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ABSTRACT

Structural morphogenesis is widely used as a parametric tool to find an optimal structural shape of shell
structures for a prescribed objective function and a given design load. However, the current optimization
methods are limited to finding a geometry under only a specific static load like the dead load or an equiv-
alent static seismic load for predefined geometrical shapes, and so can not be applied to free-form grid-
shells. This poses a challenge to achieving an efficient free-form shell structure in high seismic hazard
areas. This paper aims to resolve this by presenting a computational morphogenesis method to obtain
form-found shell structures by considering the dynamic seismic loads and the response reduction effects
of seismic energy-dissipating devices using generalized response spectrum analysis. The method was
applied to optimize the buckling-restrained brace layouts on target spherical metal gridshell structures
with different diameter-to-height ratios. The resulting form-found structures had an efficient roof geom-
etry, along with an efficient damper layout (to prevent member buckling and the dropout of finishing
materials). Dampers were found to be more efficient if placed in the (relatively heavy) supporting struc-
ture instead of the roof, and a flattened but locally bulged roof shape proved to be the most efficient in
mitigating the seismic response. The generalized response spectrum analysis significantly reduced the
computation time while evaluating the displacement response with sufficient practical accuracy,
although it slightly underestimates the acceleration response if compared to the conventional nonlinear

response history analysis results.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

shape of a structure is one of the most influencing design parame-
ters for seismic performance, the dynamic response demand under

Structural morphogenesis [1] (also called form-finding [2]) is a
forward process of finding an optimal structural geometry (e.g. a
shape of shell structure) to minimize (or maximize) objective func-
tions while satisfying structural, architectural, and constructional
constraints under a given design loading. As physical and compu-
tational morphogenesis were once exclusive to experts, with the
advent of three-dimensional computer-aided design software (3D
CAD) with visual programing languages (like Rhinoceros + Grass
hopper [3] and Autodesk’s Dynamo [4]), they have now become
common among designers of all levels. However, the methods cur-
rently available in the commercial software may be used to find an
optimal geometry form found considering only static loads, the
most common being the dead loads. Although the geometry or
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seismic load (i.e. seismic response) is not explicitly considered in
these form-finding methods. In areas of high seismic hazard (e.g.
United States, New Zealand, Italy, Turkey, China, Taiwan, Philip-
pines, and Japan), the seismic response is critical for design
because the truss members of the metal gridshells may experience
post-buckling ductile fracture [5-7] causing global collapse during
a major earthquake event. This inhibits the realization of visually-
appealing free-form gridshells (like the National Museum in the
Netherland [2] and the British Museum in the United Kingdom
[2]) in such countries. Therefore, structural morphogenesis
methods considering both the dead load and the seismic loads
are strongly desirable for such high seismic hazard areas. Further-
more, in countries such as Japan, the decision to incorporate
energy-dissipation devices (dampers) in supporting structures
e.g. [5,8-10] to mitigate not only the seismic response of support-
ing structures but also seismic input amplified by supporting
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structures to the roof is widely adopted for regular spatial struc-
tures (i.e. arenas, stadiums, and halls). Thus, it is crucial to include
this response reduction effect by dampers in the seismic optimiza-
tion process.

There is limited literature available on structural morphogenesis
methods to obtain efficient shell structures against seismic loads.
Marmo et al. [12] proposed a Thrust Network Analysis [11] consid-
ering equivalent static seismic loads. Michiel and Adriaenssens
et al. [13-15] also proposed a form-finding method considering
seismic loads on masonry concrete shells. In the reference [13], a
Dynamic Relaxation Method was proposed considering a simple
cyclic horizontal load and was used to determine the optimal thick-
ness of the assigned material. In the reference [14], an application of
this method to an example arch structure composed of masonry
blocks with differential thicknesses was demonstrated. In the refer-
ence [15], a form-finding method was proposed for corrugated shell
structures under dead loads and an equivalent static seismic load
by using a funicular polygon that was iteratively updated based
on graphic statics. The study also demonstrated the significant seis-
mic response of the form-found structure by nonlinear pushover
analysis. Tomasello and Adriaenssens et al. [16] performed
response history analysis and modal analysis on the form-found
shell structures (obtained considering only dead loads) to investi-
gate the dynamic characteristics, and discussed the obtained funic-
ular polygon under seismic loads. Shigeta and Ogawa et al. [17]
proposed a method to (computationally) optimize the shape and
member stiffness distributions for single-layer reticulated shells
under dead loads or equivalent static seismic loads and compared
the buckling loads and their deformation capacities by using linear
buckling analysis. Nascimbene[ 18] proposed a method to optimize
fiber-reinforced composite structures under dead loads and equiv-
alent static wind loads though and analyzed the performance of the
optimization results. However, in all of the existing methods, as the
dynamic seismic loads are not explicitly considered and are first
simplified as equivalent static loads for the specified shell geome-
try, the complex vibration characteristics and seismic responses
of shell structures are not fully captured.

While very few structural morphogenesis directly considers the
seismic response of shell structures, the reasons have not been
explicitly stated in literature. Nevertheless, the authors assume
the reasons to be a combination of the following: (a) the conven-
tional form-finding method (i.e. Thrust Network Analysis [11],
Force Density Method [19] or Dynamic Relaxation Method [20])
is fundamentally a procedure in which a general (or conceptual)
optimal geometry independent of the material is form-found in
static equilibrium with dead load, and appropriate masonry blocks,
reinforced concrete elements or gridshell members are subse-
quently assigned to the geometry. Hence, it is not easy to incorpo-
rate the cyclic response dependence of material and structural
members in the first half of the method. (b) Furthermore, the com-
putational cost of nonlinear response history analysis to evaluate
the complex seismic response is huge compared with that of static
analysis. Hence, it is not feasible and often unrealistic to adopt
response history analysis directly for parametric designs of shell
structures [15].

To overcome the computational problem mentioned in (b), Ter-
azawa et al. [21-23] proposed a generalized response spectrum
analysis (GRSA). GRSA is a series of numerical analyses which iter-
atively performs complex eigenvalue analysis and response spec-
trum analysis. GRSA quickly evaluates the seismic response of a
3D structural analysis model with finite viscous or elasto-plastic
dampers, and thus is suitable for iterative (finite element analysis)
FEA-based computational morphogenesis. The effectiveness of
GRSA has been validated before in a size and layout optimization
study [23,24] for seismic retrofit of a telecommunication tower
in Japan using buckling-restrained braces, a large span music arena
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constructed in Japan [25], in a study investigating the seismic
response characteristics of a damped outrigger system for tall
buildings [26,27] and a novel damped braced tube system for a
supertall building planed in Japan [28-30].

In this paper, GRSA-based computational morphogenesis of
metal gridshell structures (with finite dampers) is proposed con-
sidering the response to both dead and seismic loads, and is then
applied to metal gridshell roofs supported by buckling-restrained
braced structures. The form-found structures are discussed in
detail to evaluate the proposed method. In Section 2, an overview
of the proposed method, the numerical simulation method to cal-
culate objective functions, the definition of design variables and
the constraints, and the adopted optimization algorithm are
described in detail. A computational plugin having visual program-
ming function for Grasshopper is also developed to accurately eval-
uate the computation time. In Section 3, the size and layout
optimizations of buckling-restrained braces (BRBs) are carried
out on the form-fixed spherical metal gridshell, and the obtained
optimal BRB configurations for the computational morphogenesis
of metal gridshell structures are discussed. In Section 4, the pro-
posed method of simultaneously optimizing the roof shapes and
BRB layouts in the substructures is applied to a three-story metal
grid shell structure with a rectangular plan, and the effects of load
combinations, seismic devices, given constraints to the form-found
roof shapes and their dynamic response characteristics are dis-
cussed. In Section 5, the proposed method is validated and the con-
clusions are presented in Section 6. Note that this paper focuses on
the effects of load types on the form-found roof shapes of specific
building models and specific seismic intensity, and so the effects of
epistemic uncertainties (such as those associated with the input
ground motions and detailed numerical models) are outside the
scope of the present study.

2. Computational morphogenesis considering the dead load and
seismic response

2.1. Overview

The flowchart of the GRSA-based computational morphogenesis
is shown in Fig. 1. In the proposed method, optimal damper layout
and overall geometry for design are simultaneously searched for by
the metaheuristic optimization algorithm (e.g. Genetic Algorithm
and Particle Swarm Optimization) and finite element analysis
(FEA) including GRSA. First, a population of design variables is ran-
domly generated. Second, the objective functions of the design
variables are evaluated by FEAs. Third, the design variables in the
population are updated by the algorithm. Finally, the computation
is terminated when the objective functions converge or the num-
ber of the generation (i.e. the iteration) reached the limitation.
The analysis methods and the input ground motions are explained
in Section 2.2. The design variable, the objective functions, and the
constraints are explained in Section 2.3. The optimization algo-
rithm is explained in Section 2.4. The practical computation envi-
ronment on Rhinoceros + Grasshopper used in this paper is
demonstrated in Section 2.5. The detailed definitions of the opti-
mization problems are discussed in Section 3 and Section 4 later.

2.2. Analysis methods and input ground motions

The objective functions of the design variables are calculated by
the conventional static analysis for dead load and the generalized
response spectrum analysis [21-23] (GRSA) for a seismic load.

The flowchart of GRSA is shown in Fig. 2. GRSA is used to eval-
uate the equivalent modal characteristics and the seismic response
of the structure considering the response modification by dampers.
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Fig. 1. Flowchart of GRSA-based computational morphogenesis.

GRSA is a series of numerical analyses iteratively conducting com-
plex eigenvalue analysis and response spectrum analysis. The seis-
mic response is evaluated from the complex eigenvalue of the
substitute model with equivalent linearized elements simulating
the nonlinearity of dampers, and a modified complete quadratic
combination rule[31] for the non-proportional damping system
as shown in Eq. (1).

n n
RCQC = \/ BsBrSs(w57 fs)sr(wr: ér)COS(()s - Or)psr (1)
s=1 r=1

Where n is the number of modes required to achieve modal
mass participation of over 90 %, s and r are mode numbers, ¢ is
the modal damping ratio, p is the correlation coefficient of the var-
ious modes, w is the natural circular frequency, S is the response
spectrum value, B = Re(/*B¢)/sin(0),0 = tan”!(-Re(1*Bp)/Re(Se)), A
is the complex eigenvalue,  is the complex participation factor,
¢ is the complex eigenvector component, * is the complex
conjugate.

In GRSA, the response spectrum values of the representative
damping ratio (¢, =1, 2, 3, 5, 10, 15, 20, 30 %) are given beforehand
from an external file, and the response spectrum value of the arbi-
trary damping ratio ¢, which is used in Eq. (1), are calculated by
multiplying the response spectrum value of the closest & with
the response modification factor Dy[32] shown in Eq. (2).

(VA1 +25&)/(1+258) - 1)(5T) + 1 (0.0s < T <0.2s)
Dy= VA +258)/(1+259) (0.25 < T < 2.0s)
VA +258)/(1+258){/E/&(T—2)/40+1} (2.0s<T<8.0s)

(2)

In the proposed method, only the material nonlinearities of
dampers are considered and the main frame is designed to remain
elastic. In this paper, a buckling-restrained brace e.g. [33-35]
(BRB), which is a kind of hysteretic damper, is adopted in mid-
rise supporting structures. In GRSA, the BRB is modeled as a link
element with complex stiffness K., [21] where the axial stiffness
is shown in Eq. (3). The material nonlinearity of BRB is modelled
using the standard simple bilinear hysteresis rule composed of
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Fig. 2. Flowchart of GRSA [23].

the initial stiffness, yielding force, and post-yield stiffness ratio,
considering kinematic hardening. The post-yield stiffness ratio is
set to 2 % and the effect of cyclic hardening is included by introduc-
ing isotropic hardening by controlling the yield point. The corre-
sponding parameters of complex stiffness adopted in GRSA are
determined by these material parameters and the ductility factor
of BRB. The complex parameters simulating the nonlinearity (i.e.
the response reduction effect) of BRB are iteratively updated by
the maximum response and the average damping method [21],
as shown in Fig. 2. Note that a bilinear oil damper (where the
damping force is proportional to the first power of the velocity)
is also available in the current GRSA[23], but not adopted in this
paper because viscous dampers are rarely used in mid-rise
buildings.

1 EA,
Ly /Lo + 2(Le/Lo)(Ap/Ac) Lo

Where a is the equivalent stiffness parameter, b is the energy-
dissipation parameter, i is the imaginary unit, sgn w, is the sign
of the excitation circular frequency, Ly is the length between the
working points of the BRB, L, is the length of the plastic yielding
zone of the BRB, L. is the length of the elastic zone of the BRB, A,
is the section area of the plastic yielding zone of the BRB, A, is
the section area of the elastic zone of the BRB, E is Young’s modulus
of steel material. In this paper, L,/Lo and A,/A. are assumed as 0.25
and 0.50, respectively.

Any seismic optimization model is always affected by epistemic
uncertainties associated with the input ground motions, and previ-
ous research e.g. [36-39] on seismically isolated bridges have stud-
ied the effect of seismic intensity on the optimization result.
Nevertheless, this paper focuses on the effect of load types (i.e.
conventional dead load or dynamic seismic load) on the form-
found roof shapes, and the epistemic uncertainties of seismic
motion are outside the scope of the present study. In this paper,
the site is assumed to be in Japan and accordingly, three Japanese
spectrally matched seismic waves [40,41] (traditionally used in
design practice) are assigned. The acceleration response spectra
of the input ground motions and the design spectrum adopted
from the Japanese design-base earthquake (DBE) level [40] are
shown in Fig. 3. The Japanese DBE earthquake corresponds to a
473-year return period on the bedrock, and these ground motions
are classified as non-frequent motions.

Keq = (a + ibsgna,) (3)

2.3. Design variables, objective functions, and constraints

The layout (as well as the size) of BRBs and the z-directional
coordinates of the control points of the non-uniform rational b-
spline (NURBS) (determining the overall geometry of the shell
structure) are considered the design variables. The detailed defini-
tions are described later in the design examples.

The main objective function to be minimized is defined in Eq.
(4) subject to the given constraint. The mean peak seismic
response against the design earthquake motions is the main objec-
tive function as expressed in Eq. (4), and a penalty is added if the
seismic response of the structure does not satisfy the constraint.

F(x):%zn:max{fj(x,s) ji=12,.m}+¢ 4)
s=1

In Eq. (4), x is the design variable, n is the number of the design
earthquake motions, f is the seismic response used as the objective
function, m is the number of stories (the rotational angle) or 1 (the
total strain energy of the roof members), and ¢ is the penalty func-
tion which equals 9999 (a large value) if the constraints are not sat-
isfied. For example, in the proposed computational morphogenesis
(Section 4), the z-coordinates of the control points of NURBS deter-
mining the geometry of the roof structure and the size of the BRB
placed in the supporting structure are adopted as the design vari-
ables x. The total strain energy of roof members is adopted in the
objective function f. The demand-to-capacity ratios (DCRs) of con-
ventional braces in the supporting structure and the rotational
angles (RAs) are adopted as the design constraints, and 9999 is
assigned to the penalty function ¢ if the DCRs are over 1.0 or the
RAs are over 1/100. The DCR and RA are described in the following
paragraph.

In this paper, the rotational angle RA (Fig. 4), the total strain
energy U of the roof members, and the demand-to-capacity ratio
DCR of the member buckling are assigned as the objective function
or as constraints. RA is calculated using the relative displacement
of the nodes of the members (Eq.(5)) and acts as a simple unified
index of both the story drift angle and the member rotation angle.
In practice, the design criteria for RA is defined using the perfor-
mance limit based on the damage tolerances of the structure and
the dropout limit of the finishing material. In this study, RA is
assigned as both the objective function and the constraint where
RA is limited to 1/100, a typical value in Japan.
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RA~tanf = ——— (5)

The total strain energy (also called “compliance”) of the roof
member U is calculated following Eq. (6). In a conventional shape
optimization under static loads (i.e. dead loads), U is typically
assigned as the objective function to maximize the static stiffness
of the structure. Following this tradition, in Section 4, the effect
of the load combination and the design constraint to the optimal
geometry, where the dynamic stiffness is maximized, is discussed.
Note that in the load combination considering bi-directional seis-
mic inputs, U in each direction is multiplied by 2°°, and is summed
as U of 45-degree directional input.

71MEMM

U=_—
2 k=1 Ek

(k0N + k) o3y + k(2)a7) (6)

where MEM is the number of the members, Ay is the section
area, L, is the member length, E; is Young’s modulus, yoy is the
nominal axial stress, () o), is the nominal bending stress of i-end
of the member.

In the calculation of the buckling demand-to-capacity ratio
(DCR) for each member, the capacity is computed following the
Al] standard [42]. Since buckling causes a significant reduction of
the stiffness leading to large (unacceptable) deformations|6,7],
DCR considering buckling is assigned as the constraint in this
paper.

2.4. Optimization algorithm

The dynamic response characteristics of gridshells are signifi-
cantly influenced by the member configuration and the shell
geometry, and so to perform seismic optimization &
[22,24,25,28], the gradient-based optimization algorithm is not
necessarily feasible. Moreover, this algorithm is computationally
expensive because of the large number of the degree-of-freedoms
in the 3d models. Therefore, in this paper, the metaheuristic
method (i.e. the commonly used Particle Swarm Optimization
(PSO)) is adopted in the proposed computational morphogenesis.
The parameters used for the optimization algorithms are summa-
rized in Table 1. The size of the population is set as 30. In Section 3
and Section 4, convergence was confirmed by repeating the opti-
mizations at least twice. Note that the optimization algorithm
was run for 50 generations and termination-based convergence
of the objective function is outside the scope of this paper.

2.5. Computing environment

A plugin having visual programming function was developed
for Rhinoceros + Grasshopper|[3] (a 3DCAD software) to accurately
evaluate the computation time (including the time loss by the data
linkage between 3DCAD and external software). The computa-
tional workflow is shown in Fig. 5. A numerical simulation frame-
work [21] previously coded by the first author using Fortran 90/95
was adopted to develop the plugin. The plugin was coded in C# and
is hereafter called “Titan” (after the nickname of the school
emblem of Tokyo Institute of Technology). As shown in Fig. 5,
the workflow can be summarized as follows:

(1) Randomly generate the initial design variables (in Titan).

(2) Construct the 3DCAD model (in Rhinoceros + Grasshopper).

(3) Export the 3DCAD model data as a text file to use as input for
the numerical model (in Titan).

(4) Perform FEAs (in Titan).

(5) Calculate the objective functions from the FEA results (in
Titan) and.

(6) Update the design variables by the optimization algorithm
(in Titan).

Table 1
Specifications of optimization algorithms.

Particle Swarm Optimization (PSO)

Inertia w Personal best weight ¢, Global best weigh ¢,

1.0 2.0 2.0
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The whole computational workflow was run on a local worksta-
tion equipped with the Intel Core i9-7940X (14 processors with
3.10 GHz) and a 64 GB DDR4-RAM. For this study, 14 FEAs were
run in parallel and one processor was assigned for each FEA.

3. Optimal BRB layout in metal spatial structures

Past researchers e.g. [43] working on passive response control
of gridshell structures placed dampers not only in the supporting
structures but also in the roof. Hence, in this section, a series of lay-
out optimization of BRBs is carried out on the spherical metal grid-
shells keeping the roof geometry fixed, and an appropriate BRB
layout is then discussed for computational morphogenesis.

3.1. Target structures
The target structure as shown in Fig. 6(a) is a spherical metal

gridshell structure like a geodesic dome. The lower floors are
assumed to be for retail stores and MEP (mechanical, electrical,

Girder
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4
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Supporting structure
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and plumbing), and the upper floors are assumed to be assigned
for events. The perimeter gridshells work as both the perimeter
walls and roofs. The geometry of the entire structure is controlled
by two parameters - the base diameter D and the maximum height
H. Three different configurations are considered as shown in Fig. 6
(b). The layout optimization of BRBs was carried out on the sub-
structure of the three structures to investigate the relationships
between the optimal BRB layout and the overall geometry. The
“H30-D60” model is a domed roof and has a two-story substruc-
ture, the “H60-D30” configuration resembles a taller multistory
building with a curved roof, and the “H45-D45” model has a con-
figuration in between the other two.

The member specifications are listed in Table 2. A roof and wall
dead load of 1.2 kN/m?, and a floor dead load of 5 kN/m? was
assumed. The members were designed for a load combination of
the dead loads and the horizontal equivalent static seismic loads
using a peak ground acceleration of 0.2 g (Japanese service-level
earthquake) according to the allowable strength design based on
the design standard [42] of the Architecture Institute of Japan
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Fig. 6. Numerical models of the target structures.
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Table 2
Member specification.
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Member

H30-D60 H45-D45 H60-D30
Roof layer Column ©318.5 x 12.7 9355.6 x 12.7 0406.4 x 12.7
Girder
Brace
Story layer Column ©318.5 x 12.7 94574 x 19.0 ¢508.0 x 19.0
Girder 9318.5 x 12.7 9355.6 x 12.7 9406.4 x 12.7
Brace

Supporting column
Supporting girder

H-700 x 300 x 12 x 25
9609.6 x 22

(AIJ). The height of each story layer is fixed at 5 m. The number of
floors is three for H30-D60, five for H45-D45, and nine for H60-
D60, respectively. In the numerical models, the members were
modeled as elastic beam elements, and rigid diaphragms were
assigned to the floors. The column ends of the perimeter gridshell
are fixed supports, and those of the supporting structures are
pinned supports. Rayleigh-type proportional damping matrix com-
posed of the initial stiffness and initial mass matrix is adopted, set-
ting the first and second predominant mode’s initial damping
ratios to 2 %. Unidirectional seismic inputs are adopted considering
the symmetry of the target structure.

The modal characteristics of the initial (pre-optimized) models
are shown in Fig. 7(a). In H30-D60, the complex coupled
horizontal-vertical vibration modes typically observed in curved
spatial structures were predominant. In H60-D30, the horizontal
sway modes typical to multi-story buildings were predominant.
In H45-D45, intermediate (vertical and horizontal) vibration
modes were predominant. The RA responses of the ridgeline mem-
bers of the perimeter gridshell and the member DCR responses are
shown in Fig. 7(b). In all the models, the peak RAs were lower than

2nd, 86.06 %, 0.293 sec  1st, 4.58 %, 0.293 sec  4th, 1.55 %, 0.147 sec

(1) H30-D60

3rd, 6.89 %, 0.153 sec  9th, 3.18 %, 0.115 sec
(2) H45-D45

4th, 15.18 %, 0.214 sec 7th, 3.19 %, 0.125 sec
(3) H60-D30
(a) Dominant modes (mass ratio and natural period)

Ist, 75.30 %, 0.573 sec

1/150 rad. (an acceptable story drift ratio), but the DCRs in the rel-
atively heavy story layers are over 1.0. The seismic performance of
the initial models was thus not satisfactory enough against the DBE
level earthquakes.

3.2. Definition of optimization problems

A schematic diagram depicting the design variables is shown in
Fig. 8 and summaries of the PSO-based layout optimization of BRBs
(with the variable as the BRB size) are given in Table 3. In the opti-
mization process, the diagonal braces on the perimeter gridshell
are replaced with BRBs. The BRB size is chosen from a fixed range
consisting of OkN (meaning no replacement of the braces), 500kN,
1000KkN, and 1500kN. As shown in Fig. 8, the design variable is the
chosen BRB size (per BRB). The dimension of the design variable is
the number of stories (=8 in this case). The main objective is the RA
demand, and the constraint is that the DCRs should be lower than
1.0 (implying no member buckling occurs). The objective function
considering the constraint is calculated by Eq.(4) as per Section 2.3.

——— Rigid diaphragm (RD) Buckled Brace
. . . . . =
Seismic input direction
R 4
v
o) 7 v
v v
~|V \% RD
R g =
[NANIAIS
N7 <IV N e 01720017100 1750 05 1.0 15 20
Rotation angle [rad] DCR
(1) H30-D60
o l=}
0
Vi
/) v
/ 7 v
)/ v | RD stor V... RD
WANPISIPRINA 2| % J
WNZINZINIATN/N < v = V. v
NNIPRIZNIPNA < z .
AN NANAN 4> 0 1200 17100 750 0 1.0 20 30
Rotation angle [rad] DCR
(2) H45-D45
o) S
\’vv RD stor \a - RI
v B
Vv V.. v
g % g g
< ::' N v
0 17200 1/100 1/50 0 1.0 2.0 3.0 4.0
A A Rotation angle [rad] DCR

(3) H60-D30
(b) Seismic response

Fig. 7. Dynamic response characteristics of initial models (with no BRB).
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Fig. 8. Schematic diagram of design variables.
Table 3
Summary of the optimization problem.
Model H30-D60 H45-D45 H60-D30
Optimize BRB layout (Variable = BRB size)
Variables x; = 0 kN (no replacement), 500 kN, 1000 kN,
1500 kN

Minimize Rotation angle (RA)
Subject to DCR< 1.0
Algorithm Particle swarm optimization (PSO)
Number of variables 8 12 15

3.3. Layout optimization results considering variable BRB size

The optimal BRB layouts and the corresponding seismic
responses are shown in Fig. 9, where T¢q and &4 are the equivalent
first mode secant period, and the equivalent first mode damping
ratio, respectively, considering the nonlinearity of BRBs. During
the optimization, the braces in the story with a DCR of over 1.0
in the initial model tended to be replaced with BRBs to prevent
member buckling. Regardless of the overall geometry, larger BRBs
were placed towards the lower stories, which is similar to a typical
optimal damper distribution [32] in multi-story buildings. In all
the optimized models, the DCRs in the upper stories on the story
where the braces were replaced with BRBs significantly reduced
to <1.0. This result indicates that the BRB acts as a seismic fuse
(due to the force-limiting effect [24]) and can effectively control
the seismic input to the roof or superstructure. Alternatively. BRBs
may be placed on the roof layer, but as these do not yield, they con-
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tribute to only the stiffness of the roof layer by functioning as elas-
tic braces. In addition, RAs for all models were confirmed to
be<1/200 rad., the beams and columns remained elastic with no
damage, and the dropout of the finishing material was also
prevented.

3.4. Discussion

During the optimization, BRBs were actively placed in the heav-
ier story layer rather than the roof layer. If BRBs are placed in the
roof layer, they only contribute to the stiffness of the roof and do
not provide any (seismic) energy dissipation. An increase in the
number of stories increases the building weight, which increases
the number of required BRBs as observed in the optimization
results. Nevertheless, variation in structural geometry (for example,
a larger D/H ratio behaving as a spherical roof with a low-rise sub-
structure or a smaller D/H ratio behaving as a taller multi-story-
building with a curved roof) was found to have no significant effect
on the optimal layouts of BRBs in gridshells with relatively heavy
lower stories (i.e. the supporting structure). Therefore, for computa-
tional morphogenesis discussed in the next section, the BRBs (i.e.
dampers) were placed in the supporting structure.

4. Computational morphogenesis of metal grid shell roofs with
supporting structures

In Section 4, computational morphogenesis is performed on
metal gridshell roofs with supporting structures, and the effects
of the load combination, the response reduction by BRBs, and the
constraints on both the geometry of the roof structure and the
dynamic response characteristics are investigated.

4.1. Target buildings

The target building shown in Fig. 10 is a three-story metal grid
shell structure with a rectangular plan (36 m x 60 m) and is
assumed to represent a typical sports facility.

The frame member specifications are listed in Table 4. A roof
and wall dead load of 1.2 kN/m?, and a floor load of 5 kN/m? are
assumed. The initial (before optimization) buildings are designed
using Japanese conventional braced frames (CBF) against a combi-
nation of the dead load and a horizontal equivalent static seismic
load considering a peak ground acceleration of 0.2 g as per the
allowable strength design in the design standard [42] of the Archi-

— BRB (500 kN) —mm— BRB (1000 kN)

—mmmm— BRB (1500 kN)

Rigid diaphragm (RD) 1 Yeilding BRB story

Teq =0.368 sec Teq =0.627 sec qu =0.805 sec
&, =11.14% ¢, =1686% &,=1245%
=¥+ Initial 5} === Initial ) --¥-- Initial ==+ Initial o -¥-- Initial S === Initial
—O— Optimized —O— Optimized(Brace) —O— Optimized —O— Optimized(Brace) —O— Optimized —O— Optimized(Brace)
—O— Optimized(BRB) —O— Optimized(BRB) —O— Optimized(BRB)
4 D i : Ds
7 V.
. R0 Vgt |
D st Ds & vvﬁo A - = Z .
< . < "V < -
;5 T < Vv V--v < VV;_
0 1/200  1/100 1/50 0 0.5 1.0 1.5 2.0 0 1/200  1/100 1/50 0 1.0 2.0 3.0 0 1/200  1/100 1/50 0 1.0 20 3.0 4.0
Rotation angle [rad] DCR Rotation angle [rad] DCR Rotation angle [rad DCR
(a) H30-D60 (b) H45-D45 (c) H60-D30

Fig. 9. Optimization results.
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Fig. 10. Numerical models of target structures.

Table 4
Member specification.

Member Section

Roof structure Grid lattice 9355.6 x 12.7
Diagonal lattice 926
Outer member ©457.2 x 19

Perimeter supporting Column & Girder  ¢457.2 x 19

structure Brace 9216.3 x 8.2

Inner supporting structure Supporting H-700 x 300 x 12 x 25

column

Supporting girder  ©609.6 x 22

tecture Institute of Japan (Al]). The nodal coordinates and member
locations of the roof structure are determined by projecting the
planar grid shown in Fig. 10 on the 3D surfaces. The geometry of

23rd
3.67 %, 0.119 sec

7th
9.56 %, 0.258 sec

Ist
84.19 %, 0.393 sec

(1) x direction

9th
2.50 %, 0.219 sec

30th
3.30 %, 0.094 sec

sth
88.86 %, 0.299 sec
(2) y direction
(a) Dominant modes of initial models
(mass ratio and natural period)

the roof structure is based on the NURBS surface. The initial shapes
of the roof structures are designed so that the roofs have a moder-
ate rise similar to that of a shallow shell. As shown in Fig. 10, based
on the symmetry of the plan, the number of control points of the
NURBS is four for the rectangular plan model.

In the numerical models, the diagonal lattice in the roof struc-
ture is modeled as an elastic truss element, and the other members
are modeled as elastic beam elements. A rigid diaphragm is
assigned to the floors of the supporting structures. The column
ends of the supporting structures are pinned supports. Rayleigh-
type proportional damping matrix composed of the initial stiffness
and initial mass matrix is adopted, and the first and second pre-
dominant mode’s initial damping ratios are set to 2 %.

The dominant modes of the initial models are shown in Fig. 11
(a). Coupled vibration modes consisting of the horizontal sway
mode of the supporting structure and the horizontal-vertical vibra-

o Y

v

v

v
VNN “v.
L -
v
A \ ) e RD sto
DCR>1.0 = S
St 5 % < v
Seismic input direction
0 1/200  1/100 1/50

Rotation angle [rad]

(1) x direction

o| Y
v
v
v
v
v
y
V.
=
—~ By
@ v
E V\v RD story
Seismic input direction 0 1/200  1/100 1/50
Rotation angle [rad]
(2) y direction

(b) Seismic response of initial models

Fig. 11. Dynamic response characteristics of Initial models.
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tion mode of the roof structure are predominant. The RA responses
of the ridgeline members are shown in Fig. 11(b). Members with a
DCR of over 1.0 are indicated in red on the axonometric drawing. In
all models, the x-directional RAs are larger than the y-directional
RAs. Similarly, the x-directional RAs in the roof structure are over
1/100 rad. indicating that the finishing material has dropped out.
The RAs in the supporting structure are<1/100 rad. (an acceptable
value described in Section 2.3), but the corresponding DCRs are
over 1.0.

4.2. Definition of the optimization problem

The definitions of the optimization problems and the corre-
sponding model IDs are given in Table 5. The optimization prob-
lems are subdivided based on the type of seismic devices, the
load combination, and the constraints. Two seismic energy dissipa-
tion devices- a conventional brace (CB) or a BRB are allowed. The
adopted load combinations are as follows: (1) the dead load and
an x-directional seismic load (DL + ELx), (2) the dead load and a
y-directional seismic load (DL + ELy), and (3) the dead load and a
bi-directional seismic load (DL + ELXy). The constraint is that the
member DCRs should be<1.0 (meaning no buckling) or the RAs
should be<1/100 rad. (meaning no damage to the mainframe). As
a result, 10 optimal overall geometries of the metal gridshell roofs
are found. R-CB-DL is the conventional form-found shape consider-
ing only the dead load. The R-CB-DLEL series are form-found
shapes considering both the dead load and the seismic response.
Furthermore, the R-BRB-DLEL series are the form-found shapes
also considering the response reduction effect by BRBs (i.e. dam-
pers) and the R-BRB-DLEL-RA series models are form-found con-
sidering the response reduction effect by BRBs and the drift limit.
The schematic diagram depicting the design variables is shown
in Fig. 12. For the R-CB- series, the design variables are the z-
coordinates of the control points of NURBS determining the geom-
etry of the roof structure. The design variables for the R-BRB- series
also include the size of the BRB placed in each story. Note that in
practical computational morphogenesis[1| for design, the z-
coordinates of the control points of the geometry may be strictly
constrained by the initial shape predetermined by the architect.
Nevertheless, in this study, for investigating the efficiency of the
proposed method, the optimal geometry following structural
rationality is searched for and additional architectural design con-
straints are ignored. So, the main objective function is the total
strain energy demand of the roof members.

4.3. Form-finding results

4.3.1. Form-found roof shapes and modal characteristics

The axonometric drawing and the ridgeline shapes are shown in
Fig. 13(a), and Fig. 13(b), respectively. The modal characteristics of
the form-found models are shown in Fig. 14.
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Design variables

BRB-_NIZINIZINIZINIZNZ1500 kN
TNINIZNININT500 KN

Fig. 12. Schematic diagram depicting an example of the design variables.

The R-CB-DL model found only considering the dead load is a
traditional funicular compression roof shape with high static stiff-
ness, and its rise (along the ridgeline) is the highest among all the
form-found geometries. In contrast, for the R-CB-DLEL series found
considering the dead load and the dynamic seismic loads, a rela-
tively flattened but locally bulged roof shape is found. Their rises
(along the ridgeline) are significantly lower than the other series
(about 20 % of that of R-CB-DL). As shown in Fig. 14, particularly
in R-CB-DLELx and R-CB-DLELxy, the horizontal sway modes
(where the roof behaves like a rigid body) are predominant in
the x-direction. Compared to the initial models, the dominance of
the horizontal-vertical vibration mode of the roof structure shown
in Fig. 11(a) is mitigated. These shapes effectively minimize the
total strain energy of the roof members under seismic load, and
this result suggests that a relatively flattened shape is more effi-
cient in providing high dynamic stiffness. Similar shapes were
found in a previous shape optimization study[17] maximizing
the linear buckling load of a single-layer latticed shell structure
using equivalent static seismic loads. Hence, this general conclu-
sion may be universally applicable.

For the R-BRB-DLEL models form-found considering the
response reduction effect by BRBs, the rise (along the ridgeline)
is between those observed in the R-CB-DL and the R-CB-DLEL mod-
els. This result indicates that the optimal geometry under seismic
loads is close to a funicular structure when the dampers effectively
reduce the seismic input to the roof structure and the ratio of the
total strain energy against the dead load case is higher (as shown
in Fig. 15). Note that the equivalent natural periods are longer if
compared to the initial models, and the obtained equivalent damp-
ing ratios are significantly larger than the initial damping ratios
(2 %) as shown in Fig. 16.

For the R-BRB-DLEL-RA models form-found considering the
response reduction effect by BRBs and the drift limit, the rises
(along the ridgeline) are lower than those of the R-BRR-DLEL series
(form-found not considering the drift limit), but are close to those
of the R-CB-DLEL models (form-found not considering the response
reduction effect). The equivalent natural periods of the R-BRB-

Table 5
Optimization problems and model IDs.
Model ID R-CB-DL R-CB-DLELXx, R-BRB-DLELX, R-BRB-DLELX-RA,
R-CB-DLELy, R-BRB-DLELy, R-BRB-DLELy-RA,
R-CB-DLELxy R-BRB-DLELxy R-BRB-DLELxy-RA
Seismic device CB CB CB & BRB CB & BRB
Load DL DL + ELx, DL + ELx, DL + ELx,
Type DL + ELy, DL + ELy, DL + ELy,
DL + ELx + ELy DL + ELx + ELy DL + ELx + ELy
Subject to N/A DCR < 1.0 DCR < 1.0 & RA < 1/100 rad.
Optimize Roof shape Roof shape & BRB layout
Variables 0<x<20m0<i<3 0<x<20m0<i<3
0<x;<1500kN,4<i<6
Minimize The total strain energy of roof members
Algorithm Particle Swarm Optimization (PSO)
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Fig. 13. Geometry of form-found structures (rectangular plan model).
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Fig. 14. Dominant modes of form-found models.

DLEL-RA series are shorter than those of the R-BRB-DLEL series,
and are closer to those of the R-CB-DLEL models. Therefore, the
form-found roof shapes may be affected by this period elongation
that is dependent on the seismic input.

As shown in Fig. 13, the form-found roof shapes were found to
be significantly influenced by the load combinations, and therefore
a generalized optimal geometry (often focused on in the past form-
finding-based research) was not obtained even for a simple regular
rectangular plan.

4.3.2. Static and dynamic response of form-found structures

The RA responses and the total strain energy of the form-found
models are shown in Fig. 15. The axial forces and bending
moments of the members are shown in Fig. 16. In Fig. 16, only
the R-CB DL and R-BRB-DLEL series are shown for brevity.

The total strain energy of the form-found roof shape consider-
ing only the dead load (R-CB-DL) is the lowest among all the mod-
els. The corresponding axial forces and bending moments are also
lower than those in the other shapes. However, its RA responses
under seismic loads are over 1/100 rad, and the corresponding
axial forces and bending moments are significantly larger than
those of the form-found roof shapes considering the seismic
response. This result indicates that the conventional structural
morphogenesis considering only the dead load does not guarantee
structural safety against extreme seismic loads.

In contrast, for the R-CB-DLEL series and R-BRB-DLEL series
(form-found considering both the dead load and the seismic loads),
the member forces of the form-found roofs against the dead load
are larger than those of the R-CB-DL models, and the corresponding
responses are significantly smaller if compared against the seismic
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loads. For the R-BRB-DLEL series and R-BRB-DLEL-RA series (ob-
tained considering the response reduction effect by BRBs), the cor-
responding member forces under the seismic load are further
reduced from those of the R-CB-DLEL series and R-BRB-DLEL series.
As shown in Fig. 16, the R-BRB-DLEL-RA series (form-found consid-
ering both the response reduction effect by BRBs and the drift lim-
its) prevent damage to the supporting structure. Consequently, the
reduction effect by BRBs (to the seismic input to the roof structure)
decreases, and the total strain energy of the roof members is larger
if compared to the energy of the R-BRB-DLEL.

4.4. Buckling load capacity of the form-found metal gridshell roof

The buckling load capacities of the members (not considered for
the computational morphogenesis) of the form-found roofs are
verified in this section. The linear buckling load factors obtained
from buckling analysis are summarized in Table 6. Following the
design example in the design recommendation [44] of the Interna-
tional Association for Shell and Spatial Structures (IASS), the elasto-
plastic buckling load factors may be assumed as 0.2 (including a
reduction ratio of 0.5 from shape-based initial imperfection and a
reduction ratio of 0.4 from member yielding) times the linear buck-
ling load factors. The roof shapes with a high rise (R-CB-DL) have
high static stiffness and are less prone to global buckling than
the others. Nevertheless, even the flattened roof shapes which
are resilient against the seismic responses have elasto-plastic
buckling load factors in the range of 4.58 (R-BRB-DLELxy-RA) to
11.10 (S-BRB-DLELy), and thus these form-found roof shapes con-
sidering both the dead load and the seismic load have enough
safety margin to prevent global buckling.
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Fig. 15. Seismic response and strain energy (GRSA and static analysis).

5. Evaluation of GRSA-based computational morphogenesis
5.1. Accuracy of GRSA

Responses from GRSA and NLRHA on the form-found models of
R-BRB-DLELxy are compared in Fig. 17. The seismic responses of
the initial models and the form-found models under only the dead
load are also shown in the figures. The Newmark f numerical
method was adopted for the NLRHA to calculate the incremental
displacement. While GRSAs evaluated the deformation-controlled
responses (like the RAs) with sufficient practical accuracy, the ver-
tical acceleration responses might be underestimated by up to
about 0.8 g, particularly in the models defined in Section 3. This
is because GRSA evaluates the seismic response based on equiva-
lent modal characteristics of the substitute model adjusted to an
assumed peak displacement response, but the peak acceleration
may occur at a different time than the peak displacement. In other
words, the modal characteristics when the maximum acceleration
response occurs may be different from those used in the GRSA.
Nevertheless, the acceleration responses of most of the form-
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found models were smaller than those of the initial models, which
suggests that the proposed method finds a roof shape that is effi-
cient even at reducing the acceleration response. Therefore, despite
this minor error (left up to a user’s judgment), it is recommended
to use the proposed GRSA-based computational morphogenesis for
the parametric studies and perform NLRHA only as a final design
check.

5.2. Computation time

The computation times are listed in Table 7. The computation
time of a single GRSA is significantly less than that of a single
NLRHA which took 20 to 30 min for the models in this paper.
The total computation time was about 15 h for the workflow con-
sidering the load combination of the dead load and uni-directional
seismic load, and 27 h for the load combination considering the bi-
directional seismic load due to the negligible effect of the number
of seismic waves and iterations (i.e. generations of the optimiza-
tion algorithm). These time durations may be further reduced as
follows: (a) evaluate the seismic response using only the design
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Fig. 16. Member force distribution (GRSA and static analysis).

Table 6
Linear and approximate elasto-plastic buckling load factors.
Seismic device CB CB & BRB
Subject to N/A DCR < 1.0 DCR < 1.0 & RA < 1/100 rad.
DL 52.87 — 10.57 (R-CB-DL)
DL+ 29.86 —» 5.97 60.34 - 12.07 28.16 — 5.63
ELx (R-CB-DLELx) (R-BRB-DLELX) (R-BRB-DLELx-RA)
DL+ 23.26 —» 4.72 55.50 - 11.10 54,77 - 10.95
ELy (R-CB-DLELy) (R-BRB-DLELy) (R-BRB-DLELy-RA)
DL+ 3532 — 7.06 55.08 - 11.02 22.92 — 4.58
ELx+ (R-CB-DLELxy) (R-BRB-DLELxy) (R-BRB-DLELxy-RA)
ELy
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Fig. 17. Comparison of response from GRSAs and NLRHAs.

Table 7
Summary of computation time (Intel Core i9-7940X and DDR4 memory 64 GB).

Rectangular plan model (2070 DOFs)

The number of seismic waves 3 waves 6 waves 1 wave 2 waves
DL + ELx, DL + ELy DL+ DL + ELx, DL + ELy DL + ELx + ELy
ELx + ELy (Design spectrum) (Design spectrum)
Converting design variables to 3DCADs 45 sec.
Converting 3DCADs to FE models
Performing 1GRSA 1.4 min.
Performing GRSAs and static analysis 4.2 min. 8.4 min. 1.4 min. 2.8 min.
Calculating fitness 20 sec. 50 sec. 10 sec. 17 sec.
Subtotal time per generation 20 min. 35 min. 7 min. 12 min.
Total time (50 generations) 15 h. 27 h. 7 h. 10 h.

spectrum for decreasing the number of seismic waves. (b) to ter-
minate the iteration based on the convergence of the objective
function as shown in Section 2.4. (c) to increase the number of
processors by using HPC [22,24,25,28,30] for reducing the com-
putation time per iteration. As shown in Table 8, adopting solu-
tion (a), the total computation time was reduced to 7 to 10 h.
Considering the objective functions converged in the 10th to
25th iteration in this paper, the time duration may be further
reduced by half to one-third by adopting the solution (b). On
the other hand, the time lost in the pre-and post-processing
(constructing the 3DCAD models, conversion to the numerical
models, and the computation of the objective functions) is also
not negligible. Nevertheless, this time loss may be reduced by
further optimizing the code.
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5.3. Recommended use and limitations

Based on the application studies and the above discussion, the

recommended procedure for GRSA-based computational morpho-
genesis is proposed in this section. Note that the initial shape of
the structure and the specification of loads are assumed to be pre-
determined by the architect and/or engineer.

Step 1. Design the members of the initial structure against the
service-level earthquake (or as per the selected country’s
design code e.g. [40]).

Define the optimization problem. Determine the capacity
range of adopted dampers placed in the supporting struc-
ture based on the design base shear against the design-

Step 2.
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base earthquake. Provide additional constraints for the z-
coordinates of the control points of NURBS as required
by the architects if the initial shape is irregular. Assign
the total strain energy of the roof members as the main
objective function and the rotation angle RA as the con-
straint. The member length may also be assigned as a con-
straint to consider the allocation of finishing materials (if
required). Assign only the design spectrum for seismic
response evaluation in the fundamental design stage to
reduce the total computation time, although a site-
specific earthquake motion may also be used.

Perform GRSA-based computational morphogenesis.
Discuss the form-found geometry with architects and
other members of the design team. Repeat Step 1 to Step
3 if other design options are desired.

Perform NLRHA against specific earthquake motions on
the final design option, and verify whether the seismic
response demand satisfies the given design criteria.
Finally, design the bracket (of the finishing material) based
on the obtained acceleration response demands. Fine-tune
and further proportion the member sections if required.

Step 3.
Step 4.

Step 5.

6. Conclusion
The following conclusions were obtained:

1) An efficient geometry of metal gridshell structures along
with an efficient damper layout (that prevents member
buckling and dropout of finishing materials) was obtained
following the proposed optimization method.

2) According to the BRB layout optimization results, for a metal
gridshell roof with a relatively heavy supporting structure
with dampers, a larger BRB size is recommended to be
placed on the lowest story (similar to a typical BRB propor-
tioning for the design shear forces in multistory buildings).

3) A high-rise funicular geometry proved to be efficient in mit-
igating the member stress under dead loads, but the dis-
placement and accelerations under the seismic loads were
too large to guarantee structural safety and prevent the roof
member from yielding or the dropout of finishing materials.
In contrast, in a flattened roof geometry form-found consid-
ering the seismic loads, the horizontal sway vibration mode
of the rigid body was predominant due to the improved
dynamic stiffness, resulting in a reduced seismic response
(within the acceptable range). According to the form-found
roof shapes, an appropriate rise of the gridshell roof satisfy-
ing both the gravity and seismic demands lies in between
the two shapes. However, as the precise geometry of the roof
depends on the considered load combination, an optimal
generalised shape (which is often sought by conventional
methods of form-finding) for the roof against the dynamic
loads could not be achieved.

4) GRSA evaluated the displacements of metal gridshell struc-
tures with sufficient practical accuracy. Although the nodal
accelerations of the form-found roofs were smaller than
those of the initial models, GRSA underestimated them by
up to 0.8 g. NLRHA is therefore recommended to be per-
formed on the final design model.

5) For a numerical model with around 2000 degree-of-
freedoms, while one NLRHA on a single processor took 20
to 30 min to run, one GRSA took 1.4 to 1.7 min. Thus, GRSA
significantly reduced the computation time for computa-
tional morphogenesis even while explicitly considering the
complex dynamic response characteristics of gridshells. To
further reduce the computation time, it is recommended to
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adopt only the design spectrum for the seismic input and
terminate the iteration after the convergence of the objec-
tive function.
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