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Abstract

This research delves into advancements in structural design and construction by employing the
generative design technique Bi-directional Evolutionary Structural Optimization (BESO) and natural
materials in cold climates. The study specifically focuses on harnessing snow materials to create spatial
structures that are not only efficient but also elegant. Snow and ice, occurring naturally in cold climates,
particularly in the Polar and Northern Hemisphere, present a unique opportunity for integration into the
construction process within specified parameters. Given its crystal structure, snow is well-suited for
compressive structures in sub-zero temperatures, with a density ranging between 400 and 820 kg/m3.
The selection of material property values for designing snow structures is contingent upon factors such
as temperature, quality, and load, necessitating a case-by-case approach. The distinctive properties of
snow and ice materials can be factored into calculations and construction considerations. The research
incorporates topological optimization techniques, widely employed in structural engineering and
architectural form-finding, to present an innovative pavilion. This pavilion serves as a tangible outcome,
illustrating collaborative efforts between architecture and engineering research groups. The central focus
revolves around the application of BESO technology to generate the structure. The design features
branches of varying sizes, drawing inspiration from iconic structures such as the interior of Sagrada
Familia Basilica by Antoni Gaudi and Shanghai Himalaya Centre by Arata Isozaki. The authors' team
manually sculpted the full-scale model of the pavilion at a challenging temperature of minus 25 degrees
Celsius, utilizing minimal materials. This meticulous process resulted in a remarkable and innovative
structure that captures the essence of nature within the frozen landscape. The key advantages of this
novel design and construction methodology lie in the efficient utilization of natural materials and the
creation of elegant structural forms.
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1. Introduction

Topology optimization has increasingly captured the attention of architectural design for its capacity
to yield elegant and lightweight structures with superior structural performance. Over the past two
decades, numerous classical topology optimization methods have emerged and found widespread
adoption. These include the Homogenization method [1, 2], the solid isotropic material with penalization
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(SIMP) method [3, 4], evolutionary structural optimization (ESO) [5, 6], Bi-directional evolutionary
structural optimization (BESO) [7, 8], and the level-set method (LSM) [9, 10]. Notably, ESO and BESO
have gained prominence in architectural practice, serving as both conceptual design tools and analysis
aids. This is evident in practical projects like the Akutagawa River Side in Takatsuki City [11], the Qatar
National Convention Centre & Shanghai Zendai Himalayan Art Centre [12, 13], as well as research
projects such as the Sagrada Familia [14], the Palazzeto Dellospori of Rome [15], and Chinese rainbow
bridges [16]. While these projects predominantly employ traditional architectural materials such as
timber, concrete, stone, steel, and composite materials in normal temperatures, there remains a paucity
of research and projects that explore topologically optimized designs utilizing snow and ice in cold
climates.

Furthermore, while classical topology optimization methods excel in identifying globally optimized
solutions across the entire design domain, they frequently encounter objective constraints or subjective
preferences that significantly shape architectural form-finding. In response to these non-structural
requirements, researchers have devised various modified topology optimization methods tailored to
specific objectives. These adaptations encompass introducing detailed constraints for concept design
[17], eliminating enclosed voids [18], achieving self-supporting optimized models [19], generating
diverse truss structures [20], and simulating leaf morphogenesis [21]. In this snow project, the spatial
structures pose distinctive challenges for topologically optimized layouts, necessitating modified BESO
algorithms with specialized input parameters for material properties. The unique characteristics of snow
and ice materials are carefully considered in both calculations and construction planning. This pavilion
stands as a tangible manifestation, showcasing the collaborative endeavors between architecture and
engineering research groups. At its core, the project centers on the application of the modified BESO
technology, known as the Multi-Volume constraint BESO (MV-BESO) method [22]. This method has
been successfully implemented in previous projects such as the X-Form 3.0 timber pavilion [23], as well
as the X-Form 1.0 & 2.0 3d plastic printed pavilions [24, 25].

Figure 1: Interior view of Arata Isozaki's Shanghai Himalaya Centre

Drawing inspiration from iconic structures like the interior of Antoni Gaudi's Sagrada Familia Basilica
and Arata Isozaki's Shanghai Himalaya Centre, the pavilion design features branches of varying sizes
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(see Figure 1). To realize this vision, the paper proposes the creation of a new full-scale model of the
pavilion under challenging conditions, with temperatures dipping as low as minus 25 degrees Celsius.

This endeavor involves the utilization of the MV-BESO algorithm in conjunction with manual
sculpting techniques. The meticulous process yields a remarkable and innovative structure that
harmonizes with the frozen landscape, capturing the essence of nature. The key advantages of this novel
design and construction methodology lie in its efficient utilization of natural materials and its ability to
create elegant structural forms.

2. Structural form-finding

2.1. Multi-volume constraint BESO method (MV-BESO)

Most conventional topology optimization methods are aimed at achieving the solution which
maximizes the structural performance under a certain global volume fraction constraint and always result
in continuum solid parts rather than discrete structures. However, in this project, the pavilion form is
required to be designed with separated parts to disperse the gravity of the snow. Thus, the Multi-volume
BESO method [22] is introduced to optimize the structures with several local volume fraction
constraints. The mathematic descriptions of MV-BESO can be written as :

N
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in whichC , X ,U , K are the compliance, matrixes of design varible, displacement, and global stiffness
respectively. And SUBV, , X,and N, are the local target volume, local design vairable matrix and local
element number of k-th sub-domain. v, x,, k£ and u, are the volume, design variable, stiffness matrix
and nodal displacement matrix for i-th element.

For structural stiffness optimization, the i-th element sensitivity value ¢, can be calculated as the
gradient of compliance with respect to the design variable x, [26],
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The above sensitivity is typically modified to address the mesh-dependency issue [26], employing a
filtering scheme:
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in which d; is the distance between j-th and the i-th element centers. R
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. and «, are the filter radius and
the original sensitivity of the j-th element. To ensure a convergent solution, an additional historical
average of in different iterations is introduced [27]:
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In MV-BESO method, for £-th sub-domain, the element sensitivities are ranked in each iteration to
determine a threshold with local target volumes of next iteration, SUB Vk(") , which is defined based on the

current volume SUBV,"" and the evolutionary ratio & .
suBy" = sUBV"V(1-6) (8)

The threshold can be used to evaluate if the element shall be changed in a such way that if one solid
element’s sensitivity is lower than the threshold, its design variable will be switch from 1 to x,,, , and

the design variable of a void element will be changed from x,,, to 1 as well if its sensitivity is higher
than the threshold.

The process of evolution persists until the convergence criterion, which is established based on the
changes in the objective functions, is met[27]:
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where z (set to 0.001 in this paper) is an allowable convergence error, signifies stable compliance for at
least the subsequent 10 iterations.

2.2. Topology optimization applied on pavilion design

The pavilion in this project features a centrally symmetric free-form roof with dimensions of
approximately 3000mm x 3000mm x 3000mm (width x length x height). Figure 2 illustrates various
stages of the MV-BESO stiffness optimization process, ranging from iteration 1 to iteration 80. The
Finite Element Analysis (FEA) model comprises 200,000 shell elements, each with a thickness of 10
mm. The snow/ice material properties are assumed to be a Young’s Modulus of 830 MPa and a Poisson
ratio of 0.35 (at -25 degrees). MV-BESO parameters include an Rmin of 20 mm and an ER of 2%. Local
volume fraction constraints are set at 50%. Following 80 iterations, the final optimized structural layout

is generated in Figure 1.
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Figure 2: MV-BESO evolutionary history of snow pavilion
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Figure 2: The 3m x 3m x 3m snow cube on the site (left) & trimming roof (right)

3. Manual Sculpting for Fabrication

As shown in Fig. 2, the original snow cube boasts dimensions of 3m x 3m x 3m. The initial phase of
fabrication commences with the delicate trimming of the roof, a meticulous task accomplished using a
specialized snow shovel tool. With a hands-on approach, the authors ascend the snow cube, meticulously
crafting the sloped roof to mirror the vision outlined in Iteration 0, as showcased in Figure 1.

Following this shaping, the next step entails delineating the approximate outline of the pavilion. This
is achieved through the careful application of blue spray paint, outlining the envisioned shape with
precision.

Transitioning to the third phase, the focus shifts to the core structure. A central hole is excavated from
the heart of the snow cube, marking the inception of the main supporting columns. These foundational
elements are meticulously crafted, laying the groundwork for the framework of the pavilion, while
simultaneously refining the rough outline envisioned for the project as shown in Figure 3.

Figure 4: Polishing Process on the left and completed project on the right.

The subsequent phase encompasses meticulous sculpting, a procedure analogous to the iterative
topology optimization process, which progresses from the formation of substantial pillars to the
generation of intricate bifurcations. Attention to detail is imperative during the sculpting endeavor, given
the considerable difficulty associated with rectifying fractures once they manifest. Approximately by
the 70th iteration of optimization, the author embarked upon the endeavor of refining the surface through

the application of snow polishing tools.
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Figure 5: The completed pavilion — The Castle of Snow

4. Conclusion

In summary, this research explores the frontier of structural design and construction by leveraging
modified Bi-directional Evolutionary Structural Optimization (BESO) alongside natural materials,
specifically snow and ice, in cold climates. Through collaborative efforts between architecture and
engineering research groups, the study develops an innovative pavilion that embodies efficiency,
elegance, and a harmonious blend of natural forms and architectural innovation. By adapting and
modifying optimization methods to suit the unique challenges posed by snow and ice, this research not
only pushes the boundaries of traditional design methodologies but also underscores the potential for
sustainable and aesthetically captivating structures in cold climate regions.

This world's largest topologically optimized snow pavilion serves as a testament to the amalgamation
of innovative design and time-honored construction techniques. It elucidates the pavilion's design and
construction process by exploring emerging technologies in digital design and subtractive
manufacturing. This holds immense significance for architects, engineers, and designers alike,
encapsulating a groundbreaking fusion of artistry, engineering, and environmental sustainability.
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