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ABSTRACT
Next-generation earthquake engineering design seeks to develop robust structural systems that
have limited structural and non-structural damage after strong earthquake shaking. In this study,
an innovative high-performance tall building is proposed. The proposed structural system utilizes
a conventional reinforced concrete (RC) core wall system with an outrigger at the top of the core
wall to reduce the moment demand. This results in a smaller core wall with reduced construction
costs and increased useable floor space. To further improve the seismic performance, innovative
lead-extrusion fuses are added to the ends of the outriggers, and the base of the wall is designed to
rock. In the coupled wall direction, replaceable coupling beams are added between the walls to
dissipate earthquake energy. This allows the structure to have none or minimal damage after strong
earthquake, hence making the structure more resilient towards future earthquake shaking. Fullscale components have been designed and tested at the University of British Columbia in Canada,
while large-scale shaking table tests will be conducted at the International Joint Research
Laboratory of Earthquake Engineering in China. Upon successful validation of the proposed
systems, new and advanced high-performance earthquake-resilient tall buildings can be used in
high seismic zones.
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ABSTRACT
Next-generation earthquake engineering design seeks to develop robust structural systems that have
limited structural and non-structural damage after strong earthquake shaking. In this study, an
innovative high-performance tall building is proposed. The proposed structural system utilizes a
conventional reinforced concrete (RC) core wall system with an outrigger at the top of the core wall
to reduce the moment demand. This results in a smaller core wall with reduced construction costs
and increased useable floor space. To further improve the seismic performance, innovative leadextrusion fuses are added to the ends of the outriggers, and the base of the wall is designed to rock.
In the coupled wall direction, replaceable coupling beams are added between the walls to dissipate
earthquake energy. This allows the structure to have none or minimal damage after strong
earthquake, hence making the structure more resilient towards future earthquake shaking. Full-scale
components have been designed and tested at the University of British Columbia in Canada, while
large-scale shaking table tests will be conducted at the International Joint Research Laboratory of
Earthquake Engineering in China. Upon successful validation of the proposed systems, new and
advanced high-performance earthquake-resilient tall buildings can be used in high seismic zones.

Introduction
With rapid population growth worldwide, major cities around the world are seeing an upsurge in
high-rise building construction. Many of these high-rise buildings are in high seismic zones. A
strong earthquake in these areas could result in significant structural damage and hefty financial
losses. In this paper, an innovative high-rise structural system that utilizes reinforced concrete
(RC) core walls with an outrigger and a rocking base is proposed. The outrigger reduces the
moment demands on the core walls, allowing smaller cores, thereby resulting in significant savings
in structural materials and increased useable space within the buildings. To further improve the
seismic performance of the structure, innovative fuses are added to the ends of the outriggers to
dissipate the sudden surge of the earthquake energy. In addition, an innovative rocking base is
designed to ensure that the RC core wall can rock at its base without damage. In the coupled wall
direction, replaceable coupling beams [1-6] are added to the wall to dissipate the sudden surge of
earthquake energy. After strong earthquake shaking, the core walls are designed to be damage free,
hence allowing the structure to be functional shortly after the earthquake. This makes the structure
more resilient towards future earthquake shaking. Fig. 1 shows a conceptual drawing of the
proposed system.
To ensure the proposed innovative systems can be used efficiently by the engineering
community, the newly developed Equivalent Energy-Based Design Procedure (EEDP) [7] is used
to design the prototype building. EEDP was specifically developed to design fused seismic force
resisting systems, and uses an energy-balanced concept to design structural systems using plastic
design approach. This allows engineers to achieve different performance objectives at different
earthquake shaking intensities.

Figure 1.

Conceptual drawing of resilient high-rise building

The proposed structural system will be developed through international research
collaboration between the International Joint Research Laboratory of Earthquake Engineering
(ILEE) at Tongji University and the Earthquake Engineering Research Facility Canada, an ILEE
affiliated research center, at the University of British Columbia (UBC). Full-scale components are
systematically designed and tested at UBC, while large-scale shaking table tests will be conducted
at the ILEE facility at Tongji University to validate the overall seismic performance of the
proposed system. A few significant enhancements to the traditional RC core wall system is
validated in this research. This includes the use of replaceable coupling beams, rocking base,
outrigger system, and significantly reduced shear reinforcement in the RC core wall.
Prototype building and design
The prototype building is a 34 story, 103.5m [339’7”] tall, residential reinforced concrete core wall
building. The typical flat plate floor slab has dimensions of 22.5m x 33m x 0.20m [73’ 10” x 108’
3” x 8”] with a shear wall core foot print of 8.4m x 8.4m [27’ 7” x 27’ 7”]. The lateral force
resisting system (LFRS) utilizes a RC core wall with outrigger at the top and rocking mechanism
at the base. In the coupled direction, replaceable coupling beams are used in conjunction with the
shear walls. The core is composed of two C-shaped walls with constant thicknesses up the height
of the building: 762mm [30”] thick flanges and 533mm [21”] thick webs. The concrete
compressive strength at 28 days for all members is 30MPa [4.36ksi]. The vertical reinforcing ratios
are 3%, 0.39%, and 0.56% for the end zones, the distributed steel for the flange walls, and the
distributed steel for the web walls, respectively.
The building is assumed to be located near Vancouver city hall (Long: 49.2609, Lat: -

123.11395), in Vancouver, British Columbia, Canada. The greater Vancouver region is the third
most populated region in Canada and is situation along one of the most seismically active regions
in the world. This hypothetical building site is assumed to be situated in Site Class C soil (which
is classified as very dense soil and soft rock with a shear wave velocity of 360 < Vs30 < 760). Fig.
2 shows the design spectrum for the 2% probability of exceedance in 50 year hazard for the
prototype building calculated using NBCC 2015 [8].
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Figure 2. Design spectrum for the prototype building.
The design of the prototype structure is completed using the Equivalent Energy-based
Design Procedure (EEDP) [7]. EEDP is a design methodology that utilizes the concept of equal
energy to determine the member sizes to satisfy both the target displacements and forces of a
system without iteration. EEDP allows engineers to design the innovative system to achieve
different performance objectives at different earthquake shaking intensities. Specifically, at the
service level earthquake (SLE) shaking intensity, the system is targeted to be immediate occupancy
(IO), where the structure is expected to remain undamaged. Hence, no repair is required. At the
design basis earthquake (DBE) shaking intensity, the system is targeted to be rapid return to
occupancy, where the primary structural fuses at the outrigger will yield to dissipate the sudden
surge of earthquake energy, while the other parts of the structure are protected from damage. The
structural fuses can be repaired or replaced efficiently to allow the structure to remain functional
shortly after the earthquake. At the maximum considered earthquake (MCE) shaking intensity, the
system performance is targeted to be collapse prevention (CP), where the wall will rock and fuses
at the wall base yield to prevent the structure from collapse. All other structural components will
be capacity designed to remain essentially elastic. The procedure is used such that the outriggerwall system can be designed to have a trilinear backbone as shown in Fig. 3.

Figure 3. Desired nonlinear mechanism of outrigger-wall system
Specimen Design
Due to the physical limitation of the shaking table capacity, the tested specimen is designed
to be a 1/6th scaled model of the 34-story prototype building. The scaled model has a total height
of 17.8m [58’5”], with a core-wall area of 1.4m x 1.4m [4’ 7” x 4’ 7”]. To limit the scope of the
testing, gravity framing system is not included in the shake table test. Large concrete blocks are
used to simulate the building masses. The mass blocks are held by steel brackets that connect to
the wall. This will ensure that the concrete mass blocks do not contribute the lateral stiffness of
the system. The outrigger and columns will be constructed using ASTM A500 Grade C steel HSS
3x3x5/6 and HSS 8x8x5/16, respectively.
To increase the efficiency of construction and instrumentation of the test specimen, a
simplified lumped mass model is proposed. The simplified lump mass model has the same wall
properties, except the mass and the coupling beams are lumped to either 11 locations (referred as
11fl) or 17 locations (referred as 17fl). These simplified models were studied analytically using
the prototype building properties to ensure they have similar behavior as the original model
(referred as 34fl). The modal periods of the simplified models were compared to the original model
and shown in Table 3. In addition, the story shear, moment and deformation from response
spectrum analysis are shown in Fig. 6. The results show that the simplified model has similar
structural period and response as the original model. Hence the 11fl model is selected as the test
model for the large scale shaking table test. Fig. 7 shows the detailed drawing of the test setup.
Table 3.

Comparison of natural periods for equivalent masses and coupling beams

34fl
17fl
11fl

Mode 1, T1 [s]
4.20
4.37
4.42

Mode 2, T2 [s]
3.64
3.70
3.72

Mode 3, T3 [s]
2.57
2.78
2.82

Figure 6. Comparison of wall forces (prototype) with equivalent masses and coupling beams
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Figure 7: Conceptual drawing of specimen

Experimental plan
Large scale component tests will be conducted at UBC, while 1/6th scale shaking table tests will
be conducted at the International Joint Research Laboratory of Earthquake Engineering (ILEE) at
Tongji University.
Component tests
Fig. 7a) presents a schematic diagram of the lead extrusion damper [9-11] which will be used at
the outrigger connection. In this device, a core of solid lead surrounds a bulged central shaft. As
the shaft moves significant energy is absorbed through the deformation of the lead. Due to the
unique characteristics of the lead material, these devices do not suffer from low cycle fatigue or
stiffness/strength degradation. This allows for the devices to dissipate energy without the need to
be repaired afterwards. Hence, it is selected as the desired energy dissipation device for the
outrigger. Fig. 7b) shows the damper testing setup conducted at the UBC testing facility.

a) Schematic Diagram of Lead Extrusion
Damper [11]

b) Testing of Damper

Figure 7: Lead Extrusion Damping Device
For the replaceable coupling beams(RCBs), a newly developed Welded Wide Flange Fuse
(WWFF) as shown in Fig. 8 is used in this study. The WWFF uses the conventional welded wide
flange section to dissipate the earthquake energy through shear yielding of the web in the
longitudinal direction, while the flange is designed to remain elastic. The advantage of using
welded wide flange fuse is the size of the flanges and web can be varied as needed. This makes
the fabrication of the WWFF very versatile and economical. In addition, the use of the welded
web, makes the WWFF very stiff and efficient in dissipating the earthquake energy [12]. These
fuses have recently undergone extensive testing in the UBC testing facility in Canada. Fig. 8
shows the testing set-up and hysteretic behavior of the WWFF.

b) Testing aparatus
a) WWFF
Figure 8: Conceptual drawing of specimen [12]

c) Hysteretic behavior

To eliminate the extensive damage at the base of the concrete core wall another innovative rocking
base, as shown in Fig. 9, is proposed. The proposed rocking base separates the base of the wall
from the foundation, in addition, energy dissipation devices are added to the base of the wall to
dissipate the earthquake energy. A special shear key is added to the base of the wall to prevent
sliding. To eliminate the difficulty during repair and design, the fuses are designed not to take the
gravity load, hence the energy dissipation devices can be easily replaced after strong earthquake
shaking without compromising the structure’s ability to support gravity load. Depending on the
application, post-tension (PT) cables can be added to the base of the wall to further improve the
self-centering capability of the RC core wall. Fig. 9 shows the concept and simulated behavior of
the RC core wall rocking base.
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Figure 9: Conceptual drawing of specimen
In addition to the innovative concepts presented above, a novel concept of using lower-thannormal shear reinforcement for RC core wall will be validated in this research. Currently, most
finite element analysis accounts for RC nonlinearity from the concrete cracking and yielding of
the longitudinal steel, but it assumes that the relationship between shear stress and shear strain is
linear. Large-scale concrete wall components subjected to reverse cycle shear have demonstrated
that concrete walls with well distributed reinforcement have significant shear strain ductility that

allows the walls to be designed for lower shear forces than predicted by typical Canadian design
procedures [13]. One phase of the current research program will be dedicated to test component
shear walls at the UBC in Canada. The shear walls will be subjected to the first mode deformation
demands using an actuator at the free end, and the higher mode deformation demands using a
second actuator located mid-way between the fixed end and the free end. The shear force demand
at failure will be determined by using a conventional model that accounts for the nonlinearity in
bending; but assumes linear response in shear. The results of these shear wall model tests will be
used to develop a more rigorous procedure to determine the required shear resistance of slender
walls subjected to higher mode demands. The proposed shear design will be implemented in the
wall specimen and tested in large-scale to verify the new shear design procedure.
Shake table tests
The specimen will undergo 5 phases of shaking table tests at the shaking table array facility
in Tongji university. In Phase A, the outrigger-cantilever-rocking-wall system will be tested under
unidirectional shaking. Three shaking table intensities will be tested. The result of the shake table
test will verify that the prototype building designed using EEDP will have no damage under the
SLE hazard level. At the DBE hazard level, the dampers at the end of the outrigger are expected
to dissipate the earthquake energy, while the base of the wall is designed to remain elastic. At the
MCE hazard level, the dampers at the end of the outrigger and the base of the wall are expected to
dissipate the earthquake energy to prevent the structure from collapse. Similarly, in Phase B, the
proposed coupled-rocking-wall will be tested under unidirectional shaking under four shaking
intensities. These tests will show that the structure has no damage under SLE hazard. The dampers
in the outrigger will yield and dissipate energy at the DBE hazard. The replaceable coupling beams
will yield and dissipate energy at a hazard that has an intensity that is greater than the DBE but
less than the MCE. Finally, at the MCE hazard, the outrigger dampers, the replaceable coupling
beams, and the wall base dampers are expected to yield and dissipate energy. In Phase C, the
outrigger-cantilever-rocking-wall and the coupled-rocking-wall systems will be tested under bidirectional shaking. This will validate the system can achieve the desired performance objectives
under bi-directional shaking. In Phase D, the outrigger will be removed and the rocking wall will
be tested under unidirectional shaking. The result will be used to compare the effect with and
without outrigger system. In Phase E, the rocking base will be locked to allow the wall to behave
as a cantilever wall to confirm the design of the RC wall with the low shear design and without
the energy dissipation devices. Fig.10 shows the different testing configurations.

Figure 10.

Shake table testing plan

Conclusion
In this research, innovative structural systems for high-rise applications are proposed. Reliable and
economical energy dissipation devices have been validated with component testing. Large-scale
system level shake-table tests are currently underway. These experiments will validate the newly
proposed systems and design procedure. The experimental validation of the proposed systems will
lead to new and advanced high-performance earthquake-resilient tall buildings being constructed
in high seismic zones.
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