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ABSTRACT

The objectives of this paper are to investigate the time history response of buildings across a
wide range of wall and diaphragm periods, where inelastic behavior in both the walls and
diaphragms is possible, and compare this behavior with current design assumptions. Design
specifications such as ASCE7-16 are beginning to explicitly recognize and account for
inelasticity in both the vertical (walls) and horizontal (diaphragms) lateral force resisting systems
(VLFRS and hLFRS) during earthquakes. Newly developed diaphragm provisions now appearing
as an alternate method in ASCE?7 explicitly include inelasticity. Additionally, FEMA work has
proposed new design procedures for rigid wall flexible diaphragm buildings that depart from the
traditional view where all inelasticity is accounted for in the designated vLFRS. Left unanswered
in these new approaches is how stiffness, mass, and ductility of the vertical and horizontal lateral
force resisting systems interact — and whether inelasticity in the two systems can be considered
independently and utilize their own seismic response modification coefficients (i.e. R for vVLFRS
and R, for hLFRS). In the models employed herein each building story is approximated as three
lumped masses, representing the walls and a diaphragm, connected through springs. The period
of walls and diaphragms is varied, resulting in a large number of different potential building
response. Vibration analysis and nonlinear time history analyses are performed on the models.
Employing the FEMA P695 suite of 22 earthquakes, the average forces and ductility demands in
walls and diaphragms are studied. The elastic interaction between walls and diaphragms is found
to be greatest when the periods are similar; and this relation is likewise found in the inelastic
studies. The building demands, when the walls are inelastic and the diaphragms are elastic,
depend on the mass distribution, but generally follow the change of demand in the inelastic
walls. More complex cases are studied and interactions, when either system is inelastic, are
complex and summaries of base shear, wall/floor ductility demands, and equivalent lateral forces
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will demonstrate the results. This study has illuminated the interactions between walls and
diaphragm in seismic analysis, and provided a better understanding for structural elements
influence on each other during seismic loading. This work is part of a larger Steel Diaphragm
Innovation Initiative and aims to better understand the role of inelastic diaphragm response on
the behavior of steel buildings. Future work investigating more specific building archetypes and
nonlinear full building models is underway.
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range of wall and diaphragm periods, where inelastic behavior in both the walls and diaphragms is
possible, and compare this behavior with current design assumptions. Design specifications such as
ASCE7-16 are beginning to explicitly recognize and account for inelasticity in both the vertical
(walls) and horizontal (diaphragms) lateral force resisting systems (VLFRS and hLFRS) during
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procedures for rigid wall flexible diaphragm buildings that depart from the traditional view where
all inelasticity is accounted for in the designated vLFRS. Left unanswered in these new approaches
is how stiffness, mass, and ductility of the vertical and horizontal lateral force resisting systems
interact — and whether inelasticity in the two systems can be considered independently and utilize
their own seismic response modification coefficients (i.e. R for vLFRS and R for hLFRS). In the
models employed herein each building story is approximated as three lumped masses, representing
the walls and a diaphragm, connected through springs. The period of walls and diaphragms is varied,
resulting in a large number of different potential building response. Vibration analysis and nonlinear
time history analyses are performed on the models. Employing the FEMA P695 suite of 22
earthquakes, the average forces and ductility demands in walls and diaphragms are studied. The
elastic interaction between walls and diaphragms is found to be greatest when the periods are
similar; and this relation is likewise found in the inelastic studies. The building demands, when the
walls are inelastic and the diaphragms are elastic, depend on the mass distribution, but generally
follow the change of demand in the inelastic walls. More complex cases are studied and interactions,
when either system is inelastic, are complex and summaries of base shear, wall/floor ductility
demands, and equivalent lateral forces will demonstrate the results. This study has illuminated the
interactions between walls and diaphragm in seismic analysis, and provided a better understanding
for structural elements influence on each other during seismic loading. This work is part of a larger
Steel Diaphragm Innovation Initiative and aims to better understand the role of inelastic diaphragm
response on the behavior of steel buildings. Future work investigating more specific building
archetypes and nonlinear full building models is underway.
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Introduction

Simplified models have an important role in the development of earthquake engineering. Inelastic
equivalent single degree of freedom models provide the under-pinning for the reduced (by R)
pseudo spectral acceleration response spectra that are at the core of modern earthquake
engineering. However, single degree of freedom models conceptualize only one system
undergoing inelasticity, to understand how horizontal systems may impact vertical systems at least
one additional degree of freedom is required. A simple mass-spring single-story building model
that provides for the diaphragm (subscript d) and walls (subscript h) degrees of freedom was
created as depicted in Figure 1.

The work here provides an extensive parametric study of single story building time history
responses, and elucidates the interactions between the vertical structure (walls) and horizontal
structure (diaphragm). The study included different yielding levels for both walls and diaphragms.

Figure 1. Mass spring model of a single-story building used for the parametric study of wall-
diaphragm interactions.

Methodology

In the developed model a single-story building with perimeter frames is represented by three
lumped masses and connecting springs. For lateral loads, only displacements perpendicular to the
model frame are considered, leading to a 3 degree of freedom model of a single story, as shown in
Figure 1. The lumped masses are defined from a mass ratio and from the total mass of the floor:

mg = a,;, m (1)
(1_ m)
p = m )

The spring stiffness are defined from the periods of the vertical and horizontal structure.
Where, T}, is the first eigen period of the structure with a rigid diaphragm, T} is the period of the
structure when the walls are rigid, i.e. the period of the isolated floor system. The stiffness is
therefore:
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The inelastic behavior of the structure is assumed to be elastic perfectly plastic for both the
walls and diaphragm springs. The yielding forces/displacements are defined from the elastic time
history response, as the maximum force in the wall or diaphragm at the maximum considered
earthquake (MCE) level divided by the response modification coefficient R; or Ry, for vertical or
horizontal structure, respectively.

_ Vmce 5
Vyn = f;_d %)
_ Vmce 6
Vya = - (6)

The response modification coefficients used in this study are listed in Table 1, but originate
from Table 12.2-1 and Table 12.10-1 in ASCE-7 16. As indicated in Eq. (5) and (6) Rs and Ry, are
the “ductility” portion of the response modification coefficient. For the vertical structure, a large
number of members and associate response modifications factors are provided in ASCE-7 16, from
this list four values are selected to represent typical structural elements in the study. While for the
horizontal structure, only a few structural members and associated response factors are provided
in the alternative diaphragm design of ASCE-7 16, therefore engineering judgement is used to
estimate appropriate values for diaphragm overstrength factors.

Table 1. Response modification factors selected for this study. Response factors for the vertical
structural system are selected from Table 12.2-1 in ASCE-7 16. For the horizontal
system, resistance factors are selected from Table 12.10-1 in ASCE-7 16 and from

engineering judgement.
Elastic | OCBF' | SMF? & BRB? Elastic Pﬁggit Steel 1 | Wood

R® 1 4 3 8 R.° 1 1.4 2.2 3
Q 1 2 1 1.6 R, 1 1 1.1 1.2
R, 1.0 2.0 3.0 5.0 R,y 1 1.4 2.0 5
! Ordinary concentrically braced frames, 2 Special moment frames,
3 Buckling-restrained braced frames, * Precast concrete diaphragm reduced design option,
>R =R4R,,R, = Q, ®Rs = RyqRso

For the parametric studies herein, each analysis of each structure starts with an elastic time
history analysis of each earthquake, resulting in a scale factor (for the desired MCE level), values
for yielding forces/displacements in both walls and diaphragm, and results from the analysis. This
is followed by inelastic time history analysis of the same models, now scaled to the MCE level for
the elastic structure, but with inelastic material behavior. Additionally, the models in the time
history analysis employ 5% Rayleigh damping in the first two vibration modes of the model. The



model is subjected to the 22 far-field earthquakes listed in FEMA P695.

Two different structural layouts are considered: a,, = [0.2,0.9], representing the mass
distribution one finds in a rigid wall flexible diaphragm building and in a traditional building with
heavy (and typically stiff) diaphragms, respectively. Additionally, a number of different vertical
periods are selected in the range: T, €[0.1, 2.0]s and a small number of ratios between horizontal
and vertical periods are likewise studied: T;/T}, €[0.01, 10] for the time history analysis. A more
extensive study is executed on the eigenvalue analysis. In the following only selected results are
presented from the parametric time history study.

Results and Discussion

Through a parametric eigen analysis estimation of the natural period of the whole structure (T}) is
established. The natural period of the isolated horizontal and vertical structure are varied,
additionally, the mass distribution in the structure (a,,) is also varied. Figure 2 shows the period
of the model compared to the isolated wall and diaphragm periods and mass distribution. When
T; < Ty, the stiffness of the diaphragm is rigid, and the building period T}, approaches the period
of the walls with a rigid floor system, i.e. T,. When T; > T}, the diaphragm controls the first
vibration mode and the first period of the building approaches Ty. Interestingly, at T; = T}, the
walls and floor systems work together to elongate the period of the building by up to 40%.
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Figure 2. Building period as function of the ratio of natural period of horizontal system to period
of vertical system.

The following figures summarize the mean results across the 22 earthquakes from the time
history analyses as wall period and diaphragm period are varied. The figure in the top left corner
represents the elastic case of both wall and diaphragm. The top row of figures is elastic diaphragm,
where the R; for the walls increases from left to right and the left column of figures represents
elastic walls with yielding diaphragm (increasing Ry ). Only the results from the model with heavy
floors (a,, = 0.9) are presented here.



Figure 3 summarizes the forces in the walls and diaphragms for T; /T, = 0.5 (semirigid)
and T; /T, = 10 (flexible). In the elastic case (top left corner) the walls are scaled to the MCE
level (dotted lines) and the diaphragm forces (solid lines) are extracted and plotted against the wall
forces. When R, of the walls is increasing (lower yield force) the wall forces still follow the MCE
curve, but as a fraction of the value (as expected), and with the yielding walls, the diaphragm forces
are driven down to forces about the same size as the walls; however, in some cases the diaphragm
forces can exceed the wall forces. For the stiffer diaphragms the diaphragm forces exceed the wall
forces for any stiffness of the walls, whereas the more flexible diaphragm only exceeds the wall
forces for the stiffer walls.

The left column of Figures 3-4 represents elastic walls with yielding diaphragms, and it
may be observed that the stiffer diaphragms cause the wall forces to decrease as R, increases,
while flexible diaphragms cause the forces in the walls to go up to a force level equal to F, S¢ m
and decreases for increasing wall period. When both walls and diaphragm are yielding, the forces
are driven down by both the yielding walls and to a lesser extent the yielding diaphragm.

Figure 4 shows the diaphragm forces, normalized with maximum spectral acceleration
(MCE level) times the mass of the diaphragm and with an x-axis equal to the ratio T; /T},. The top
left corner presents the elastic case, and the left column is inelastic diaphragms with elastic walls,
with the same curves in all the figures, just with a fraction of the values. The top row is the elastic
diaphragm with an increasing wall R, factor, here the diaphragm forces are driven down to about
30% of the elastic case for the case with R; = 5.

The two horizontal lines in Figure 5 indicate the upper and lower bound for conventional
diaphragm forces according to Section 12.10 in ASCE-7 16 (i.e. 0.2 m;Sys and 0.4 m;Sy;s).
Taken independently, wall R; = 3 will reduce the diaphragm forces to the conventional range; or
diaphragm Ry4; = 2.5 is also adequate. Considering both yielding in the wall and diaphragm R; >
3and Rgy = 2 reduces the predicted diaphragm demand to conventional values. Thus, this model
suggest that traditional diaphragm design is conservative as long as inelasticity in the walls and/or
diaphragms meet these target levels — and may even be overly conservative if greater ductility is
provided. However, if inelasticity is not present or limited, diaphragm demands may easily exceed
conventional limits.

Figure 5 illustrates the ductility demand in the walls and diaphragm as the response factors
(R4 and R,,4) and stiffness of walls and diaphragm are varied. Note, the inelastic deformations are
mainly caused by the diaphragm when R; < Rgq4, and by the walls when R; > R,,. Furthermore,
the ductility demands radically increase for T; /T, = 0 (stiff diaphragm) when R; < Ry,.

Besides the lines indicating the forces or ductility demand in the models in Figure 3-5, a
number of colored dots are also indicated. These markers represent single-story archetype
buildings from FEMA P695 or from the archetype study in the Steel Diaphragm Innovation
Initiative project (Torabian et al. 2017). From FEMA P695 a single concrete building is estimated
indicated by the blue dots in the figures, while from SDII, nine steel archetype buildings are
estimated and marked with red dots. The steel buildings have stiffer walls than the concrete
building, but more flexible diaphragms. Estimated values for the single-story buildings are listed
in the Appendix.
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Conclusions

An extended parametric analysis has been performed on the nonlinear time history performance
of a single-story building model. The model includes lumped masses and different stiffness and
yielding parameters for its two walls and the connecting diaphragm. The parametric studies
consider the period of vibration of the walls, the period of vibration of the diaphragm, and the
yielding force levels for the wall and diaphragm. Eigen analysis of the model indicates the elastic
regimes where the wall and diaphragm interact and serve to elongate the building period. The
nonlinear time history analyses show that inelasticity in the walls is more effective at lowering
forces in the wall and diaphragm than inelasticity in the diaphragm, which largely only reduces
diaphragm demands. It was found that the upper and lower bounds on diaphragm demands in
conventional ASCE7 diaphragm design are not realized in the studied model. Further, it was found
that only if R; = 3 and Ry; = 2 are the conventional bounds on diaphragm design approximately
appropriate and conservative. Considering the ductility demand it was found that when Ry, is
larger than R, the diaphragm has the greatest ductility demand, while for larger R;, the walls
control the ductility demand. The component that yields first sees the greatest ductility demand
even if the other building component also yields. The ductility demand in the diaphragm depends
on the ratio between the diaphragm period to wall period, and for stiff diaphragms, the ductility
demand can be significant.
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Appendix

Single-story archetype buildings, estimated values for characterizing the buildings.

From no# stories Material Ry R4 an Ty, Ty4/Ty
FEMA P695 1 concrete 2.67 1.4 0.9 0.71 0.5
SDII Archetype 1 steel 3.20 2 0.9 0.217 10
SDII Archetype 1 steel 3.20 1 0.9 0.217 10
SDII Archetype 1 steel 3.20 3 0.9 0.217 10
SDII Archetype 1 steel 3.00 2 0.9 0.217 10
SDII Archetype 1 steel 3.00 1 0.9 0.217 10
SDII Archetype 1 steel 3.00 3 0.9 0.217 10
SDII Archetype 1 steel 1.63 2 0.9 0.217 10
SDII Archetype 1 steel 1.63 1 0.9 0.217 10
SDII Archetype 1 steel 1.63 3 0.9 0.217 10
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