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Abstract

A variety of innovative structural solutions have been recently introduced to mitigate damage and expedite the repair of
buildings subjected to extreme seismic events, hence contributing to the urgent need for resilient societies. In this context,
the present study experimentally and numerically investigates an innovative reinforced concrete (RC) shear wall (SW)
structure with replaceable coupling beams equipped with hybrid devices. These hybrid devices couple metallic and
viscoelastic dampers and aim at satisfying multiple lateral load performances effectively. To assess the seismic
performance of the proposed coupled SW system and verify the design principle, comparative shaking table tests were
performed on two 1/4-scale seven-story SW structure specimens, including a conventional RC coupled SW and the
proposed coupled SW with hybrid devices. The tests results indicate the improved performance of the proposed compared
with the conventional system in terms of: 1) reduced interstory drifts and story accelerations demand under a wide range
of seismic intensities, 2) concentrated damage in the hybrid device and minimal damage to the other components
contributing to the reparability of the structure. Furthermore, 3D finite element models for the shaking table test specimens
were established in OpenSees and validated against experimental response. Successively, a numerical parametric study
was conducted by performing non-linear response history analyses under a set of 22 ground motions to investigate the
influence of different design configurations of the hybrid device on the peak interstory drifts and peak story accelerations.

Keywords: Coupled shear wall structure; Replaceable coupling beams; Hybrid devices; Earthquake resilience; Shaking
table test; Numerical simulation.

1. INTRODUCTION

Seismic design methods, suggested by most current codes and guidelines * and conventionally applied worldwide, are
based on energy dissipation related to structural damage to prevent collapse during extreme seismic events. Although this
design approach allows meeting the life safety requirements, it often leads to significant direct and indirect losses, strongly
affecting the overall resilience of communities, especially when the damaged structures include strategic facilities, such
as hospitals, fire stations, etc., that must remain operational in the aftermath of a damaging earthquake.

In contrast, innovative technologies such as energy dissipation devices offer the opportunity to preserve structural and
non-structural components from damage. Moreover, dissipative devices can be used as structural fuses to concentrate
damage so that they can be easily replaced, and structures can return to a fully functional condition within a relatively
short time interval after the earthquake, hence promoting seismic resilience “°. In this context, several innovative
construction technologies (e.g., supplemental damping devices %, structural fuses °, seismic isolation systems %%,
rocking 24, and self-centering systems >-¢) have been proposed in recent years for the development of seismic-resilient
structures, hence minimizing the consequences of extreme seismic events.

Of particular interest is the use of dissipative devices within high-rise buildings. High-rise structures in seismic-prone
regions are often based on reinforced concrete (RC) shear walls (SWSs) with coupling beams (CBs) %%, These structures
benefit from the superior lateral stiffness of the RC SWs, with the CBs reducing the moment demand at the base of the
SWs and acting as fuses to dissipate the seismic energy by undergoing plastic deformations (i.e., damage). However,
damaged CBs can be difficult to repair, often leading to construction demolition (e.g., the 2008 Wenchuan %, 2010 Chile
2223 and 2011 Christchurch ?4% earthquakes highlighted the extensive damage at the base of SWs and in the CBs).

To address this issue, several recent studies proposed and developed innovative replaceable coupling beams (RCBs)
incorporating dissipative seismic devices. Fortney et al. 2° first proposed the use of RCBs composed of steel beams
encased within the SWs and bolted yielding components placed in the central part of the RCBs. The design of this system
aims at limiting the plastic deformations to the central part of the CBs, while the SWs and the connection between CBs
and SWs are kept intact. Additional RCBs have been successively developed, including the use of displacement-
dependent devices (i.e., metallic and friction devices) and velocity-dependent devices (i.e., viscoelastic devices). Metallic
and friction devices are typically characterized by high stiffness, high strength, and stable energy dissipation capacity and
have been incorporated into RCBs in different configurations. Metallic devices dissipate seismic energy through plastic
deformations and have been developed in different forms, including conventional I-shaped links 7, steel plate dampers
with strip holes %, and I-shaped steel CBs with diamond-shaped holes in the web °2°. Friction devices dissipate seismic
energy through relative displacements of steel plates clamped together by post-tensioned bolts passing through slotted
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holes to enable the sliding of the plates in contact. A friction material with a large and stable friction coefficient under
cyclic loading is typically used at the interface. The sliding force is controlled by the friction material’s properties and by
the bolts’ post-tensioned force *>-*2, Conversely, viscoelastic devices **** are often based on layers of High-Damping
Rubber (HDR) materials *> bonded between steel plates and subjected to shear deformations. Unlike metallic and friction
devices, these systems are characterized by lower stiffness and dissipation capacity but have the advantage of dissipating
energy even for small deformations. Several applications of RCBs implementing metallic, friction, or viscoelastic devices
exist in literature. However, in most of these studies, these devices are used independently, while only a limited number
of research works focused on the potential benefits deriving from their combination.

When used independently, these devices typically do not allow satisfying multiple lateral load performances
effectively, and this limitation is particularly relevant for high-rise buildings. While in low-rise buildings, the seismic
load is usually predominant, in high-rise buildings, seismic and wind loads could be equally important, and both actions
could significantly affect the design of the horizontal resisting system. Wind loads could generate significant amplitude
vibrations and resonant responses due to the low natural frequencies and low damping of the structure %, and in some
cases, these vibrations can reach beyond the occupants’ comfort *” and induce fatigue damage in the structure . On the
other end, high-intensity seismic events could generate extensive damage to the structures and lead to collapse.

Metallic and friction devices are typically designed to remain elastic under wind load (e.g., provide stiffness without
energy dissipation) and hence do not contribute to meeting the comfort requirements of high-rise structures. At the same
time, they provide better performances under high-intensity earthquakes (i.e., wider hysteretic loops - higher energy
dissipation). Conversely, viscoelastic devices provide energy dissipation capacity under small vibrations but typically do
not perform well under high-intensity earthquakes due to their limited maximum damping force and relatively small
lateral stiffness.

To address this issue, a limited number of research studies, mostly numerical, focused on developing and investigating
hybrid systems deriving from the combination of the previously mentioned devices. Ibrahim et al. *° proposed a visco-
plastic device consisting of a block of high-damping viscoelastic material sandwiched between two steel shapes (plates
or channels). Karavasilis et al. “° numerically investigated a combination of viscoelastic and self-centering devices
arranged in series. Vargas and Bruneau # investigated the effects of metallic and fluid viscous dampers arranged in
parallel. Marshall et al. %% studied several possible combinations of HDR or fluid viscous dampers and buckling-restrained
braces (BRBs) working in series or in parallel. More recently, Rahnavard et al.** proposed a hybrid damper system
combining a steel U-shaped damper and a rubber core. The numerical results showed the beneficial effects of these
systems in terms of increased energy dissipation and effectiveness in reducing the structural response across a wider range
of vibration frequencies and intensities. Only a few studies experimentally investigated similar hybrid devices. Some
relevant examples include the work from Marshall and Charley 4%, which developed and tested a hybrid passive control
device consisting of a HDR-based damper connected in series with a BRB. The experimental results showed that the
viscoelastic element could be activated for vibration amplitudes significantly smaller than those required to reach the
BRB damper yield force. A similar concept was used in Yamamoto and Sone “6. Recently, Benavent-Climent et al. %’
proposed and experimentally investigated through shaking table tests a new hybrid device combining in parallel a low-
cost viscoelastic and a yielding metallic component.

However, although some advancements have been made in this direction, only a few studies focused on hybrid devices
for RC SWs with CBs. Oh et al. “® proposed and experimentally investigated an isolated hybrid device for CBs comprising
HDR and a U-shaped steel damper. The results of the tests were compared with those of a conventional CB, showing how
the hybrid device improved the seismic performance of the system and protected the shear wall from damage. Li et al. *°
experimentally investigated through quasi-static cyclic tests a hybrid RCB consisting of an I-shaped steel beam with
multiple low-yield-point steel webs paralleled to each other and multiple layers of viscoelastic material bonded to multiple
steel plates. The combined damper showed superior behavior during the cyclic loading tests and better performance during
successive cyclic tests on a 1/2-scale coupled shear wall specimen incorporated with the replaceable damper®. The same
device was recently investigated through extensive numerical simulations by the same Authors .

Although some pilot studies focused on such solutions, it is worth noticing that most of the experimental research
focused on quasi-static tests > or was limited to the study of the isolated device “, thus highlighting the need for
advanced research investigating the dynamic response of the entire system. The present work experimentally investigates,
through shaking table tests, the seismic performance of RC SW systems with RCBs equipped with hybrid dampers
composed of a combination of metallic and HDR-based devices working in parallel. The seismic performance of the
system is assessed by three sets of ground motion records scaled to represent a wide range of seismic intensities. The
shaking table tests involved two 3D 7-story model structures, including one novel SWs with the proposed RCBs and, for
comparison purposes, one SWs structure with conventional RC CBs (respectively named SW-RCBs and SW-CBs). The
experimental results are successively used to develop and validate numerical models in OpenSees 52.
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The paper is organized as follows: Section 2 describes the proposed hybrid RCB and its design procedure; Section 3
describes the case study structure and the specimens for the experimental tests; Section 4 describes the shaking table test
program, the ground motion records, and the instrumentation; Section 5 describes the experimental results and compares
the seismic performance obtained by using the conventional and innovative systems; while Section 6 describes the
numerical modeling strategy of the two test specimens, compares the results obtained from the non-linear analyses and
shaking table tests and perform a parametric study on the influence of some design parameters. The paper ends with key
conclusions and recommendations for future research.

2. REPLACEABLE COUPLING BEAM (RCB) WITH HYBRID DEVICE
2.1 Concept

Figure 1(A) shows the coupled RC SWs, while Figure 1(B) and (C) show, respectively, the RCBs and the details of the
hybrid device. Figure 1(B) shows the non-replaceable parts of the RCB, which connect the hybrid device through end-
plate bolted connections, thus allowing easy removal and replacement of the device after major earthquakes. The non-
replaceable part is composed of RC beams with an embedded steel section with shear studs extending into the SW and
welded to end-plate 2. The embedded steel section with studs evenly distributes the shear force transmitted from the end-
plate onto the non-replaceable part. The hybrid device in Figure 1(C) comprises one metallic and two viscoelastic devices
working in parallel. The metallic device has a welded I-shaped steel section made of low-yield-point steel, while the
viscoelastic devices are made of two layers of HDR material bounded between three steel plates and connected to the
steel end-plates through two steel blocks. These devices are arranged to work in parallel and are activated under shear
deformations of the RCBs, as shown in Figure 1(D). This combination of metallic and viscoelastic devices can be
optimized and allows calibrating both stiffness and energy dissipation capacity and provides better performances for a
wide range of vibration intensities, including seismic (small- and large-intensity) and wind loads. As shown in Figure
1(E), during small-intensity earthquakes or high-intensity wind loads, the viscoelastic devices deform and generate
damping forces through shearing of the HDR material, while the metallic device remains elastic and only provides
stiffness to the system. Conversely, during high-intensity earthquakes, the metallic device yields to anticipate energy
dissipation through plastic deformation. The ultimate response of the hybrid device can be obtained by superimposing the
behavior of the metallic and viscoelastic devices, as shown in Figure 1(E).
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FIGURE 1 Hybrid Replaceable Coupling Beam (RCB): (A) Coupled Shear Walls (SWs) with RCBs; (B) Hybrid
device and non-replaceable part of the RCB; (C) Hybrid device; (D) Deformed shape of the SWs and shear behavior of
the hybrid device; (E) Cyclic response of the hybrid device under different levels of input intensity.

2.2 Design procedure

The design of the RCBs follows the design of a conventional RC SWs structure with CBs. The conventional SWs structure
is designed to have a ductile failure mode by avoiding the formation of shear mechanisms, controlling the axial
compressive force ratio in the SWs and incorporating boundary elements. The ‘equivalent” conventional RC SWs with
CBs is initially designed according to standard guidelines 2°3°4, allowing the definition of the required moment and shear
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capacity of the CBs (i.e., Mcg and Vcg) and the expected peak drifts ratio 6. Knowledge of these parameters represents
the starting point for the design of the RCBs. Additionally, the design of the ‘equivalent’ conventional structure provides
some indications for the definition of the drift ratio 8, at which the metallic device yields and begins to dissipate energy.
This value can be assumed to correspond to the drift ratio at which no damage would be expected (e.qg., drift corresponding
to the intensity of ‘frequent’ earthquakes).

As previously mentioned, the response of the hybrid device is obtained by superimposing the behavior of the metallic
and viscoelastic devices, and their combination could be optimized to meet the performance objectives for the different
types/intensities of vibration loads. In the present study, the force developed by the hybrid device (Vup) at the peak drifts
ratio (6y) is assumed equal to the force of the CB (i.e., Vup = Vcg) and is equally distributed between the metallic (Vi)
and viscoelastic devices (Vie), i.€., the ratios = Vm/Vup and y = Vie/Vip are equal to 0.5. The optimization of the y and
y ratios is beyond the scope of the present paper; however, the results of a numerical parametric study are presented in
Section 6 to provide some preliminary insights on this matter.

According to the deformation mechanism shown in Figure 1(D), the drift ratio, the link rotation, and the shear
displacement within the hybrid device are related to each other by the following relationships:

Yp =0 XLy /Lyp Sup =¥p X Lup 1)

where 6 is the drift ratio of the coupled SWs, Ly, is the distance between centroids of each SW, and Lyp is the span of the
hybrid device. Knowing the yielding and peak drifts (6, and 6y), these equations provide the yielding and peak rotations
(»y and 5,4) and displacements (b, and Ap,u)-

Knowing the shear force in the metallic device (i.e., Vm = yVup) at the peak link rotation (y,.) and the rotation
corresponding to the link yielding (5p,), the design of the metallic device follows the procedure typically used for steel
links in shear (e.g., AISC 341-10 %) which allows to defines its key dimensions. Similarly, knowing the shear force in
the viscoelastic device (i.e., Vve = yVup) at the peak displacement (Sup.u), the design of the viscoelastic devices focuses
on defining the number and dimensions of the layers of HDR material.

The non-replaceable parts of the RCBs are designed following the capacity design approach and, hence, to have
sufficient overstrength to ensure they remain undamaged. The capacity design criteria are controlled by an overstrength
factor £which amplifies the required bending moment and shear capacity of the non-replaceable components of the RCBs
(i.e., Vo> &Vupand M, > &Vip x Lu/2). Hence, the dimensions of the non-replaceable section of the RCBs are determined
according to the following equations 2:

M, = fyAshO/yRE = &Vpg X Lb/2 (2)
Vy = 1.6 X [0.6f; ohot + (0.166./f.bhg + £, yAspho /)] = EVig (3)

where £, £, fye, @and f; are, respectively, the yield strength of the longitudinal rebars, stirrups, embedded steel section,
and concrete of the RCBs; h and b are, respectively, the height and width of the RCBs; a is the thickness of the concrete
cover and hy is the effective height (i.e., ho = h — 2as) of the RCBs; A, and Ay, are, respectively, the area of the
longitudinal rebars and stirrups; s is the stirrup spacing; t, and h, are respectively the width and high of the embedded
steel section, while yzg is the seismic resistance capacity factor, which is taken as 0.75 %2,

Moreover, to ensure that the RCBs are characterized by sufficient stiffness with respect to the conventional CBs and
to guarantee the lateral stiffness of the coupled shear wall, the stiffness of the RCBs should not fall below that of traditional
CBs after cracking. This requirement leads to the following inequality Krece/Kcg > 0.7 %6, where Kcg corresponds to the
stiffness of the conventional RC CBs, while Krcg corresponds to the stiffness of the RCBs accounting for the deformability
contributions of the non-replaceable parts and the hybrid device. The stiffness Kcg can be calculated as follows:

1

Knp= —
CB ™ LL3/12EI+kLp/GcA

(4)

where E. and G are the Young’s and shear modulus of the RC; I and A are the moment of inertia and area of the cross-
section, while k is the shape factor taken as 1.2 for rectangular cross-sections. The contribution of the floor slab to the
CBs strength and stiffness was evaluated by considering a slab effecting width of 1/6, where | represents the span length.
On the other hand, the stiffness Krcg can be calculated as follows:

Krce = — = - Q)

Arce AnM+Any+AupM+AHDV+AG
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where Arcg is the displacement of the RCB in the vertical direction under a unit force and has several contributions: Anm
and A,y are, respectively, the bending and shear displacement of the non-replaceable parts of the RCBS; Anp,m and Anpy
are, respectively, the bending and shear displacement of the hybrid device; and Ae is the vertical displacement due to the
relative rotation of the non-replaceable and replaceable sections. These contributions can be calculated as follows:

Lp® 1.2L

Doy = = Ay = - (62)
! 12(EnclnctEnelne) ! GneAnctGneAne

— 3 — 1

Appm= Lyp” [12Ep Iy DAupyv= G ez (6b)
kLyp tg
5= LypLn?+2LyLyp? (6¢)
8(EnclnctEnelne)

where L,, is the span of the non-replaceable section; E,,., Gy, Ay, and ., are, respectively, Young’s modulus, shear
modulus, area, and moment of inertia of the concrete section; E,., Gne, Ane, Ine are, respectively, Young’s modulus,
shear modulus, area, and moment of inertia of the embedded steel section; E,, ,G,,, and I,,, are, respectively, Young’s
modulus, shear modulus, and moment of inertia of the steel link.

Other non-dissipative and rigid components of the RCBs, such as the connections, end-plates, etc., are designed
according to capacity design rules, ensuring adequate overstrength.

3. CASE STUDY STRUCTURES
3.1 Prototype structure and coupled shear wall specimens

Figure 2(A) shows the plan view of the prototype building selected for case study purposes. It consists of a 7-story office
building with RC columns and beams providing mainly resistance to the gravity load and two SWs with CBs providing
resistance to the horizontal loads. It has constant interstory heights of 3.60 m and a plan layout of six and three bays, in
X- and y-direction, with constant spans of 5.2 and 7.2 m, respectively. In addition to the self-weight of the structural
components and slabs, the permanent design load is assumed equal to 2 kN/m?, while the live load at each story is assumed
equal to 4 kKN/m?, giving a total mass of the structure for the seismic design combination of 499.359 tons. The seismic
design is performed according to the Chinese seismic design code (GB 50011-2010) ? considering a seismic fortification
intensity of 8 with a design PGA equal to 0.20g for ‘moderate’ earthquakes (i.e., probability of exceedance of 10% in 50
years) and 0.07g. for “frequent” earthquakes (i.e., probability of exceedance of 63% in 50 years). The building is assumed
to be Type C and the soil type to be Class I11 (i.e., soft soil).

The present study focuses on the experimental assessment of the coupled SWs system. The coupled SWs system was
extracted from the prototype structure [see Figure 2(A)], and a 1/4 scaled model was used for the experimental tests
according to the shaking table capabilities. The model was designed according to the length, stress, and acceleration
similitude law (S, S,, and Sy). Table 1 reports the comprehensive list of similitude scaling factors between the prototype
and the specimens.

TABLE 1 Similitude scaling factors from the prototype to the specimens.

Variable Equation Scaling factor Notes

Length Si 0.25 Controlling factor
Young’s modulus Se=Ss 1.0

Stress Se 1.0 Controlling factor
Strain SolSe 1.0

Density S /(SaxSi) 2.0

Force SoxSi? 0.04

Mass (So%Si%)/Sa 0.031

Frequency Sr05x 505 2.828

Time (SIXSa)O'S/Sa 0.354

Velocity (S1%Sa)0® 0.707

Acceleration Sa 2.0 Controlling factor

Two specimens were built considering coupled SWs systems, respectively, with conventional RC CBs (SW-CBs) and
with the proposed RCBs (SW-RCBs). Except for the coupling beams, the geometry, configuration, materials, and
reinforcements of the SWs were the same for both specimens. The specimens had plan dimensions of 1.3 m x 1.8 m, a
total height of 6.3 m, and interstory heights of 0.9 m [see Figure 2(B) and (H)]. The thickness of the shear wall and the
floor slab were 75 mm and 40 mm, respectively. It is worth mentioning that the coupling beams have slightly different
dimensions in x- and y-directions. According to the scaling factors in Table 1, the mass of each model should have been
equal to 15.480 tons. However, being unable to scale the density of the materials, the total mass of the model amounted
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to 6.524 tons. Therefore, additional mass blocks with a total weight of 8.956 tons were uniformly distributed on the slabs
at different stories of the specimens. To prevent any interference with the CBs, the additional masses were evenly
distributed in two layers across the floor and positioned to avoid the areas directly above the beams. The dimensions and
reinforcement details (placement, amount, and dimension of the stirrups, distribution, and longitudinal rebars) of the main
components of the specimens were derived from the prototype structure based on the similitude law and shown in Figure
2(C) to (G). Figure 2(C) refers to the non-replaceable beam segments of the RCBs, while Figure 2(D) refers to the CBs
used in the conventional system. Figure 2(C) also shows the embedded steel section and the studs in the non-replaceable
parts of the RCBs. The embedded steel section was 20 mm x 40 mm with D6 (i.e., diameter = 6 mm) shear studs with a
height of 40 mm. All the other section details are for components common to both specimens.
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FIGURE 2 (A) Plan view of the prototype case study building; (B) Plan view of the coupled shear walls specimens; (C)
to (G) Cross-sections and reinforcement details of the non-replaceable beam segment of the Replaceable Coupling
Beams (RCBs), of the Coupling Beams (CBs), of the Corners, Webs and Edges; (H) Elevation view. [units in mm].

3.2 Material properties

Both specimens were constructed simultaneously with a conventional cast-in-place method, with concrete poured and
cured onsite one story at a time. The design strength of the concrete was C30 (i.e., cubic compressive strength fo, = 30
MPa). Six concrete samples (i.e., three cubes and three rectangular prisms) were cast for each story from both specimens
to characterize the material. These samples were tested simultaneously at the beginning of the shaking table sequence,
hence informing on the actual material properties of the tested specimens. Table 2 summarizes the average compressive
strength (fc,) and elastic modulus (Ec) of the material at the different stories, also including the curing days of the samples.
It is noteworthy that the measured strength is lower than the design value in almost all cases and with a non-negligible
variability among the different stories. However, this variation did not significantly affect the results, as successively
discussed in Section 5. The strength grade of stirrups and distribution steel rebars was HPB300 (i.e., fy = 300 MPa), while
for longitudinal rebars was HRB400 (i.e., f, = 400 MPa). Three coupons were tested for each type of steel rebar to evaluate
the yield (f,), ultimate (fu) strength, elastic modulus (Es) and average elongation at rupture (e¢)of the materials. Table 3
summarizes the properties of the steel rebars used for the specimens. The steel material used for the embedded steel
section was Q345 (i.e., fy = 345 MPa).

TABLE 2 Mechanical properties of the concrete.

Property Unit Story 1 Story 2 Story 3 Story 4 Story 5 Story 6 Story 7
feu MPa 19.9 323 24.2 16.1 25.0 12.7 21.0
Ec GPa 22.3 314 29.5 20.0 250 20.6 26.9
Curing days days 79 69 60 52 43 37 27
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TABLE 3 Mechanical properties of the steel rebars.

Property Unit D4 dist. & stirrups D6 dist. D6 long. D8 long.
fy MPa 458 438 507 515
fu MPa 539 464 582 607
Es GPa 159 159 183 190
& % 18.3 20.8 24.7 255

3.3 Hybrid Device

Figure 3 shows the details of the hybrid device used in the x-direction. The hybrid devices have slightly different
dimensions in the x- and y-directions, with spans respectively equal to 70 mm and 75 mm. Each viscoelastic device
consists of two layers of HDR material (with stiffness and loss factor respectively equal to 560 kN/m and 0.5) with
dimensions of 30 mm x 80 mm x 5 mm, bonded between three steel plates [see Figure 3(B)] and providing a maximum
design force of 4.5 kN. The metallic device is composed of a welded I-shaped beam section. The height and width of the
flanges are 8 mm x 15 mm and are the same for the x- and y-directions. Conversely, the height and width of the web are
slightly different and equal to 10 mm x 8 mm in the x-direction and 12 mm x 8 mm in the y-direction [see Figure 3(B)].
The two ends of the I-shaped metallic device are welded to the end-plates. The steel material used for the end-plates and
all the components of the viscoelastic device has a yield strength of 345 MPa. Conversely, the metallic devices use a low-
yield-point steel BLY 100 with a yield strength of 173 MPa (obtained as an average of three coupon tests of the material).

1
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FIGURE 3 Details of the hybrid device of the specimen in the x-directioﬂunits in mm].
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4, TEST PROGRAM
4.1 Test setup and test matrix

Figure 4 shows the two model structures settled on the shaking table. The shaking table tests were conducted in the State
Key Laboratory of Disaster Reduction in Civil Engineering at Tongji University.

Three pairs (i.e., x- and y-components) of ground motion records were selected for the shaking table tests, including
two natural records and one artificial earthquake. These include: 1) Shanghai — the one-directional artificial seismic record
selected from the appendix of Shanghai Code for seismic design of buildings °; 2) EI Centro — the 1940 Imperial Valley
earthquake recorded at El Centro station, California; and 3) Northridge — the 1994 Northridge earthquake recorded at the
Sylmar Olive View FF in Sylmar, California. The vertical component of the ground motion records was neglected.

Figure 5(A)~(E) shows the ground motion records selected for the tests. The acceleration response history of the input
excitations used during the shaking table tests was successively scaled in time with a coefficient of 0.354 to satisfy the
scaling identity requirements. Each natural earthquake record has two horizontal orthogonal components, denoted as hl
and h2. Conversely, the Shanghai artificial record only has one horizontal component. Figure 5(F) shows the acceleration
response spectra of the records together with the design spectrum defined according to the Chinese seismic design code
for buildings (GB 50011-2010) 2. The records are scaled to match the PGA of the prototype structure for ‘frequent’
earthquakes (i.e., PGA = 0.07g). The comparison shows a good agreement between the design seismic input and the
selected records.
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FIGURE 5 Acceleration response history of the selected ground motions records and comparison with the design
spectrum.

Table 4 summarizes the test matrix used during the shaking table tests. The input motions were divided into four
intensity levels with gradually increasing PGA equal to 0.14g, 0.40g, 0.60g, and 0.80g. It is worth reminding the reader
that the scaling factor for the acceleration is equal to 2.0 (see Table 1), and hence, the 0.14g intensity in the shaking table
test represents the ‘frequent’ earthquake intensity of the prototype (i.e., PGA = 0.07g). Similarly, the 0.40g intensity in
the shaking table test represents the ‘moderate’ earthquake intensity in the prototype (i.e., PGA = 0.20g). Higher
intensities have been used to assess the performance of the system at collapse. During the shaking table tests, the duration
of each selected seismic excitation shown in Figure 5 was compressed according to the time scaling factor of 0.354 (see
Table 1). Before and after each intensity level, bi-directional white noise excitation tests were conducted to monitor the
changes in the specimens’ dynamic properties. The three ground motions (i.e., Shanghai, El Centro, and Northridge) were
simulated for each seismic intensity. For the Shanghai record, the one-directional excitation was applied independently
in the x- and y-directions (e.g., Tests 2 and 3 in Table 4). Conversely, for the El Centro and Northridge ground motions,
multi-directional excitations were applied in the x- and y-direction, considering the two components hl and h2
simultaneously. The PGAs of the h1 and h2 components were scaled to have a ratio of 1:0.85 (i.e., h1 was assumed to be
the main acceleration component). The h1 component was applied alternatively in the x- and y-directions, simultaneously
with the h2 component in the other direction (e.g., Tests 4 and 5 in Table 4 corresponds to the El Centro record with a
PGA = 0.14g — In Test 4 the h1 component is applied in the x-direction and 0.85% of the PGA of the h2 component is
simultaneously applied in the y-direction — In Test 5 the h1l component is applied in the y-direction and 0.85% of the PGA
of the h2 component is simultaneously applied in the x-direction). Additional tests were successively conducted only on
the SW-RCBs specimen under the three ground motions for higher intensities with PGAs = 1.04¢, 1.24g, and 1.40g.
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TABLE 4 Test matrix.
PGA Input PGA (9) PGA Input PGA (g)
Test (9) Record cdir y-dir Test (9) Record i y-dir
1 White noise 0.07 0.07 15 White noise 0.07 0.07
2 Shanghai PGA - 16 Shanghai PGA -
3 Shanghai - PGA 17 Shanghai - PGA
4 014 El Centro PGA 0.85PGA 18 0.60 El Centro PGA 0.85PGA
5 ' El Centro 0.85PGA PGA 19 ' El Centro 0.85PGA PGA
6 Northridge PGA 0.85PGA 20 Northridge PGA 0.85PGA
7 Northridge 0.85PGA PGA 21 Northridge 0.85PGA PGA
8 White noise 0.07 0.07 22 White noise 0.07 0.07
9 Shanghai PGA - 23 Shanghai PGA -
10 Shanghai - PGA 24 Shanghai - PGA
11 0.40 El Centro PGA 0.85PGA 25 0.80 El Centro PGA 0.85PGA
12 ' El Centro 0.85PGA PGA 26 ' El Centro 0.85PGA PGA
13 Northridge PGA 0.85PGA 27 Northridge PGA 0.85PGA
14 Northridge 0.85PGA PGA 28 Northridge 0.85PGA PGA
29 White noise 0.07 0.07

4.2 Instrumentation

A total of 34 accelerometers and 14 pull-wire type displacement sensors were installed on each model to measure the
acceleration and displacement responses. Figure 6(A) shows the locations of the accelerometers installed on the specimens.
Horizontal accelerometers were installed on the seven stories and the base connection with the shaking table. One corner
of the specimen was equipped with accelerometers in both directions while the other two corners were equipped with
accelerometers independently in x- and y-direction. Additionally, two vertical accelerometers were installed on the base
connection with the shaking table to measure the response in the z-direction. Figure 6(B) shows the location of the 14
displacement transducers installed on the specimens. These were installed on the base connection, the first, third, fourth,
fifth, and the top story to measure the displacements. Moreover, strain gauges have been strategically placed at steel rebars
of the CBs and RCBs to monitor their local response on each floor, as shown in Figure 6(C). Additionally, the
displacements of the specimen SW-RCB were monitored by a high-speed photogrammetric system controlling the
reference points illustrated in Figure 4(B). This system also allowed measuring the displacements/deformations of the
hybrid devices.
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(A) (B) ©
FIGURE 6 Instrumentation: (A) Accelerometers; (B) Displacement transducers; (C) Strain gauges.

5. TEST RESULTS AND CRITICAL DISCUSSION
5.1 Dynamic properties and damage evolution

The specimens were subjected to white noise tests before and after each seismic intensity to capture the evolution of the
natural frequencies and vibration modes. Figure 7 shows the initial transfer functions (i.e., Test 1 in Table 4) of both
specimens in the x- and y-directions highlighting the first five vibration frequencies. The initial fundamental frequencies
in the x- and y-direction are respectively 4.63 Hz and 6.00 Hz for specimen SW-CBs, and 4.5 Hz and 5.25 Hz for specimen

9



1 SW-RCBs. The lower frequencies of SW-RCBs (i.e., 2.81% and 12.5% in x- and y-direction) are related to the slightly
2 lower stiffness of the RCBs due to the discontinuity created by the hybrid device at the center.

I i x-direction y-direction
) Jy=463Hz SW-CBs (®) SW-CBs
10 1,=20.50Hz ot Jf,=6.00Hz f,=29.75Hz
==} =
3 3 f,=13.25Hz
0 - - : 0 : : :
0 10 20 30 40 0 10 20 30 40
(©) 15 x-direction (D) 15 y-direction
SW-RCBs f,=525Hz SW-RCBs
10 f,=19.00Hz 1ol /= 25.00Hz
T =
5 sl
f,=12.00Hz
0 ; ; ; 0 ; ; ;
0 10 20 30 40 0 10 20 30 40
Frequency (Hz) Frequency (Hz)
4
5 FIGURE 7 Transfer functions from the initial white noise excitation - Test 1. SW-CBs specimen in (A) x- and (B) y-
6 direction. SW-RCBs specimen in (C) x- and (D) y-direction.
7
8 The transfer functions in Figure 7 show small peaks between f;, and f4 for the x-, and between f, and fs for the y-direction.

9 It could be anticipated that these interior peaks represent the torsional modes. The first three vibration modes of both
10 specimens are in the following order: 1) translation in x, 2) translation in y, and 3) torsion. The amplitude of the transfer
11 functions of the torsional modes is relatively small [e.g., 1.272 in Figure 7(A)], indicating that the vibration is dominated
12 by translation. This is due to the regular layout and uniform distribution of mass and stiffness.

14 Figure 8 shows the evolution of the frequencies fi, f2, and f; measured before and after each seismic intensity level (i.e.,
15  PGA equal to 0.14g, 0.40g, 0.60g and 0.80g — Tests 1, 8, 15, 22, 29 in Table 4) hence informing on the stiffness
16 degradation as a consequence of the damage experienced in the structures. Figure 9 provides a similar comparison by
17 showing the frequency degradation, defined as the ratio between the frequency reduction and the initial frequency. It can
18 be observed that the specimen SW-CBs is subjected to a larger stiffness degradation, mostly experienced after the tests
19  with small seismic intensities (i.e., 0.14g and 0.40g). This is related to the higher damage experienced in the CBs with
20  respect to the RCBs, as expected.

21
7 7 14
(A) (B) (©) q —e—SW-CB
. 64 = RO
= frequency f, = frequency f, = |2:' frequency /, SW-RCB/
<5 <5 =
= = = 10t
2 4 2 4 g
L] L L5}
= = g °
o 3 o 3 ! bt
t= e -
S8 e D (S8
2 b 2 6
Y
1 1 4
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
22 PGA (g) PGA (g) PGA (g)
23 FIGURE 8 (A) f1; (B) fz; and (C) f3 frequency evolution after each seismic intensity level.
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FIGURE 9 (A) f1; (B) f2; and (C) fs frequency degradation after each seismic intensity level.

Figure 10 shows and compares the damage evolution at the end of the CBs and RCBs of the third story for both
specimens. CBs and RCBs at other stories experience a similar response and are not reported here for the sake of brevity.
Figure 10(A) and (E) show the damage condition after tests with PGA = 0.14g. Small visible cracks were observed in
both specimens at the intersection between the coupling beams and the shear wall. More minor and fewer cracks were
observed in the SW-RCBs compared to the SW-CBs. For the higher seismic intensity with PGA = 0.40g, the previous
cracks further developed in width and propagated within the CBs of SW-CBs [Figure 10(B)]. Conversely, for the SW-
RCBs, the previous cracks only slightly developed in length [Figure 10(F)]. Under this seismic intensity, it was already
possible to observe some non-negligible shear deformation in the hybrid device. For PGA = 0.60g, the previously
observed cracks within the CBs of SW-CBs became significantly larger, several diagonal cracks were detected within the
SW, and there were signs of crushing of the concrete cover. Additional cracks were also observed in the shear wall [Figure
10(C)]. Conversely, the SW-RCBs only experienced a further extension of the previous cracks at the connection with the
SWs and the cracks were not yet penetrated. No cracks were detected within the RCBs [Figure 10(G)], and the shear
deformation in the hybrid devices was significantly increased. A vertical crack was observed in the shear wall. After the
tests with the highest seismic intensity (PGA = 0.80g), the CBs underwent severe damage and plastic hinge rotation. The
stirrups at the end of the CBs of the SW-CBs were partially exposed, the concrete cover was damaged, and concrete
spalling was observed within the connection between the beam and the SWs. This damage pattern caused a significant
reduction in the lateral stiffness of the structure [Figure 10(D)]. Conversely, crack in SW-RCBs were still limited and did
not propagate within the RCB [Figure 10(H)]. As can be compared in Figure 10(D) and Figure 10(H), the crack generated
in the SW-RCBs was delayed and exhibited limited propagation.

PGA =0.14g PGA =0.40g PGA =0.60g

r=

(E) ® B (G) r (H)

FIGURE 10 Damage evolution at the end of CBs/RCBs of the third story after each seismic intensity level (i.e., PGA
equal to 0.14g, 0.40g, 0.60g, and 0.80g). (A) to (D) SW-CBs and (E) to (H) SW-RCBs.

Figure 11 shows the evolution of the damping ratio of the SW-CBs and SW-RCBs, considering the first three vibration
modes. The damping ratios were similar at the beginning of the tests, and their difference gradually increased during the
test due to the different levels of damage experienced. In particular, the SW-RCBs showed a lower damping ratio
throughout the tests due to the lower damage experienced in the RCBs. Conversely, the SW-CBs specimen was subjected
to cracks in the SWs and within the CBs, significantly contributing to the damping increase. It is worth highlighting that,
in line with the results related to the stiffness degradation [Figure 8 and Figure 9], a significant damping increase was
observed after the tests with small seismic intensities (i.e., 0.14g and 0.40g). During the tests with PGA = 0.80g, the SW-
CBs showed plastic hinges at several stories resulting in a significant increase in the damping ratio.
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FIGURE 11 Damping ratio of the first three vibration modes.

5.2 Displacement response

Figure 12 compares the top story displacement response histories of both specimens subjected to the three seismic
excitations and for each seismic intensity level. It can be observed that the displacement response is more pronounced in
the x- rather than the y-direction due to the geometry layout of the prototype structure. The SW-RCBs is subjected to
lower displacements than the SW-CBs for all tests and intensities (e.g., 37.3% lower for the 0.8g EIl Centro in x-direction,
24.9% lower for the 0.8g Shanghai in x-direction, 16.8% lower for the 0.6g Shanghai in x-direction, and 32.69% lower
for the 0.6g Northridge in y-direction). The only exception is for the displacement in the y-direction for the tests with
PGA = 0.14g [Figure 12(B)]. This was due to the larger deformability (i.e., lower vibration frequency) in the y-direction
of the undamaged SW-RCBs compared to the SW-CBs. However, the situation is immediately inverted for the following
higher intensity (i.e., PGA = 0.40g) due to the damage experienced by the SW-CBs and due to the higher dissipation
capacity of the hybrid device for this intensity. In general, it can be observed that more significant differences exist for
larger seismic intensities, and, among others, this is due to the damage evolution, which is more pronounced in the SW-
CBs. Figure 12(A) and (B) also show that, although there is little difference at the initial stage of each seismic test run,
the vibrations of the SW-RCBs are quickly dissipated and go to zero in a shorter time, thanks to the energy dissipation
capacity of the hybrid device, especially for larger PGAs where also the metallic device is activated. This effect is more
pronounced in the x-direction.

Figure 13 compares the peak interstory drifts (IDRs) along with the height of both specimens for the x- and y-direction
and for the three considered ground motions. For small seismic intensities (i.e., 0.14g and 0.40g), the IDRs distributions
of the two models were similar in the x-direction, while some difference could be observed in the y-direction. For higher
seismic intensities (i.e., 0.60g and 0.80g), some differences can be observed in terms of amplitude and shape of the IDRs
response between the two specimens. In addition to the larger drifts, the plot shows a less uniform distribution of the IDRs
in the SW-CBs with large peaks at the third story in the x-direction due to the damage evolution of the CBs. Additionally,
it is possible to notice that there are no significant differences in IDRs of SW-RCBs among the different seismic inputs.

12
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FIGURE 12 Top story displacement response histories of the SW-CBs and SW-RCBs for the three seismic excitations
and each seismic intensity level: (A) x- and (B) y-direction.
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FIGURE 13 Peak interstory drifts (IDRs) along with the height of the SW-CBs and SW-RCBs for the three seismic
excitations and each seismic intensity level: (A) x- and (B) y-direction.

13



OCoOoO~NO Ul WN P

10
11

12
13
14
15
16
17
18

5.3 Acceleration response

Figure 14 compares the top story acceleration response histories of both specimens subjected to the three seismic
excitations and for each seismic intensity level. The response histories of both specimens almost coincided at the initial
stage of each test and began to deviate at a later stage. It is noteworthy that the SW-CBs exhibit larger acceleration
responses in almost all cases, especially under the Northridge earthquake, demonstrating the benefits produced by the
hybrid devices on the acceleration response. The reduction of the accelerations observed for the small-intensity
earthquakes (i.e., 0.149) highlights the beneficial effects produced by the viscoelastic devices.
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FIGURE 14 Top story accelerations response histories of the SW-CBs and SW-RCBs for the three seismic excitations
and each seismic intensity level: (A) x- and (B) y-direction.

Figure 15 compares the peak accelerations along with the height of both specimens for the x- and y-direction. The peak
acceleration of the two specimens exhibited similar amplitude and distribution for PGAs of the seismic inputs up to 0.60g.
The response difference between the two specimens tends to increase with the increase of seismic PGA. Obvious
differences appeared for PGA = 0.80g. Figure 15(A) shows that the SW-CBs specimen exhibited larger acceleration
responses than the SW-RCBs specimen on most stories under the three sets of seismic excitations.
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FIGURE 15 Peak story accelerations along with the height of the SW-CBs and SW-RCBs for the three seismic
excitations and each seismic intensity level: (A) x- and (B) y-direction.

5.4 Story shear response

Figure 16 compares the peak story shear along with the height of both specimens for the x- and y-direction. The shear
force for each floor is obtained by multiplying the acceleration of that floor by its corresponding mass. The shear force
for a particular floor is then determined as the sum of shear forces from all floors above it 8. The results of the Shanghai
earthquake are shown in this plot for the sake of brevity. The story shear forces of SW-RCBs were smaller than those of
SW-CBs, especially in the y-direction due to the significant reduction in structural frequencies compared to the
conventional structure, with a maximum difference of 41.60% occurring at y-direction under the PGA of 0.80g.
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FIGURE 16 Peak story shear along with the height of the SW-CBs and SW-RCBs for the Shanghai seismic excitations
and each seismic intensity level: (A) x- and (B) y-direction.

5.5 Strain response

Figure 17 compares the peak strains measured CBs and RCBs’ longitudinal rebars along with the height of both specimens

for the x-direction. Results in the y-direction are not included for the sake of brevity. These results were measured by the

strain gauge illustrated in Figure 6(C). The strain gauge was damaged during the construction or the experimental process

in the sixth story in SW-CBs specimen and some positions in SW-RCBs; therefore, some results are omitted in the figures.

However, the figures allow showing the overall trend. The strains of the measured longitudinal rebars in SW-RCBs were
15
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considerably lower than those in SW-CBs, especially on the second and third stories, demonstrating that the deformation
was concentrated in the hybrid device at mid-span of the RCBs. The rotational deformation and the severe concrete
damage at the beam end could be effectively controlled and prevented.

. I SW-CB
© I SW-RCB

Peak strain (%)

Story

Story Story

FIGURE 17 Peak strains in the rebars of the CBs/RCBs in x-direction long with the height of the SW-CBs and SW-
RCB:s for the (A) Shanghai; (B) El Centro; and (C) Northridge seismic excitations and each seismic intensity level.

5.6 Additional tests of the SW-RCBs specimen with larger PGAs

No obvious failure was observed in the SW-RCBs specimen under the three sets of records with PGA = 0.80g. For this
reason, further tests were performed on the SW-RCBs with larger PGA = 1.04g, 1.24g, and 1.40g. Figure 18 shows the
response histories of the rotations of the devices in the RCBs in the x-direction under the Shanghai earthquake for PGAs
= 0.80g and 1.40g. It can be observed that the rotations at the second and third stories were relatively larger than the
others, which is in accordance with the observed interstory drift distribution along with the high of the structures. At these
stories, the rotations reached maximum values of approximately 0.030 rads and 0.080 rads, respectively, for the records
with PGAs = 0.80g and 1.40g. For this largest records, all of the devices in the x-direction reached their peak strength but
with rotations lower than the failure rotation limit of 0.085 rads according to the tests performed on the isolated
components.
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FIGURE 18 The response history of the rotations of the replaceable devices in the x-direction under Shanghai artificial
excitation: (A) with PGA of 0.80g; (B) with PGA of 1.40g.

6. FINITE ELEMENT (FE) MODELING AND SIMULATIONS
6.1 Finite Element (FE) Models

3D finite element (FE) models of the tested structures were developed in OpenSees ** and validated against the
experimental results. Figure 19 provides an overview of the modeling strategy showing only one SW in the x-direction.
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FIGURE 19 Modeling approach and details for the coupled shear wall system (A) Finite element model; (B) cross-
section of the corner wall with different levels of confinement of concrete; (C) Uniaxial constitutive laws for
unconfined and confined concrete and steel reinforcement; (D) Beam with hinges element for coupling beam; (E) Non-
linear model for RCB.

The FE models are composed of the RC SW piers and the coupling beams [Figure 19(A)]. The RC SW piers were
modeled by L-shaped fiber sections employing force-based distributed-plasticity beam-column elements (i.e., ‘Force-
Based Beam-Column ) 52 [Figure 19(B)], each with four integration points. Two elements in series were used to simulate
the RC SW piers at each story. The fiber section of the RC SW piers was divided into several parts including: 1) the
unconfined concrete cover; 2) the stirrup-confined concrete in the different levels of confinement of boundary concrete;
and 3) the reinforcing steel. The Giuffre-Menegotto-Pinto constitutive model (i.e., ‘Steel02) 52 and Popovics Concrete
Material (i.e., ‘Concrete04°) 5% were adopted to simulate the stress-strain relationship of the reinforcing steel and concrete
material, respectively, as shown in Figure 19(C). The gravity loads and seismic masses were uniformly applied at the four
nodes at the edges of the SWs system of each story. Rigid diaphragms and fixed bases were adopted for the models of
both structures. The rigid diaphragms were modeled by multi-point constraints applied at the nodes of each story (i.e.,
‘RigidDiaphragm”) %2, The Rayleigh damping model based on tangent stiffness was used for the simulation. A variant
stiffness matrix was considered and updated at each analysis time step. The values of the combination of mass and
stiffness-proportional damping matrices were evaluated for a damping factor of 5% for the first six vibration modes.

For the SW-CBs, the CBs were slender and reinforced by the stirrups in a conventional method, and the plastic hinges
observed in the tests indicated a typical flexural failure mode. Therefore, CBs were modeled by a distributed plasticity
approach using the ‘beamWithHinges’ elements in OpenSees > and two equivalent plastic hinge > was considered at two
ends of the element. The fiber discretization of the rectangular section of the CBs included unconfined and confined
concrete and steel rebar fibers [Figure 19(D)].

For the SW-RCBs, the modeling of the RCBs was slightly more complex. The non-replaceable beam segment was
modeled by displacement-based fiber beam-column elements (i.e., ‘Displacement-Based Beam-Column’) in OpenSees °2.
The hybrid device was modeled by using link elements working in parallel and simulating the responses of the metallic
and viscoelastic devices. Additionally, zero-length shear springs were included between the beam and link elements to
account for the shear deformability of the non-replaceable beam segments [Figure 19(E)].

The metallic device was modeled by a combination of shear, axial, and flexural links [Figure 19(E)]. The axial and
flexural behavior of the metallic device were characterized by the ‘Elastic’ material model in OpenSees * with stiffness
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equal to EmAn/Lyp and Enln/Lyp, respectively. Conversely, the shear link was modeled by the ‘Steel02’ material in
OpenSees *?, with an initial stiffness (K,,) and a yielding force (V;,,) of the metallic device defined according to the
following equations:

1
Lyp®/(12EmIm) +Lup/(GmAmw)

m ; Vm,y = 0-6fm,yWAm,w (7)
where A,, ,, is the sectional area of the web of the metallic device, and £, ,, is the yield stress of web material. The post-
yield stiffness is assumed to be 1 % of the initial elastic stiffness.

The Kelvin-Voigt model ** was used to simulate the mechanical properties of the viscoelastic device in the numerical
simulation. The force in the viscoelastic device was defined by the expressions F = Ku + Cu, where F is the device force;
u is the device deformation; u is the deformation rate; K denotes the stiffness value of the spring element, and C is the
damping coefficient of the viscous element. The Kelvin-Voigt model was implemented by the parallel connection of the
Maxwell (i.e., ‘ViscousDamper’) material and an ‘Elastic’ material with an elastic stiffness k; in OpenSees *2. In the
Maxwell model, the parameters k,, Cqand a control the elastic stiffness of linear spring, damping coefficient and velocity
coefficient connected in series. The parameters of the viscoelastic device were calibrated against experimental results
considering different deformation amplitudes. Figure 20 illustrates the comparison between the force-displacement
responses from a component test and the numerical results showing a good agreement of the results.

6 T -
—Test ”,,
4 |-~ -Kelvin-Voigt model / |
P

Force (kN)

-10 s 0 5 10

Deformation (mm)
FIGURE 20 Comparisons between recorded and identified hysteretic loops for viscoelastic devices under various
strains.

6.2 Validation of the Finite Element (FE) Models against the experimental results

Table 5 compares the natural frequencies for the first mode during Tests 1, 8, 15, 22, and 29 (see Table 4) evaluated from
the experimental results and the numerical simulations, showing a good agreement. Similarly, Figure 21 and Figure 22
compare the experimental and numerical top story displacements for both the SW-CBs and SW-RCBs for several tests,
including different records and intensities. Also in this case, the comparison shows a good agreement between the
numerical and experimental results.

TABLE 5 Comparison of the natural frequencies of the first mode.

Test 1 8 15 22 29

SW-CBs SW- SW-CBs SW- SW-CBs SW- SW-CBs SW- SW-CBs SW-

RCBs RCBs RCBs RCBs RCBs

Exp (Hz) 4.625 4.125 2.875 3.250 1.750 2.375 1.500 2.000 1.375 1.875
Sim (Hz) 4.528 4.129 2.878 3.408 1.874 2.718 1.703 2.443 1.370 2.154
Ratio 0.979 1.001 1.001 1.049 1.071 1.144 1.135 1.222 0.996 1.149
Notes: Exp represents the experimental result; Sim represents the simulation result; and Ratio represents the ratio between the
simulation and experimental results.
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FIGURE 21 Comparison of the experimental and numerical in OpenSees for the displacement response histories of
SW-CBs in the x-direction at the roof level: (A) under Case 2: Shanghai 0.14g; (B) under Case 12: El Centro 0.40g; (C)
under Case 18: El Centro 0.60g ; (D) under Case 23: Shanghai 0.8g.
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FIGURE 22 Comparison of the experimental and numerical in OpenSees for the displacement response histories of
SW-RCBs in the x-direction at the roof level: (A) under Case 2: Shanghai 0.14g; (B) under Case 12: El Centro 0.40g;
(C) under Case 18: EI Centro 0.60g ; (D) under Case 25: El Centro 0.80g.

6.3 Parametric study

The parametric numerical study was performed to investigate the influence of the distribution of the shear force between
the metallic and viscoelastic devices (i.e., the parameters y = Vw/Vup and y = Vie/Viup defined in Section 2.2) on the
seismic response of the SW-RCBs. In addition to the equally distribution of the ratios = y = 0.5, the ratios y were set
to 0.3, 0.4, 0.6, and 0.7, and the corresponding ratios y were adjusted to 0.7, 0.6, 0.4, and 0.3 to maintain the total shear
force in the hybrid device unchanged. It is noteworthy that the initial stiffness of the devices was kept unchanged in order
to keep constant the natural period of the structure. Five configurations of the hybrid device were considered and referred
to as SW-RCB-hA to hE with the modeling parameters reported in Table 6 and defined in Section 2.2. The modeling
parameters for the viscoelastic device in the SW-RCB-hC configuration were calibrated against the test results as
discussed in Section 2.1. The response of the viscoelastic devices in other configurations were achieved by adjusting the
damping coefficient Cq to obtain the desired shear force under peak deformation. The shear stiffness and the yielding
strength of the metallic device were calibrated based on the configuration according to the Equation (7). Figure 23(A)
and (B) show the cyclic response of the metallic and viscoelastic devices for the SW-RCB-hA to hE respectively for small
and large deformations.

TABLE 6 Design results and modeling parameters for different configured hybrid devices in the innovation structure.

v=ValVio  7=VeeVip Vi (N) Ve (N) ko (N/m) Cd a k, (N/m)
SW-RCB-hA 0.3 07 3600 8400  850x10° 055x10° 04218 4.49x105
SW-RCB-hB 0.4 06 4800 7200 850106 1.19x10* 0.4218 4.49x10°
SW-RCB-hC 05 05 6000 6000  850x10° 1.75x10* 0.4218 4.49x10°
SW-RCB-hD 0.6 0.4 7200 4800  8.50x10° 2.29x10* 0.4218  4.49x10°
SW-RCB-hE 07 0.3 8400 3600  850x10° 2.80x10° 0.4218 4.49x10°
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FIGURE 23 Hysteresis behavior of metallic and viscoelastic devices for configurations SW-RCB-hA to hE: (A) small
deformations under frequent earthquakes; and (B) large deformations under rare earthquakes.

A set of 22 far-field ground motion records adopted by the FEMA P695  was selected to perform non-linear response
history analyses of the SW-RCBs considering different configurations of the hybrid device and accounting for the record-
to-record variability. Individual ground motions records were normalized and scaled to the ‘frequent’ (i.e., probability of
exceedance of 63% in 50 years), ‘moderate’ (i.e., probability of exceedance of 10% in 50 years), and ‘rare’ earthquake
intensity (i.e., probability of exceedance of 2% in 50 years) as defined in the Chinese code 2.

Figure 24 and Figure 25 compare the peak interstory drifts and peak story acceleration along with the height of the
SW-RCBs under the ‘frequent’, ‘moderate’, and ‘rare’ earthquake intensity. The solid lines and dashed lines represent
the mean response from the 22 ground motions and the mean response plus the standard deviation for the five different
configurations, respectively.
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FIGURE 24 Peak Interstory drift ratios along with the height of the SW-RCBs specimens with different hybrid device
configurations: (A) ‘frequent’; (B) ‘moderate’; and (C) ‘rare’ earthquake intensity.
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FIGURE 25 Peak story accelerations along with the height of the SW-RCBs specimens with different hybrid device
configurations: (A) ‘frequent’; (B) ‘moderate’; and (C) ‘rare’ earthquake intensity.

The results show that the IDRs of the SW-RCBs decrease for increasing values of the y ratio, with differences between
the smallest and the largest y ratios reaching up to 9.00%, 14.06% and 12.78% under the ‘frequent’, ‘moderate’ and ‘rare’
earthquake intensities, respectively. As shown in Figure 24, the SW-RCB-hE configuration exhibits the largest IDRs for
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the three seismic input intensities. This is due to the fact that the metallic devices in this configuration have the highest
yielding force and hence, they need large deformations to start dissipating the seismic energy. At the same time, the energy
dissipation in viscoelastic device is decreased due to the reduced damping coefficient. However, it can be inferred from
the very similar responses exhibited by the SW-RCB-hA and SW-RCB-hB configurations that the reduction in IDRs is
limited as the yielding shear force of the metallic device decreases. In terms of peak accelerations the results show smaller
differences among the five configurations reaching up to 3.92%, 1.00% and 2.08%, under the ‘frequent’, ‘moderate’ and
‘rare’ earthquake intensities, respectively.

In general, the results of this parametric study show the beneficial effects in terms of IDRs reduction obtained by
considering larger y ratios (i.e., a larger contribution of the viscoelastic device to the shear force). However, some
additional considerations are required. In fact, setting a larger y ratio implies reducing the contribution of the metallic
device (i.e., lower wratio) which significantly control the stiffness of the structure and are independent from the vibrations
frequency. Therefore, too low i ratios could result in unrealistic designs of the metallic devices and/or to an inadequate
stiffness during ‘frequent’ earthquakes or wind loads. The optimization of the w and y ratios should consider stiffness,
strength, and structural response, etc. by using the complex optimization algorithms which is beyond the scope of the
present paper.

7. CONCLUSIONS

The present study experimentally and numerically investigates an innovative reinforced concrete (RC) shear wall (SW)
structure with replaceable coupling beams (RCBs) equipped with hybrid devices. These hybrid devices couples metallic
and viscoelastic dampers and aim at satisfying multiple lateral load performances effectively. The seismic performance
of the proposed system is investigated through a series of shaking table tests on two 1/4-scale seven-story SW structure
specimens: one with conventional RC coupling beams (SW-CBs) and the other with innovative hybrid RCBs (SW-RCBSs).
The experimental tests highlighted the advantages of the SW-RCBs with respect to the SW-CBs. In particular, the
following observations could be summarized: 1) the initial elastic lateral stiffness of the SW-CBs and SW-RCBs
specimens was similar but their failure modes and damage evolution were significantly different; 2) the SW-CBs
experienced significant damage in the coupling beams and, for higher intensities the concrete cover crushed, the
reinforcement were exposed and plastic hinges generated at the connection between the CBs and the SW. Conversely, the
SW-RCBs showed a limited damage and mainly concentrated in the hybrid devices of the RCBs. This is also demonstrated
by the lower strain measured in the longitudinal rebars of the coupling beams. These tests observations suggest that the
SW-RCBs could be easily repaired, resulting in reduced downtime in the aftermath of ‘rare’ (high-intensity) earthquakes;
3) the interstory drift ratios, accelerations and story shear forces were reduced in the SW-RCBs, for the whole range of
seismic intensities investigated. For small seismic intensities the benefit of using the SW-RCBs were limited. Conversely,
significant benefits were observed for high-intensity earthquakes due to the limited damage experienced by the SW-RCBs
compared to SW-CBs; 4) in some cases the top displacement response of the SW-RCBs was slightly larger for ‘frequent’
earthquake due to the lower stiffness of the RCBs compared to the conventional CBs. This was due to the slightly lower
stiffness of the RCBs with respect to the CBs. Additionally, 3D finite element models for the shaking table test specimens
were developed in OpenSees and validated against experimental results. Successively, a numerical parametric study based
on non-linear response history analyses under a set of 22 ground motions scaled to different intensities was performed to
provide some insights on the influence of different design configurations of the hybrid device on the peak interstory drifts
and peak story accelerations. In particular, this part of the study focused on investigating the influence of the distribution
of the shear force between the metallic and viscoelastic devices on the seismic response of the SW-RCBs. The results
show that the peak interstory drifts is more sensitive to the shear distribution in the hybrid device compared to story
acceleration response. Moreover, the results show the beneficial effects provided by a larger contribution of the
viscoelastic device in limiting the interstory drifts. Additional studies investigating optimal shear force distribution
between the metallic and the viscoelastic device considering the structural stiffness, strength and ductility are required to
develop clear design recommendations for the proposed structural system. Moreover, additional considerations are
required to explicitly investigate the performance of the structure under wind-induced vibrations.
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