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Abstract

The rocking wall-frame structures are attracting more and more attention from the community of earthquake
engineering, owing to the advantage of avoiding the weak-story failure mechanism and hence of global failure
mechanism. To further suppress the structural response and to achieve a self-centering function, a number of
supplemental control devices are proposed to improve the seismic performance of the pure dual system of frame and
rocking wall. These devices can be divided into two kinds in terms of mechanical mechanism, concentrated control
device CCD (e.qg., rotational spring) applied on the base of the rocking wall and distributed control device DCD (e.g.,
damper) on the entire structural height. It should be noted that some works indeed utilized these two kinds of devices at
the same time. Nevertheless, there is no systematical study on the influences of these two kinds of devices on the dual
systemand on whether it is necessary to simultaneously used them or not. Thus, the e ffect of vibration control by CCD
and DCD on the rocking wall-frame structures is systematically compared. Particularly, the widely adopted flexural-
shear beam is utilized to represent the rocking wall-frame structures, and the dimensional analysis is also used to carry
out a parametric analysis. The vibration characteristics and static responses of the flexural-shear beam with two devices
are first examined in this paper. Results indicates that the fundamental period of the flexural-shear beam clearly
decreases with increasing DCD, that the base moment resisted by the rocking wall remarkably increases with
strengthening CCD, and that both these two devices lead to a notable increase in the base shear resisted by the rocking
wall. Furthermore, the dynamic response analysis of the flexural-shear beam is implemented in both cases of idealized
pulses and near-fault pulse-like ground motions. It is shown that the DCD generally can sufficiently suppress the
interstory drift of the flexural-shear beam but cause a significant drift concentration, while the CCD does not
sufficiently reduce the drift yet clearly avoids drift concentration. Additionally, in the case of ground motion records
both devices are generally detrimental for the control of floor acceleration response. Therefore, the appropriate devices
utilized in practical seismic design should be determined in accordance with the structural responses of interest.
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1. Introduction

As a promising seismic design philosophy, rocking isolation is attracting more and more attention from the
community of earthquake engineering [1—4]. It is recognized that the main advantage of rocking structures is
to dissipate the input energy by ground motions via rocking response, and hence the structures suffer minor
or no damage during strong earthquakes. To reduce the interstory drift demands of moment-resisting frame
structures, the stepping rocking wall and pinned rocking wall are proposed to replace the fixed-base wall in a
conventional wall-frame structure [5, 6]. Generally, both stepping and pinned rocking walls can suppress the
interstory drift responses of building structures. In fact, Diamantopoulos and Fragiadakis [7] showed that
stepping rocking structures can be modeled as equivalent pinned rocking structures with rotational spring at
the base. To further improve seismic performance and reduce global displacement, supplemental control
devices are essential to form rocking wall-frame building structures with self-centering capacity. The control
devices available in the literature can be classified as: (a) concentrated control device (CCD) causing a
concentrated constraint, e.g., precast tendons to anchor the rocking wall to ground [5]; (b) distributed control
device (DCD) causing a distributed constraint, e.g., dampers equipped between the rocking wall and frame
over the entire building height [8]. Particularly, these two kinds of control devices are utilized together by
Grigorian and his co-workers [9—11] in the preliminary design of rocking wall-frames structures.
Nevertheless, there is currently no published works addressing the following issues, e.g., which control
device is better and whether it is necessary to adopt both devices together. To this end, this paper
systematically investigates the vibration characteristics and static/dynamic responses of rocking wall-frame
structures equipped with CCD and DCD. Particularly, the rocking wall-frame structure is modeled as a
flexural-shear beam model [12], wherein the flexural beam is pinned at the base. Correspondingly, CCD and
DCD are idealized as the concentrated constraint at the base of the flexural beam [13] and the distributed
constraint between the flexural beam and shear beam over entire beam height [14], respectively.

2. Flexural-shear beam model for rocking wall-frame structures

It can be seen from Fig.1 that the precast tendon is utilized to anchor the stepping rocking wall to ground
(Fig. 1A) and the dampers are equipped between the pinned rocking wall and frame (Fig. 1B). It should be
noted that the dampers at different floors are identical. As shown in Fig. 1C, the rocking wall-frame structure
equipped with these two devices can be modeled as a flexural-shear beam with concentrated and distributed
constraints.

(A) Stepping rocking wall (B) Pinned rocking wall (C) Flexural-shear beam model
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Fig. 1 — Rocking wall-frame structure: (A) stepping rocking wall & precast tendons (B) pinned rocking wall & dampers
(C) flexural-shear beam model with concentrated and distributed constraints
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According to Miranda [12] and Sun et al. [14], the lateral displacement response of the undamped uniform
continuous beam model subjected to a ground acceleration , (t) is given by the following partial differential

equation
p u(xt) 1 du(xt) &’ du(xt)  p duy(t)
El ot H* ox* H* o  El ot

(1)

where p denotes the mass per length, El indicates the flexural stiffness, H represents the height of flexural-
shear beam, GA is the shear stiffness, G¢A¢ means the equivalent shear stiffness of DCD, and u(x, t) is the
lateral displacement at nondimensional height x = z/H at time t, A = GsAJ/GA is denoted as the distributed

(1+4)GA

constraint parameter of DCD, and & =H =a+/1+ 4. For rocking wall-frame building structures,

the lateral stiffness ratio a ranges from 1.5 to 6 [12], while the distributed constraint parameter 4 generally
lies in the region of [0, 1] [14].

3. Dimensional analysis of flexural-shear beam model

Dimensional analysis is widely used in the seismic response analysis of engineering structures, since it was
firstly introduced into earthquake engineering in 2004 [15—18]. To examine the influences of control devices
on the vibration characteristics and static/dynamic responses of flexural-shear beams, this paper adopts
dimensional analysis to unweil the inherent order of seismic responses and to effectively implement
parameter analysis.

3.1 MP pulse model

Many idealized pulse models have been proposed to deeply investigate the impulsive features of near-fault
pulse-like ground motions and to synthesize stochastic ground motions. Among those is the MP pulse model
that can fully characterizes the key features of near-fault pulse-like ground motions [19, 20]. The velocity
pulse of the MP pulse model can be expressed as

Qv (1) :v?"[l—cos[%tﬂcos(wpt—ﬁyﬂﬂ) (0st<yT, 7>1) (2)

where ¢ and wp are the phase and circular frequency of the amplitude-modulated harmonic in Eg. (2)
respectively, while vo and y separately defines the amplitude and oscillatory character of the MP velocity
pulse. It is obvious that different pairs of y and ¢ simulate different types of MP pulses. The acceleration
amplitude of the fling-step pulse (y= 1.01, ¢ = 0) is ap = 0.879wpVo, Whereas that of the forward-directivity
pulse (y = 1.01, ¢ = w/2) is ap = wpvo. For convenience, the MP pulse can be simply expressed

as " (ap,wp,)/,go).
3.2 Dimensional analysis

Obviously, the fundamental period depends on structural parameters, including shear stiffness GA, flexural
stiffness El, linear density p, building height H, equivalent shear stiffness of dampers GsAq and rotational
spring stiffness K. Thus, the fundamental period Ti can be written as

T, = f,(GAEl, p,H,GA,. K,) (3)

According to Buckingham’s IT-theorem, select El, p and H as parameters with independent dimensions, and
Eg. (3) can be reduced to

’EI = ,GA  ,GA KHY) -, ) _
T1 W—q)l[H E,H F,? —(1)1(05 ,la ,Rf)—q)l(a,/l,Rf) (4)
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Furthermore, the seismic responses considered herein include the maximum interstory drift ratio MIDR,
maximum floor acceleration MFA and drift concentrated factor DCF. The three seismic responses of the
flexural-shear beam subjected to MP pulses can be expressed mathematically as

MIDR = T, (GA El, p,H,G,A, K, .£,8,,,,7.0)

MFA = T,(GAEl,p,H.G,A, K, & 8, 0,.7.0)

(5)

DCF =, (GAEl, p,H,G,A K, &.8,,0,,7,0)

Similarly, according to Buckingham’s TI-theorem, Eq. (5) can be reduced to

MIDR

3
MFALE" _ g, | H
El

DCF=®

_3, HZGA GA“’KH
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Influences of control deviceson the vibration characteristics and static/dynamic
responses of rocking wall-frame buildings

4.1. Vibration characteristics

This part aims to investigate examine the influences of control devices on the vibration characteristics of
rocking wall-frame building structures via the flexural-shear beam model. Firstly, the fundamental period is
examined according to the relationship between the fundamental period and structural parameters in the
previous section.
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Fig. 2 — Influences of control devices on the normalized fundamental period of flexural-shear beam

Fig. 2 demonstrates that the influences of control devices on the normalized fundamental period of the
flexural-shear beam, in which 2 = 0 means no dampers between rocking wall and frame, and Rf = 0 indicates
no precast tendons to anchor the rocking wall. The fundamental period decreases with increasing constraint
parameters, especially for distributed constraint parameter A. Note that decreasing fundamental period
implies increasing lateral stiffness. For rocking wall-frame buildings with fundamental-mode dominated
response, it is deduced that DCD can much more effectively suppress the interstory drift demand than CCD.

On the other hand, the mode shape and its derivative are also the main aspects of vibration characteristics,
and hence are considered herein. Note that the modal participation factor depends on how the mode shapes
are normalized, whereas the product of modal participation factor and mode shape (or mode shape derivative)
is independent of how the mode shapes are normalized [12]. Thus, the product of modal participation factor
and mode shape (or mode shape derivative) for the fundamental mode is examined. It can be seen from Fig.
3 that both control devices impose negligible influences on the product of the fundamental mode shape and
its modal participation factor of the flexural-shear beam. This implies that both control devices do not change
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the rocking mode of the rocking wall-frame buildings, and both constraint parameters (1 and Ry) hence lie in
a reasonable region.
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Fig. 3 — Influences of control devices on the product of the mode shape and its modal participation factor of
flexural-shear beam
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Fig. 4 — Influences of control devices on the product of the mode shape derivative and its modal participation
factor of flexural-shear beam

Fig. 4 furthermore indicates the influences of control devices on the product of the fundamental mode
shape derivative and its modal participation factor of the flexural-shear beam. It is observed from Fig. 4A-B
that the normalized mode shape derivative increases with increasing concentrated constraint parameter R in
the upper two-thirds of building height, yet decreases with increasing Rr in the lower one-third of building
height. In contrast, Fig. 4C—D indicates that the normalized mode shape derivative decreases with increasing
distributed constraint parameter 2 in the upper half of building height, but increases with increasing A in the
lower half of building height. The above opposite trends imply that CCD would lead to a more uniform
distribution of drift response, whereas DCD would result in drift concentration.

4.2. Static responses to inverted triangle lateral loads

This subsection focuses on the static responses to inverted triangle lateral loads p,(z)=0q,z/H that

characterize ground motions in seismic design. In detail, the normalized shear force and moment resisted by
the rocking wall and the interstory drift response are considered herein.

Firstly, Fig. 5 illustrates that the effects of control devices on the shear force resisted by the rocking wall,

where the shear force is normalized with respect to the base shear Vo = 0.5q:H. Note that the shear force
changes sign over the wall height, which is attributed to the interaction of the rocking wall and the frame. It
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can be seen from Fig. 5A-B that the implementation of CCD at the base of the rocking wall leads to a clear
increase in the shear force at the bottom, yet a slight decrease in the shear force at the top. Obviously, this
influence is closely related to the physical location of the CCD. While Fig. 5C-D indicates that DCD
imposes similar influences on the shear force, but the changes at the top and bottom are basically uniform.
Thus, compared with CCD, DCD is more effective to change the shear force resisted by the rocking wall.
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Fig. 5 — Influences of control devices on the shear force resisted by the rocking wall
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Fig. 6 — Influences of control devices on the moment resisted by the rocking wall
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Fig. 7 — Influences of control devices on the interstory drift of flexural-shear beam
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Furthermore, Fig. 6 depicts the influences of control devices on the moment resisted by the rocking wall,
where the moment is normalized with respect to the base moment Mo = (1/3)qg:H2. Fig. 6 A-B indicates that
the implementation of CCD at the base of the rocking wall leads to a clear increase in the moment at the
bottom, yet a slight decrease in the shear force at the upper part. Whereas, Fig. 6C-D shows that DCD can
reduce the moment but does not change the distribution of the moment. Fig. 7A-B indicates that CCD
reduces the interstory drift response especially that at the bottom of the flexural-shear beam. Howewer, it can
be seen from Fig. 7C-D that DCD can significantly suppress the interstory drift response along the whole
height. Additionally, the decreases in the drift at the bottom and top basically equal each other. In fact, it is
shown earlier that DCD can significantly reduce the fundamental period of the flexural-shear beam, i.e.,

increasing the lateral stiffness. Accordingly, the interstory drift response can be effectively suppressed by
DCD when subjected to inverted triangle lateral loads.

4.3. Dynamic responses to MP pulses and near-fault ground motions

To analyze the control effect of control devices, namely CCD and DCD, the forward-directivity pulse
simulated by the MP pulse model [19, 21] are first input to the flexural-shear beam. In addition, the
frequency ratio considerably affects the dimensionless dynamic responses of the flexural-shear beam. Thus,

three frequency ratios, ITyp1 = 0.5, 1.0 and 2.0, are considered herein, designated as low-, intermediate- and
high-frequency pulses, respectively.
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Fig. 8 — Influences of control devices on normalized seismic responses of the flexural-shear beam subjected
to forward-directivity pulses
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Fig. 8 displays the influences of control devices on the seismic responses of the flexural-shear beam
subjected to forward-directivity pulses. As shown in Fig. 8A corresponding to low-frequency pulses, the
interstory drift decreases with increasing parameters A and Ry, especially for the parameter 2, which is in
consistent with the previous results in Fig. 7. Fig. 8B indicates that in the case of intermediate-frequency
pulses increasing parameters A and Rf generally suppresses the interstory drift response, and the control
effect is considerably significant when CCD and DCD are utilized together. However, Fig. 8C shows that the
interstory drift response is almost unchanged with increasing parameter Ry. Particularly, increasing parameter
A results in larger interstory drift responses, a counterintuitive situation. That is to say, both CCD and DCD
cannot suppress the interstory drift response for the case of high-frequency pulses. Furthermore, it can be
seen from Fig. 8D—E that the drift concentration factor DCF decreases with increasing parameter Ry, yet
increases with increasing parameter A in the cases of low- and intermediate-frequency pulses. This is easy to
understand, if note that the opposite influences of parameters 4 and Rf on the fundamental mode shape
derivative shown in Fig. 4. In the case of high-frequency pulses, Fig. 8F indicates that increasing parameter
R still reduces DCF, whereas increasing parameter A suppresses DCF for small Rr yet enlarges DCF for large
Rr. From the point of view of avoiding drift concentration, CCD is a reasonable choice. As for the maximum
floor acceleration response, it is seen from Fig. 8G associated with low-frequency pulses that the floor
acceleration response decreases with increasing parameters A and Ry, especially for the parameter A. In
contrast, Fig. 8H indicates the floor acceleration response increases with increasing parameters A and Rr in
the case of intermediate-frequency pulses, which implies that both CCD and DCD are detrimental to
suppress floor acceleration responses. Additionally, in the case of high-frequency pulses, the floor
acceleration response first decreases and then increases with increasing parameter A, whereas the floor
acceleration increases with increasing parameter Ry.

Generally, idealized MP pulses just represent the main impulsive characters of near-fault pulse-like
ground motions, do not account for the rich high-frequency contents. This part utilizes one typical near-fault
pulse-like ground motions, i.e., record RRS228 from 1994 Northridge, California earthquake which is
induced by the forward-directivity effect. For the record RRS228 with distinct acceleration pulse, ground
motion parameters (ap and wp) for dimensional analysis are obtained by fitting idealized MP pulse [15, 16].
Similarly, three frequency ratios, 0.5, 1.0 and 2.0, are considered herein, designated as low-, intermediate-
and high-frequency ground motions, respectively.

Fig. 9 indicates the influences of control devices on the seismic responses of the flexural-shear beam
subjected to ground motion record RRS228 with forward-directivity effect. It can be seen from Fig. 9A—F
that the evolution trends of interstory drift and DCF with increasing parameters 2 and Rr are basically in
consistent with those in Fig. 8 A—F associated with forward-directivity pulses. Fig. 9G indicates that the floor
acceleration response decreases and then increases with increasing parameter A, and the influence of Rs
obviously depends on the value of parameter 4. Even though, it is feasible to only utilize DCD to suppress
the floor acceleration response in the case of low-frequency ground motions. However, as shown in Fig.
9H-1, increasing parameters 4 and R generally enlarges the floor acceleration response for the cases of
intermediate- and high-frequency ground motions. This implies that both CCD and DCD are detrimental to
reduce the floor acceleration response.

© The 17th World Conference on Earthquake Engineering - 2j-0023 -



The 17th World Conference on Earthquake Engineering

2j-0023

17t World Conference on Earthquake Engineering, 17WCEE

Make it safer

Sendai, Japan - September 13th to 18th 2020

(A) @/o=05 RRS228 (B) @/ =10, RRS228 (C) /o =2.0,RRS228

S T e

()  ©/o=0.5 RRS228 o/®=2.0, RRS228

130 ‘ ‘

@ el 0

\R8228 @ wp/a)1: 2.0, RRS228

Fig. 9 — Influences of control devices on the seismic responses of the flexural-shear beam subjected to
ground motion record RRS228

5. Conclusions

As a promising seismic structural system, the rocking wall-frame building structures are attracting more and
more attentions from structural engineers. To further improve seismic performance and suppress global
responses, two kinds of control devices (namely CCD and DCD) are installed on the rocking wall-frame
buildings to form self-centering seismic structures. This paper systematically investigates the influences of
control devices on the rocking wall-frame buildings modeled as flexural-shear beam subjected to near-fault
impulsive ground motions, where the control devices are idealized as concentrated and distributed
constraints. Through a series of detailed analyses on the vibration characteristics and static responses as well
as dimensionless dynamic responses of the flexural-shear beams for rocking wall-frame buildings, several
main conclusions are drawn as follows:

(1) Dimensional analysis with intrinsic length scale is utilized to unweil the inherent order of seismic
responses and to effectively implement parameter analysis. The normalized seismic responses (i.e., TImse

MIDR !

IIvra and DCF) present complete self-similarity in the normalized building height and the beauty of order.
Hence, the parametric analysis is simplified, while the results are still universal.

(2) DCD clearly reduces the fundamental period of rocking wall-frame buildings (i.e., larger lateral stiffness),
while CCD imposes a similar yet marginal influence. In addition, DCD enlarges the nonuniformity of the

© The 17th World Conference on Earthquake Engineering - 2j-0023 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

fundamental mode shape derivative, whereas CCD reduces it. It should be noted that both devices exert a
neglectable effect onthe fundamental mode shape.

(3) When the rocking wall-frame buildings are subjected to inverted triangle lateral loads, DCD significantly
increases the shear force at the base of rocking wall, and decreases the shear force at the bottom, as well as
suppresses the interstory drift of the rocking wall-frame buildings. Particularly, CCD leads to a similar yet
small influence. Moreover, DCD can decrease the moment resisted by the rocking wall, while CCD
decreases the moment at the upper part but increases the base moment.

(4) The influences of control devices on the dimensionless dynamic responses of flexural-shear beams are
dominated by the ratio of natural frequency to excitation frequency. Generally, DCD can sufficiently
suppress the interstory drift of rocking wall-frame buildings, and results in significant drift concentration. In
contrast, CCD does not clearly reduce the interstory drift, but avoids drift concentration. In the case of real
ground motions, both devices are always detrimental to suppress floor acceleration responses, especially
DCD. Thus, the reasonable control device should be determined based on the response concerned in the
seismic design of rocking wall-frame buildings.
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