but placed differently. Reference Model A follows
classical design approaches. It means, stairs are considered nonstructural elements
that do not influence the seismic behavior of the building. This structure corresponds
to typical braced frames (IV-CBF and EBF) according to EC8. Model B includes a stair
system designed to help control the effects of inter-story drifts and inertia forces. In
this case, the same bracing elements of Model A were integrated into the stair struc-
ture of Model B. A comparative seismic behavior analysis of typically braced frames
(A) versus specially braced stairs (B) is presented. The research was based on the
static nonlinear (pushover) analysis and the capacity spectrum method (ATC-40)
according to the seismic performance levels (FEMA) and damage limitation (EC8).
Finally, the braced stairs was verified via nonlinear time-history analysis in order to
better capture the structural safety of the evacuation routes and their influence on
the behavior of the building. This deterministic analysis of the braced stairs verified

satisfactory results compared to reference bracing systems.
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1 | INTRODUCTION

The integrity of the staircase is essential to ensure rapid evacuation and assistance to building users. However, the need to escape from buildings
may be impeded by the danger of the collapse of stairways in the event of a seismic emergency. The structural fragility of stairways under the
effects of earthquakes can lead to loss of life, serious accidents, and costly property damage. Different safety codes (e.g., fire prevention) control
the design of new buildings to ensure that stairways are the safest evacuation route in accidental situations.! Notwithstanding, the typical rec-
ommendation (in the event of a seismic emergency) for public building users is to avoid stairways.”?! The typical collapse of stairs has been studied

in several articles, based on the inspection of buildings affected by earthquakes.’® Subsequent studies have recognized the importance of stairs
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on the seismic behavior of buildings.*~¢! Other research based on laboratory tests with full-scale steel structures on shaking tables warns that cur-
rent stairways are sensitive to lateral displacements and highly susceptible to damage or collapse when subjected to earthquakes.”"®! Recent arti-
cles confirm the need to improve the structural safety of stairs”) and investigate new solutions.'®! Some articles have presented comparative
studies of the structural behavior of reinforced concrete (RC) buildings with or without considering stairs in the analysis.[4'11’13] Recent research
also for RC buildings propose solutions to isolate the stairs.!*4~! In spite of the above, the seismic design of buildings is generally based on ideal-
ized models without stairs, assuming that they are isolated from the main structure. This research verified that isolated stairs waste their potential
as part of the lateral force-resisting system in steel buildings. Therefore, the motivation is to improve the structural safety of stairs in steel build-
ings by designing them as primary elements. The objective is to prevent damage on both the stairs and the main structure by utilizing dissipative
elements. Since the feasibility of the novel braced stair system has been verified on simplified models, this research can be considered a pilot

study.

2 | SEISMICSTANDARD REVIEW

This section (summarized in Table A1) provides an overview of the main seismic standards (ATC, FEMA, and EC8) on which the current design

criteria for new buildings with stairs are based.

2.1 | Stairs, primary or secondary elements? (ATC-40)

ATC-40"7) incorporated the concept of “primary” and “secondary” elements. Primary elements are those required as part of the structural system
to resist lateral loads. All other elements are designated as secondary elements. For a given level of performance, secondary elements are gener-
ally allowed to suffer more damage than primary elements. This standard considers that the degradation of secondary elements should not have
significant effects on the lateral resistance capacity of the building. However, it is recommended not to design as secondary an excessive number
of elements that are effective in resisting lateral forces. ATC-40 cautions that stairs can significantly modify the stiffness and strength of the
frames and should not be overlooked. It also warns that stairs can act as diagonals to horizontal actions (9.3.1 Building Model, ATC-40).

2.2 | Seismic performance levels in stairs (FEMA 356)

In Chapter 2: General Requirements of FEMA 356,1*®! the designer is encouraged to include all elements with significant lateral stiffness into an
analytical model that properly captures the deformation capacity under realistic inter-story drifts ratios (IDR). Nonetheless, certain elements may
be determined not to be considered part of the lateral force-resisting system (if deformation compatibility checks are performed on these ele-
ments to ensure their adequacy). Specific evaluation requirements for stairs are defined in Chapter 11.9 Architectural Components: Definition, Per-
formance, and Acceptance Criteria (C11.9.8.2). Accordingly, stairs may be independent or integral to the main structure. If integral, they should be
part of the structural analysis, with particular attention to the possibility of modification of the overall response due to localized stiffness. If the
stairs are assumed to be isolated, their ability to withstand normal loads, direct acceleration, and loads transmitted through connections should
also be verified. Hence, stairs may take the form of structural reinforcement or connection details to eliminate or reduce the interaction with the
building structure. Acceptance criteria shall be applied to the stair structure to resist seismic design forces and tolerate expected relative displace-
ments. The evaluation requirements of FEMA 356 state that the materials, condition of the stair members, and their connections to supports shall
be considered in the evaluation (C11.9.8.4). This standard defined the seismic performance levels, according to the force/deformation ratio in the
plastic hinges of structural members. Table C1-5 Nonstructural Performance Levels and Damage states that emergency stairs should be usable at
Life Safety (LS) level. The seismic performance level of Collapse Prevention (CP) poses a significant risk compared to LS due to the failure of non-
structural elements (“loss of use of stairs”). Note that when the structure is subjected to the maximum lateral force, it should not exceed the CP

level.

2.3 | Damage limitation in stairs (EC8)

2.3.1 | Primary and secondary members (4.2.2, EC8)

The classification of building elements defined in EC8,'?! section 4.2.2 Primary and secondary seismic members, establishes that a certain

number of structural members may be designated as “secondary” seismic members, which are not part of the seismic action resistance
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system of the building. The strength and stiffness of these elements against seismic actions is not considered. But it is specified that these
members and their connections shall be designed and detailed to withstand gravity loads when subjected to displacements caused by the
most unfavorable seismic condition. If stairs are considered part of the lateral force-resisting system, they must be modeled,
designed, and detailed for earthquake resistance. Note that if stairs are not considered a primary seismic element, two checks should be

carried out:

a. Lateral stiffness contribution of secondary members should not exceed 15% of primary (4.2.2 [4], EC8).
b. Designation of some structural elements as secondary seismic members should not change the classification of the structure from non-regular
to regular (4.2.2 [5], EC8).

2.3.2 | Nonstructural elements (4.3.5, EC8)

The collapse of stairways poses a danger to users of buildings under seismic hazards. If considering stairs as a secondary element, the provisions

of section 4.3.5 Nonstructural elements should be applied:

a. Nonstructural elements that may cause risks to people, affect the main structure, or collapse should be verified under the seismic design action
(4.3.5.1 [1], EC8).

b. For nonstructural elements of great importance or particularly dangerous nature, the seismic analysis shall be based on a realistic model of the
structure. The analysis shall be based on an adequate response spectrum derived from the response of the supporting structural elements of
the seismic-resistant system (4.3.5.1 [2], EC8,).

To consider the stair structure as a nonstructural element, section 4.3.5.2 Verification must be considered. This section establishes that non-
structural elements, their connections, and anchorages must be verified for the seismic design situation. Consideration should be given to the
local transmission of actions by the attachment of the nonstructural elements and their influence on the seismic behavior of the overall
structure.

2.3.3 | Damage limitation (4.4.3.2, EC8)

The main problem affecting the structural safety of stairs is the inter-story drift ratio (IDR) caused by lateral seismic loads. The damage limitation
defined in EC8 has been applied according to section 4.4.3.2 Limitation of inter-storey drift:

a. Buildings having nonstructural elements of brittle materials attached to the structure:

d,v=0,005h 1)
b. Buildings having ductile nonstructural elements:

d,v<0,0075h (2)
c¢. Buildings without nonstructural elements:

d,v<0,010h ©)

where d., is the design IDR, h is the floor height, and v is a reduction factor (the IDR considered in this research is option b).
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2.4 | Project of new buildings with stairs (FEMA P-750)

Part 1. Provisions of FEMA P-75012% also addresses the problem of the fragility of nonstructural elements and stairs under the effects of the earth-
quake: “Falling nonstructural components also cause deaths and injuries. Anchorage and bracing requirements for nonstructural components mini-
mize this risk. These anchorages and bracing of nonstructural systems, along with reasonable limitations on differential movement between floors
also serve to control the damage. The more restrictive IDR limitation can further reduce damage to elements connected to more than one floor.”

2.5 | Reducing the risks of stairs (FEMA E-74)

FEMA E-74P1 also refers to the problem of seismic vulnerability of stairs (6.3.8. Stairways). This includes stairs between floors, which may be
independent of the structure or integral to it. ASCE/SEI 7-10P2 provisions are cited as the building code. Systems required for life-safety pur-
poses after an earthquake (e.g., stairways) must be designed to accommodate story drift while having sufficient strength to resist inertial loads.
The minimum lateral loads, seismic relative displacement on stairways, and allowable story drifts are defined in ASCE/SEI 7-10. The retrofit stan-
dard provisions defined in ASCE/SEI 41-062% classify stairs as either acceleration or deformation sensitive, depending on predominant behavior.
Components of stairs that are attached to frames or adjacent floors are considered deformation sensitive. All other components are considered
acceleration sensitive. Note that damage is observed more often in concrete stairs because of their very rigid connections (not detailed for dis-
placements). As commented above, the typical causes of damage in stairs are caused primarily by inter-story drifts, so it is more likely to occur in
flexible buildings with larger inter-story drifts that in stiffer buildings. The acceptance criteria focus on verifying that stairs have sufficient strength
to resist out-of-plane forces and can accommodate the expected relative displacements. When stairs are rigidly attached to both floors, their com-
ponents act like diagonals. Thus, typical steel stairways can suffer dangerous damage if not specifically detailed for slip or provided with ductile
connection details. Single-run steel stairs without slip connections can cause buckling or connection failures in stringers. However, if stairs have
sliding connections but the designed differential displacement is exceeded, the structure of stairs may collapse.

3 | DEFINITION OF ANALYSIS MODELS
3.1 | Archetype building versus analysis model

Previous studies on the irregular or eccentric configuration of stairs in buildings detected alterations in the seismic behavior of the structure, such
as global torsional effects and brittle collapse of stairs.? Figure 1a shows an archetype configured according to a seismic standard, in terms of
regularity and symmetry. This type of stair provides the requirement of regularity and mechanical symmetry (plan and elevation). The Singapore

Civil Defense Force Code *%!

recommends scissor-type stairs for fire safety reasons. Figure 1b shows the floor plan of the reduced analysis model
to simplify the calculation. The YZ braced frames of the reduced model are located on the B and E axes (12 m apart). However, in the archetype
building, the braced frames are located on the B and J axes (32 m apart). The high torsional inertia of the archetype (according to 4.2.1.4, EC8)
allows assuming that it is not significantly affected by torsional modes. Since the specific global torsional characteristics of the reduced model

should not affect the modal response of the archetype buildings, the rotational modes can be neglected in the analysis.
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(a) Archetype building (40x20 mz) (b) Reduced analysis model (20x20 m?)

FIGURE 1 Floor plan of the archetype building versus the reduced analysis model
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Figure 2 shows the typical braced frames (Model A) and the special braced stairs (Model B) designed as part of the lateral force-resisting sys-
tem of the building. Model A shows the inverted-V concentrically braced frames (IV-CBF/green) and the eccentrically braced frame with a vertical
shear link (EBF/red). As shown, the stairs and the inverted-V diagonals are incompatible in the same vertical core. But this architectural issue cau-
sed by building diagonals can be solved by relocating them to the stairs structure. Integrating the concentric diagonals into the stairs structure also
can improve their seismic behavior. As shown in Model B, the new position of the concentric diagonals (green) braces the stair landing and the XZ
frames. Part of the eccentric diagonals of Model A (red) can be used as stair stringers (blue). The reduced eccentric diagonals rigidly connected to
the vertical shear link (red) brace the stair structure and the YZ frames, in the Y-direction.

Figure 3 shows the YZ elevation of the stair structure. This geometry complies with the general design rules for earthquake-resistant buildings (reg-
ularity and symmetry) applied to the stair local structure. The stair landing at mid-height (1.75 m) between floors (3.5 m) ensures the rigid diaphragm
effect in its plane, becoming a key element of the bracing system. The fire safety standard requires that the width of each stair landing (2 m) should not
be less than the width of the stairway (2 m). The stairs members are concentric to XZ frames but eccentric to the YZ beam (10 m). The slope of the
stairs stringers is 30°. Rungs (30 x 17.5 cm) are modeled as steel beams (UPE 300). All stair stringers are defined with pinned end connections.

3.2 | Geometry of reduced Models A-B

Figure 4 shows a 3D view of the four-story analytical model (the main structural elements that are common to both analysis Models A-B).
Figure 5a shows the YZ typical frame of Model B. Figure 5b shows the joint releases and cross-section sizes of the steel beams. Table 1 summa-
rizes the dimensions of the reduced model. The XZ frames define five 4-m wide bays (20 m in total). The YZ frames define four 5-m wide bays

(20 m in total). Table 2 presents the cross-section size of steel columns and beams in Models A-B.

FIGURE 2

1.75

1.75

FIGURE 3 YZelevation of the special braced stairs
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(a) Model B. YZ frame elevation

FIGURE 5 Cross-section sizes and joint releases

TABLE 1  Geometry of the main structure

Element
N. Storys
Floor Dim
Bays XZ
Bays YZ
Stairwells
Height h

3.21 | Model A

Units
4

aua N b~ O,
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(b) Typical (reduced) floor plant. Models A-B
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Figure 6 shows the geometry of Model A (the reference structure). Stairs are considered nonstructural elements (not modeled in the seismic anal-

ysis). The bracing systems (IV-CBF and EBF) were designed according to specific rules for steel buildings (EC8). Characteristics of Model A:
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e X-direction: Inverted-V concentrically braced frames (IV-CBF)/Slope « = 60°/Length | = 4 m.
e Y-direction: Eccentrically braced frames (EBF)/Slope o = 30°/Length | = 5.8 m/Vertical link e = 50 cm.

e All facades are moment-resisting frames (MRF).

3.22 | ModelB

Figure 7 shows the geometry of Model B. Stairs are considered primary elements since they are part of the lateral force-resisting system. The

same diagonals IV-CBF defined in Model A were relocated to the stairs (as shown in Figure 2). The length and cross-section size of concentric

TABLE 2 Cross-section size of steel elements

Girder Y
Column Beam
Level Beam X Sides Central Facades
\% HEB 220 HEB 240 HEB 280
\Y HEB 240 HEB 260 HEB 280 HEB 400 HEB 240
1 HEB 260 HEB 260 HEB 280 HEB 400 HEB 240
Il HEB 280 HEB 260 HEB 280 HEB 400 HEB 240
| HEB 320 HEB 260 HEB 280 HEB 400 HEB 240
/& Z >< |
FIGURE 6 3D view of the reduced Model A
> ™
" -

FIGURE 7 3D view of the reduced Model B
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diagonals in the stair ramps are equal to Model A (IV-CBF). Note that part of the eccentric diagonals defined in Model A is reused as stair

stringers. Characteristics of Model B:

e X-direction: Concentric diagonals in stair ramps (CBFs)/Diagonals length | = 4 m (identical to Model A).

e Y-direction: Stairs and EBFs/ Slope o = 30°/Stringer | = 3.5 m/Eccentric beam | = 2.3 m/Link e = 50 cm.

e All facades are moment-resisting frames (MRF).

3.3 | Design rules for steel bracings (EC8)

Figures 8 and 9 show the flowcharts of the EC8-specific rules for the design of steel bracing systems proposed in the reference Model A (IV-CBF
and EBF). However, the Model B stair system is not recognized by the seismic standard as a bracing system. Therefore, the comparative study has
been based on integrating the same Model A bracings (designed according to EC8) into the stair structure of Model B.

3.3.1 | Design of concentric diagonals (CBF)

Figure 8 shows a flowchart of the EC8-specific rules for the design of inverted-V concentric bracings (with seismic energy dissipation in tension
and compression diagonals) of the reference Model A. The design of these elements complies with three main conditions:

¢ The non-dimensional slenderness 4 should be less than or equal to 2,0 (6.7.3, EC8):
7520 4)
e Flexural buckling Ny, z4 should be verified in compression diagonals according to 6.3.1, EC3?¢)

Npra = Neg (5)

Concentric Bracings for

Stairs (CBF)

MeneelimeiEiemel Design Buckling A s the cross-section area of the diagonal.
Slenderness Resistance N, s theelastic critical force for the relevant buckling
A mode based on the gross cross-sectional properties.
- A . . .
, = N—fy Nppa = XJ]'/—fy f; is the nominal yield strength of steel.
r M1 x  reduction factor for the relevant buckling mode.
v Nira design buckling resistance of the diagonal.
Design Conditions Nea  1s the design value of the axial compression force.
1 <2 ya  partial factor for resistance of members to
y = instability assessed by member checks.
Npra 2 Ngg dr  is the design inter-storey drift.
1 h is the storey height.

v is a reduction factor that considers the lower

Damage Limitation : - ; ;
return period of the seismic action associated

d.v<0.0075h with the damage limitation.

(d, interstorey drift)

FIGURE 8 Design of inverted-V concentric diagonals (IV-CBF)
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Short Link and Eccentric

Stair Stringers (EBF)

b——|i

Bending Moment (Link) Resistance Shear (Link) Resistance T
(Ngo/Npjra < 0,15) (Ngg/Npra < 0,15)
Mgy <M=/, b tr (h-t;) Viea < Vpink= N3t (h- ty)

v

the desi tion effects at both ends of the link.
R and Dl oral conaton Nzq are the design action effects at both ends of the li

Vea (axial force, shear force and bending moment)
e Vp Link = <2 Mel Rd, Diagonal Mra
I Nyiza  is the design value of yield resistance in tension

Short Link Condition of the gross cross-section of the link.

Vpink are the design resistances of the link.
e < 0.8 (My Linis/ Vp Linid) M, tink (shear and bending moment)

is the nominal yield strength of steel.
Plastic (hinge) Rotation Limit b y gt

e is the length of the seismic link.

0, < 0,08 radians . ' . . .
Meiza 1s the design elastic bending moment resistance.
l 0, is the rotation capacity of the plastic hinge region.
Damage Limitation dr is the design inter-storey drift.

d,v<0,0075h h is the storey height.

(dl. ‘itersEorey drift) v reduction factor that considers the lower return

period of the seismic action and damage limitation.

FIGURE 9 Design of eccentrically braced frames (EBF)

e The IV-CBFs should guarantee the IDR according to the Damage limitation (4.4.3.b, EC8).

3.3.2 | Design of eccentric diagonals (EBF)

Figure 9 showed the flowchart for the design of vertical links hinged at their connection to the beam based on previous scientific and technical
reports.?”! The design of the eccentric diagonals with a vertical link (Model A) complies with four main conditions:

o The shear plasticization of vertical links should avoid the elastic failure of diagonals:

eV,, <2 Mel,Rd (6)

e Vertical links are designed according to short links condition (6.8.2, [9], EC8):

es< 0,8 (M,,,/V,,,) (7)

e Plastic (hinge) nonlinear rotation 6, in the rigid joint of seismic links should be limited to (6.8.2 [10], EC8):
0, <0,08rad (8)

e The EBFs should ensure the IDR according to the Damage limitation (4.4.3.b, EC8).
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3.4 | Steel bracings members. Models A-B

Figure 10 shows the braced frames of Models A-B. Both systems are braced in the X-direction, by concentric diagonals (green), and in the Y-
direction, by eccentric diagonals (red). Model B has the same steel bracing members of Model A integrated into the stair structure. Table 3 shows
the steel cross-section size in bracings.

All members of the main structure (columns and beams), stairs stringers, and bracings were defined with HEB and S355 steel (only the stair
rungs were modeled with UPE). The concentric diagonals of both models were defined with different section sizes on each floor. All eccentric
diagonals were HEB 240 section size. The vertical links have different cross-section size at each level. All steel bracings were modeled with pinned
end connections. At each story, the only rigid connections were the union between the vertical link and the eccentric diagonals as well as the
moment-resisting frames (MRF) in facades. Table 4 shows the steel weight of the concentric diagonals. Both Models A-B has identical concentric
diagonals. Hence, the comparative study of the eccentric diagonals is decisive. Table 5 shows the steel weight of the eccentric diagonals. The steel
members of Model B used as stairs stringers (Y-direction) are not computed as bracing members. Therefore, Model B takes advantage of the stair
structure to reduce the amount of steel in the eccentrically braced frame system (EBFs).

3.5 | Plastic hinges. Models A-B
3.5.1 | Plastic hinges in stairs and main structure
In order to compare both models, the seismic behavior factor R has been analyzed. To do so, it has been modelled the nonlinear response by

preventing failures in the stairs and main structure. The plastic hinges in steel elements were defined with the structural analysis program

Sap2000, according to the modeling parameters and acceptance criteria of the FEMA 356 document. Pre-qualified joints were modeled according

FIGURE 10 3D view of both steel bracing systems

TABLE 3 Cross-section size of steel bracings

Eccentric bracing

Stairs
Level Stringer Concentric bracing Link Diagonal
\% HEB 140 HEB 240 HEB 240
v HEB 200 HEB 120 HEB 320 HEB 240
1 HEB 200 HEB 140 HEB 400 HEB 240
Il HEB 200 HEB 160 HEB 400 HEB 240
| HEB 200 HEB 180 HEB 450 HEB 240
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TABLE 4 Weight of concentric diagonals

Section size HEB 200-120
Weight/m (medium) 38.5 kg/m
Length 3.95m
Weight/bracing 152 kg

Units (Levels [-1V) 32

Total Weight 4.864 kg

Steel reduction ratio -

TABLE 5 Weight of eccentric diagonals

Section size HEB 240

Weight/m 83.2 kg/m

Model A B
Length 5.83m 243 m
Weight/bracing 485 kg 202 kg
Units (Levels 1-1V) 16 16

Total weight 7.760 kg 3.232 kg
Steel reduction ratio 58.4%

Force/SF Disp/SF
-0,2 -8, e
-0,2 -0,5 L
-1,015 05 )
i1 0, [
) 0 L
1; 0,
1,33 11,
gg 1 l [~ Symmetric

FIGURE 11 Plastic hinge force-displacement diagram. IV-CBF

to FEMA 350.%%) The expected result of the pushover analysis is to concentrate all the seismic performance on the seismic dissipative members.
Thus, except for these elements (explained below), all plastic hinges were defined at the ends of steel members of the main structure (columns
and beams), stairs (stringers and rungs), and eccentric diagonals, according to the degrees of freedom (DOF) related to P-M2-M3 (interaction of

axial forces and bending moments).
3.5.2 | Plastic hinge in concentric diagonals (IV-CBF)
Figure 11 shows the asymmetric response of the plastic hinge diagram (Force-Displacement), depending on whether diagonals are subjected to

tension or compression axial force (Table 5.6, FEMA 356). The plastic hinge of the concentric bracing (with seismic energy dissipation in tension
and compression) was defined at the center of the diagonal, according to the DOF related to P (axial).

3.5.3 | Plastic hinge in seismic links (EBF)

Figure 12 shows the parameters of the plastic hinge in seismic energy dissipators designed as short links (6.8, EC8). The vertical links behave as seis-

mic fuses (easy to repair) that prevent damage and deformation of the stairs and main structure. The pure bending moment in short links generates
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Moment/SF Rotation/SF

‘1 ,5 '3 7 —te—8
15 2 [
15 -1

-1 0

0 0 pr.
T 0, o
15 1,

15 2 .

‘ 2 v S {

15 3 [V Symmetric

FIGURE 12 Plastic hinge force-displacement diagram. Link EBF

TABLE 6 Building and ground properties

Permanent loads G

Floors and stairs (finishes and partitions) 2 kN/m?
Facades (light panels) 2 kN/m
Live loads Q

Floors and stairs 3 kN/m?

Ground characteristics (EC8)

Basic acceleration (PGA-475) 0.42g
Class of design spectrum Type 1
Ground type C

Building characteristics

Total weight 11.810 kN
Importance factor (building class IIl) v1=1.0
Viscous damping ratio £=0.05

plasticity by shear force. Hence, the DOF related to M3 allows nonlinear behaviour. The limitation of plastic rotation for short links is 6, < 0,08 rad
(EC8); the overstrength value is 1,5. The controlling plastic mechanism of the dual system (stairs stringers and eccentrically braced frames) was
checked in the pushover analysis to ensure the invariant kinematic response of the structure.??2% Recent articles studied the effects of the strength
of steel in vertical links on the seismic behavior of the building.!**~3%! Satisfactory results were obtained considering $355 steel for the seismic links.

3.6 | Building, ground, and material properties
Table 6 summarizes the main analysis data. The self-weight of the structural elements was automatically calculated by the structural analysis pro-

gram. The permanent loads G are typical values of light-construction systems. The live loads Q on floors and stairs correspond to school use. The
floor and building characteristics are defined below (Table 6). Table 7 shows the material properties of the steel S355 according to EC3.

4 | METHODOLOGY OF ANALYSIS
4.1 | Linear-elastic modal analysis

Linear-elastic modal analysis (4.3.3, EC8) was applied using the SAP2000 computer code®¥ to check the deformed shape of stairs subject to the
interaction of inertial forces and IDR. The definition of the stairs structure in the analysis model allows more realistic results.** The highest modes
should be checked on models with stairs.*®! Initially, the interaction between the stairs and the main structure was checked considering the first
12 modes of vibration (four story x 3DOF(U,,U,,R,) = 12 modes). The lateral drifts of stairs landings and the influence of the staircases on the
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TABLE 7 Material properties

Material Steel
Type S355
Reference EN 10025-2
Weight per unit volume (kN/m?) 76.97
Mass per unit volume (kg/m?%) 7.849
Modulus of elasticity, E (N/mm?) 210.000
Poisson's ratio, U 0.30
Shear modulus, G (N/mm?) 81.000
Minimum yield sress, F, (N/mm?) 355
Minimum tensile stress, F,, (N/mm?) 510
Effective yield stress, Fy. (N/ mm?) 390.5
Effective tensile stress, Fe (N/mm?) 561

FIGURE 13 Seventh vibration mode of an initial prototype

vibration periods of the building were analyzed. The eigenvalue modal analysis was mainly performed to determine the modes, their
corresponding modal participation factors, and the natural periods of vibration. As an example, Figure 13 shows a prototype considering the sev-
enth vibration mode of the building. Note that the response of each stair landing is decoupled from the drift of its respective floor. That is, the lat-
eral displacements of the stair landings (larger than the IDR) allow checking the lack of lateral stiffness in stairs. This undesirable response was

prevented by integrating the concentric diagonals of reference Model A into the stair structure of Model B.

4.2 | Static nonlinear (pushover) analysis

As commented above, the results of the nonlinear analysis (plastic mechanisms, damage distribution, and seismic behavior) in models with stairs
are more realistic and accurate. The spatial (3D) models subjected to constant (vertical) gravity loads, and incremental (horizontal) ones in each
principal direction (X-Y), were analyzed. The lateral loading pattern allows representing increasing seismic forces. The displacement of the roof
with respect to the base shear force defines the capacity curve: the initial linear-elastic response and the subsequent nonlinear response. In
Model A, the unfavorable interaction between stairs and the main structure could not be checked (damage to stairs is uncertain). Model B (with

stairs) avoids uncertainties:
a. Effects caused by the stairs on the main structure:

e Lateral stiffness changes in frames

e Regularity and symmetry changes
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o Accidental torsional effects

e Short columns and eccentric beams
b. Effects caused by the main structure on the stairs:

e Stair landing acceleration

e Stair stringer deformation

4.3 | Estimation of the performance point

In order to estimate the maximum roof displacement, the graphical procedure of the Capacity spectrum method (ATC-40) has been employed. As
stated in document FEMA 440,%”) the Capacity spectrum method assumes that the equivalent damping of the system is proportional to the area
enclosed by the capacity curve. The equivalent period T, is assumed to be the secant period T at which the seismic ground motion demand
(reduced by the equivalent damping f.,) intersects the capacity curve. Since both the equivalent period and the damping depend on the displace-
ment, the solution to determine the maximum inelastic displacement (i.e., performance point) is iterative. Using the structural analysis program
Sap2000, the maximum spectral displacement was determined according to the ATC-40 equivalent linearization procedure using the values of the
principal parameters T.q =T, and S.q. The damage limitation according to IDR and the LS performance level in structural and nonstructural ele-
ments should be verified.[*® That is, the performance point should not exceed the damage limitation (EC8) or CP performance level (FEMA 356).

4.4 | Analysis of behavior factor R

The inelastic control of steel buildings is based on the capacity (ductility and overstrength) of certain predefined structural types (Chapter 6, EC8).
For these reference types, the design seismic forces can be obtained by reducing the elastic spectrum by the behavior factor R, which accounts
for ductility and the dissipative capacity of the structural system. The calculation of the behavior factor R as a function of the maximum roof dis-
placement can be determined graphically. Figure 14 shows the graphical procedure for calculating the factor R. The equivalent linear-elastic force

VE is obtained from the elastic stiffness K, and maximum roof displacement A ,qx.

Ve= Kel Apax = (Vd/Ad) Apax (9)

where Vj is the design lateral force, A, is the design displacement, and A4, is the maximum displacement at the roof. Knowing the value of the
equivalent linear-elastic force Vg regarding the maximum displacement A, and the base shear V, corresponding to the design forces (in this

case, the limit point of the elastic response), the seismic behavior factor R is determined as follows:

AV
Base Shear
Ko  Elastic response of structure

= og---—————=-— - ——
@ Kz  Equivalent-elastic response
Va  Design force/yield strength
Vy  Fully yielded strength

K R VE  Equivalent-elastic force (seismic demand)
Vy == Aa  Drift under design force
Amax  Maximum drift (seismic demand)
/0 I S - R Behavior factor

FIGURE 14 Behavior factor R (FEMA P-750)
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R=-E (10)

The upper limit of reference values of behavior factors R (for systems regular in elevation) is defined according to the structural type.
These values are assigned concerning the ductility class medium (DCM) or high (DCH). The reference values of R for typical braced frames
are predefined in Table 6.2, EC8. Thus, in the X-direction, the behavior factors values for the IV-CBFs are Rpcm =2 and Rpey =2,5. In the
Y-direction, the behavior factor values for the EBFs are Rpcm =4 and Rpcy =5(V,/V,), where the ratio (V,/Vy) is the plastic redistribution
parameter defined as overstrength. However, EC8 does not provide the reference behavior factor R for the braced stair system.
Therefore, nonlinear static (pushover) analysis is used to estimate the ductility and dissipation capacity of the bracing members in stairs
(Section 5).

4.5 | Dynamic analysis of stairs

Dynamic analysis has been performed with the SAP2000 program and the same 3D analytical models used in the pushover analysis. The time his-
tory analysis (4.3.3.4.3, EC8) is a step-by-step procedure to consider the dynamic response of a structure to a specific load (ground motion) vary-
ing as a function of time. The considered ground motion (PGA = 0.36g) corresponds to the North-South component of El Centro (1940)
earthquake. The nonlinear time-history analysis (NLTHA) used the Direct integration method. Eigenvectors were selected to determine the shapes
of the undamped free vibration modes of the system. This methodology is effective for models whose structural response is mainly linear elastic,
except for specific elements acting as seismic energy dissipators (CBFs and EBFs). NLTHA allows considering the material (5355 steel) and geo-
metric (P-delta) nonlinearity. Analytical tools incorporating material and geometric nonlinearities can estimate the main features related to the
seismic behavior of the diagonals in CBF.2?) The NLTHA focused on the dynamic response of stairs components higher sensitive to deformation
(concentric diagonals and vertical links) and acceleration (stair landings). Figure 15 shows El Centro accelerogram used as the reference
earthquake.

4.6 | Pilot study considerations
4.6.1 | Analysis models

Torsional characteristics of reduced analysis models

The arrangement of the vertical bracing cores located close to the periphery of the building has clear advantages (in accordance with 4.2.1.4, Tor-
sional resistance and stiffness, EC8). Therefore, it is assumed that the archetype (Figure 1a) should have adequate torsional stiffness to limit the
development of torsional movements. However, the vertical bracing cores of the reduced analysis model (Figure 1b) are centralized in the plan
and have less torsional inertia concerning the archetype. Since the analysis is focused on the direct relationship between the relative drifts
between floors (in the principal X-Y-directions) and the local capacity of the primary elements in the bracing systems, the specific global-torsional

characteristics of the reduced models are not relevant to the research and should be neglected.

0 5 10 15 20 25 30 35 40 45 50 55

Acceleration (g)

-0,3

Time (sec)

FIGURE 15 El Centro earthquake (1940). North-South component
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Assumptions on stairs of Model A

The structure of buildings is usually analyzed using idealized models without stairs (as stated in the previous Section 2 Seismic standard review).
Model A without stairs corresponds to this classical approach. According to the seismic standard, it is assumed that the stairs of Model A do not
influence the lateral force-resisting system (ATC-40) and are isolated from the main structure (FEMA 356). If the Damage limitation (4.4.3.2, EC8)
is respected, it may be assumed that stairs should tolerate the (design) inter-story drifts. Model A stairs should have adequate anchorage and brac-
ings (FEMA 750) and sliding connections that should tolerate displacements larger than the design IDR (FEMA E-74). It is assumed that the
unmodeled-isolated stairs of Model A do not suffer local damage nor cause alterations in global behavior. However, Model B should verify the

effectiveness of the braced stair system subjected to IDR in two main X-Y-directions.

4.6.2 | Methods of analysis

Estimation of torsional effects (Pushover analysis)

Section 4.3.3.4.2.2 Lateral loads (EC8) states that the modal pattern used in the pushover analysis can be defined according to 4.3.3.2 Method
of lateral force analysis (EC8). Since the shape of the fundamental mode is approximated by the horizontal displacements of the diaphragms
(which increase linearly along the height), the criterion for defining the lateral loads correspond to 4.3.3.2.3 [3] Distribution of the horizontal
seismic forces (EC8). The modal analysis allows checking several conditions for the application of the pushover method. Initially, the sum of
the effective modal masses for the modes considered should amount to at least 90% of the total mass (4.3.3.3.1 [3] General, EC8). If this is
not fulfilled due to the contribution of torsional modes, the minimum number of modes considered k in the 3D analysis should satisfy
(4.3.3.3.1 [5], EC8):

k = 3v/n wherenis the number of storeys, and the period of the k mode satisfy T <0,2s (17)

The response of two vibration modes i and j (including both translational and torsional modes) may be considered independent if their periods sat-
isfy the following condition (4.3.3.3.2 [1], EC8):

T, <09T; where T; < T; (12)

As established, regular models are not significantly affected by the contributions of the modes superior to the fundamental mode in each main
direction (X-Y) if their fundamental periods of vibration T, satisfy the condition (4.3.3.2.1 [2], EC8):

T12[4-T¢;2, 0sec]where Tc =0,6 sec  according to Table 3.2 (EC8). (13)

Initially, when pushover analysis is performed with the force patterns specified in 4.3.3.4.2.2 (EC8) may significantly underestimate deforma-
tions at the stiff/strong side in one direction of the structure (with a predominately torsional second mode of vibration). For such structures,
displacements at the stiff/strong side shall be increased, compared to those in the corresponding torsional balanced structure (4.3.3.4.2.7 Pro-
cedure for the estimation of the torsional effects, EC8). This requirement is deemed to be satisfied if the amplification factor to be applied to
the displacements of the stiff/strong side is based on an elastic modal (3D) analysis. However, the specific global-torsional characteristics of
the reduced Models A-B are not representative of archetype behavior and should be neglected. Since Models A-B satisfy the previous condi-
tions (Egs. 11,12, and 13), the pushover method was applied considering the first translational mode in each main direction (U,,U,). Note that
the pushover method has been only used to predefine the cross-section size of the steel elements and other basic properties (weight of diag-
onals, elastic stiffness, and behavior factor R). Thus, the main results (maximum IDR, forces in bracings, and plastic rotations in hinges) were
obtained by the NLTHA.

Vertical component of the seismic action (Dynamic analysis)

Section 4.3.3.5.2 Vertical component of the seismic action (EC8) states that if the design ground acceleration in the vertical direction ag is
greater than 0.25g, it should be considered in some specific cases. Although stairs are not mentioned, the effects of the vertical component
should not be overlooked. However, in accordance with 4.3.3.5.2 [5], if pushover analysis is performed, the vertical component may be

neglected.
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5 | COMPARATIVE ANALYSIS. MODELS A-B
5.1 | Linear-elastic modal analysis

Table 8 shows that Model A has higher lateral stiffness on the X-axis than Y-axis. However, the stiffness of Model B on the X-axis is lower
than Y-axis. The fundamental period is generated in axes with lower stiffness: Y-axis in Model A (T;=0.696s) and X-axis in Model B
(T1=0.734 s). The second vibration mode generates a global torsion around the Z-axis (it may be neglected). The third mode corresponds to
the stiffest axis (Uy in Model A and U, in Model B). Table 9 shows the modal participating mass ratios. As expected, the participating mass
ratio in the fundamental mode of four-story braced buildings (such as Models A-B) does not reach 90% of the total mass. However, in low-
rise buildings, the modal response is usually very basic, and translational Modes 1 and 3 can be considered representative of the main

response, according to
e In four-story (3D) models, considering k = 6 first modes, 90% of the total mass is reached (4.3.3.3.1, EC8).
e Archetype buildings are not affected by the specific torsional modes of reduced models (4.2.1.4, EC8).

e All modes can be considered independent of each other (4.3.3.3.2 [1], EC8).
e First translational modes are not significantly affected by contributions of higher modes (4.3.3.2.1, EC8,).

5.2 | Pushover analysis
521 | Model A/Push X
Figure 16a illustrates the graphical procedure of the Capacity-spectrum method (ATC-40). The initial capacity (pushover) curve and EC8 demand

spectrum (Table 6) were converted into ADRS format and superimposed on the diagram defined in Spectral displacement (m)/Spectral acceleration
(3) coordinates. The spectral yield point (0.028 m; 0.653g) and spectral displacement point (0.068 m; 0.716g) defined the bilinear representation

TABLE 8 Linear-elastic modal analysis

Model

Elastic stiffness K, (kN/m) A B

X-axis 144.086 64.109
Y-axis 77.697 133.600

Periods of vibration T; (s)

Mode 1 U, =0.696 U,=0.734
Mode 2 R, =0.577 R, =0.617
Mode 3 U,=0476 U, =0.516
Mode 4 U, =0.347 U, =0.354
Mode 5 R, =0.242 R, =0.251
Mode 6 U, =0.139 U, =0.150

TABLE 9 Modal participating mass ratios

Model
Sum U, A B
Mode 3 =0.79 Mode 1 =0.81
Mode 6 = 0.90 Mode 4 = 0.92
Sum U,
Mode 1 = 0.89 Mode 3 = 0.86
Mode 4 = 0.97 Mode 6 = 0.95

85UBD17 SUOLILLIOD BAIERID 8ol dde 3y} Aq pauRA0b 88 Sao e YO ‘SN 0 S3INJ 104 ARIGIT 3UIIUO A3 UO (SUO3PUCD-PUR-SWLIBY WD A8 | 1M ARR1q U1 |UO//SAY) SUORIPUOD PUe SWis | 84} 83S *[£202/20/€0] U0 Areiqiauliuo A8 (1M ‘(-ouleAnde 1) aanopesy Aq L66T  BY2Z00T OT/I0p/wod A8 M ARIq1 U1 juo//SAnY WOy papeo|umod ‘0 ‘808LTHST



18 of 34 Wl LEY

MONTALBAN TURON anp VARGAS ALZATE

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
Sa_ 1,4 VEase_ 15.000
1 r——————— N 12 Vg —————— P ——————————— —— -
! \ = /10,091;13.112 42200
s | % 2 /
2
s A Sl /
S | N 3 / 10.000
o | b / R
| N 08 o / -
a1 &
O “pigr i © /
2 a, | Q,068, 0,716 N " o | // 7.500
= ' 0,6
% 023 0'653\ ~o P / 0,091; 6.842
@ N S~a
e bl iR A e R Mt —— e ——15.000
gl 0,035; 5.043
~
4 0,2 J 2.500
: . : ; — 00
d, dy Spectral Displacement (m) Sq & o . . et 0
— — Seismic demand (B= 5%) — —Seismic demand (Beq) s max Lateral Deformation (m) Roof
——Teq = Tsec ——Bilinear representation — — Equivalent Elastic Shear —— Damage Limitation ——Capacity curve

——Capacity spectrum

(a) Spectral displacement

FIGURE 16 Model A/Push X

TABLE 10

Capacity spectrum. Bilinear representation

Seismic analysis of Model A/Push X

(b) Capacity (Pushover) curve

Yielding point

Performance point

Maximum spectral displacement
Effective period (s)

Effective damping

Behavior factor R. Computation parameters

Elastic limit point

Equivalent linear point

Structural behavior characteristics
Elastic stiffness K, (kN/m)

Behavior factor R

S. Displacement (m)
0.028
0.068

Teq
B eq

Displacement (m)
0.035
0.091

S. Acceleration (g)
0.653
0.716

0.615
0.245

Base shear (kN)
5.043
13.112

144.086
2.60

of the capacity spectrum, to obtain the effective period (T, = 0.615 s) and damping factor (., = 0.245). These two parameters (Te,, feq) deter-

mine the maximum spectral displacement.

Figure 16b shows the performance point (0.091 m; 6.842 kN) on the capacity curve, regarding the damage limitation (4.4.3.2.b, EC8). The

linear-elastic stiffness K, = Vs/ds was calculated K., = 144.086 kN/m. Then, the equivalent linear-elastic force at the performance point Vg = K,
dmax Was computed Ve = 13.112 kN. The behavior factor was obtained by dividing Ve by the base shear at the elastic limit point Vs = 5.043 kN.
Table 10 shows the highest elastic stiffness K, and the lowest behavior factor of the research: R = 2.60.

522 | Model A/PushY

Figure 17a shows the initial capacity curve and demand spectrum in ADRS format. The spectral yield point (0.030 m; 0.283g) and spectral displace-

ment point (0.120 m; 0.620g) defined the bilinear representation of the capacity spectrum, for the calculation of the effective period

(Teqg = 0.884 s) and the damping factor (8., = 0.136). These parameters confirmed the maximum spectral displacement (0.120 m; 0.620g)

according to the spectral demand.
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TABLE 11  Seismic analysis of Model A/Push Y

Capacity spectrum. Bilinear representation

(b) Capacity (Pushover) curve

S. displacement (m)

Yielding point 0.030
Performance point 0.120
Maximum spectral displacement definition

Effective period (s) Teq
Effective damping Peq

Behavior factor R. Computation parameters

Displacement (m)
0.033

0.145

Elastic limit point

Equivalent linear point

Structural behavior characteristics
Elastic stiffness K,y (kN/m)

Behavior factor R

S. acceleration (g)
0.283
0.620

0.884
0.136

Base shear (kN)
2.564
11.266

77.697
4.39

Figure 17b shows the capacity (pushover) curve and the localization of the performance point (0.145 m; 6.612 kN), according to the damage

limitation. The linear-elastic stiffness value is Ky = 77.697 kN/m. The equivalent linear-elastic force at the performance point was calculated
Ve = 11.266 kN. Dividing Vg by the base shear at the yielding point Vs = 2.564 kN, the behavior factor R was obtained. Table 11 summarizes each

parameter to obtain the behavior factor at the performance point R = 4.39.

5.3 | Pushover analysis. Model B

5.3.1 | Model B/Push X

Figure 18a shows the capacity curve and demand spectrum in ADRS format. The spectral yield point (0.05 m; 0.536g) and spectral displacement

point (0.106 m; 0.931g) defined the bilinear representation of the capacity spectrum. The effective period (T, = 0.676 s) and the damping factor

(Beq = 0.091) confirmed the maximum spectral displacement, according to the seismic demand.

Figure 18b shows the performance point (0.128 m; 6.798 kN) concerning to damage limitation (4.4.3.2.2.b, EC8). The value of the linear-

elastic stiffness is Ky = 64.109 kN/m. The equivalent linear-elastic force at this point was calculated Vg = 8.206 kN. The base shear value at the

elastic limit point is Vg = 2.949 kN.
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TABLE 12 Seismic analysis of Model B/Push X

Capacity spectrum. Bilinear representation

(b) Capacity (Pushover) curve

Yielding point

Performance point

Maximum spectral displacement definition
Effective period (s)

Effective damping

Behavior factor R. Computation parameters

Elastic limit point

Equivalent linear point

Structural behavior characteristics
Elastic stiffness K (kN/m)

Behavior factor R

S. displacement (m)
0.051
0.106

Teq
ﬁeq

Displacement (m)
0.046
0.128

S. acceleration (g)
0.536
0.931

0.676
0.091

Base shear (kN)
2.949
8.206

64.109
2.78

Table 12 Although the bracings located in the stair ramps are identical to the inverted-V diagonals of Model A (the same cross-section size

and length), this response verifies the minimum elastic stiffness K, = 64.109 kN/m and the largest capacity curve of the comparative study (the

roof displacement d,,,.x = 0.383 m). The behavior factor at the performance point (according to seismic demand) is R = 2.78.

5.3.2 | Model B/PushY

Figure 19a shows that Model B/Push Y analysis provides the most important results of the research. The spectral yield point
(0.019 m; 0.357g) and spectral maximum displacement (0.091 m; 0.7393) defined the bilinear representation of the capacity spectrum. The
effective period (T, = 0.702 s) and the damping factor (8., = 0.167) determine the maximum spectral displacement, according to seismic

demand.

Figure 19b shows the performance point at the capacity curve (0.095 m; 6.081 kN) concerning damage limitation (4.4.3.2.2.b, EC8). The value

of the linear-elastic stiffness is K, = 133.600 kN/m. The equivalent linear-elastic force at the performance point was calculated Vg = 12.692 kN.

The behavior factor R was obtained by dividing Vg by Vs = 2.004 kN.
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TABLE 13 Seismic analysis of Model B/Push Y

Capacity spectrum. Bilinear representation

(b) Capacity (Pushover) curve

S. displacement (m)

Yielding point 0.019
Performance point 0.091
Maximum spectral displacement definition

Effective period (s)

Maximum spectral displacement definition

Effective period (s) Teq
Effective damping Peq

Behavior factor R. Computation parameters

Displacement (m)
0.015

0.095

Elastic limit point

Equivalent linear point

Structural behavior characteristics
Elastic stiffness K, (kN/m)

Behavior factor R

S. acceleration (g)
0.357
0.739

0.702
0.167

Base shear (kN)
2.004
12.692

133.600
6.33

Table 13 summarizes all parameters. The Y-direction response of Model B, controlled by the reduced eccentric diagonals (EBF) integrated into

the stairs structure, provides higher lateral elastic stiffness, concerning the reference Model A. The behavior fact
R =6.33.

5.4 | Seismic performance demand

541 | Models A-B. X-direction

or verifies the highest result:

Figure 20a shows that the dissipative members of Model A (compression diagonals) reach the C performance level. Figure 20b shows the dissipa-

tive members of Model B (some diagonals subjected to compression and tension). The diagonals subjected to compression (left staircase) at elastic

range (upper ramps) guarantee the lateral immobility of the stair landing. Knowing that the concentric diagonals in both Models A-B are identical

(same length and cross-section), the comparative study under the same seismic demand verified the advantages of relocating the (IV-CBF) diago-

nals integrated into the stair structure.
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Figure 21a shows the vertical links and the base columns of Model A that dissipate the seismic energy.

Figure 21b shows Model B with all components of the stairs (rungs and stringers) and the main structure (beams and columns) in the elastic

range. The only dissipative members of seismic energy are the replaceable vertical links, verifying the elastic performance in columns, beams, or

stairs structures.

5.5 | Seismic performance limitation

Figures 22, 23 show a comparative study according to FEMA 356 limitation of the seismic performance level in the steel members of both Models

A-B. The third point defined in each capacity curve (Figure 24) shows the maximum roof displacement regarding the performance level limitation

in steel members.
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5.5.1 | Models A-B. X-direction

Figure 22a shows that the drifts of Model A are limited by the buckling collapse of the inverted V-diagonals. Figure 22b shows the seismic perfor-
mance levels of Model B subjected to the maximum roof drift in the X-direction. The stair stringers and rungs always remain in the elastic range.
The upper concentric diagonals (in compression) also remain in the elastic range (controlling the stair landings). The main structure (beams and col-
umns) verifies a high deformation capacity without reaching the Life Safety (LS) level.

5.5.2 | Models A-B. Y-direction

Figure 23a shows the Model A limitation by the Collapse Prevention (CP) performance level in columns. Figure 23b shows that stair components
of Model B remain in the elastic range, guaranteeing structural safety on the evacuation routes. Base columns also show the limitation of the seis-
mic performance (CP) level.

5.6 | Comparative study of capacity curves

This section compares the classical methodology of analysis without stairs (supposedly isolated and capacitated to resist the effects of earth-
quakes) versus the new approach based on analyzing them as primary elements. Figure 24 shows all capacity curves. Three points were defined
on each curve: first, the linear-elastic limit, then the maximum roof displacement according to the seismic demand (ATC-40), and finally, the per-
formance level limitation (FEMA 356). Model A/X-direction curve shows the limit point E, caused by the buckling failure of concentric diagonals.
Model B/X-direction curve shows the largest roof drift at the LS performance level. Both Y-direction curves are limited by the CP level (near dam-
age limitation A;pg).

Table 14 shows the first two points of each curve (the yield strength point and the performance point) to define the behavior factors. From
the first point (yield strength), the elastic stiffness K, is calculated. By multiplying the value of K, by the maximum roof displacement d,q\, the

equivalent linear-elastic force V¢ is obtained. Dividing V¢ by the base shear in the yield point V,, the behavior factor R is then defined.

TABLE 14 Behavior factors R. Models A-B

A B
Model X Y X Y
Roof drift (m) 0.035 0.033 0.046 0.015
Base shear (kN) 5.043 2.564 2.949 2.004
Performance point
Roof drift (m) 0.091 0.145 0.128 0.095
Eq. elastic shear (kN) 13.112 11.266 8.206 12.692
Behavior factor R 2.60 4.48 2.78 6.33

TABLE 15 Comparative seismic analysis. Models A-B

Model

Yield strength point A B

Models characteristics X Y X Y
Weight (bracings) (kg) 4.864 7.760 4.864 3.232
Elastic stiffness (kN/m) 144.086 77.697 64.109 133.600
Fundamental period (s) 0.696 0.734

Performance point

Roof drift (m) 0.091 0.145 0.128 0.095
Behavior factor R 2.60 4.48 2.78 6.33
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FIGURE 25 Main results of the comparative analysis. Models A-B

5.7 | Summary of comparative analysis

Table 15 presents the results of the preliminary comparative analysis between Models A-B. As shown, when the inverted-V diagonals in 2D
frames (Model A) are integrated into the 3D structure of stairs, the X-direction elastic response of the building becomes more flexible. When the
long eccentric diagonals in YZ frames are integrated into the stair structure (with a reduced length), the elastic response of the building becomes
stiffer.

Figure 25a presents the X-direction comparative analysis. As shown, both models have the same amount of steel in concentric diagonals: W4.
g = 4.86 t. However, the typical inverted V-braced frames of Model A verify a higher stiffness (K, = 144.086 kN/m) than Model B
(Ker = 64.109 kN/m). This low deflection capacity of the typical IV-CBF system causes the danger of buckling failure of diagonals in compression.
However, when the same diagonals are integrated into the 3D structure of stairs, the flexibility of the system improves by 56%. The behavior fac-
tor of Model A (R = 2.60) agrees with the maximum reference value (R = 2.5) proposed in the seismic standard (Table 6.2, EC8) for high ductility
class (DCH). Relocating the same diagonals to the stairs, the behavior factor of Model B (R = 2.78) improves by 7%.

Figure 25b shows the Y-direction results. The eccentrical diagonals in Model A require the maximum amount of steel (W, = 7.76 t) but
offer a lower lateral stiffness (K, = 77.687 kN/m). However, by using part of the eccentrical diagonals as stair stringers, the amount of steel
is reduced by 59%, and the lateral stiffness of the system is increased. The behavior factor of Model A (R = 4.48) also matches the reference
values proposed in EC8 (R = 4-5a,/a4) depending on the ductility class (DCM-DCH). The integration of EBFs and stairs increases the lateral
stiffness by 90%, improving the behavior factor by 41%. Therefore, Model B/Y-direction verifies the best results of the comparative analysis:
The minimum amount of steel in bracings (Wg = 3.23 t), the higher lateral elastic stiffness (K, = 133.600 kN/m), and the maximum behavior
factor R = 6.33.

6 | DYNAMIC ANALYSIS OF BRACED STAIRS

6.1 | NLTHA. X-direction

NLTHA of braced stairs considered two design criteria for concentric diagonals“°":

e Criterion |: Tension and compression diagonals (AISC)
e Criterion Il: Only tension diagonals (EC8)

Figure 26 presents two NLTHA diagrams corresponding to Criterion | (tension and compression diagonals). Figure 26a shows the axial forces in
staircases (the rest of the structure is hidden) subject to X-direction loads. All concentric diagonals of the left staircase are in compression, and all
those of the right are in tension. Figure 26b shows the building structure mainly braced by diagonals in tension (in elastic range). The upper com-
pression diagonals (CBF2) also brace the stair landings, in the elastic range. The lower diagonals (CBF1) at the C performance level also can con-
tribute to the bracing system of the building.

Figure 27 shows diagrams for the conservative checking of columns and bracings (Criterion 11).[4Y IDR amplification control using tension-rod

[42]

displacement-restraint bracing'*“' may be a new line of research. Figure 27a shows the staircase with only tension (active) diagonals. Compression

diagonals are not active. Figure 27b verifies the peak performance level of Immediate Occupancy (10) in tension diagonals (CBF1).
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FIGURE 29 NLTHA-X. Criteria I-1l. Peak stair acceleration

6.1.1 | Peak base shear

Figure 28 shows the NLTHA diagram of the base shear force according to both Criterion | (tension and compression) and Criterion Il (only ten-
sion). The peak base shear for Criterion | occurs at t = 2.48 s with a shear force V, = 5.807 kN. The peak base shear for Criteria Il occurs at
t = 8.34 s with a shear value V,, = 4.892 kN. These two points determine the approximate time interval of the peaks analyzed below (the maxi-
mum inter-story drift and the axial forces in CBF diagonals). Both curves confirm lower base shear values concerning the stronger Y-direction (the

X-axis is the direction of the fundamental period of vibration).

6.1.2 | Peak acceleration in stair landings

Figure 29 shows the difference between Criteria I-Il, according to the dynamic response of stairs. The NLTHA focuses on the behavior of stair
landings, higher acceleration sensitive in the X-direction. The acceleration of the stair landings is increased by inertial forces perpendicular to the
stair stringers plane. When the compression forces in diagonals are limited to zero (Criterion ll), stairs lack sufficient lateral rigidity against inertial
loads. Therefore, the peak acceleration of Stair 1 (only tension) shows inadmissible results (a = 184.4 m/s?). This effect corresponds to the failure
detected in the modal analysis of previous stairs without sufficient lateral rigidity (Figure 13). This diagram confirms the advantages of integrating
the concentric diagonals into the stairs structure to control the horizontal inertial forces. The peak acceleration corresponds to Stair 3 (Tension-
Compression) at t = 7.88 s with an acceleration value equal to a = 29.2 m/s2.

6.1.3 | Peak drift between stair landing and floors

The peak roof displacement according to Criterion | (compression and tension) occurs at t = 5.28 s with a roof displacement d = 11.5 cm.
According to Criterion Il, t = 8.30 s shows the larger drift d = 14.4 cm. The NLTHA focuses on the relative drifts between stairs and floors:
Criterion |. Braced stair landings are correctly kept within the drifts of their two respective floors (Figure 30a).

Criterion Il. Stair landings with inactive compression diagonals show larger lateral drifts (Figure 30b).

6.1.4 | Peak axial force and performance level in diagonals (CBF)

Figure 31 shows the axial force diagram of the diagonals in Level lll with the higher seismic performance. According to Criterion I, when the com-
pression force in lower CBF1 diagonals reaches the peak performance level C, upper CBF2 diagonals remain in the elastic range (all tension diago-
nals in the opposite staircase become the main bracing system of the building). According to Criterion Il, the peak tension value of lower CBF1

(only tension) diagonals with the higher seismic performance level IO is t = 8.64 s, with an axial force N = 1.705 kN.
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FIGURE 30 NLTHA-X. Stair landings and floor drifts. (a) Criterion I. Braced stair landings are correctly kept within the drifts of their two
respective floors. (b) Criterion Il. Stair landings with inactive compression diagonals show larger lateral drifts.
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FIGURE 31 NLTHA-X. Peak axial force in concentric diagonals

6.2 | NLTHA. Y-direction

Acceptance criteria for stairs should be based on verification of the ability of the structure to accommodate the inter-story drifts in the Y-direc-
tion. Typical stairs are especially deformation sensitive in rigid joints of stringers subjected to inter-story drifts. But the joint releases modeled in
the pinned end connections of stair stringers prevent the moment deformation and damage caused by IDR. Figure 32 shows the only rigid joint in
each story (the union between the vertical link and the eccentric diagonals). Vertical links control the dissipation of seismic energy avoiding dam-
age to stair components. The plastic (hinge) nonlinear rotation 8, and the shear force V, in links determine the capacity of the system. Figure 32a
shows the bending moments localized only around the single rigid joint of each story. Figure 32b verifies the peak performance level of Collapse
Prevention (CP) in vertical seismic links.

Figure 33 shows that the dissipation of seismic energy is basically controlled by (easy to repair) vertical links, avoiding structural damage in
stairs stringers caused by the relative drifts between floors. According to the seismic performance levels and the deformed shape of the stairs, the
satisfactory response is confirmed. Figure 33a shows the NLTHA diagram corresponding to the peak shear force in vertical seismic links.

Figure 33b shows the performance levels and maximum deformed shape of the stairs and the main structure.
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FIGURE 33 NLTHA-Y. 2D view

6.2.1 | Peak base shear

Figure 34a shows the peak base shear at time interval t = 4.56 s with the value V, = 7.901 kN. The higher values of base shear force in the Y-
direction confirm the X-direction as the fundamental period of vibration.

6.2.2 | Peak acceleration in stair landings and floors

Figure 34b Peak horizontal floor acceleration (PHFA) is used for estimating the vulnerability of acceleration-sensitive nonstructural elements. This
NLTHA diagram confirms that the last Stair Landing 4 is well coupled to the dynamic response of Floor 4 (time t = 4.72 s with a value
a=19.39 m/s?).

6.2.3 | Peak drift between stair landing and floors

Figure 35 shows the NLTHA-Y-direction drifts of stair landings and floors. The peak drift in Stair 2 (Link 2) causes a higher seismic performance
level CP. The time value of the largest displacement is t = 4.76 s defined by the displacement of Floor 1 (d = 1.6 cm) and Floor 2 (d = 3.2 cm).
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FIGURE 35 NLTHA-Y. Stair landings and floors drifts
6.2.4 | Peak plastic (hinge) nonlinear rotation (EBF)

Figure 36 shows the plastic (hinge) nonlinear rotation of the rigid joint between the eccentric diagonals and links. The nonlinear rotation 8, in links
should be limited (6, < 0,08 rad) according to 6.8.2 [10], EC8. The peak rotation (Link 3) at the time interval t = 4.74 s show the value

6, = 0,013 rad < 0,08 rad. These satisfactory results also confirm the low deformation of the braced stair system (Figure 33b).

625 |

Figure 37 shows the NLTHA shear force diagram corresponding to the vertical Link 2 with the higher seismic performance level (CP). The time at

the peak shear force occurs at t = 4.76 s with the value V = 2.362 kN. The stairs structure subjected to the El Centro accelerogram verifies satis-

factory results.

Peak shear force and performance level in links (EBF)
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FIGURE 36 NLTHA-Y. Plastic (hinge) nonlinear rotation 6, in (EBFs) links
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FIGURE 37 NLTHA-Y. Shear forces in vertical links (EBFs)

6.3 | Summary of Dynamic analysis

Table 16 presents the X-direction results. Two methodologies of analysis estimate the nonlinear cyclic behavior of the concentric diagonals: Crite-
rion | (tension and compression) and Criterion |l (only tension). The peak base shear according to both Criteria |-l (V,, = 4.892-5.807 kN) verifies
lower values concerning the Y-direction (V, = 7.901 kN). The peak acceleration according to Criterion | confirms that stairs landings are well
braced by concentric diagonals (@ = 29.2 m/s?). However, Criterion Il is not useful for the analysis of stair landing acceleration (a = 184.4 m/s?)
because of the hypothesis that all compression diagonals are inactive. The peaks roof drifts according to both Criteria I-1l verify the values
droof = 11.5-14.4 cm. However, the main difference is the local response of stair landings: centered concerning the IDR (Criterion 1) or larger
(Criterion Il). Criterion | is useful to verify the maximum seismic performance level C in lower compression diagonals. Criterion Il is used to esti-
mate the maximum axial force on columns and the tension force in diagonals with the highest performance level (Stairs 3/CBF1, N = 1.705 kN).
Table 17 presents the Y-direction results. All the seismic performance is concentrated only in vertical links, whose peak plastic (hinge) nonlinear
rotation complies with the EC8 provisions (6, = 0,013 rad < 0,08 rad), and their peak shear force (V = 2.362 kN) verifies the satisfactory perfor-
mance level CP. Figure 38 presents the decisive verification (Section 3.3 Design rules for steel bracings) of damage limitation according to maximum

IDR (4.4.3.2, EC8), most unfavorable concentric diagonals (Criteria |-11), and links.
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TABLE 16 NLTHA. X-direction

Criteria
Interval
Peak base shear

Peak acceleration

Stair Landing 2

Floor 4

Peak floors-stair drift

Floor 3

Stair Landing 3

Floor 2

Relative drift (Levels 2-3)
Peak axial force/perform. level
Stair 3/CBF1 (only tension)
Stair 3/CBF2 (compression)

TABLE 17 NLTHA. Y-direction

Interval
Peak base shear

Peak acceleration

Stair Landing 4

Floor 4

Peak floors-stair drift

Floor 2

Stair Landing 2

Floor 1

Relative Drift (Levels 1-2)
Peak plastic (hinge) rotation
Link 2

Peak (link) shear force/Perform. level

Link 2

(a) X-Direction

T (sec)

248

7.88
8.72

222
222
222
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:—_—: 6.25 cm I[__—I 1926 kN [~ 1-755 kN
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FIGURE 38 Main results of stairs bracing members with maximum performance level
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a(m/s?) a(m/s?)
29.2
16.8
d (m) d (m)
0.087
0.082
0.054
0.033
N (kN) N (kN)
8.64 1.705
—651.7
T (sec) V (kN)
4.56 7.901
a(m/s?)
4.70 194
4.70 15.4
d (m)
4.76 0.032
4.76 0.025
4.76 0.016
0.016
6, (rad)
474 0.013
V (kN)
4.76 2.362
(b) Y-Direction
SHORT LINK
[ 1
Vi ra p
I 1625cm I—_jl 2951 kN :___:0.08 rad
A 2362 kN -
o —i
[ —
b 1.6 cm A
J iﬂ)ﬁ rad
Avax < AiDR VEea < Vpl,Rd 6,, < 0,08 rad
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7 | CONCLUSIONS

This paper presents a new line of research focused on the typological and structural design of stairs as primary elements of steel buildings.*3! The
research proposes a novel approach to the architectural project, structural design, and seismic analysis of steel buildings with stairways. The analy-
sis methodology focuses on the structural safety of escape routes and their favorable effect on building behavior. Given the satisfactory results
obtained in the comparative and dynamic analyses, the following conclusions should motivate further research and experimental tests on braced

stair systems:

e Architectural issues caused by bracing diagonals are solved by integrating them into the stair structure.

o The braced stairs improve the structural safety of escape routes and their effect on building behavior.

e Unmodeled/isolated stairs waste their contribution to the lateral force resistance system of buildings.

o The amount of steel in the reference eccentric diagonals was reduced in the braced stair system by 59%.
o Easily repairable steel members (CBF-EBF) can dissipate the seismic energy avoiding damage to stairs.

o The special braced stairs improved the R, behavior factor of the typical IV-CBF system by 7%.

e The integration of the EBF system into the stairs increased the seismic behavior factor R, by 41%.

e The (X-direction) acceleration in stair landings braced by concentric diagonals was reduced by 75%.

e Damage in stairs stringers is avoided by pinned end connections and eccentric bracing (EBFs).

e The deterministic analysis of braced stairs verified satisfactory results compared to the reference systems.
e Results motivate further research (new designs, analysis, and experimental tests) on braced stair systems.
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APPENDIX A

TABLE A1 Seismic standard criteria for the structural design of special braced stairs

Code ATC EC FEMA

Document 40 8 356 P-750 E-74
Seismic standard criteria

The collapse of stairs is a risk for people and must be verified, under seismic action. X X X X X
Stairs may be independent or integral to the main structure. X X X
If stairs influence the lateral force-resisting system may be considered primary elements. X X X
Primary elements must be modeled and designed for seismic resistance. X X X X X
Stairs are primary elements if exceed 15% of the lateral stiffness of the main structure. X

Stairs may take the form of structural reinforcement. X

Stair acceptance criteria should consider gravity loads, seismic forces, and IDR. X X X
Emergency stairs should be usable at Life Safety seismic performance level. X

Performance level Collapse Prevention poses a risk due to the failure of stairs. X

Stairs should not change the building classification from non-regular to regular. X X X

Damage limitation according to inter-story drifts and stairs ductility should be verified. X X X
The main structural safety problem in stairs is the IDR due to lateral seismic loads. X X

Stairs attached to adjacent frames or floors are sensitive to deformations. X
Unfixed and unbraced stair landings are sensitive to acceleration and inertial loads. X
Bracing and restrictive IDR limitations serve to control the damage. X X

Stair components (e.g., rungs) can be damaged if they are not provided with strength. X
Stairs without ductile connections can suffer serious damage. X X

Acceptance criteria focus on strength of stairs to resist out-of-plane forces and IDR. X X
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