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La VoUte de LeFevre

A Variable-Volume Compression-Only Vault
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Particle-spring systems are commonly used to develop compression-only form finding systems. This paper proposes to use

a particle-spring system in response to a desired form in order to generate a variable-volume, compression-only structure
fabricated of volumetric material. By varying the depth and the volume of the system, loads can be re-directed through the

depth of material in order to result in a desired form, as opposed to a structurally optimal form that assumes a uniform thickness
approach. This paper proposes to generate, build, and test a compression only vault composed of variable-volume units. This
research will progress knowledge surrounding volumetric physics calculations as well as volumetric fabrication methodologies.

B RS EEMR SR IME R EEXIPEER ; TS Thin-shell compression-only structural systems are relatively new
—HEE , (NEEEENELTEN. ESEEgEH—FE&/]\  to the built environment. Compression-only structures on the
M—REE | X—IZ B SR M RIEERIIREN , FMAESS  other hand are ancient. Thin-shell structures assume a minimal
SHEE (BEEEH ) YmERENTER , B, " and consistent cross-section. This assumption is driven by
—ERNETE. BRSTTTEKEBMEIEE , (EERtERE  material efficiency. The results are forms developed exclusively
TR —ZRBEMDEE | INESs. o, IhReE= , Eit , by structural concerns (typically gravity), hence the term form-
RAR— L RS LEMERIIR). HlU , SR ARENEG found. Architecture has to respond to structural concerns, but
M, BRSEEAE RN AR, XA AR it also has to address a variety of other issues—acoustical,
EIE BT | TN ER T (= AN formal, programmatic, etc. It is not necessary for form to be
AERIE R TN, SX—E0EE | ARt T driven strictly by structural requirements. For example, Gothic
AT AR A R A AR A . Cathedrals contain the thrust-vector within the variable depth of
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the stone’s cross-section. These Cathedrals are not determined by
idealized catenary form, but through a confluence of architectural
desires with compression-only principles. With this approach as
inspiration, this paper addresses the potentials of compression-
only systems to be resolved through a variable-volume in order to
obtain a desired form.

Much research has been done in analyzing existing variable-depth
structures to determine if a thrust vector falls inside the depth of
material "' .Other methods assume a fixed depth of material in
order to generate a design. The method proposed in this paper
assumes a desired geometry and allows for a variable-volume to
re-direct the thrust vector as a means to produce a viable design
that concerns both structure and other formal concerns. If typically
one assumes thin, this paper assumes form.

This method is dedicated to addressing architectural concerns with
structural results. This paper does not advocate for the reversion to
a past architecture. It promotes the insertion of lost knowledge into
our current means and methods of making.

Systems, Structures and Form Responding

Particle-spring systems are based on lumped masses, called
particles, which are connected to linear elastic springs. The
solver used for this research is part of a particle-spring system
implemented by Simon Greenwold @ . ‘Each particle in the system
has a position, a velocity, and a variable mass, as well as a
summarized vector for all of the forces acting on it.” ® This Runge-
Kutta solver is not necessary to generate a catenary (even load
distribution), but it is necessary when evaluating an irregular
load case. The method applied in this research will always be an
irregular load case because it is assumed the resulting geometry is
not an idealized catenary form. Particle-spring systems have been
explored to create virtual form-finding methods such as Kilian’s
CADenary tool 1.

A compression-only structure will stand as long as the thrust vector
of the system falls within the middle third of its cross section. It is
not always predictable that a structure will fail, though it is possible
to know if it will stand. A paper ®introduced the safe theorem for
masonry structures. This theorem states that a compression-only
structure can stand so long as one network of compression forces
can be found in equilibrium within the section of the structure.
This solution is a possible lower-bound solution. When evaluating
existing structures, it is not always possible to understand where
exactly this force network is . The method applied in this paper
can calculate and assure a thrust vector falls within the thickness of
material ©.

LeFevre Ay (A4S
Column Detail, Matter Design, La Vo(te de LeFevre Banvard Gallery, 2012

O FITHHIIASIIN FIROHHIES M | 1§5 M Heyman 1982, Huera 2001 Huera 2004,
For further reading on lower-bound analysis of unreinforced masonry structures, see Heyman 1982, Huera 2001, and Huera 2004.

99



Ak

FRSER AR EERRIIMERSR (B, . #25RA
B ) TSR AR, FRRATHTIS S R AR RN
Hftz= Rk RERZ BRR R BRI, REUEIR
HA—EFSINEERRER | B SEEZARIR SR
TEIAA BEERERBRIRRIRTT R, FEZRIRTT B @, LIk
BERIVIIME BN | TTEERREIRFIE(E | AR RZAIT
BNEAHM , CRER—FIINSERNIIRS X, GiFE
TARE., XEOREERTTRESHL | EREERIE
TEFERERY ; M RRERTET , WEEEN ; B, 7
TAEIH EERSRTZ AT BN TRAC A, X
RISEMSTE L NAREZBREAR/ TR L | SINEREE
G , FEREIHTRAIEAAND —— S LI RAI_E3B
RERZIARIERSEA,

R RS

RSB RGMARRA. EEERAHELUN R LRt
RIREIRGRIER DA, REHARTIRTRE  ERKCE
AHEMITR M, ACRANR EORRANIESHERER.

EEREE VS (MR

SRR BMERF B SR OIS — MO A
MBI, B—SOFNERRET ZEEHENEE M. SR
EREEERABRENEREB SRR FHE
& MAMXNRAFRTEREEEAERRERTAIR
£, BREEXRUNR | BERERDSTIIRERMESATAT
7, PAARSIFI A B AR I SRR R T SRR T, R
BRI ERE T BIMED MBS, ATERGR  XERR
FEMCTEEREDTEEE) , EEXRITFERS. —FIE
EREETENSRER | BITESERN , THRUERS
RUBERENE. MHERRMEEN T ZHHNSREDT , X—%
BRI REBRIE A AELFAEAE. EERRERERIETT |
HZARERXET A SR, FOR (EFAER)
HETUT ERENAEGR £ TEETRAELNE | %
BRI E B DT B AR RO RE | (FABRAY
SRS, EAFMES T RFCEL HE  ZHEERRT
WHEIR, XLHEAIREOFHE E—RERAR | eliE
HItTRPE AR TRIEAR © ©, §—Rxas— 1 HiE
8, SNBNREEERHMESRENRE.

Form-finding analog models by such researchers as Ottol” and
Gaudi, or even the virtual versions like Kilian’s CADenary'® have
proved it is difficult to control and predict the results of the final
found-form. Moreover, if that form does not correspond with a force
that is external to the form-finding model, it is difficult to resolve
the two into a solution. This paper proposes form-responding
as approach. Form-responding takes a desired form as input
and produces a variable-volume solution to allow for interaction
between these external forces and the solver-based model.

Methodology

The vault is computed with a solver-based model that elicits a
compression-only structure, from a structurally non-ideal geometry.
The model requires a fixed geometry as input, and opens
apertures in order to vary the weight of each unit. This dynamic
system re-configures the weight of the units based on a volumetric
calculation. If unit A contains twice the volume of unit B, then unit
A weights twice as much. It requires that the material of the project
be consistent, and solid (hollow does not work). The computed
result produces a project that will stand ‘forever’ as there is zero
tension in the system precisely because of the weight and volume
of the project, and not in spite of it.

Base Geometry

This paper assumes the base geometry as fixed. The assumption
is that this geometry has been pre-determined by a force external
to the model — acoustics, formal, building-code, etc. Future
research could allow for a more fluid and reciprocal relationship
between the structural requirements and these other formal drivers.
While this geometry is not strictly aligned with structural concerns,
it must be close in order to result in a solution. In previous versions
of the calculation® almost any geometry as input would work. The
Variable-Volume calculation is more nuanced. This calculation
requires a number of inputs to the system. It requires both an upper
and lower bound surface. These surfaces parameterize the depth
of the units as variable during the form generation, but fixed during
the variable-volume calculation. The calculation also requires a
location for the node of each unit to be located within the system.
These particles are evenly distributed across a base geometry that
falls between the upper and lower bound surfaces. This distribution
employs another particle spring system to locate and distribute the
points across the surface increasing in distance from each other as
they approach the upper elevations of the geometry.

@ BAR | BEEAN , SIS eI R A — RS .
Voussoir: a wedge-shaped element, typically a stone, used in building an arch or vault.

A T R AR E T A UFHRNRTHEEEFBSMENEX , TNt EREMETRN. X=X ERNIRERRRREIITEE
EE. RS EERRE eSS HERBRTT .

These figures demonstrates the result of the variable-volume calculation—an enlarging of the units in the vault, and a tightening of the units down in
the columns. These three inputs serve as the datum with which the particle-spring system computes it-self against. These operations are calculated
continually until the system finds equilibrium and a solution can be detected.

Q@ EFERISEESEEEXRR | HEREKENRE/ARENELEHE.

The surface geometries enclosing this volume are generated with ruled surfaces due to a reciprocal relationship with the method of fabrication.
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Roughed aggregated blanks of the desired geometry await the milling operation on the five-axis machine (above). With fabrication support by the

University of Michigan Taubman College FABLab (below).
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Particle-Spring System

The particle-spring system is composed of a number of particles,
the length of the springs that connect the particles, and the
continual resulting forces on each particle informing the system.
While the organization is consistent, the system has been
reconfigured in a variety of solutions ") This paper employs an
evenly distributed system as described above.

Vertical Distance Versus Volume

When analyzing masonry arches, it is common practice to use static
block analysis to break down an arch into a few polygons. The area
of each polygon determines the vertical thrust vector "' . Previous
iterations of this calculation employed a high resolution of vertical
distances to inform each particle with its new relative weight. This
paper employs volume as opposed to area or distance. Similar work
has been conducted using volume to analyze and determine the
viability of a structure " . This paper employs the variability of the
volume to ensure a solution.
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The location of the particles defines the virtual thrust network.
In order to ensure a solution, these particles are requiring to
be moving during the calculation until they find equilibrium.
At each interval of the calculation, a number of operations
occur complicating the calculation beyond a simple distance
measurement. The new location of each particle generates a
three-dimensional voronoi calculation that intersects with the lower
bound base geometry surface. This intersection then produces
points at the intersection of each curve where an interpolated curve
is generated. Simultaneously the centroid point (also the particle)
finds the closes points on the upper bound surface and generates
a circle perpendicular to the line connecting these two points. The
plane this circle is generated on also serves as the flat backside
that sits on the table of the computer numerically controlled (CNC)
router, a useful fabrication constraint. The circle and the curve are
then lofted with each other producing surface that is trimmed with
the rest of the surfaces in the system. The intersection of these
surfaces extrude to the closest position on the upper surface
producing the voussoir® that discretizes each unit in the vault ©.
Each unit now contains an enclosed volume that can inform the
system with its weight relative to its neighbors.

Design

A deliberate attempt was made in this project to topologically ®
transition from column to vault. No break is inserted in this transition;
however, this is a lie. In reality there is a difference between column
and vault. The column is solid. It is treated as a single unit. The
vault on the other-hand is discretized into its constituent units ©.
This moment of discrepancy is attempted to be seamless; however,
the grain of the wood demonstrates the reality. There is a good

@ I TARAELR (S, HR. FE  AEER ) (ER T AREZUA AR ELE,

Topology: In mathematics, the study of the properties of a geometric object that remains unchanged by deformations such as bending, stretching,

or squeezing but not breaking.

© ERISERHESD | RAT RURIMNSDOEFREAREEERRR, XEHZRE A LARAXTT |, BE AR (AIE ) HBHEdT.
TA similar strategy of the solid column transitioning into voussoirs above was employed in Peterborough Cathedral. These voussouirs also misalign
on the upper bound geometry, while aligning precisely on the lower bound (visible surface).

©® M7DSEEIRIERE (ANHER/EMER ) [THAEMZ S TR A,

Swarf machining is a technique that allows side cutting with an endmill while proceeding along the surface of a part, such as the sidewalls of a

tapered rib.
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Philibert de L' Orme (Sixteenth Century) was, like Palladio, the son of a mason. He emerged into architecture, not through a series of rigorous
understandings of form or technique, rather from the builder—or mason. In his printed work of 1567 Le premier tome de | architecture, Philibert de L' Orme
introduced the method and definition of art du trait géométrique. This method developed as a way to reciprocally draw what can be built and vice-versa.
Because of this emergence, De L' Orme can also be credited as the first professional architect as his technique served to instruct and communicate between
the designer and the builder, though an important distinction should be drawn between the representation of architecture we now generate and De L' Ormes
descriptive geometry that served as method template to construct. In a way, De L' Orme can be considered the predecessor to digital fabrication.
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reason for this false-reality. A column does not perform in the same
manner as a vault. The thrust-vectors inside the column are vertical,
not progressively horizontal. To that end, a column does not resist
horizontal thrust. It is resists buckling. The solidity of the column is
paramount.

The discrepancy in transitioning from solid column to discretized
vault is resolved via rhetoric. The rhetoric of individual units
continues down the column as if the single and solid column was
in fantasy an impossible continuation of the units to the ground.
This rhetoric is not a simple continuation of the conical-boolean
geometry that composes the vault. It is a new, yet similar approach.
It refers to the conical-boolean, without repeating it. This shift
in geometry allows the system not only to calibrate volume (as
applied in the vault), but also to perform another transition from
fragmented to smooth. As the units make their way down the
column, they do get smaller, but the dimples slowly make their
way to the surface producing the illusion of continuity, only to push
through that continuity as the very base. This punctuation to the
statement suggests that the weight of the vault above is so great
that the column is forced to bulge outward.

Fabrication

The vault is produced with Baltic Birch plywood. The plywood is
sourced in 19.05mm thick sheets awaiting the ‘thickening’. Perhaps
this speaks to the state of the industry that volumetric material
is difficult to procure. Each custom unit is digitally dissected
and sliced into these thicknesses, cut from the sheets, and then
physically re-constituted into a rough volumetric form of their final
geometry. These roughs are indexed onto a full sheet and glued,
vacuum pressed, and re-placed onto the CNC router. This process
is materially more efficient than carving these units from one solid
block of material, though it is more laborious.

This project is produced on a 5-axis Onsrud router. The swarf ©
tool-paths utilized are dedicated to removing the most material with
the least effort. Instead of requiring the end of the bit to do the work,
this path uses the edge of the bit to remove much more material.
Because this method traces the geometry with a line as opposed to
point via Philibert De L'Orme’s technique stereotomy @ it requires
the units be constituted of ruled surfaces. This constraint informed
the conical-boolean geometry in the vaulted portion of the project,
though relaxed in the columns where a more typical surface milling
operation produces the rhetorical bulges. This shift in tooling
operation also speaks to the understanding of difference between
column and vault.

Analysis

This project was fabricated with an assumed zero-fill approach. As

part of the requirement that the vault must be dismantled, there
is no mortar. Discrepancies, errors, and gaps were impossible
to resolve because or this zero-tolerance approach. In order to
ensure completion on site in difficult locations, a manual band saw
handled the work of removing collision material on the backside
of the problematic units. This site carving did not affect the front
edge of the units, but it did produce a gap where the voussoir
surfaces were not coincidental. This happy accident aligns
precisely with the Inca wedge ™ process where masons would
fill from the backside of a wall with mortar into a voided wedge
between stones, while the front and architectural face appeared to
be mortar-less. There is room for further exploration to capitalize
on the potential of the Inca wedge method.
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Conclusion

La Volte de LeFevre demonstrates the potential of informing
contemporary fabrication methodologies with past knowledge
surrounding volume. It successfully employs physics simulation
to ensure stability through volumetric calculations that serve in
reciprocity with volumetric making processes. While aggregate
baltic birch plywood serves as an analog, we see potential in other
volumetric materials such as autoclave aerated concrete, plaster,
or stone.
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