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Abstract

In earthquake-ridden Japan, rooftop structures as well as the main structures of buildings are required to be highly
seismic resistant. In the New Miyashita Park Project that we will present, we developed the whole rooftop area of the
three-story commercial facilities into an approximately 8,700 square meter city park and designed a canopy made of
steel for greening to cover the entire park (Fig. 1). Seismic force, greening system and the beauty of the structure were
the key challenges in designing the ROOFTOP GREENING CANOPY. We would like to present (1) our concept of
how to calculate the seismic force in designing a large-scale rooftop structure and (2) the structural design of a simple
and minimal structural frame with a greening system and earthquake resistance.

We needed to properly determine the design seismic force in designing a large-scale rooftop structure. Therefore the
horizontal seismic coefficient in consideration of the response of the main structure below was calculated to determine
the design seismic force. The horizontal seismic coefficient was calculated by the eigenvalue analysis considering the
weight ratio and stiffness ratio of the rooftop structure to the structure below. Thus the horizontal seismic coefficient for
this project was set to 0.86 G.

The overall structural planning is based on a simple frame made of two oval arches connected with four beams. This
structure can resist a large seismic force on the rooftop structure with a small number of members. The structure has
two major features: One of them is a continuous series of independent frames in which the members are arranged in an
A-shape in the ridge direction. The other feature is a reduction of the rise in the span direction, which has lowered the
center of gravity position and consequently contributed to ensuring of the horizontal stiffness and to reduction of stress
caused by an earthquake.

The principal framing structure of the canopy covering the whole site consists of circular steel tubes (356.6 mm in
diameter), in the repeated elliptical shapes of different sizes ranging between 9.0 and 16.0 meters in height and between
25.0 and 35.6 meters in span, which are supported mainly by the beams at the rooftop and third floor levels of the main
structure.
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1. Introduction

Rooftop structures of buildings, as well as the main structures, are required to be highly seismic resistant in
Japan. This report presents a case of seismic design of a large-scale structure located above a building in
Japan.

2. Overview of Project

This is a project for rebuilding the existing Miyashita Park which was situated above the parking space
constructed in 1964. For the new park, we had to keep a green space equal to that of the existing park.
However, if such a green space is accommodated in the rooftop park area, that will reduce the space
available for the park’s activities. Under the circumstances, this project is aimed at securing a green space
above the park by planning a canopy for greening on the roof of new three-story commercial facilities, as
well as securing a space for the park’s activities.

For the lower-floor commercial facilities, the maximum rentable floor space needs to be secured
because of the high-rent urban commercial property, which causes the exterior walls of the building to align
with the site configuration. Likewise, the canopy over its top was also required to take a shape in alignment
with the site configuration. Thus this project will realize a green canopy all over the 330-meter-long park
(approximately 8,700 square meters in area), split into the northern and southern parts, which is located 18
meters above the ground.

ROOFTOP GREENING CANOPY

Fig. 1 — Rendering of whole project
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Fig. 2 — Sectional view (Short span) Fig. 3 — Sectional view (Long span)
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In order to achieve a three-dimensional shape in alignment with the site configuration, we focused on
continuous arch shapes that match a long span. If these arch shapes are firmly connected to each other, that
will create a need to ensure transmission of horizontal forces under horizontal loading and the surface
stiffness because the stiffness varies from span to span, which will increase the difficulties in designing and
fabrication.

Hence, we arranged this shape in a continuation of a unit shape with two arches combined in an “A”
shape. And then the units were softly connected to each other with a wire, which has contributed to
enhancement of the degrees of freedom in the span and layout, resulting in a configuration which can be
casily located according to the site configuration. Furthermore, this shape enables each unit to be free-
standing and consequently meets the conditions of construction on a narrow and long site.

We also installed meshes for climbing plants on the stainless steel wires that connect the units to each
other, thus achieving the openness of a park and an interior space covered with foliage.
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bring independent frames into a continuous series.

Fig. 7 — Improvement of earthquake resistance
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3. Definition of Canopy Configuration

The entire configuration of the canopy needed to be continuously varied as a shape that covers the whole site
smoothly, which required a new rule for laying structural members out.

Therefore, a 3D curved surfaces was defined from the elliptical shapes based on the site, structural
height and greening conditions in this project, and a smooth configuration in alignment with the site
configuration was achieved by locating structural frame members on the cut surfaces of the 3D configuration.

———— Y W W Y B 7 R R W iy e

ji v | . g |
TMeErveEEe @ wwewes
Shape according to site

Fig. 8 — Greening layout (plan view)
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Fig. 9 — Greening layout (elevation)

(1) The greening layout was planned by Surfaces of Greening ,
forming 3D curved surfaces based on

the elliptical shapes under the site
boundary conditions and the width
and height constraints.

(2) The 3D curved surfaces were cut to Cutting Surface ’
match the elevational shape, which : =

enabled us to successfully plan a
facade design without being restricted
by the site configuration.

(3) A-shaped structural frame members
were placed at the cut positions of the
3D curved surfaces.

Fig. 10 — Rule for laying structural members out

We placed the structural members, following the above rule, and as a result, were able to replace the
continuously varying 3D curved surfaces by a continuity of simple A-shaped frames.
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4. Establishment of Design Seismic Force

We needed to properly determine the design seismic force in designing a large-scale rooftop structure. To
establish the design seismic force for the rooftop canopy, the response of the structure below had to be
considered because the canopy is installed on the top of the three-story building. It was anticipated that the
response of the structure above would increase if we consider the stiffness ratio and weight ratio of the
rooftop structure to the building below.

The horizontal forces that will be applied to the rooftop structure in an earthquake can be determined
by two methods: One method is by means of seismic response analysis, and the other by eigenvalue analysis
and vertical distribution coefficient of Japan Code. In the project discussed in this paper, we determined the
horizontal force that would be evaluated on the conservative side against the rooftop structure by applying an
analytical method for showing larger horizontal force from the results of the above two types of analyses.

Thus in designing the canopy for this project, the horizontal seismic coefficient was calculated by the
eigenvalue analysis considering the weight ratio and stiffness ratios of the rooftop structure to the structure
below and consequently set to 0.86 G. The eigenvalue analysis applied for this project is as follows:

The target horizontal deformation of the canopy steel structure in an earthquake was set to 1/100, and
the horizontal seismic coefficient was found through eigenvalue analysis. The horizontal stiffness was
corrected according to the result. Then convergence calculation was performed to find the horizontal seismic
coefficient.

First, the horizontal seismic coefficient was calculated on the basis of the assumption that the
deformation was 1/100 at the horizontal stiffness of the canopy equal to 0.5 G in the typical range shown in
Fig. 11 for establishment of the horizontal seismic coefficient, where:

Greening

N ; Vi

Fig. 11 — Area of calculate on the horizontal seismic coefficient

(1) The canopy should be treated as one layer, assuming that the layer’s height is measured from the
top surface of the support of the main structure at the roof floor level to the center of gravity of
the canopy.

(2) The horizontal stiffness for eigenvalue analysis should be set, assuming that the deformation will
be 1/100 when the canopy bears a horizontal force of 0.5 G.

(3) In the above range, the structural steel’s weight is 700 kN, and the greenery weight is 125 kN
(including wire mesh for greening 120 N/m?).

(4) The weight of the rooftop structure for calculation of a horizontal seismic coefficient should be
850 kN, on the basis of the calculation of 700 + 125 = 825 kN.
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Fig. 12 — Structural analysis model

Assuming that the gross weight (W) of the canopy in the said range is 850 kN, and that the average
height of the center of gravity (h) is 9.7 meters, the displacement (8) caused by the horizontal deformation of
1/100 will be 9.7 cm. Consequently, the canopy’s horizontal stiffness (K) is determined in the following
equation:

K=0.5W/8=425/9.7=43.8 (kN/cm) (1)

Then the story shear coefficients by the floor levels in the range shown in Fig. 11 were calculated. Table 1
shows the properties of the floors and rooftop canopy of the main building. Eigenvalue analysis was
performed by modelling the properties by the floors into a multi-mass equivalent shear model on the
conditions listed in Table 1. The first natural period was 0.954 sec. in the X-direction and 0.949 sec. in the
Y-direction. The story shear coefficient for each floor level was calculated by using the obtained first natural
period. Table 2 shows the results.

Table 1 — Properties of the floors and rooftop canopy (1st)

stsit?nrz]ss Average Weight of | Story shear Average Average Story
Story height for weight each floor force story drift re.latlve story stiffness
Floor leve . angle displacement
calculation

h Cli w M Q R 8 K
(m) (kN/m?) (kKN) (kN) (rad) (mm) (kN/cm)
Canopy 9.7 0.500 - 850 425 1/100 97.0 44
3 5.1 0.275 17.360 20,850 5,964 1/370 13.8 4,327
2 5.1 0.239 7.400 9,250 7,392 1/330 15.5 4,783
1 6.6 0.200 7.400 9,250 8,035 1/370 17.8 4,504

© The 17th World Conference on Earthquake Engineering - 2c¢-0098 -



The 17th World Conference on Earthquake Engineering

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

2¢-0098
17WCE;€9

Sendai, Japan

Table 2 — Result of analysis for Story shear coefficient (1st)

t h Vibrati ismi
Base shear First natural S, Or},] S 'ear ibra 1(.)n' Selsr‘nlc Story shear
Floor | ficient . od distribution | characteristic zoning Fficient
oorleve | cocticien “ petio coefficient | coefficient | coefficient | oo
Co T1 Ai Rt Z Ci
Canopy - 0.02 4.37 0.88
3 - 0.54 0.935 1.40 1.00 1.00 0.28
2 - 0.77 (sec) 1.18 0.24
1 0.20 1.00 1.00 0.20

Similarly, the horizontal seismic coefficient was found by correcting the horizontal stiffness so that the
deformation might be 1/100 when the horizontal seismic coefficient was 0.88 G as follows:

K =0.88W /5=748/9.7 = 77.1 (kN/cm) 2)

The story shear coefficient for each floor level was calculated by using the obtained horizontal
stiffness. The first natural period was 0.870 sec. in the X-direction and 0.856 sec. in the Y-direction. The
story shear coefficient for each floor level was calculated by using the obtained first natural period. Table 3
shows the results. The story shear coefficient for each floor level was calculated by using the obtained
horizontal stiffness. Table 4 shows the results.

Table 3 — Properties of the floors and rooftop canopy (2nd)

Story Avera, Avera,
. stiffness Average Weight of | Story shear ge . & Story
Story height : story drift |relative story .
for weight each floor force . stiffness
Floor leve . angle displacement
calculation
h C'i W M Q R 6 K
(m) (kN/m?) (kN) (kN) (rad) (mm) (kN/cm)
Canopy 9.7 0.880 - 850 748 1/100 97.0 77
3 5.1 0.261 17.440 20,936 5,686 1/370 13.8 4,125
2 5.1 0.234 7.270 9,082 7,223 1/330 15.5 4,674
1 6.6 0.201 7.400 9,244 8,062 1/370 17.8 4,520
Table 4 — Result of analysis for Story shear coefficient (2nd)
St h Vibrati Seismi
Base shear First natural .or)./ s -e a ord 1(.)n' e1srp10 Story shear
. . . distribution |characteristic zoning .
Floor leve | coefficient ai period . . . coefficient
coefticient coefficient coefficient
Co T1 Ai Rt Z Ci
Canopy - 0.02 4.30 0.86
3 - 0.54 0.870 1.40 1.00 1.00 0.28
2 - 0.77 (sec) 1.18 0.24
1 0.20 1.00 1.00 0.20
7
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The horizontal seismic coefficient was found by correcting the horizontal stiffness of the canopy
assuming that the horizontal displacement at its center of gravity is 1/100. If the displacement caused by the
obtained horizontal seismic coefficient is 1/100 or less, the first natural period will be shorter, which will
cause the story shear coefficient generated at the canopy not to exceed 0.86 shown by Table 4.

Thus, it is assumed that the allowable deformation angle in the seismic design is about 1/100, with the
horizontal seismic coefficient 0.86 G to be used in the primary design of the canopy. It was considered that
we were able to properly evaluate the increased response according to the mass and stiffness ratios to the
structure below because the above horizontal seismic coefficient is equivalent to 3.2 times the shear
coefficient generated on the third floor of the structure below.

The comparison with the values as the result of the seismic response analysis is shown below for
reference, which indicates that if the shear coefficient on the ground floor is standardized 0.2, the horizontal
seismic coefficient as the result of the eigenvalue analysis is larger, from which it is clarified that the results
in this study are based on a conservative decision.

C . .
anopy —+— The eigenvalue analysis
)(//.‘ | o and vertical distribution coefficient
R / —o— Kushiro wave phase from national specification

— —x— Kobe wave phase from national specification
V Hachinohe wave phase from national specification

—*— Random wave phase from national specification

1
0.00 0.20 0.40 0.60 0.80 1.00

Shear coefficient
Fig. 13 — Shear coefficient distribution

5. Streamlining of Member Fabrication and Joint Details

In fabricating this arch configuration with steel tube, we needed to keep the curvature of each component
constant. Therefore the curves carved out of a 3D shape as shown below were transformed into arcs to
streamline the member fabrication process. For the transformation into arcs, the gaps at the angle conversion
points were set to no larger than +4 degrees which were allowable in design as well as in welding fabrication,
and consequently we were able to group the arcs into 8 types in total.

Arc After Replacement

Angle Formed by 2 Arcs "

~ 2 . r1:22,312 mm

- 81 9,544 mm
= Straight

Fig. 14 — Transformed into Arcs Fig. 15 — Grouping the arcs into 8 types
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The arch configuration determined in this way was fabricated by using plated circular steel tubes.
However, the detail of their joints at the site had to be improved to achieve this smooth configuration with
plated steel tubes.

In the case of this project, site welding would have resulted in repair traces that spoil the appearance,
and furthermore would have affected the rust-preventive performance of the inside of the hot-dip galvanized
steel tubes due to the heat input. Hence, we considered use of bolted connections which do not require repair.
Application of bolted connections raised two issues: deterioration of the design and strength. We focused on
the measures against these issues and were successful in replacing all the site joints by bolted connections.

For the countermeasure taken against a decline in the strength was to locate joint positions where
smaller stresses were generated, such as the positions of points of counterflexture caused by horizontal forces
in an earthquake, which enabled replacement of all the site joints by bolted connections.

Bolted joint placement not possible

Stress Diagram — X Stress Diagram — Y Bolt joint location

Fig. 16 — Rule for laying Bolt joint out
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Fig. 17 — Production drawing Fig. 18 — Bolted connections
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For the design, the appearance of the canopy when looked up from the park below was considered,
which has led to creation of an idea to prevent the cover screws from being visible when looked up by
developing a cover plate in the shape of a 3/4 arc.

ML 2mttse b

Fig. 20 — Mockups Fig. 21 — Installation of joints Fig. 22 — Construction of whole structure

6. Conclusion

The framing structure of the greening canopy covering the whole site consists of repeated elliptical shapes of
different sizes ranging between 9.0 and 16.0 meters in height and between 25.0 and 35.6 meters in span. We
determined the proper seismic force which would be generated on the rooftop structure and designed a
continuous series of free-standing, A-shaped combinations of elliptical frame members, which enabled the
structure to be fabricated of circular steel tubes, ranging between 9 mm and 32 mm in thickness, the
diameters of which are all 356.6 mm.

Compact bolt joints are covered with circular steel tubes which are 356.6 mm in diameter like the
main tubes. Thus a seamless structural frame is realized.
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