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ABSTRACT

This research introduces a novel Three-Dimensional Seismic Isolation (3DSI) designed to evaluate
the coupled horizontal-vertical responses of a five-story building. A comprehensive structural
analysis using the OpenSees software was conducted for three distinct structural systems: the
traditional Fixed Base (F.B.) system, the Conventional Seismic Isolated (CSI) structure, and the
Three-Dimensional Seismic Isolated (3DSI) building. The proposed 3DSI system is based on the
utilization of Super-High-Damping-Rubber (SHDR) technology, which is engineered to achieve
vertical isolation. This is achieved through the reduction of vertical effective stiffness and the
simultaneous increase in vertical effective damping, resulting in the minimization of vertical
acceleration imparted to the superstructure. The research findings demonstrate that the 3DSI system
substantially decreases both vertical and horizontal responses by up to 65% and 20% respectively
when compared to the CSI system. In contrast, both the F.B. and CSI buildings exhibit amplification
in vertical accelerations, particularly in the case of long-span beams, leading to extensive non-
structural damage. Moreover, the 3DSI system results in reduced compression and tension axial loads,
along with diminished story drifts.

1 INTRODUCTION

The performance of structural elements depends significantly on story drift, while non-structural elements are
more sensitive to acceleration. For essential buildings such as hospitals, over 90% of the project cost is
allocated to non-structural elements and contents (FEMA E-74 2012). The coupling of horizontal-vertical
excitations might cause medium to complete damage to non-structural elements (Pourmasoud et al. 2020 and
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Cancellara and De Angelis 2016). Although Conventional Seismic Isolators (CSI) are effective in reducing
floor accelerations, they are not suitable for mitigating vertical responses in structures (Dong et al. 2023 and
Guzman Pujols and Ryan 2018). In a building, the objects start to shake when vertical acceleration exceeds
1.0g and damage happens when it goes beyond 2.0g (Furukawa et al. 2013). Experimental test results show
that vertical accelerations between 2.0 and 5.0g can cause moderate to extensive damage, and buildings with
higher vertical accelerations may suffer complete non-structural damage (Ryan et al. 2016 and Soroushian et
al. 2016).

In recent years, there has been a growing interest in the development of three-dimensional seismic isolators,
as building in near field zones with high vertical peak ground acceleration (PGA) is unavoidable in many
regions. For example, Wellington (New Zealand), California (USA), and Jakarta (Indonesia) are among the
cities where buildings and infrastructure have extended in the vicinity of active faults. Therefore, the new
generation of seismic isolation systems shall replace Conventional Seismic Isolators (CSIs) with Three
Dimensional Seismic Isolators (3DSIs) to effectively mitigate both horizontal and vertical ground motions.

A new concept for a 3D seismic isolation system (3DSI) was proposed in 2020 with the objective of developing
a system that could increase the vertical effective damping and decrease the vertical responses, while
maintaining all the horizontal specifications of an elastomer bearing (Pourmasoud et al. 2020). To achieve this,
a Super High Damping Rubber (SHDR) layer, which is horizontally curved against lateral movements, was
added to a Lead Rubber Bearing (LRB) to provide vertical stiffness and damping. This enabled the vertical
specifications to be adjustable without impacting the horizontal specifications. Figure. 1 depicts the proposed
3DSI before and after lateral displacement. The total vertical stiffness of the proposed 3DSI comprises the
vertical stiffness of the LRB at a certain lateral displacement, as well as the vertical stiffness of the SHDR
layers.

Top cap

Figure. 1. 3DSI with SHDR layers.

2 NUMERICAL STUDY

2.1 Super structure

A case study of a multi-story building was implemented using the OpenSees software. The structure was
modelled as a dual system consisting of intermediate steel moment frames and braces. The floor height is 4m,
and it is divided into three spans of 6.0m and 9.0m to investigate the influence of vertical acceleration on
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medium and long spans. The structural elements were designed based on the requirements of a high seismic
zone, as specified in the ASCE 7-22 (2022). Figure. 2 shows the 2D fixed base model developed in OpenSees.
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Figure. 2. 2D OpenSees model.

2.2 Seismic Isolation Systems

In order to investigate the influence of the proposed 3DSI on the performance of super-structure, three seismic
system were implemented, including:

1. Fixed Base (FB).

2. Conventional Seismic Isolation (CSI) system, which is a lead rubber bearing to provide the horizontal
isolation.

3. 3DSI, which is a combination of lead rubber bearing and SHDR layers to mitigate the horizontal-vertical
responses.

Figure. 3 shows the DBE and MCE response spectrums which are from a high seismic region in Wellington,
New Zealand and used to design the LRB isolator which comprises of 26@10mm rubber layers and a 170mm
diameter lead core.
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Figure. 3. The horizontal acceleration spectrums.

The LRB was tested under a variety of lateral displacements and compression loads to measure the mechanical

specifications at each step. Figure.
corresponding mechanical specifications.
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Figure. 4. The LRB hysteresis loop.

Table 1. the LRB test results.

Load Load

Min (kN)

Disp Min  Disp Max
Cycle

(mm) (mm)

Max

(kN)

50 100 150 200 250 300 350
Displacement (mm)

test
——OpenSees

Area (kNm) k effective (kN/mm) Damping %

1 -310.1
2 -310.1
3 -310.1

311.1
3111
311.1

-296.0
-287.9
-284.7

301.6
286.2
280.0

185.1
180.6
176.9

0.962
0.924
0.909

31.7
32.2
321
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To model the horizontal behaviour of an isolator in OpenSees, the Multilinear Material link is an ideal option.
The software can be allocated with the deformation and force (or strain and stress) at each step of the envelope
to shape a cycle of loading. In this case, three spots were introduced to the software to shape the LRB hysteresis
loop.

3 EXPERIMENTAL TESTS

In order to determine a practical range of vertical stiffness, nine SHDR layers were created and tested under
cyclic loads. These layers represent a high level of damping compared to normal rubber layers and were all
600mm in diameter. Various thicknesses of 30, 40, and 50mm, as well as different shear moduli of G60, G80,
and G100, were considered. Under 2500 kN cyclic loads, the rubber layers were compressed to investigate
their vertical stiffness, bulging, shear strain due to compression, and potential vertical effective damping. Table
1 presents the dimension and mechanical specification of the SHDR layers under the applied axial load.

Table 1. Rubber layers’ vertical stiffness and compression strain.

Vertical stiffness (kN/mm) Shear strain due to compression, ¢c e
Thickness (mm)
50 40 30 50 40 30
G modulus (MPa)
G 60 174 331 769 5.2 4.2 3.2
G 80 227 430 997 4.0 3.3 2.5
G 100 276 522 1207 3.3 2.7 2.1

The total vertical stiffness of a lead rubber bearing (LRB) at zero displacement is based on the philosophy of
series springs, which is equal to the stiffness of a single layer divided by the number of rubber layers. This
stiffness will decrease with increasing lateral displacement and can be calculated using Equation (1), (2) as
presented by Constantinou et al. (2007).

3 (u 2 71
Kysn = Kvo[1+ 5 (_h) ] D

7T2 T

AE
Kyo = =
Vo T

r

2

where uh is the lateral displacement, r is the radius of gyration of the bonded rubber area, A is the bonded area
of rubber layer, Ec is the compression modulus and Tr is the total thickness of rubber. For the 3DSI device,
the vertical stiffness of SHDR layers will be combined with the stiffness gains from Equation (1) to achieve a
low enough stiffness while maintaining the axial loading capacity. Table 3 represents the vertical specifications
of SHDR 600x50 — G60. The vertical period (Tv), compression strain (gc) and shear strain due to compression
load (esc), energy dissipation per cycle (EDC) and effective damping (B) are reported. To approach an ideal
3DSI, three layers of SHDR were piled up and the device's total vertical stiffness was calculated. Table 4
presents the CSI vertical stiffness at zero and maximum displacement. So, the dominant vertical period will be
0.41s and 0.34s for the softest and stiffest layers, respectively. In order to define the effective stiffness of the
3DSI to OpenSees, the average stiffness from the first three cycles of SHDR 600x50 combined with the CSI
vertical stiffness at the designed maximum displacement was employed.

Table 3. SHDR 600x50 — G60 test results.

SHDR (1 layer)
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Deformation | Bulgin K

Cycle ) (mgm)g (/) v | & | & EDC Vi
0 0.00 0.00

1 228.05 0.21 | 0.22 3.9 10728.125 | 24.9%
2500 10.96 71.18
0 8.58 63.81

2 651.47 0.12 | 0.08 1.4 1784.375 11.8%
2500 12.42 91.63
0 10.01 84.90

3 728.86 0.12 | 0.07 1.2 1521.875 11.3%
2500 13.44 97.91

Ave. 536.13 0.14

Table 2. CSI vertical stiffness at zero and maximum displacement.

Ec (MPa) A (mm?) Tr (mm) u (mm) r Kvo (KN/mm) Kv (KN/mm)

658 418539 260 310 182.50 1059.26 282.07

Figure. 2 illustrates the vertical stiffness diagram of the designed 3DSI to be defined in OpenSees software
based on the combination of a conventional isolator and layers of SHDRs.
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Figure. 2. 3DSI Vertical stiffness.

4 EARTHQUAKE EXCITATIONS

To investigate the 3DSI influence on the performance of the structure, 10 nearfield earthquakes, mostly with
high vertical peak ground acceleration (PGA), were selected from the Pacific Earthquake Engineering
Research Centre (PEER), as listed in Table 5.

Table 5. Selected ground motions and the PGAs in horizontal and vertical directions
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No. Records Station I\D/grAtligl) Hgg;o(r;t;tl Pulse(sp)erlod Mw VPGA/HPGA
Eq.1 Chichi TCU 065 0.27 0.82 5.7 7.6 0.33
Eq.2 Kobe JMA 0.34 0.83 7.8 6.9 0.41
Eq.3 Northridge Sylmar 0.53 0.84 3.1 6.7 0.63
Eq.4 Christchurch Hospital 0.6 0.35 7 6.2 1.71
Eq.5  Christchurch Cathedral 0.8 0.38 5.6 6.2 211
Eq.6 Landers Lucerne 0.82 0.79 51 7.3 1.04
Eq.7 Christchurch Cashmere 0.85 0.4 6.3 6.2 2.43
Eq.8 Northridge Rinaldi 0.96 0.87 3 6.7 1.10
Eq.9 Bam Bam 0.97 0.8 19 6.6 1.21
Eq.10 Darfield GDLC 1.25 0.71 19.8 7.0 1.76
Eq.11  Christchurch PRPS* 1.9 0.6 3.34 6.2 3.17
Eq.12  Christchurch HVPS™ 2.18 1.65 2.65 6.2 1.32

*Pages Road Pumping Station
**Heathcote Valley Primary School

Figure. 3 demonstrates the vertical elastic response spectrum for the chosen seismic restricted to 0.8s. This
figure illustrates that the vertical periods around 0.1s, which represent the vertical period of most conventional
isolators, magnify the vertical acceleration. Vertical accelerations less than 1.0g are not harmful to non-
structural elements; accelerations between 1.0 to 2.0g cause shaking of objects and once the vertical
acceleration goes beyond 2.0g, tossing and falling of the objects will be expected. So, increasing the vertical
period up to 0.3s significantly decreases the acceleration below 2.0g regardless of the vertical damping
influence.
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Figure. 3. Vertical response spectrum for 12 selected ground excitations.
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5 DISCUSSION AND RESULTS

The aim of this section is to investigate the influence of the 3DSI on the building's responses and compare
them with the CSI and FB options. Table 6 presents the vertical accelerations (VA) at the spots of columns
and the beams as illustrated in Figure. 2. For each structural system, the accelerations at each column, two
spots on the 6m beams, and three spots on the 9m beams were considered. In Table 6, accelerations less than
2.0g are highlighted in green, accelerations up to 4.0g and 5.0g are shown in yellow and orange, respectively,
and any acceleration exceeding 5.0g is presented in light red. As it was expected, the fixed base option caused
vertical accelerations to gradually increase from bottom to top of columns as well as from end of the beams
toward the centre of beams. The CSI option led to amplification of vertical PGA due to low vertical flexibility
of isolators which magnify the accelerations from bottom of the device to top of it. In this case, the VAs on
the columns is almost as twice as the VAs attained from the fixed base option. Three dimensional isolation has
degraded the vertical accelerations up to 65% compare to the CSI option. In this case, the VA decreased from
3.9g to 1.69 on top of the C1 isolation and from 9.3g to 3.3g in the middle of the long beam.

Table 6. Vertical accelerations of columns and beams for the fixed base option — HVPS record.

Fixed Base

SIB-l 46 | 47 | 52 | 42 | 46 | 51 | 46 | 66 | 93 | 7.0 | 47

SR 4.4 | 44 | 48 | 40 | 46 | 55 | 45 | 50 | 6.7 | 54 | 46

S 40 | 43 | 50 | 38 | 46 | 49 | 42 | 50 | 6.7 | 53 | 43

S 39 | 40 | 46 | 36 | 43 | 46 | 38 | 43 | 58 | 44 | 41

SIe 40 | 39 | 42 | 39 | 40 | 43 | 38 | 48 | 64 | 53 | 41

I 3.9 SES 4.2 4.7

Bl. ** v 2.2 2.2 2.2
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Table 4. Vertical accelerations of columns and beams for the 3DSI option — HVPS record.

Three Dimensional Seismic Isolation (3DSI)

Sl 16 | 22 | 21 |17 | 23 | 23| 18 | 25| 33 | 29 | 2.2

I 16 | 20 | 22 | 16 | 21 | 21 | 18 | 19 | 27 | 19 | 2.2

Sl 15 | 20 | 22 | 15 | 20 | 19 | 1.7 | 18 | 26 | 22 | 2.1

Sj7a 15 | 19 | 20 | 15|19 | 20 |17 |17 | 24 | 21 | 2.1

Sjpe 15 | 19 |18 | 15|19 | 20 | 17 | 1.7 | 25 | 21 | 20

LR 1.6 1.6 1.8 2.1

Sl 2.2 2.2 2.2 2.2

*Top of Isolation level.

**Bottom of Isolation level.

To better understand the efficiency of the proposed system, Figure. 7 illustrates the distribution of acceleration
along the beams under the HVPS record at level 1 and level 5. This figure implies that: a) The maximum
vertical acceleration (VA) at the middle of the long beam has dramatically decreased by up to 65% (from 9.3g
to 3.3g) under the HVPS record. On average, it is about 57% (from 4.89 to 2.06), indicating that the efficiency
of the proposed 3DSI system increases under higher vertical PGAs. b) On average, the acceleration
amplification due to the beam vibrations is more than 250% for F.B. and CSI systems, while it is reduced to
about 170% for the 3DSI system. The higher vertical period of the 3DSI system has mitigated the influence of
beam vibration, which causes acceleration amplification.
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Figure. 4. HVPS vertical acceleration distribution of columns and beams at levels 1&5.
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Figure. 8 illustrates the trend of vertical accelerations along the height for the HVPS record at C1 and B6,
which was also observed for other records. The figure shows that the 3DSI system causes an almost uniform
distribution from the top of the isolation upward. In contrast, the FB option presents a straight distribution on
the columns while significantly amplifying across the beams. For the CSI system, the vertical accelerations
dramatically increased by up to four times of the vertical PGA on the middle of the long beam.

Vertical Acceleration Distribution

6
5
B6-3DSI
4 B3-3DSI
C1-3DSI
> 2 B6-CS!
=]
» B3-CSI
2
C1-CSl
1 B6-FB
B3-FB
0 C1-FB
0.0 2,0 4.0 6.0 8.0 10.0

Acceleration (g)

Figure. 5. Vertical acceleration distribution along with the height for C1 & B6 — HVPS record.

6 CONCLUSION

Conventional Seismic Isolation (CSI) systems have demonstrated their efficacy in mitigating seismic
responses within the horizontal plane. However, their performance in the vertical direction is comparatively
limited. This shortcoming necessitates the implementation of Three Dimensional Seismic Isolation (3DSI)
systems, particularly in near-field regions with high vertical Peak Ground Accelerations (PGA).

This research study assesses the effectiveness of a proposed 3DSI system in diminishing structural responses
in a five-story building compared with the Fixed Base (F.B.) and CSI alternatives. The following conclusions
emerge from this investigation:

*The proposed 3DSI system attenuated vertical accelerations by up to 65% compared to the CSI system,
resulting in lower levels of non-structural damage. Additionally, the trend of vertical accelerations along the
height showed an escalation trend for F.B. and CSI systems, while the 3DSI system led to a more uniform
distribution along the height.

*CSI and 3DSI systems significantly reduced the lateral forces on columns compared to fixed-base buildings,
but the CSI option caused compression/tension forces to vary about £10.0% from the F.B. system. The 3DSI
system offered 20% less lateral forces than the CSI system and approximately 50% and 25% less
compression and tension axial loads, respectively.
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*The proposed 3DSI system is tuneable in both horizontal and vertical directions according to the project's
specifications. This study targeted a vertical period of Tv=0.3s, which effectively mitigated horizontal-
vertical responses. A higher vertical period is achievable by adjusting the specifications and numbers of
SHDR layers.

Overall, this research demonstrates that the proposed 3DSI system is highly effective in reducing the seismic
responses of buildings compared to F.B. and CSI options. It offers more level of safety for the building’s
occupants and equipment, making it an attractive option for seismic isolation in near-field zones with high
vertical PGA.
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