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Abstract: Pin-supported (PS) walls have been proved effective in avoiding weak story failure of frame
structures by increasing the height-wise continuous stiffness and producing uniform distribution of story
drifts. However, little attention has been paid to the floor velocity or acceleration responses of PS wall-frame
structures, which predominate the seismic damage of various nonstructural components that are critical to
the immediate occupancy and quick recovery of buildings. This paper presents a numerical evaluation of the
floor velocity and acceleration responses of PS wall-frame structures, highlighting the effects of different
types of dampers accompanying the PS walls. The results show that the PS walls alone significantly increase
the peak floor velocity (PFV) and peak floor acceleration (PFA) responses. PS wall-frame structures with
either steel or viscoelastic (VE) dampers are much less effective in reducing the PF'V or PFA responses than
they are in reducing the peak inter-story drift ratio (PIDR). The impact of this behavior is demonstrated by a
seismic fragility analysis that incorporates demand parameters combining the maximum PIDR, average PFV
and PFA. The results are in favor of the use of VE dampers rather than hysteretic dampers for better protection
of nonstructural components in PS wall-frame structures.

Keywords: strong spine system, energy-dissipating device, floor acceleration, floor velocity, nonstructural
damage.

Introduction

The PS wall-frame system (Wada et al 2010, Qu et al 2012, Qu et al 2015) shares the common goal of
avoiding weak story failure of buildings under earthquakes with a broader spectrum of other strong spine
structures (Tremblay et al 2014, Lai and Mahin 2015, Takeuchi et al 2015, Pollino et al 2017). PS walls, in
the form of either concrete walls or braced steel frames, are introduced to spread forces and lateral drifts
among individual stories by greatly increasing the vertical continuous stiffness (Qu et al 2020). In addition,
the PS walls are usually accompanied by dampers to provide superior capacity of hysteretic (Qu et al 2012,
Tremblay 2014) and/or viscous (Barbagallo et al 2018) energy dissipation.

While focus has been overwhelmingly concentrated in the enhanced performance of PS wall frame-
structures in reducing the maximum peak inter-story drifts and their height-wise distribution (Du and Wu
2014, Wu and Lu 2015, Grigorian and Grigorian 2016, Grigorian et al 2017, Pan et al 2018), which are closely
related to the seismic damage to structural components, little attention is paid to the seismic protection of
nonstructural components, which are essential to the seismic performance of buildings (Taghavi and Miranda
2003, Filiatrault and Sullivan 2014, Dhakal et al 2016), in building of such strong spine structures.
Nonstructural components refer to the components that are not part of the structural system. They are
typically categorized as architectural components, equipment (mechanical, electrical and plumbing, MEP)
or contents (FEMA E-74 (2011)), and often account for 80 to 90% of the total cost of a building (Taghavi
and Miranda 2003). More importantly, a modern building fails to be operational if the nonstructural
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components are not functioning.

Unlike structural components, a variety of nonstructural components are sensitive to, if not governed
by, the floor velocities and accelerations (e.g., partition walls, cabinets and piping systems, etc.) (Badillo-
Almaraz et al. 2007, Konstantinidis and Makris 2010, Nagao et al. 2012, Soroushian 2015, Di Sarno 2019,
Xie et al. 2021). To evaluate the seismic fragility of buildings that are comprised of both structural and
nonstructural components, Cimellaro and Reinhorn (2011) proposed to establish fragility curves that
consider multiple limit state parameters and scilicet combinations of response variables of inter-story drifts
and floor accelerations. FEMA 461 (2007) also proposed a testing protocol for ATC-58 to assess the seismic
performance of structural and nonstructural components, which also focuses either on displacement or
acceleration sensitive components, through quasi-static racking or shake table protocols.

This paper introduces nonlinear response history analyses of three prototype PS wall-frame structures
equipped with dampers of either a hysteretic or viscoelastic type to investigate the potential inefficiency of
PS wall frame-structures in mitigating the floor velocity and acceleration responses. A seismic fragility
analysis follows to demonstrate the possible impact of the increased PFV and PFA responses in a PS wall-

frame structure.

Prototype buildings and fishbone models

Prototype reinforced concrete (RC) frames

The three prototype RC moment-resisting frames of 4-, 8- and 12-story established by Qu et al (2019)
were adopted in the present study. All three frames have the same plan layout (Figure 1) that represents
typical classroom buildings in China. They are assumed to locate on a stiff soil site in an Intensity 8 region
(0.2g peak ground acceleration (PGA) for the 10%-in-50-yrs design basis earthquake) in China (GB 50011-
2010, 2010). The story height is 4.1m for the bottom story, 3.8m for the second story, and 3.6m for all other
stories for all frames (Figure 2). Grade C40 concrete (40 MPa nominal compressive strength on 150 mm
cubes) and HRB400 rebars (400 MPa nominal yield strength) are used. Full details of the dimensions and
reinforcement of the RC columns, beams and slabs are referred to Qu et al (2019).
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Figure 1. Plan layout of prototype RC frames (unit: mm)
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Figure 2. Elevation of prototype planar frames of (a) 4 stories, (b) 8 stories and (c) 12 stories (unit: m)

Fishbone models for bare RC frames

In a fishbone model (Nakashima et al 2002), multiple columns in a planar frame of equal spans and

regular plans are condensed into a single column, and all beams at each floor level into two half-span beams
on both sides of the beam-to-column joint at the same level (Figure 3). The accuracy of the fishbone (FB)

model in estimating the inelastic displacement responses of RC frames as compared to member-by-member

full frame (FF) models was proved by Qu et al (2019). In the following paragraphs, its accuracy in predicting

the floor velocity and acceleration responses, which are the focus of the present study, is examined.
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Figure 3. Fishbone model with fiber-sectioned elements.

Table 1. Vibration periods of numerical models (Unit: s)

4-story 8-story 12-story
Mode FF model FB model FF model FB model FF model FB model
I 0.666 0.656 1.089 1.068 1.635 1.656
2nd 0.209 0.206 0.361 0.355 0.566 0.574
3rd 0.124 0.123 0.204 0.202 0.333 0.340




Both member-by-member full frame (FF) and fishbone (FB) models are established in OpenSees
(McKenna 2011) for each prototype RC frame. Full details of the numerical models are also referred to Qu
et al (2019). The vibration periods of the first three modes of the two models are close enough to each other
with the maximum relative error of 2.1% (Table 1).

Two suites of earthquake ground motion records were selected based on the site shear wave velocity
and rupture distance from the records associated with PGA larger than 40 cm/s? and peak ground velocity
(PGV) larger than 5 cm/s in the PEER Ground Motion Database (Ancheta et al. 2013). One suite consists of
26 non-pulse-like records and the other of 26 pulse-like records. Each record was normalized to have a PGV
of 50cm/s. The pseudo acceleration spectra and their mean and standard deviations (S.D.) of the normalized

records are depicted in Figure 4. More details of the selected ground motion records are provided in the

Appendix.
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Figure 4. Pseudo acceleration spectra of normalized records in (a) non-pulse-like suite and (b) pulse-like
suite.
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Figure 5. PF'Vs and PFAs for fishbone and full frame models of (a) 4-story, (b) 8-story and (c) 12-story



frames.

Nonlinear response history analysis was conducted for all the prototype bare frames subjected to both
suites of ground motions. The mean and standard deviations of the PFVs and PFAs estimated by the FB
models are compared with those by the FF models in Figure 5, in which the mean-S.D., mean and mean+S.D.
are depicted from left to right, respectively. As shown in Figure 5, the fishbone model can estimate PFV
responses very close to those given by the full frame, and tends to underestimate PFA4 responses, especially
for 12-story frame. In particular, the relative error between the mean+S.D. of two models reaches 21% at the
12th floor. On the whole, the FB models perform well in estimating the PF} and PFA responses for all the

prototype frames.

Pin-supported wall-frame structures

PS walls

Four pieces of PS walls are added as strong spines to the two middle spans of the exterior frames along
the longitudinal direction of the building (Figure 6). The PS walls are installed with bottom hinges and
connected to the frame at each floor level by shear links (Figure 7a). In the numerical model, the four PS
walls are condensed into a pin-supported beam that is rigidly connected to the fishbone model at the floor
levels (Figure 7b). As a common assumption for strong spines, the PS walls are assumed to remain elastic
under maximum considered earthquakes (Panian et al 2015, Takeuchi et al 2015, Rossi 2007). In addition,

the mass of the PS walls is neglected for simplicity.
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Figure 6. Plan layout of prototype RC frames (unit: mm)
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Figure 7. (a) Elevation and (b) numerical model for PS wall-frame structure with dampers.
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Qu et al (2020) proposed a global stiffness ratio [ to quantify the effect of PS walls on distributing the
plasticity of RC frames under earthquakes. It is modified to Equation 1 by introducing the stiffness
contribution of the dampers Ky as a factor that tends to localize the height-wise distribution of plasticity.

_ KW 1
ﬁ_Kd+1<f 1

where K., is the stiffness of the PS wall as analogs of simply-supported beam under uniformly distributed

21 2 . ¢ . 2w 2
lateral loads (Qu et al 2020); K; = (—T ) M, is the 1% modal stiffness of the bare frame; K4 = (Td ) M, —
1 1

K¢ is the stiffness contribution of dampers to the 15 modal stiffness of the PS wall-frame structure, assuming
that the stiftness contribution of the PS walls alone is negligible; 71 and 71 are the fundamental periods of
the bare frame and the PS wall-frame with dampers, respectively; M; is the 1% modal mass of the bare frame.
For preliminary design of steel and VE dampers, the stiffness contribution of dampers can be estimated by
K4 ~ NkgqL?/H? for uniformly configured dampers along the height of the building, where N is the number
of dampers, kg is either the initial stiffness of individual steel dampers or the storage stiffness of individual
VE dampers, L is the distance between the pair of dampers on both sides of a PS wall. The relative error of
such approximation is smaller than 12% for all the cases in the following sections.

Dampers

Shear-type dampers are uniformly distributed along the gaps between each PS wall and the RC columns
(Figure 7(a)). They are either steel dampers (Figure 8(a)) or VE dampers (Figure 8(b)). Oil dampers are not
considered in this study because they are difficult to fit in the gaps between the PS walls and the frame. A

damper stiffness ratio yis introduced to quantify the stiffness contribution of both types of dampers (Equation
2).
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Figure 8. Configuration and mechanical model of (a) steel dampers and (b) VE dampers.

For simplicity, we assume that the steel dampers exhibit a perfect-elastoplastic hysteresis of an initial
stiffness kq and a yield strength Fy (Figure 8(a)), and that the VE dampers are represented by a Kelvin model
in series with a connection spring of k. (Figure 8(b)). The Kelvin model consists of a spring of stiffness kq
and a linear dashpot of viscous coefficient cq4 in parallel. For the VE dampers, the connection stiffness k. is
thus determined that Nk.L?/H? = 10K; as per the JSSI recommendation (JSSI 2013).
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The energy dissipation capacities of the steel and VE dampers are represented by the dissipation factors
4 (Equation 3(a)) and 77 (Equation 3(b)), respectively.

u= umax/uy (32)

n=ki/kq (3b)

where Umax = PIDRarger * L/2 and uy are the target and the yield displacements of the steel dampers,
respectively; ki and kg are the loss stiffness and the storage stiffness of the VE dampers, respectively.
Assuming that the 1% mode predominates the vibration of the building, the loss stiffness ki can be associated
with the viscous coefficient ¢4 and the fundamental period 741 by ki, = 2mcyq/Tq;.

In the numerical model for the PS wall-frame structures (Figure 7(b)), each pair of dampers along the
PS wall are modeled by a rotational spring connected to fixed sliding supports. Once the force-displacement
(Fa-uq) relationship of individual dampers is determined, it can be readily converted to the moment-rotation
(M-0) relationship of the rotational spring by M = F4L and 6 = 2uy/L, assuming that the shear
deformation of the PS wall is negligible.

Proportions of PS walls and dampers

The design procedure in Figure 9 is followed to proportion the PS walls and dampers for the prototype
buildings. The procedure consists of two steps: (1) proportion the PS walls according to the selected stiffness
ratios 8 and y, (2) proportion the dampers according to the material properties to meet the demands for
stiffness and energy dissipation capacity. In this study, the following decisions are made to determine the
parameters of the PS walls and dampers for the case studies in Section 4 and Section 5.

(1) B =2 in all cases following Qu et al (2019)’s suggestion to ensure a global plastic mechanism.

(2) The target story drift ratio PIDRysrger is assumed to be 1% as recommended by JSSI for passively
controlled structures (JSSI 2013).

(3) For practical steel dampers, the stiffness ratio is assumed to be =4 and the dissipation factor ;=20
following engineering practice (Qu et al 2012), and the Chinese Q420 steel of shear yield
strength 7,=242 MPa and shear modulus G=77000 MPa is selected.

(4) For practical VE dampers, the stiffness ratio is assumed to be »=0.5, and acrylic viscoelastic
material of dissipation factor 7=1 and storage shear modulus G '=0.2MPa at 20°C ambient
temperature and 1.2Hz frequency is selected. Its allowable shear strain &nax is 200% (JSS12013).

For comparison purpose, PS walls were implemented for each prototype bare RC frame with three
separate configurations of dampers, that is, PS wall without damper, PS wall with steel dampers and PS wall
with VE dampers. The vibration periods of the first three modes of the 8-story bare frame and those of the
8-story PS wall-frame structures are listed in Table 2. It proves that the addition PS walls alone do not
significantly modify the fundamental period of the bare frame.
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Figure 9. Computational flowchart for the design procedure.

Table 2. Vibrational periods of 8-story prototype structures (unit: s)

Prototype structures 1t mode 2" mode 3" mode
Bare frame 1.068 0.355 0.202
PS wall-frame w/o dampers 1.022 0.256 0.105
PS wall-frame w/ steel dampers 0.490 0.116 0.048
PS wall-frame w/ VE dampers 0.859 0.211 0.086

Table 3 provides the detailed design parameters of the PS walls and dampers for the 8-story prototype
frame. The definition of the dimensions is referred to Figure 8. As a result of the modified PS wall stiffness
ratio in Equation 1, the presence of dampers leads to PS walls of larger cross-sections to provide similar
levels of control for a uniform distribution of plasticization. This is especially the case when steel dampers
are used, which made much larger stiffness contribution than the VE dampers. Even though, all the

parameters listed in Table 3 are feasible for realistic engineering implementation.

Table 3. Design parameters of 8-story PS wall-frame structures.

PS wall-frame structures

Design parameters
w/o dampers ~ w/ steel damper w/ VE dampers

1%t modal stiffness of bare frame Kr (kN/m) 34810 34810 34810
PS wall global stiffness Ky (kN/m) 72298 351696 106776
PS wall width B (m) 4.4 54 5.2

PS wall thickness 7' (m) 0.19 0.5 0.17
PS wall height Hy (m) 29.5 29.5 29.5
Damper stiffness contribution K¢ (kN/m) - 140013 17460
Number of dampers N - 8 16
Stiffness of a single damper kq (kN/m) - 423077 24705
Damper length / (mm) - 660 520




Height of energy dissipating parts 2 (mm) - 480 500
Thickness of steel web or a single VE layer  (mm) - 4 15.5
Number of VE layers nvg - - 8

Structural seismic responses and discussions

Peak responses

The nonlinear history responses of all the PS wall-frame prototypes to the two suites of ground motions
were simulated by the numerical models in Figure 7(b). Figure 10 compares the PIDR, PFV and PFA
responses, averaged across ground motions, of the PS wall-frame prototypes and those of the bare frame
counterparts. Regardless of the number of stories, the PS walls alone can reduce the PIDR responses by
making the distribution of PIDRs among stories much more uniform, but at the cost of increasing the PFV
(for top floors) and PFA responses (for most floors). The introduction of dampers, either steel or viscoelastic,
further reduces the PIDR and PFV responses significantly, but the presence of steel dampers increases the
PFA responses of all floors. The VE dampers help reduce the PFA responses in the PS wall-frame structures
as expected but yet fail to reduce the maximum PFA, which usually takes place at the top floor, to below
those of the bare frame counterparts. Since the seismic response characteristics of the prototype frames of
4-, 8- and 12-story are similar, only the 8-story prototype is taken as an example for the discussions in the
rest of this section.
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Figure 10. Peak responses of (a) PIDR under non-pulse-like motions; (b) P/IDR under pulse like motions;
(c) PFV under non-pulse-like motions; (d) PF'V under pulse like motions; (¢) PF4 under non-pulse-like
motions; (f) PFA under pulse like motions.
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The effects of PS walls alone on the responses of the 8-story prototype building are summarized in
Figure 11(a) to (c) in terms of the ratios of peak responses, averaged across ground motions, of the PS wall-
frame structure and those of the bare frame counterpart, denoted as Rpipr, Rprv and Rpra for inter-story drift,
floor velocity and acceleration, respectively. The peak interaction force between the PS wall and the frame
Fy, and the shear force of the PS wall V4, are depicted in Figure 11(d) and (e) after being normalized by the
total base shear force of the PS wall-frame V4. Linear elastic responses are compared with nonlinear
responses to see the effect of nonlinearity. The results show that the interaction between the PS wall and the
RC frame develops and the PS wall tends to increase the peak roof responses in all cases even if the structure
remains linear elastic. Nonlinearity in the RC frame tends to further increase the interaction force £ and PS
wall shear force Vi, with respect to the total base shear V3. Correspondingly, it also tends to further increase
the peak responses, especially in the upper floors. The pulse-like characteristics of the ground motion suites

has little to do with this observation.
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Figure 11. Effects of PS walls on (a) PIDR, (b) PF'V, (¢) PFA, (d) normalized wall-frame interaction force
Fw/Vy, and (e) PS wall shear force V,/V% in linear elastic and nonlinear 8-story prototype PS wall-frame

structures without dampers.

Response transfer functions

To provide insight into the effects of the PS walls and dampers, the responses transfer functions, which
represent the ability of the system to transfer each frequency component in complicated signals to structural
responses (Worden and Tomlinson 2001), of the 8-story prototypes structures are estimated by subjecting
them to white noise excitation ao(f) of 0.4g acceleration amplitude. The large amplitude is empirically
determined, under which the structures are supposed to exhibit nonlinearity. The cross-power spectral density
(CSD) between the white noise excitation ao(f) and the history responses of the structure is divided by the
power-spectral density (PSD) of the input white noise excitation to give the transfer function regarding a

10



specific structural response (Astroza 2021). The CSD and PSD are estimated by the Welch’s method (Stoica
2005) with a Hanning window of a length of 28s.

Figure 12 compares the magnitudes of the transfer functions of the PIDR response of the bottom floor,
PIDRyvoiom, PFV response at the roof, PFVreof, and PFA response at the roof, PFArof, of the bare frame and
PS wall-frame without dampers. The much-increased equivalent fundamental period of 7zqi=1.89s for both
frames confirms that the structures sustain significant nonlinearity under the 0.4g-amplitude white noise
excitation. While the PS walls help suppress the 2"-mode displacement response at the bottom floor (Figure
12(a)), they tend to increase the roof velocity and acceleration response for all the primary modes (Figures

12(b) and (c)).
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PS

wall-frame w/o dampers.

Compared with the PS wall-frame structure without dampers, the introduction of steel dampers can
effectively suppress displacement and floor velocity response transfer functions at the peaks of all the lower
modes (Figures 13(a) and (b)), but fails to reduce the floor acceleration response transfer function (Figure
13(c)). VE dampers have a similar effect regarding the displacement and floor velocity responses as the steel
dampers (Figures 13(d) and (e)) and are much superior than the latter in reducing the floor acceleration

response as well (Figure 13(f)).
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Figure 13. Amplification of (a) bottom floor PIDR; (b) roof PF'V and (c) roof PFA in PS wall-frame w/ steel
dampers; and (d) bottom floor PIDR; (¢) roof PFV and (f) roof PFA in PS wall-frame w/ VE dampers.

Effects of damper parameters

The above observation on the prototype structures with specifically selected damper parameters is
extended to various combinations of the damper parameters for the 8-story prototype structure. Their PIDR,
PFV and PFA responses to the two suites of ground motions were obtained by nonlinear response history
analysis. The effects of dampers are quantified by Rpipr, Rprv and Rpra, which have been defined in the
subsection of “Peak responses”. The results are summarized in Figure 14.

For the PS wall-frames with steel dampers, both the Rpipr and Rprv decrease with the increase of the
stiffness ratio y of the dampers, while the dissipation factor 4 has much smaller effect on Rpipr and Rpry
(Figures 14(a) and (b)). In contrast, the increase of the damper stiffness first leads to a decrease in Rpra When
y is approximately less than 0.5 and then increases the maximum PFA4 responses monotonically. The rate of
such an increase is highly dependent on the dissipation factor x4 (Figure 14(c)). In all the cases, the maximum
PFV and PFA responses can hardly be reduced to below those of the bare frame, regardless of the damper
designs (Figures 14(b) and (c)).
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Figure 14. Effects of dampers: (a) Rpor, (b) Rprv and (c) Rpra with steel dampers, and (d) Rpipr (€) Rprv and
(f) Rpra with VE dampers.

The same can be observed for the PS wall-frames with VE dampers (Figures 14(d) and (e)) except that
the maximum PFA response decreases with the increase of the stiffness ratio of the VE dampers (Figure
14(f)). A proper design for the VE dampers can barely cancel out the adverse effects of the PS walls on the
PFV and PFA responses, but further reduction in PFV or PFA is hardly possible (Figures 14(e) and (f)). In
addition to the increasing storage stiffness kq that may stiffen the structure, the in-phase effect (Dong et al
2016) of the VE dampers may also contribute to the slightly increasing acceleration responses. As kq
increases and the connection stiffness k. remains unchanged, the flexibility of the connection will have an
increased effect on the force-displacement hysteresis on the VE dampers.
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Seismic fragility of PS wall-frame buildings

Fragility functions with multidimensional limit states of damage

Seismic fragility functions represent the probability that the peak seismic response of structures exceeds
the threshold associated with prescribed limit states, conditional on the earthquake intensity measure /M
(Equation 4). Cimellaro and Reinhorn (2011) proposed to define the limit states by the convex M-function
based on multidimensional thresholds Rys(/M)= {Ris,1, ..., Risn} (Equation 5) to consider the influence of
both structural and nonstructural components, whose seismic damage is sensitive to not only story drifts, but

also floor velocity and acceleration responses. A limit state is exceeded when M;gq > 0.

Fis(im) = P(exceedance of limit state|IM = im) = P(Myg > O|IM = im) 4
n Ri N;
Ms® =) (=) —1 )
= \RLs,i
where R(IM) = {R, ..., Ry} is the seismic response vector; R;and Rys; are the i component of the response

and the threshold vectors, respectively; N; is the interaction factors determining the shape of the n-
dimensional surface.

Considering that both the steel and VE dampers are effective in reducing the maximum PIDR response,
while exhibit various efficacy or inefficiency in mitigating the floor velocity and acceleration response, the
three-dimensional M-function in Equation 6 is used to define the limit states to evaluate the synthetic effect
of the dampers on the seismic fragility of PS wall-frame buildings.

e = ()" + (1) ()"

where D is the maximum PIDR; V and A4 are the average PFV and PFA over height, respectively; Dis, Vis
and Ars are the corresponding thresholds; Np=5, Nv=Na=1 are the interaction factors referring to Cimellaro
and Reinhorn (2011). While PIDR is a useful indicator for structural damage, the maximum PIDR over floors
indicates the most-heavily damaged floor, the collapse of which may lead to the failure of the entire building.
In contrast, PFV and PFA are indicators for non-structural damage. For most nonstructural elements, e.g.,
ceilings, enclosures, partitions and contents, the corresponding losses can be counted on a floor-by-floor
basis. Therefore, the average PF'V and PFA over floors are related to the total loss of nonstructural elements

in the building.
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Figure 15. Three-dimensional limit states
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Four limit states of fully operational (FO), operational (OP), life safety (LS) and collapse prevention
(CP) are defined according to SEAOC (1996) (Table 4). The drift thresholds are suggested by SEAOC (1996).
The floor velocity and acceleration thresholds for the first three limit states are determined according to
Guzman Pujols (2016). They correspond to the damage rating of minimal, mild and moderate-large
disruption in Guzman Pujols (2016). The last limit state of CP is solely dependent on the inter-story drift
because the nonstructural components are deemed to have nothing to do with structural collapse. The
resultant limit state surfaces (Mrs=0) are depicted in Figure 15. Although the limit state thresholds are
subjected to uncertainties and are taken as random variables in Cimellaro and Reinhorn (2011), such
uncertainties are neglected in the following analyses because they are usually much smaller than the
uncertainty in the earthquake excitation.

Table 4. Threshold values of limit states

Limit states

Thresholds
FO OP LS CP
Drs (%) 0.2 0.5 1.5 2.5
Vis (m/s) 0.2 0.4 0.6 o0
Ars (2) 0.25 0.50 0.75 o0

Results of fragility analyses

The probability of exceeding a certain limit state in Equation 4 is solved numerically by generating
large samples of structural response and counting the percentage of response instances that makes My s>0.
To this end, incremental dynamic analysis (IDA, Vamvatsikos and Cornell (2002)) was conducted on the 4-,
8- and 12-story prototypes of either bare frames or PS wall-frames with/without dampers. The parameters of
the PS walls and dampers were the same as those in Section 4.1. All the 52 ground motion records in both
the pulse like and non-pulse-like suites were used as input and were scaled by their PGV’s as the intensity
measure. Following the procedure in Appendix G of FEMA P-58 (2012), Monte Carlo simulation was then
performed to generate 10000 instances of the peak seismic responses. The procedure ensures that the thus-
generated sample has the same lognormal distribution as the calculated responses in the IDA analysis for
each prototype under a specific /M. Modeling uncertainty of S, = 0.12 was also considered per Table 3-4
in FEMA P-58 (2012). The probability of exceedance is then determined by counting the percentage of the
generated instances that makes Mys in Equation 6 equal to or greater than zero. The resultant fragility curves

are summarized in Figure 16.
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Figure 16. Fragility curves for limit state (a) FO, (b) OP, (c) LS and (d) CP.

For collapse prevention, which is governed solely by the maximum P/DR response, the PS wall-frame
structures exhibit significantly lower probability of exceedance than the bare frame counterparts (Figure 16(d)).
However, the introduction of PS walls can hardly reduce the seismic fragility at the other three limit states,
regardless of the number of stories or the presence of steel dampers (Figures 16(a) to (c)), while PS walls with
VE dampers can substantially reduce the seismic fragility. Take the 8-story prototype for example, the intensity
measures (PGV’s) at 50% probability of exceeding the FO, OP and LS limit states are increased by 62%, 56%,
31%, respectively, by the PS walls with VE dampers (Table 5). In this regard, VE dampers are preferred for PS
wall-frame structures in terms of protecting not only the structural but also the non-structural components of a
building.

Table 5. Intensity measure (PGV) at 50% probability of exceedance for 8-story prototype (unit: m/s)

PS wall-frame

Limit states Bare frame
w/o dampers w/ steel damper w/ VE dampers
FO 0.06 0.07 0.06 0.09
OoP 0.13 0.14 0.14 0.20
LS 0.23 0.23 0.22 0.30
Conclusions

The role of two types of dampers, namely the steel dampers and VE dampers, in reducing the seismic
responses of inter-story drift, floor velocity and acceleration of PS wall-frame structures are studied through

nonlinear response history analyses and multidimensional fragility analyses. The following conclusions can
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be drawn from the results:

(1) The introduction of PS walls in a frame structure tends to increase the floor velocity and acceleration
responses as a result of the interaction between the PS walls and the frame, although the PS walls are effective
in mitigating the inter-story drift concentration and reducing the maximum inter-story drift. This is regardless
of the pulse-like characteristics of the ground motions.

(2) PS wall-frame structures with either steel or VE dampers are much less effective in reducing the
PFV or PFA responses than they are in reducing the PIDR.

(3) The fragility curves based on multidimensional limit state thresholds, which are synthesis of the
PIDR, PFV and PFA, show that the VE dampers are a better choice than the steel dampers in reducing the
seismic fragility of PS wall-frame buildings.

Appendix

Information of the ground motion records in the non-pulse-like and pulse like suites are listed in Table
Al and Table A2, respectively.

Table A1. Non-pulse-like ground motions

. . PGA PGV

ID Earthquake Station File Name () (cms)
1 Friuli, Italy-01 Tolmezzo A-TMZ000  0.3513 22.02

2 Friuli, Italy-01 Tolmezzo A-TMZ270 0.3148 30.78

3 Imperial Valley-06 Delta H-DLT262  0.2378 25.98

4 Imperial Valley-06 Delta H-DLT352  0.3511 32.99

5 Loma Prieta Hollister Diff. Array HDAI165 0.2687 43.84

6 Loma Prieta Hollister Diff. Array HDA255 0.2789 35.53

7 Loma Prieta Sunnyvale — ColtonAve. SVL270 0.2073 37.24

8 Loma Prieta Sunnyvale — Colton Ave. SVL360 0.2086 36.01

9 Cape Mendocino Rio Dell Overpass — FF RIO270 0.3854 43.78

10 Cape Mendocino Rio Dell Overpass - FF RIO360 0.5489 42.04
11 Landers Joshua Tree JOS000 0.2737 27.47
12 Landers Joshua Tree JOS090 0.2840 43.36
13 Northridge-01 Canyon Country LOS000 0.4100 42.98
14 Northridge-01 Canyon Country LOS270 0.4820 45.37
15 Northridge-01 Castaic - Old Ridge Route ORR090 0.5683 52.54
16 Northridge-01 Castaic - Old Ridge Route ORR360 0.5143 52.17
17 Northridge-01 LA - Saturn St STNO020 0.4745 34.44
18 Northridge-01 LA - Saturn St STN110 0.4386 39.11
19 Kobe, Japan Kakogawa KAKO000 0.2514 18.76
20 Kobe, Japan Kakogawa KAKO090 0.3447 27.64
21 Kobe, Japan Shin-Osaka SHI000 0.2432 37.84
22 Kobe, Japan Shin-Osaka SHI090 0.2119 27.92
23 Chi-Chi, Taiwan CHY034 CHYO034-N  0.3097 48.47
24 Chi-Chi, Taiwan CHY034 CHYO034-W  0.2485 38.81
25 Hector Mine Hector HECO000 0.2656 28.56
26 Hector Mine Hector HEC090 0.3368 41.72
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Table A2. Pulse like ground motions

. . PGA PGV
ID Earthquake Station File Name () (cms)
1 Imperial Valley-06 El Centro Array #5 H-E05230  0.3785 90.45
2 Imperial Valley-06 El Centro Array #6 H-E06140  0.4105 64.80
3 Imperial Valley-06 El Centro Array #7 H-E07140  0.3375 47.56
4 Nahanni, Canada Site 2 S2330 0.3226 33.10
5 Superstition Hills-02 Parachute Test Site B-PTS225  0.4550 111.89
6 Loma Prieta LGPC LGP000 0.9663 108.57
7 Loma Prieta LGPC LGP090 0.5872 47.01
8 Loma Prieta Saratoga - Aloha Ave STG000 0.5125 41.12
9 Loma Prieta Saratoga - W Valley Coll. WVC000 0.2551 42.41
10 Loma Prieta Saratoga - W Valley Coll. WVC270 0.3322 61.50
11 Erzican, Turkey Erzincan ERZ-EW 0.4955 64.25
12 Erzican, Turkey Erzincan ERZ-NS 0.5153 83.88
13 Cape Mendocino Petrolia PETO000 0.5896 48.28
14 Cape Mendocino Petrolia PET090 0.6624 90.07
15 Landers Lucerne LCN260 0.7268 146.62
16 Northridge Newhall - Fire Station NWH360 0.5898 97.68
17 Northridge Rinaldi Receiving Station RRS228 0.8252 160.16
18 Northridge Rinaldi Receiving Station RRS318 0.4865 74.52
19 Northridge Sylmar - Olive View Med FF SYL360 0.8433 130.24
20 Kobe KIMA KIM000 0.8213 81.55
21 Kocaeli Yarimca YPTO060 0.2677 65.67
22 Kocaeli Yarimca YPT330 0.3490 62.12
23 Chi-Chi TCUO052 TCUO052 0.3482 158.88
24 Chi-Chi TCU065 TCUO065-E  0.8138 126.09
25 Chi-Chi TCUO068 TCUO068 0.5660 176.49
26 Duzce Duzce DzC270 0.3481 59.93
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