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Abstract

Ductility demands observed in asymmetric plan structures due to earthquake excitations are
investigated in this study. Torsional Ductility Spectra are utilized to estimate the maximum
ductility response of such systems. Dynamic response of these systems are dominated by the
lower vibration modes and observed seismic behavior is in conformance with the capacity de-
sign principles. In order to utilize the Torsional Ductility Spectra, five parameters of the asym-
metric plan systems, namely, first mode period, uncoupled frequency ratio, stiffness
eccentricity, stiff-to-flexible edge strength ratio and ductility reduction factor are estimated
through a novel procedure. Simple formulations for representing the dynamic properties of
shear frame systems in terms of described structural parameters are developed. Parametric
equivalents of shear frame structures are obtained. Estimated ductilities form the developed
charts are compared with those obtained from dynamic response analyses of shear frame asym-
metric-plan systems.

The observed results indicate that developed spectra are able to estimate the ductility demands
at both stiff and flexible side frames of actual asymmetric-plan systems with reasonable accu-
racy. Based on the conclusions, Torsional Ductility Spectra charts are considered practical
tools for estimating the ductility demands of asymmetric plan structures.
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1 INTRODUCTION

Modern seismic design codes employ response reduction factors in design of structural
members using linear elastic analysis [1, 2]. The capacity design methodology employing the
response reduction factors may result in poor estimation of seismic performance in the case of
irregular structures such as asymmetric-plan systems where torsionally coupled behaviour is
observed. The resulting poor seismic performance, in turn, yields uneven ductility distribution
among plan of asymmetric structures. Hence, varying degrees of inelastic behaviour is observed.

The discussed problem is a well-known issue and in the past it has been addressed in many
studies. Comprehensive reviews of these studies has been made by various authors previously
[3,4, 5, 6]. Early research regarding the subject was performed using simple single-story mod-
els. Later more advanced studies based in multi-story asymmetric systems have also emerged.
In one of the early studies, the reducing effect of torsional coupling with increasing inelastic
deformations was observed [7]. An effective eccentricity and associated design torque was
introduced to estimate the inelastic deformations of torsionally-coupled systems [8]. Peak duc-
tility demands at the edges of asymmetric systems are determined to be not larger than those of
symmetric systems [9, 10]. Moreover, it was proposed that, the inelastic displacements of asym-
metric systems can be reduced by modifying the strength distribution along plan by changing
the location of center of strength (CV). In separate other studies, strength eccentricity has been
determined to be more effective than stiffness eccentricity to control inelastic deformations [11,
12, 13]. A displacement-based design approach has also been proposed as an alternative to
strength-based approach to limit and make ductility distribution among structural members in
asymmetric systems more uniform [14]. A balanced distribution of center of strength and center
of stiffness was proposed in order to minimize the edge displacements of torsionally coupled
systems [15]. Contribution of load resisting frames that are perpendicular to the direction of
earthquake loading to the torsional response was also investigated [16, 17].

The overstrength that is inherent in members of the torsionally coupled systems which are
designed with force-based approaches has also been studied. It has been noted that accidental
eccentricity formulations in seismic codes does not usually compensate the inelastic defor-
mation demands, rather they increase the overstrength [18, 19]. The explicit inclusion of over-
strength in the design of asymmetric systems was suggested in a study regarding the uneven
distribution of overstrength in torsionally coupled multistory buildings [20]. Further studying
the overstrength in asymmetric systems, uniform ductility spectra which has been proposed by
the authors to estimate the optimum strength ratio of stiff and flexible sides of asymmetric
systems for achieving balanced ductility demands [21].

The observations and suggestions regarding the torsional response of asymmetric systems
vary dramatically among the vast research conducted in the past. Although this is the case for
many of the deductions, it has been generally agreed by the researchers that the modification of
strength eccentricity is closely related with controlling the inelastic torsional response. The
work presented within this study is formulated upon this observation. The inelastic displace-
ments of asymmetric systems are estimated with respect to strength distribution of these simple
structures. Seismic response of shear frame systems is represented by simple models using basic
dynamic properties.

2  TORSIONAL DUCTILITY SPECTRA

A simple tool to assess the ductility demands in simple asymmetric-plan multi degree of
freedom systems is proposed. Basic vibration and strength parameters of a simple single story,
two degree of freedom asymmetric shear frame are determined as the basic variables for a rig-
orous parametric study. A shear frame having a stiffness eccentricity ratio of e is constructed.
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It is composed of a stiff side and flexible side structural member, both of which are connected
a rigid slab. The system in question is designed under a typical design spectrum by employing
the ductility reduction factor Ru.

Another parameter that is taken into account is the uncoupled frequency ratio (£2,) of the
parametric system. A variation for Q, is introduced so that the variation in seismic response of
a torsionally stiff (2, = 1.25), torsionally equally stiff (£, = 1.0) and torsionally flexible (Q, =
0.8) systems are investigated. The different parameters considered in this simple, single story
shear frames are summarized in Table 1.

e Ru Q,
0.1 3 1.25
0.2 4 1.0
0.3 5 0.8

Table 1: System parameters used in single-story simple structures

The stiffnesses of flexible and stiff side members of the linear elastic system (kr and ks) are
selected such that the target stiffness eccentricity value is satisfied for each parametric system
(Equation 1).

_ _kr—ks
€ = Jlkptks) (1)

The uncoupled frequency ratio can also be computed from Equation 2. L in Equation 2 is the

distance between to structural members and 7 is the radius of gyration of the system (Equation
3)

L
-Qr - ; (2)
_ |em
r= | 3)

The terms m and Iy, in Equation 3 are the mass and the mass moment inertia of the para-
metric systems, respectively. Throughout the parametric study, L and m are utilized as unity.
Solution of Equation 3 for each (2,. value yields the L parameter which, in turn, used to compute
mass moment of inertia and create the mass matrix of the system. In addition, Equation 1 is
used to determine kr and ks for every parametric system having e = 0.1, 0.2, or 0.3. Upon using
the determined stiffness values and L, the stiffness matrix for each unique system can also be
obtained. Consequently, the relationship between modal vibration frequency w,,, stiffnesses kr
and ks, and the inertial properties m and Iy, of the parametric system can be obtained from the
solution of the eigenvalue problem in Equation 4:

det(k — wZm) =0 4)

Hence, upon solution of Equation 4, the linear elastic properties of the systems can be ob-
tained for a range of different translational periods (71). They are designed under the design
response spectrum for obtaining the stiff side and flexible side strength demands for selected
ductility reduction factors of R,. The schematic representation of the parametric systems and
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the distribution of displacements computed under response spectrum analysis is shown in Fig-
ure 1. It should be noted here that accidental eccentricity is not included in the design.

us ur
A

0.5m 0.5m

Figure 1: Schematic distribution of displacements for a 2DOF parametric system.

At this stage, another parameter variation is introduced to the parametric systems. The as-
signed flexible side strength (Fr) is kept fixed at its nominal value (i.e. the strength demand);
whereas overstrength is introduced to the stiff side members in an incremental manner (Figure
2). Hence, the parameter stiff to flexible edge strength ratio (SFSR) is defined (Equation 5).

SFSR =25 (5)

Fg

20t - —m - -

15[
wefinn = Nominal

NIRRT ——

Figure 2: The flexible (Fy) and stiff edge (Fs) strengths of the parametric systems and variation of Fs.

By utilizing this procedure, a family of parametric, two degree of system parametric systems
are obtained. Each system is identified by a unique set of parameters (71, £2,, e, Ry, SFSR).
Nonlinear dynamic response of these systems are then computed under a set of 30 spectrum
matched [22] ground motions selected from PEER NGA Database [23]. The unscaled ground
motion list and their characteristics are given in Table 2. Generally, they are all recorded in soft
soil, at near fault regions. Linear elastic target spectrum is constructed per ASCE 7-16 [1] based
on an imaginary location in downtown San Francisco. The site class is assumed as C.

Nonlinear models of the parametric systems have been prepared in OpenSees Platform [24]
and elastic-perfectly plastic hysteresis models are employed in numerical representations of
load resisting members.
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Joyner-
PEER NGA Earthquake Mw  Boore Dist. NEHRP PGA
Code (km) Site Class (2)
TMB205 Parkfield - 1966 6.19 15.96 C 0.29
UC2090 Loma Prieta - 1989 6.93 12.15 C 0.34
WPI046 Northridge-01 - 1994 6.69 2.11 D 0.38
A-TARO00  Whittier Narrows-01 - 1987 5.99 38.24 D 0.60
ABBAR--L  Manyjil, Iran - 1990 7.37 12.56 C 0.51
AND250 Morgan Hill - 1984 6.19 3.22 C 0.34
B-PTS225  Superstition Hills-02 - 1987 6.54 0.95 D 0.45
C05085 Parkfield - 1966 6.19 9.58 D 0.38
CPE045 Victoria, Mexico - 1980 6.33 13.80 C 0.57
375-E Duzce, Turkey - 1999 7.14 3.93 C 0.74
DAY-LN Tabas, Iran - 1978 7.35 20.63 C 0.35
DZC270 Kocaeli, Turkey - 1999 7.51 13.60 D 0.33
G02090 Loma Prieta - 1989 6.93 10.38 D 0.35
G03090 Loma Prieta - 1989 6.93 12.23 D 0.46
H-E07230 Imperial Valley-06 - 1979 6.53 0.56 D 0.42
H-E08230  Imperial Valley-06 - 1979 6.53 3.86 D 0.54
HEC090 Hector Mine - 1999 7.13 10.35 C 0.31
KAKO090 Kobe, Japan - 1995 6.90 22.50 D 0.27
LGP090 Loma Prieta - 1989 6.93 18.46 C 0.78
LOB000 Loma Prieta - 1989 6.93 12.04 C 0.46
MU2035 Northridge-01 - 1994 6.69 12.39 C 0.51
NWH360 Northridge-01 - 1994 6.69 3.16 D 0.70
OBR360 Northridge-01 - 1994 6.69 35.43 D 0.47
ORR360 Northridge-01 - 1994 6.69 20.10 C 0.49
PAR--T Northridge-01 - 1994 6.69 5.54 D 0.51
A-MAT353 New Zealand-03 - 1987 5.80 26.85 C 0.05
STGO000 Loma Prieta - 1989 6.93 7.58 C 0.38
STM360 Northridge-01 - 1994 6.69 17.28 D 0.59
STN110 Whittier Narrows-01 - 1987 5.99 20.35 D 0.12
SYL090 Whittier Narrows-01 - 1987 5.99 38.55 C 0.06

Results obtained from nonlinear dynamic analysis of each parametric system having a dis-
tinct 77 are compiled in a spectrum format to create the Torsional Ductility Spectra. The main
response parameter in this spectra set is selected as the mean maximum ductility of the systems.
Ductility is a normalized indication of the inelastic response; therefore, it provides an objective
response comparison for all parametric systems. Torsional Ductility Spectra produced for R, =
3, 4, and 5 are presented in Figures 3, 4, and 5 respectively. The spectra compiled only for
torsionally stiff and torsionally equally flexible systems are displayed in these figures in order

Table 2: Strong ground motions used in the dynamic analyses.

to not to make the graphical view too complicated.
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Figure 3: Torsional ductility spectra (Ru = 3).

2.1 Observations from Torsional Ductility Spectra

As can be seen in Figures 3, 4 and 5 the ductility trends of stiff and flexible side members
vary considerably. Flexible side ductilities are invariant of SFSR and almost equal to Ru in each
chart. Stiff side ductilities, however, are quite sensitive to SFSR. It should be noted here that
the variation in SFSR corresponds to the proportional variation of stiff side strength since the
flexible side strength is held fixed at its nominal value among designs.

An important observation could be made from Figures 3, 4 and 5. The ductilities observed
in flexible edge members are consistent with the ductility reduction factors employed in the
design. Therefore, it could be concluded that energy is dissipated mainly through flexible side
member. Stiff side member may also experience some inelastic response especially when SFSR
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is close to unity (stiff and flexible sides have similar strengths). Although in practice, this ob-
servation is not common. Due to relationship between strength and stiffness, the ratio of stiff
side to flexible side strength (SFSR) is proportional to the ratio of stiff side to flexible side
stiffness in most of the cases. This issue, in turn, is the cause of torsional behaviour and the
cause of inherent overstrength located in stiff side members. Therefore, it can be deduced that
the stiff side members in actual systems behave in a force-controlled manner with fairly small
ductility demands. This is visualized in Figures 3, 4 and 5 especially when SFSR > 2. It is also
well known that ductile seismic detailing supplied to structural members further increase the
overstrength for stiff side, hence making the behaviour more unfavorable.
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Figure 4: Torsional ductility spectra (Ru = 4).
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Figure 5: Torsional ductility spectra (Ru =5).

The effect of uncoupled frequency ratio is assessed comparatively for uncoupled rotational-
to-translational frequency ratios of 1.25, 1.0 and 0.8. The results are presented in a separate
figure (Figure 6) for R, =4, SFSR = 1.0, 2.0, 3.0 and e = 0.1, 0.2 combinations. It can be seen
from Figure 6 that stiff edge ductilities are quite sensitive to increasing values of torsional flex-
ibility whereas flexible edge ductilities are not affected considerably. As a general trend, stiff
side ductility demands exhibit an increasing trend with decreasing frequency ratio. Hence, it
could be concluded that the torsionally flexible systems display more non-uniform ductility
distribution. This observation is consistent with the fact that modern earthquake codes which

discourage or penalizes the design of torsionally flexible systems.
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Figure 6: Sensitivity of the compiled spectra to uncoupled frequency ratio (Ru = 4).

3 ESTIMATION OF DUCTILTIES VIA TORSIONAL DUCTILITY SPECTRA

The torsional ductility spectra presented herein is a tool for estimating the ductility distribu-
tion of a 2DOF, 2-member system. In order to utilize the spectra set in performance assessment,
more realistic structural systems having varying number of load resisting frames must be “trans-
formed” to the schematic 2DOF system. In this section, a single-story shear frame having four
load resisting members is investigated.

@ @ ©)

574 kN 84 kN 145 kN 215k

115\ 4 -------ef4---- o -——- - -

Figure 7: 4-member shear frame system.
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The plan view of the 4-member shear frame is shown in Figure 7. The dimensions and related
geometric properties of the system are selected such that they represent an actual structure. The
rigid slab dimensions are 18 m by 11.5 meters, with a mass of 340 tons. Member 1 is 3.7 times
more stiff than members 2, 3, and 4. Consequently, the system has e = 0.2 static eccentricity
towards member 1. The lateral stiffness values to the load resisting members are given such
that modal vibration periods of 71= 0.7 s, 7> = 0.4 s and uncoupled frequency ratio £2,=1.25.
The system is designed under the same ASCE 7-16 [1] design spectrum used in parametric
study with R = R,=4. Since R = R, no overstrength is considered for all members. The resulting
strengths determined from design and corresponding force-deformation relationships of 4 mem-
bers are given in Figure 8.

A F(kN)
574 1 @D
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rd
[ kz— ks — ks
”

215 4 z @
145 1 i ©)
84 1 2

I 4 L L L .
} ; + + + =
0.01 0.02 0.03 0.04 0.05 i (m)

Figure 8: Force-deformation relationships of load resisting members.

All values related with the parametric systems [71, {2, e, R,] except SFSR are obtained.
Since SFSR defined within this study depends on single values of Fs and FFr, strength capacities
of four members should be transformed. This could easily be achieved by satisfying the two
equations of force equilibrium in Equation 6. x; in Equation 6 is the location of frame 7 in the
4-Member system.

ZiFi-x;
Fe=20020 Fo= (BF) - Fe (©6)

Using frame strengths and their respective locations in Equation 6, Fp = 340 kN and Fs =
678 kN. Therefore, SF'SR is calculated as 2.0. Since all parameters of the structural system is
now known, corresponding Torsional Ductility Spectra given in Figure 4 with associated pa-
rameters of 71=0.7 s, 2, = 1.25, e = 0.2, Ry =4 and SFSR = 2.0 can be used to obtain the
estimated ductilities. From the related chart, stiff edge ductility is read as ug = 1.7, whereas
flexible edge ductility is read as up = 4.3.

In order to verify the accuracy of this estimation, actual nonlinear performance of the shear
frame should be determined. Nonlinear response history analyses (NRHA) are performed on
the shear frame system using the ground motion set given in Table 2. Load resisting members
are defined with elastic-perfectly plastic hysteretic relationships in OpenSees Platform [24] us-
ing the yield force and deformation parameters given in Figure 8. Mean maximum inelastic
member displacements are obtained from the dynamic analyses under the ground motion set
and corresponding member ductility ratios are computed. Mean member displacements, mem-
ber yield deformations shown in Figure 8 and corresponding member ductility ratios are given
in Equation 7.
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Member 1: 0.039 0.0241 1.6
Member 2: _)0.055 _)0.0129 _ )43 6
Member 3: *MRHA = )0.006( % 7 )0.0224( HVRHAT )43 ©)
Member 4: 0.145 0.0331 4.4

In order to compare the computed ductility ratios with estimations from the Torsional Duc-
tility Spectra, members located at stiff and flexible sides of the shear frame system should be
determined. This can be done by inspecting Figure 7 in a fairly straightforward manner. Mem-
ber 1 is at the stiff side of the shear frame structure with respect to center of rigidity (CR);
whereas members 2-4 are at the flexible side. Hence, comparison of ductilities estimated from
Torsional Ductility Spectra and dynamic analyses can be made accordingly.

Upon comparing the estimation with the dynamic response, a close match can be seen. Mean
member ductility ratios obtained from NRHA are seemingly close to the ductility estimations
for both sides given by the associated spectrum. It should be noted here that ductility ratios of
flexible side members are determined to be close to the imposed value of R, = 4. On the other
hand, mean ductility ratio of the stiff side member is considerably smaller than other members
as well as imposed Ry.. In practice, significant overstrength is expected to be present in the stiff
side member due to factors such as seismic detailing and relationship between strength and
stiffness. Therefore, the ductility imbalance shown here is expected to further increase in the
case of a more realistic case study structure.

4 SUMMARY AND CONCLUSIONS

Torsional Ductility Spectra as a tool for estimating ductilities and their distribution among
asymmetric-plan systems are presented in this study. Basic 2DOF 2-member parametric sys-
tems are utilized and through a parametric study considering stiffness eccentricity, frequency
ratio, ductility reduction factor, fundamental period and strength ratio, system ductilities are
compiled in a spectrum format. Last parameter in question, stiff to flexible strength ratio (SF'SR)
is introduced to the systems such that flexible side members are kept at their nominal strengths
whereas overstrength is introduced in stiff side members. By doing so, effect of inherent over-
strength present in stiff structural elements to ductility distribution is clearly visualized in charts.

The ductility estimation performance of the spectra set is assessed by utilizing a 4-member
shear frame system. Upon designing the system and performing inelastic dynamic analyses,
computed mean ductilities are compared with chart estimations. In general, the Torsional Duc-
tility Spectra estimates the expected ductilities of the shear frame members fairly well.

Some observations are also performed on the spectra trends. While flexible side members
attain ductilities around imposed ductility reduction factors, this may not be the case for stiff
side members especially when overstrength is present. Moreover, it is determined that increas-
ing amount of torsional flexibility have a negative effect in ductility distribution of asymmetric-
plan systems.

The proof of concept presented herein and the simple verification with respect to shear frame
behaviour are considered as the first phase of the study. As part of the ongoing research, the
spectra set defined in this study is to be verified further by computing the ductility distribution
of a multi-story, actual asymmetric-plan systems and assessing the estimation performance of
Torsional Ductility Spectra.
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