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Abstract

This paper introduces a tessellated structural-architectural (TeSA) wall system concept with the
potential for improving both resilience and sustainability of the built environment. Resilience
requires fast recovery and restoration of building functionality after an extreme event, while
sustainability seeks designs that facilitate building adaptability and reuse for long term
occupancy. TeSA wall systems are comprised of individual interchangeable tile segments which
are arranged in tessellated (repetitive) patterns. TeSA walls provide a resilient and sustainable

solution wherein tiles can be prefabricated, reconfigured, disassembled, and reused during the
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lifetime of a structure. This paper introduces the TeSA concept through preliminary physical and
analytical studies. The physical test involved a beam made of interlocking tessellated acrylic
tiles which was loaded to failure. The analytical study featured two reinforced concrete TeSA
shear walls under lateral loading. The physical test showed that damage can be localized within
individual tiles which can be replaced to restore loadbearing capacity. The analyses showed that
TeSA shear walls can provide ductility and localized damage in individual tiles.

Recommendations for advancing the TeSA toward implementation are also discussed.

Author keywords: Tessellations, structural-architectural wall systems, topological interlocking,

non-interlocking, shear wall, localized damage
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Introduction

This paper describes an integrated structural-architectural system concept which utilizes
tessellated elements (patterns arrangement from similar and/or repetitive elements, Fig 1) to
produce buildings that can be efficiently constructed, repaired, reconfigured, and deconstructed.
In particular, tessellated structural-architectural (TeSA) wall systems capable of resisting in-
plane vertical and lateral loads while also creating aesthetically compelling patterns are
described. Although tessellations have previously been used in buildings for architectural
purposes, their use as structural-architectural systems has been limited. This paper provides an
introduction to TeSA wall systems and investigates their potential benefits as repairable systems
that are capable of localized damage. TeSA wall systems are currently in the conceptual stages of

development. Recommendations for further development are also discussed.
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Fig. 1. (a) Example of non-interlocking tessellation, (b) Example of 1D interlocking, separation

is prevented in one direction, (¢) Example of 2D-interlocking, separation is prevented in two

directions.

Examples of TeSA patterns are shown in Fig 2. One potential benefit of TeSA systems is their

ability to localize structural damage. Localized damage occurs because of the segmented nature
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of individual elements in a TeSA wall. When subject to a sufficiently large load, cracking will
occur locally in one or more elements; however, cracking is arrested when it reaches a free edge.
Cracks cannot propagate as they would in a solid (i.e. non-segmented) structure, and damage is
thus localized to individual elements. In theory, damaged segments can be replaced after an
extreme event and the building can be returned to its pre-damaged state. This feature of TeSA

may contribute to reparability and rapid recovery.

Fig. 2. (a) Example of a 3D tessellation (Adami 2012), (b) non-structural tessellated fagade of
the Mulbery House with prefabricated tiles (Manning 2009), (c) tessellated roof (Evanson 2013),

(d) tessellated exterior frame (Steve 2012)
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Construction efficiency and visual appeal are also potential benefits of TeSA systems. The
tessellated exterior facade of the Mulberry House in NYC (Fig 2 (b)), while not part of the
primary structural system, demonstrates these benefits. The facade is composed of similar
precast concrete L-shaped segments that are offset floor-to-floor to create alternating window
locations for aesthetic design and flexibility. Surface treatments placed on the exterior faces of
the panels add to the visual interest from the tessellated pattern. Individual segments are similar,
if not identical, and were produced in a precast facility with repetitive use of forms, details, and
processes. Efficiency was created through repetition and through minimizing the number of “one
off” conditions and pieces. Thus, the Mulberry House facade makes a striking visual statement
while also being efficient to fabricate and install.

Development and implementation of TeSA wall systems may contribute to one of the Grand
Challenges for Engineering identified by the National Academy of Engineering: restoring and
improving urban infrastructure (Perry et al. 2008). Because TeSA systems are built of repetitive
discrete segments, they are well-suited for prefabrication, automated construction,
reconfiguration, disassembly, and reuse. The preliminary research presented in this paper
demonstrates that TeSA systems have the ability to localize structural damage during extreme
events to individual tiles within a pattern, while simultaneously providing alternate load paths for
ductility. Damaged tiles in TeSA walls can be repaired or replaced after extreme events allowing
TeSA buildings to be quickly reoccupied. It is also theoretically possible to design TeSA walls
with “weak” tiles at pre-selected locations to control localized damage where needed or desired.
In these ways, TeSA systems may contribute to resilience through rapid repair and reoccupation,

and to sustainability through reuse and adaptability.
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This paper is presented in five parts. First, an overview is presented on the geometric background
of tessellations. Previous research on tessellations in materials and structures is discussed.
Second, a proof-of-concept experiment is presented. The experiment utilized a small beam
comprised of tessellated acrylic segments, which is loaded to failure and then repaired and
reloaded. Third, a numerical investigation of TeSA walls under lateral loading is presented.
Nonlinear finite element analyses are conducted to investigate the strength, ductility, and damage
localization of alternative TeSA patterns and details. Fourth research needs and the hurdles
preventing widespread implementation are discussed. Finally, a summary of the paper and
recommendations on the path forward are provided.

Background

Tessellations: Geometry

From the field of Geometry, a tessellation in the plane (2D) is an arrangement of closed convex
regular polygons (shapes) that fit together in a repeating manner creating a pattern. In this
definition a regular polygon is an n-sided closed shape in which all sides are the same length,
have the same value for all internal angles and are at the same distance from a common point
(center). The geometry and characterization of tessellations is an expansive topic and the focus
of many books and articles (e.g. Critchlow 1970, Magnus 1974,Chavey 1989) which are beyond
the scope of this paper. However, few basic concepts are mentioned here by way of context and
background for the rest of the paper.

In mathematics, plane tessellations (also 2D tessellations) are classified as regular, semi-regular
and demi-regular. A regular tessellation is an arrangement composed of regular polygons of the
same shape and size that creates a pattern with no gaps or overlaps between them (Fig. 3a).

Semi-regular tessellations are made with two or more regular polygons (Fig. 3b), also forming a
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pattern with no gaps or overlaps. Demi-regular tessellations (Fig. 3c) are more problematic to
define as experts in the field do not agree on a unified definition. Some experts argue that demi-
regular are a combination of regular and semi-regular, while others define them as having several

classes of transformations leading to a seemingly infinite number of possibilities.

KK

(a) (b) (c)

Fig. 3. (a) Regular Tessellation, (b) Semi-regular Tessellation, and (c¢) Demi-regular Tessellation.

Architects use a less dogmatic definition of a tessellation to include patterns formed by non-
regular polygons, that in some cases allow the occurrence of gaps and overlaps in the pattern.
This paper will use the architect’s loose definition of a tessellation as an arrangement of one or
more types of polygons (shapes), that form a distinguishable and repeating pattern where gaps
and overlaps may occur. This allows the inclusion of some useful shapes and patterns that
otherwise will not be considered as tessellations from the strict mathematical definition, such as
the ones in figure 1b and Ic, but that are useful for architectural and engineering purposes. The
architect’s definition of tessellations allows the inclusion of the 1D and 2D interlocking patterns

shown in Figures 1b and lc.
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Out of these many patterns that can be created some lend themselves to architectural and
structural use. This paper investigates some of these patterns that can be constructed in large
scale for architecturally appealing and structurally resilient buildings.

Tessellations: Architecture

Tessellations have been used in architecture since ancient Rome. Early precedents are found in
Greek pottery meanders and a few building decorations (Knight 1986). They flourished during
the mid-ages as shown in the decorative patterns of the Alhambra palace in Granada, Spain. But
with a few exceptions, such as the dome roof of the Pantheon in Rome built between 27 BC and
14 AD (Moore 1995a; Moore 1995b), tessellations were used predominantly for decoration and
not for structural purposes (Knight 1995).

Recent use of tessellations in architecture includes fagade systems for environmental controls.
Two notable examples are the award winning Institut du Monde Arab (Arab World Institute)
designed by Architecture Studio in collaboration with French architect Jean Nouvel in 1981-87
(Fig 4 (a)) and the more recent Al Bahar towers in Abu Dhabi designed by AEDAS studio in
collaboration with ARUP (Fig 4 (b)). In both cases, the geometry of the facade uses an Islamic
inspired geometry for control of natural light.

Another interesting example is the recently completed Mulberry House, a 13-story mixed-use
residential and commercial building located in New York City (Fig 2 (b)). Notable for its use of
brick embedded in precast concrete panels, the building is distinguished by the highly articulated
facade showcasing intricate use of brick tiles, a requirement for buildings in its historical
neighborhood. The arrangement of the precast concrete panels forms an aesthetically dynamic
enclosure. Even though they are pre-manufactured from one single mold, the arrangement of the

panels is staggered and creates undulations on the building’s exterior. However, this tessellated
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facade panel system is only a building enclosure and not part of the structural system. The
proposed TeSA concept in this paper will combine the architectural appeal demonstrated by the
Mulberry House with the technical benefits of tessellated structures as described in the next

section.

(2) (b)

Fig. 4. Tessellations controlling natural light: (a) Arab World Institute (fee-ach 2006) (b) Al

Bahar Towers (Epsilon 2013).

Tessellations: Structures

Structural tessellations can be characterized as either non-interlocking or topologically
interlocking patterns (Fig 1). If a tessellated pattern is considered as a 2D structure, then
topologically interlocking elements can be defined as patterns that maintain structural integrity
without the need for binders or other tensile connections between the tiles. Removal of tiles in an

interlocking tessellation is prevented by contact with neighboring tiles (Estrin et al. 2004).
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Brick patterns such as running bond are non-interlocking tessellations and require tensile
connections such as mortar and reinforcing bars between the bricks to maintain structural
integrity. Such patterns are ubiquitous, well-understood, and are not discussed in this paper. In
contrast, topologically-interlocking structures (Fig 1 (b), (¢)) are relatively uncommon and the
application of this class of structures at the building scale has received little attention.
Topologically-interlocking building structures were proposed as early as the 17th century by
French Architect Joseph Abeille (Fleury 2009). The Abeille Vault is a 2D floor structure
comprised of interlocking 3D blocks that can support out-of-plane vertical loads. It is a
tessellation because it utilizes repetitive individual blocks. In the 1980s, Glickman (Glickman
1984) created “G-blocks”, a tessellated system of pavement blocks which rely on interlocking
tetrahedra. Structures such as the Abeille Vault and G-block system require boundaries capable
of restraining lateral movement similar to how buttresses are used to support arches (Khandelwal
2013). In contrast, the TeSA systems in this paper do not require buttresses or supports beyond
those required for traditional shear walls.

Perhaps the most intriguing feature of topologically-interlocking structures is that they can have
high damage tolerance relative to similarly sized solid structures. This occurs because cracking
in a single element may be arrested when it reaches a free edge. Cracks cannot propagate as they
would in a solid (i.e. non-segmented) structure, and damage is thus localized to individual
elements. Experimental examples of this behavior at small-scales have been reported (Estrin et
al. 2004; Molotnikov et al. 2007), but this feature has not been researched at the scale of civil
engineering structures.

Another technical benefit of topologically-interlocking structures is re-manufacturability. Mather

et al. (2012) modeled initial damage and the effects of repaired tiles on small-scale structures.

10
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The TeSA concept extends the reparability observed in small-scale tests and simulations to
building-scale structures.

Other work on topologically-interlocking structures have described occurrences in biological
structures (Dunlop and Brechet 2009; Krauss et al. 2009), creation of negative-stiffness
hysteretic devices (Estrin et al. 2004; Schaare et al. 2008), finite element and discrete element
formulations for small-scale modeling (Brugger et al. 2009), application to 3D printing of
concrete (Zareiyan and Khoshnevis 2017), and application to brick masonry (Rezaee Javan et al.
2017). While the technical features of tessellated structures - particularly topological-
interlocking structures - have been established at small scales, applications at the building scale
have received limited attention. Thus, the focus of this paper is the extension of non- and
topologically interlocking tessellations to building structures.

When tessellations have been used previously in building structures, they have primarily been
used in frames (Fig 2 (d)). Diagrids are one example of non-interlocking, mechanically
connected, tessellated frame structures that have been utilized in buildings (Moon et al. 2007).
While tessellated frame structures can be elegant and efficient, their design intent is not
necessarily resilience or reparability. In contrast to tessellated frames, TeSA systems feature
tessellated structures built of repetitive tile elements.

Proof of Concept Physical Test

A simple physical experiment was conducted to demonstrate the primary technical benefits of
tessellated structures, namely localization of damage and repair potential. A small acrylic glass
beam was built of 2D topologically-interlocking tiles (Fig 5). The choice of material and
tessellation pattern was made for practical and aesthetic reasons. The individual acrylic pieces

were relatively easy and inexpensive to fabricate. An architecture student designed the pattern to

11
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be 2D interlocking and to have the subjective quality of being visually interesting. The beam was
simply supported and subjected to displacement-controlled loading. Displacement was increased

until the beam failed.

Loading head
(Displacement-controlled)

DEIG-
AR vars e o8]0

Fig. 5. Beam comprised of topologically interlocking tessellated tiles.

As expected in an interlocking tessellation, damaged was localized in individual tiles. Using
high-speed video, it was observed that the damage initiated in one of the mid-row tiles near the
loading head Fig 6). The first crack started at the reentrant corner of a tile. The failure is
attributed to a stress concentration forming at that location due to the tile geometry and due to
flexural-tension action in the beam which resulted in the corner being “pried” open. A second
crack formed immediately following the first, in a top-row tile near the edge of the loading head
(Fig 6). The entire beam collapsed after the second crack occurred because the beam with only
three layers of tiles had no alternative load paths to support the flexural action. After the initial
test, the damaged tiles were removed and replaced with undamaged tiles and the beam was
loaded again. The maximum load and displacement of the repaired beam was 55 N (12 pounds)
and 17 mm (0.67 in). Stiffness and strength of the repaired beam were similar to that of the

original.

12
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Fig. 6. Cracking identified from high-speed video (a) and approximate tile geometry (b).

Load-displacement behavior in the original and repaired beams were linear-elastic until failure.
Although displacement-based load control was used in the experiment, the fracture energy
released by the first damaged tile could not be absorbed in alternative load paths and the entire
structure failed in a brittle manner. This result is attributed to the brittle nature of the acrylic
material and the low number of tile rows (three). As demonstrated by the analytical program
presented in the next section, load redistribution and ductility are possible in tessellated
structures that include ductile materials and larger arrays of segments.

This simple experiment demonstrated two key features of interlocking tessellated structures.
First, damage can be localized within individual segments. Second, damaged segments can be
replaced and structural capacity can be restored. Together, these features can be exploited to
create resilient, readily repairable systems of prefabricated and replicated segments. Significant
effort is no doubt required to take this concept from the simple experiment to realization in
building-scale structures. The remainder of this paper focuses on how the benefits of

interlocking tessellations can be realized at the building-scale.
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Analytical Program

Walls

Behavior of reinforced concrete shear walls under lateral loading was investigated analytically
using finite element modeling. The analyses were conducted for 1) a wall with L-shaped, non-
interlocking tessellations, and 2) a wall with 2D topologically interlocking tessellations.
Tessellation patterns and dimensions of the two walls are shown in Fig 7. The walls were 152.4-
mm (6-in.) thick. The non-interlocking wall with L-shaped tessellations was inspired by the non-
structural fagcade of the Mulberry House (SHoP Architects n.d.) located in New York, NY. This
wall model had mild-reinforcement connectors between individual tiles and at the tile-foundation
interface. These connectors were made of U-shaped, No. 9 mild steel rebars and acted as
replaceable sacrificial fuses. Unbonded vertical post-tensioning strands provided self-centering
in addition to connecting tiles to each other and to the foundation. There were no mechanical
connectors or post-tensioning strands for the topologically interlocking wall. All translational

degrees of freedom at wall base were restrained, creating a fixed support at wall base.

14



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

non-interlocking tiles 2D interlocking-tiles

j\ 7 connectors

——l 5

A J

1

(¥ 0s)
w7’

(¥ 09)
W76

strands
- 1036m— » 10,06 m —»
(34 }t) (33 ft)
(a) (b)

Fig. 7. (a) Non-interlocking and (b) topologically-interlocking walls studied using finite element

analyses.

Finite Element Model Features

The walls were modeled using the commercial finite element modeling software, Abaqus
(Dassault Systemes Simulia Corporation 2016). The models featured material nonlinearity to
capture post-yield behavior. A lateral displacement was applied on top of the wall, to create load-
displacement curves up to 1.7% drift ratio. The out-of-plane displacement was restrained at wall
top, where lateral load was applied.

The tiles were taken to be concrete and were modeled using first order, 8-node, 3D hexahedral
elements (C3D8R). No external out-of-plane restraints were applied on the tiles. Tile mild
reinforcement and connectors between tiles (non-interlocking wall only), were modeled using 2-
node linear 3-D truss elements (T3D2 in Abaqus). Connectors between tiles can restrain both in-

plane and out-of-plane displacements, if there is any. The unbonded post-tensioning strands were

15
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modeled using 2-node linear beam elements (B31 in Abaqus). Mild reinforcement and
connectors were embedded into hexahedral elements using a node-tie constraint. The tile
reinforcement ratios in the longitudinal and transverse directions (loading direction) were 0.31%,
and 0.02%, respectively. A short length of post-tensioning strands was embedded into the top of
the wall and the foundation to simulate the anchorages. The non-interlocking wall (Fig 7 a)
utilized four groups of strands in the vertical direction. Each group consisted of ten 15.2-mm
(0.6-in.) diameter, 7-wire, 270-ksi ultimate strength, low-relaxation strands. Each strand was
initially post-tensioned to 89 kN (20 kips) or 34% of the ultimate strength of the strands. The
axial force on the tiles due to post-tension corresponds to approximately 15% of the axial
capacity of the wall. Interaction between tiles was simulated by surface-to-surface hard contact
that allowed gap opening. Shear-slip is considered undesirable for TeSA walls because it is
unpredictable. Shear-slip was intentionally minimized by using a friction coefficient of 1.0 for
hardened and intentionally roughened concrete (ACI 318 2014). In practice, surface roughening,
materials with high friction coefficient, grout, or special connectors between tiles can be used to
minimize shear-slip. Tiles were assumed braced against out of plane displacements at the base
and top of the walls. In practice, out of plane restraint can be provided by designing tiles to span
vertically floor-to-floor so that they are braced by floor diaphragms.

Material Properties

Concrete material properties were defined using the damaged plasticity material model.
Compression properties of concrete were based on the Concrete Damage Plasticity (CDP) model
of Abaqus. Concrete compressive strength was 34.5 MPa (5 ksi). The elastic modulus was
calculated as per ACI 318 (2014). Inelastic concrete compressive behavior and tension properties

of concrete were as described by FIB Model Code 2010 (FIB 2010). Mild steel was defined as
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bilinear inelastic. The elastic modulus, yield stress, and ultimate stress were taken from ASTM
A615/A615M (ASTM 2014) as 200000 MPa, 413.7 Mpa, and 620.5 Mpa (29,000 ksi, 60 ksi,
and 90 ksi) respectively. For the inelastic response, isotropic hardening with a ratio of inelastic-
to-elastic stiffness of 2% was used. A nonlinear stress-strain curve for post-tensioning strands in
tension was defined per PCI design handbook (PCI 2010). Strands were 1861.6 MPa (270 ksi)
ultimate strength, 15.2-mm (0.6-in.) diameter.

Results

Shear Wall with Non-Interlocking Tessellations

Fig 8 presents the load-displacement curve for the shear wall with non-interlocking tessellations.
The figure shows that a stable yield plateau can be reached. Redundancy of the wall and

redistribution of load among tiles provided the displacement capacity.
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Fig. 8. Load-displacement behavior of the non-interlocking wall highlighting failure progression
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Fig 8 also marks critical displacement levels as points 1 to 3. First gap opening between tiles
(point 1) occur at displacement around 0.1% drift. Before gap opening, the wall remains
effectively linear elastic. Gap opening is a recoverable displacement, as gaps are expected to
close due to the restoring forces created by post-tensioning. Yet, it can provide nonlinearity to
the system (between points 1 and 2). After point 2, individual tiles start reaching their
compression capacity. After point 3, connectors between wall tiles start yielding. It should be
noted that if connectors are built external to the walls, they can act as replaceable fuses such that
they fail before the tiles. None of the post-tensioning strands yielded throughout the analysis.
The tiles that exceed their compression capacity with increasing displacements are also marked
in Fig 8. for several displacement levels. In this study, exceeding the compression capacity is
defined as the criterion for individual tile failure. Failure modes (concrete crushing or
reinforcement yielding) and locations can be controlled through changes in tile and connection
design. The number of failed tiles will be a function of the displacement demand of an extreme
event. As was demonstrated in the proof of concept physical experiment, it is conceivable that
failed tiles can be replaced to restore stiffness and strength of the system without the need to
replace the entire wall.

The principal compression strain contour plot at the maximum displacement, 1.7% drift, is also
shown in Fig 9. In this figure, strains higher than 0.3% were defined as compression failure.
Most tile failures initiated in the horizontal portion of the L-shape. Prefabricating L-tiles in two
pieces, horizontal (fuse element) and vertical, could further improve reparability by focusing

damage on the relatively weak and potentially easier-to-replace horizontal pieces.
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Fig. 9. Principal compression strains of the non-interlocking wall at 1.7% drift.

Shear Wall with Topologically-Interlocking Tessellations

The lateral load-displacement curve of the topologically-interlocking wall is given in Fig 10.
Similar to the non-interlocking wall, the topologically-interlocking wall had a stable yield
plateau. Unlike the non-interlocking wall, for the topologically-interlocking wall, this was
accomplished without any mechanical connectors or post-tensioning between tiles. Displacement
at which first concrete cracking occurred is marked as point 1 in Fig 10. Gap opening occurred
immediately after lateral loading starts, since the self-weight of the wall is the only source
considered for the initial contact. The nonlinearity in the load displacement is the result of
recoverable gap opening between tiles and, to a lesser extent, material nonlinearity. This figure
also highlights the tiles that reached concrete compressive strength with increasing drift ratios.
These tiles can conceivably be replaced after an extreme event to keep the structure operational.
Fig 11 shows the principal compressive strains at 1.7% drift ratio on the displaced shape for the

topologically-interlocking wall. Finite elements that exceed their compressive strength are
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In summary, preliminary analyses show that walls with non-interlocking and topologically-
interlocking tessellations had the ductility and redundancy required from lateral load resisting
elements. The walls were stable in the nonlinear range, indicating alternate load paths were
available. Damage was contained to individual tiles, failures of which were gradual. This unique
feature of tessellated walls allows replacement or repair of damaged tiles after extreme loading,

enabling resiliency and sustainability.

Recommended steps towards implementation of TeSA

Implementation of TeSA systems will require research and development that is well beyond the
scope of this paper. The paragraphs below briefly describe some practical hurdles that must be
addressed prior to implementation. These hurdles were in-part identified through discussions
between the authors and potential early adopters:

Connection tolerances. The nature of tessellation patterns demands well-fitted tiles. Small
tolerance inaccuracies can propagate through an entire tessellation pattern. Thus, tiles in TeSA
systems will need to be fabricated to tolerances that facilitate assembly, load transfer, and
disassembly. Tile-to-tile details will need to be developed that allow for transfer of forces while
also accounting for subtle variations in tile geometry that are beyond the tolerance controls of the
fabrication process. Additionally, TeSA-to-floor connection details will need to be developed
that facilitate force transfer while also bracing the TeSA walls in the out-of-plane direction.
Deconstruction and repair sequences. While removal and replacement of damaged tiles is
theoretically appealing, it will be challenging to remove tiles that are supporting dead loads.
Shoring sequences will need to be developed that support the structure while the damaged tile is

replaced. Additionally, connection details will need to facilitate removal and replacement.
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Thermal and vapor barriers. If TeSA walls are used on the outside of buildings, then
interaction with the building envelope must be considered. One plausible option is to separate the
thermal and vapor barriers from the TeSA system similar to brick veneer cavity wall assemblies
(i.e. rain-screens). This option will require structural connections that transmit loads across the
cavity and thermal barrier while also minimizing thermal bridging and opportunities for water
intrusion. A better option will be to integrate the thermal and water barriers into the system, but
this requires additional research and testing.

Validation of structural models. The analyses presented in this paper are based on common
practices for nonlinear structural modeling. Validation of the models is required prior to using
the models for design.

Characterization of Failure Criterion. The criterion for individual tile failure needs to be
defined considering different types and levels of damage, including concrete cracking, crushing,
and reinforcement yielding.

Out-of-plane Performance. Out-of-plane behavior is out of this manuscript’s scope, and will
be investigated after developing a good understanding on the in-plane behavior. Possible
methods to limit out-of-plane displacements include through-thickness interlocking or vertical
frames that can carry out of plane loads.

Summary and Conclusions

A conceptual description of a tessellated structural-architectural (TeSA) system has been
presented. The system features shear walls comprised of tessellated patterns built of individual
tile elements. The concept was explored through a physical demonstration, nonlinear finite

element analyses, and through discussions with potential early adopters.
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408 The TeSA system has many potential benefits. They are built by combining identical tiles into
409  complex architectural patterns. As such, TeSA systems can be aesthetically interesting while
410 also being well-suited to prefabrication, automated construction, reconfiguration, disassembly,
411  and reuse. The system also has potential resilience and sustainability benefits.

412  During extreme loading events TeSA systems can have localized damage to individual tiles
413  while simultaneously providing alternate and ductile load paths. Damaged tiles can potentially be
414  repaired or replaced, allowing TeSA buildings to be quickly reoccupied after the hazard event.
415  The proof of concept physical experiment in this paper involved load testing of a small

416  tessellated beam which was built from 2D interlocking acrylic tiles. The beam was simply

417  supported and was tested under displacement-control until collapse. Damage associated with
418  collapse was concentrated in two tiles, while the remaining tiles were unaffected during the test.
419  Following collapse, the damaged tiles were replaced and the beam was tested again. The

420  repaired beam had strength and stiffness that was effectively identical to the beam in its original
421  state.

422  Two types of TeSA shear walls were modeled analytically: non-interlocking tiles connected
423  together with mechanical connectors and post-tensioning, and topologically-interlocking tiles
424  with no mechanical connectors or post-tensioning. Finite element analyses showed that both
425  walls had stable responses up to 1.7% lateral drift under monotonically increasing lateral

426  displacements. Nonlinearity in lateral load-displacement response was due to the combined

427  effects of concrete cracking, reinforcement or mechanical connector yielding, and gap opening.
428  The latter is a recoverable displacement upon unloading. Both walls had gradual failure of

429  individual tiles in succession, leading to a redundant and ductile response. It is conceivable that

430 failed tiles could be replaced or repaired for a fast recovery from extreme event.
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While the concept is promising, further research and development is required to actualize TeSA
systems in buildings. Further work is recommended on practical issues such as tolerance and
detailing, construction and deconstruction sequencing, and vapor and thermal barriers when the
TeSA system interacts with the building envelope. Work is also needed to validate structural
models for TeSA systems. The aesthetic and structural benefits of TeSA systems are considered
sufficient to invest effort in the development of practical solutions.
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