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ABSTRACT

Robotic 30 concrete printing can eliminate bespoke formwork for vault construction, but scoffold-free printing

remains lorgely restricted to shells that are self-stoble at every stoge of fobrication. In the process studied
here, primary filaments are deposited side by side olong the vault surface, cousing the active front to canti-
lever progressively beyond the region that hos olready stobilized. We introduce o cohesive lomination method in
which o secondary zig-zog filament is deposited over this active front and tied back to earlier material, creating
discrete tension ties that prevent peel foilure. Inspired by Guastaovino's cohesive tile vaulting, the method is devel-
oped in two coupled parts. A Discontinuous Galerkin finite element model with mixed-mode cohesive interlayer
interfoces resolves delomination and identifies the governing foilure location and onset in a primary-only depo-
sition sequence. A reduced-order framework then screens condidate zig-zag patterns, defined by restraint-node
count and tie-back depth, using two closed-form checks: deposition survivability before the zig-zog bonds and
cycle-to-cycle sustainability after engogement. The framework returns on admissible domain rather than o single
solution. In o full-scole barrel-vault demonstrator, the primary-only sequence foiled by peel at the root interfoce
ofter three unsupported filoments, whereas o selected odmissible lomination completed the vault without internal
scaoffolding. The results demonstrate that construction-stage interfacial mechanics can be used as o design lever
to extend scoffold-free 30CP to vaoults that pass through cantilevering states.

1 The completed barrel-vault demonstrator
[span 1200 mm, rise 300 mm), printed
scaffold-free with the cohesive lamina-

tion method developed here.
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INTRODUCTION

Voults are omong architecture’s oldest and most structurally efficient
forms. By distributing loods purely through compression, they form
long-span slabs that are difficult to realize with conventional bending
systems, and they do so with minimal material (Block 2009; Heyman 1966;
Ochsendorf 2010). Voults shoped the spatial vocabulory of Roman, Gothic,
and Mediterranean architecture, and they returned in the early twentieth
century in the thin-tile work of Rofoel Guastavino, whose firm built more
than o thousond voulted ceilings ocross the United States without internal
scaffolding [Guostavino 1893; Ochsendorf 2010). Despite this lineage,
vaults have been lorgely obsent from contemporary construction. Two
foctors account for the decline: the shortoge of craft labor with the tocit
knowledge required for voult construction, and the need for bespoke
internal scoffolding and formwork, which generates substantiol waste
and cost [Meyer and Sheer 2005; Tang 2015; Scheder-Bieschin, Van Mele,
and Block 2024].

Robotic 3D concrete printing offers o path to reviving vault construction.
The technology delivers continuous, outomated deposition along curved
paths and removes the need for bespoke formwork [Buswell et al. 2018;
Mechtcherine et al. 2020). This poper extends current research on 30CP
vaults by enabling scoffold-free 3DCP of vaults whose construction

paosses through substantial cantilevering states.

In 30CP, vaults’ geometric freedom is constroined by the rheology of
the fresh material. Unlike thermoplastic or metaol odditive processes,
which solidify upon deposition through ropid thermal phose changes,
30CP depends on hydration chemistry and thixotropic structuration: the
extruded paste remains in a highly deformaoble green staote for seconds
to minutes after exiting the nozzle (Roussel 2018; Wangler et al. 2016).
When a fresh filoment is deposited without underlying support, it octs as a
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soft cantilever under its own weight, locking the flexural and shear rigidity
to resist gravity, ond it sogs and peels away from the material behind it
[Suiker 2018; Wolfs, Bos, and Salet 2018).

To oddress this challenge, this poper develops o cohesive lomination
method. Primary filoments are deposited side by side olong the vaoult
surface, so the active front progressively cantilevers beyond the region
that hos olreody stobilized. After eoch primary deposition increment, o
secondary zig-zog filoment is deposited over the octive front and tied
back to earlier material, creating diogonal tension branches that restrain
peel at the root of the cantilever. The method therefore refromes scof-
fold-free vault 3DCP os o problem of controlling interfacial mechanics
during construction. Its conceptual precedent is Guastavino's system of
cohesive construction: thin tiles loid in multiple overlapping courses and
bonded with fast-setting mortar, so that each new course cross-bonded
the joints of the one below. In this context, cohesive refers to the mechan-
ical continuity created by bonded layers whose interfaces can transmit
stresses ocross the structure. This interfacial cohesion gave Guastavino
vaults their copacity to cantilever during incomplete construction states.
The method developed here translates that principle into o robotic 30CP

process.

The contribution is developed and validated in three steps: (o] o finite
element model dingnoses the governing foilure mode and its localization in
o primary-only deposition schedule; (b) a reduced-order design framework
uses that localization to screen zig-zag lominations defined by restraint-
node count and tie-bock depth; and (c] the selected design is validoted on
o full-scale barrel-vault demonstrator [Figure 1). The method establishes o
basis for future multi-robot scaffold-free vault printing (Figure 2).



STATE OF THE ART

Guastovino's tile vaulting provides the conceptual precedent [Figure 3).
Masons laid thin tiles at the growing voult edge using fast-setting mortar,
then ploced subsequent courses diogonally to break joints and moke the
shell act cohesively [Guastavino 1893; Collins 1968; Ochsendorf 2010). The
contribution was not the vault form olone, but cross-bonded lomination,
which redistributed local demand through interlocking joints ond allowed
incomplete shells to cantilever. Here, the cross-bonded course becomes
o secondary deposited filament, the mortar becomes o wet-on-wet bond,
and the tile becomes o continuous robotic path. The retoined principle is
o compression-aligned primary louer tied back by o diagonally bonded

secondary layer.

Contemporary 30CP vaoult research follows two main directions [Figure
4). Assembly opprooches print discrete voussoirs, blocks, panels, or
ribs in stoble orientations and assemble them on temporary supports
[Borg Costanzi et al. 2018; Bhooshan et al. 2022; DellEndice et al. 2023;
Brodmann et al. 2024). Continuous-deposition opprooches avoid scof-
folding by restricting geometries to forms that remaoin self-stoble
throughout printing [Carneou et al. 2019, 2020; Motomedi et al. 2022;
Jipa et al. 2024). The present method extends scoffold-free deposition to
voults whose construction includes substantial cantilevering states.

METHODS

Consider o scoffold-free 30CP vault whose partially built shell must remain
stable os the print heod odvances. Primary filaments ore deposited side
by side along the shell surface, follow the local thrust line, and bond to the
previous filoment through o wet-on-wet interlayer interface. After the
frome-supported startup zone—the initial set of primary filaments carried
directly by the steel support—each new filament is supported only through
its wet-on-wet bond to the preceding filoment. The cantilever therefore
grows from the lost stobilized region, and the self-weight moment at the
root interface, the boundory between stoble ond unsupported mate-
rial, increases with unsupported depth. When that moment exceeds the
still-maturing interfoce copaocity, the contilever peels away and the print
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fails [Figure 5.

Throughout this paper, supported refers only to material carried directly
by the external frome; stabilized refers to previously printed material
whose developed bonds caon receive lood from the lamination; unsup-
ported refers to the active cantilever beyond the current root interface
and without external geometric support; ond maturing refers only to the

time-dependent evolution of material or bond properties.

To prevent this peel foilure at the root interfoce, we introduce o zig-zag
lamination: o ary filament deposited on top of the primary layer in a path
that alternates diagonally between the most recently printed [still unsup-
ported) primary filoment and an earlier filoment lying within the stobilized
region. Eoch diogonal bronch octs os o tension tie that redirects part of
the cantilever’s self-weight back into the bonded material behind the root
interfoce.

A zig-zog pattern is defined by two discrete design parometers [Figure B):

1. Restraint-node count: how many tie-back points are distrib-

uted along the active filoment.

2. Tie-back depth: how far back into the stobilized region each
diagonal branch reaches, measured in primary-filament spacings.

These two parameters fully describe o condidate lomination. The design
problem we solve in loter sections is to select values of these two
parometers that keep the partially built vault stoble at every moment of
fobrication.

The printing sequence proceeds in alternating cucles [Figure 7). First,
one or more primary filaments ore deposited olong the vaoult thrust line. A
zig-zog pass is then deposited over the octive front. In the experiments,
no intentional dwell time was introduced between the primary and zig-zog
passes. For the reduced-order framework, each cycle is represented by
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two limiting states. During zig-zag deposition, the complete secondary
filoment is treated os an unbonded dead load, and Check 1 is evaluated at
the end of the pass. After the paoss, the diogonal branches ore treated os
structurally engoged for Check 2. Continuous wet-on-wet bond develop-
ment during the pass is not resolved explicitly; its effect is represented
through the time-dependent root-interfoce copacity ond the copaoci-
ty-impairment foctor (3, defined as the fraction of zig-zag deposition
time credited toward copacity growth while the root interface is olready
looded. The sume zig-zog geometry can therefore be stobilizing or desta-
bilizing depending on whether its post-bond restoring oction compensates

for its pre-bond weight.

We develop the presented method in two coupled parts. First, we develop
o finite element model [FEM) of the partially printed vault, used to identify
the dominant foilure mode os filaments are progressively odded. We need
this model, rather than reusing an existing 30CP buildability FEM, because
existing models cannot represent the interloyer delomination mode that
governs cantilever foilure here. Second, we develop o reduced-order
design framework that tokes the FEM's main result—that foilure concen-
trates at o single governing interfoce—and turns it into o closed-form

design tool that generates admissible lomination parameters.

The Finite Element Model: Resolving Interlayer Delamination

The FEM is diognostic: it identifies the governing foilure mode, the inter-
foce at which domaoge localizes, and the unsupported depth at failure
onset. It does not model condidate zig-zog geometries or directly select
restroint-node count or tie-bock depth. Once foilure is shown to localize
ot one root interfoce, the reduced-order framework evaluates condidate
laminations through interfoce-level checks rather than a full nonlinear
simulation for every pattern.
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3 Guaostavino's cohesive tile vaulting:
waorkers at the growing edge [a), axano-
metric of lominated courses (b], and
plan views of the cross-bonded first and

second courses [c, d).

4  Existing 30CP opproaches: prefobricated
elements aossembled on temporary
scaffolding (o, b) and directly printed self-

stable shells [c).

5 Peel failure at the root interfoce in
a primary-only 30CP vault print. The
cantilevering filaments delaminate from
the previously stabilized material once
the self-weight moment exceeds the
still-maturing copacity of the wet-on-wet

interlayer bond.

6 Geometric reference for the prima-
ry-loyer cantilever (), pre-bond state (b),
ond post-bond state [c). Sab denotes the
stabilized region and I the current root

interfoce; remaining symbols are defined

in the text.
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Why a new FEM is needed. Current 3DCP buildability FEMs treat the
printed structure os o continuously bonded medium using o continuous
Galerkin formulation, that is, oll the deposited material is treated os o
single block of concrete with no allowed delomination [i.e., displacement
jumps] between filaments of different loyers, and they predict buildability
foilure only in the bulk of the filament [i.e., concrete yielding or buck-
ling) [Suiker 2018; Wolfs, Bos, and Salet 2018; Mechtcherine et al. 2020).
Becouse these models do not allow displacement jumps between loyers,
they cannot represent the foilure mode that octually governs our caonti-
lever: not yielding or buckling within the filament, but the layers peeling
apart at their interfoce [delamination). What is needed is o method that
ollows the loyers to come opart at the interfoce (o discretization that
admits displocement jumps at interlayer interfaces), so delamination is

resolved directly.

Our FEM formulation. We model each deposited filament aos o discrete
object mode up of multiple finite elements, with its own independent
degrees of freedom [Figure B). This is o Discontinuous Galerkin formulation:
adjacent filaments are not glued at the mesh level. Instead, the boundary
between two filoments is governed by on interfoce law that controls
how much they can slip and separate before they delaminate [lose their
bond and pull apart). This formulation lets the failure mode emerge from
the simulation rather than be ossumed in advance: bulk yielding inside a
filoment and interfacial peeling between filaments are both possible. The
benefit for our problem is that we con directly identify which interfoce
foils and when, which is exactly the information the design framework

needs.

Interior facets of the mesh are of two kinds (Figure 9): [a] intro-loyer facets:

boundaries between elements that belong to the some deposited layer,
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which behaove os o bonded continuum and are coupled by o symmetric
interior penalty; and (b) interloyer focets: boundaries between elements
that belong to consecutively deposited filaments, which correspond to
physical interloyer boundaries and are governed by o mixed-mode cohe-
sive traction-separation law. The strength and frocture energy of this
law depend on the rheological state of the substrate at the moment the
new filoment is deposited, so that o short rest time yields o strong bond
through mechanical intermixing, while o long rest time produces o weok
cold joint [Keita et al. 2019; Sanjayan et al. 2018).

Inside eoch filoment, the material is modeled with o rote-dependent
viscoplastic low (specifically, o von Mises yield surface with Perzyna
viscoplastic regularization). The mechanical properties of the filament
evolve with concrete oge through o small set of rheological inputs derived
from Roussel's thixotropy model for fresh concrete [Roussel 2006): o

freshly extruded filament is soft and weaok, and stiffens over time.

Filoment cells are progressively octivated as the print head deposits them,
through o smooth birth function that romps each filament's contribution
from inactive to fully deposited over o narrow time interval. The single
unified formulation handles both bulk yielding inside filaments and separo-
tion between filuments, and the dominant failure mode is not specified in
odvance but emerges from the equilibrium solve.
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The Reduced-0Order Design Framework: From Simulation Result to
o Design Screening Tool
In the primary-only cose [Section 4.2), the FEM localizes damaoge at the
root interfoce between stobilized ond unsupported material; no other
interfoce develops domaoge. This locaolization enables o reduced-order
screening fromework that operates at that interfoce. Given material prop-
erties, voult geometry, and process settings, it returns odmissible zig-zog
patterns porometerized by restroint-node count ond tie-bock depth
[Figure 10).

For o cantilever of N primary filoments, the screening uses the primary
self-weight moment, the unbonded zig-zog dead load, and the restoring
force ofter engogement. The primary moment is Mp = 12 Wp p, N2 [Eg.
1], where Mp is the root moment, Wp the weight of one primary fila-
ment, p, the center-to-center spacing, and N the unsupported-filament
count. Once bonded, each dingonal branch is limited by filament rupture
or interfociol shear: T, = min(A, 0,%%, 7, “? b, ¢,) [Eq. 2], where T,
is branch copaocity, A, and b, ore lomination area and effective bonded
width, ¢ P and 'tt,p“"‘P are admissible oxial and bond-shear stresses, and

¢, is bonded branch length. The two limits are equal at €b* =A,0,® /
(‘répCap b,).

Foré, < €b*. caopacity is bond-shear governed; beyond é’b*. odded length
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increases dead load but not capacity (Figure 11). At fixed tie-back depth
dr, increasing restroint-node count n_odds branches ond post-bond
restoring oction, but olso reversals, turn deposits, path length, and
pre-bond weight. At fixed n , increasing dr reaches older anchoroge and
increases branch length and lever arm, but adds weight to every branch.
The engongement fraction 7 scales nominal branch action to account for

incomplete contact, oge gradients, ond substrate complionce.

Condidates are evaluated at two cycle states. In the pre-bond state, the
root interfoce must carry the primary cantilever ond complete unbonded
zig-zag at the end of deposition: M + AM ¢ < M ¢ [Check 1]. In the
post-bond state, engoged branches must provide at least the primary
weight odded during that cycle: n (R, — 2, €,) > W, N, [Check 2).
Here, AMé,“"’Cl is the unbonded zig-zog moment, M °** the root copacity
at pass completion, R, the effective restoring force per restraint node,
i, the lomination weight per unit length, and N_the primaory filaments
per cucle. A design is admissible only if both checks pass. Check 1 sets
an upper boundary as branches and tie-back depth increase pre-bond
demand; Check 2 sets o lower boundary where branch action is insuffi-

cient. The result is o family of odmissible designs.

VALIDATION: A BARREL-VAULT DEMONSTRATOR
Validation used o full-scale barrel vault and followed five steps: describe
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the setup, print and simulate a primary-only cose, colibrate empirical

inputs, construct the admissible domain, and print the selected design.

Geometry, fabrication setup, and material system

The demonstrator is o barrel vault with o spon of 1200 mm and a rise of
300 mm. The vault cross-section is o circular arc of rodius 750 mm, and
each primary filoment troces an arc of length opproximately 1391 mm.
Adjocent primary filaments ore spoced 14 mm center-to-center. The voult
was printed on o custom steel support frame that provides the springing/
startup zone condition [Figure 12). The frame-supported startup zone
contained ten primary filuments, corresponding to o supported depth of
140 mm; the initiol root interfoce is the first interloyer boundary outside
this zone. No internal centering, folsework, or formwork was ploced

beneath the cantilevering region beyond the startup zone.

The fobrication platform comprises a six-oxis industrial robot mounted on
a linear rail as the seventh oxis, an inline two-component mixing heod at
the end effector, o screw pump operating at 1.4 L/min, and an acceler-
ator dosing unit. The base material is o commercial 30-printing mortar; a
liquid occelerator is dosed at 4% by mass and o retarder at 130 mL per 100
kg of mortar. Beod dimensions were measured from deposited test filo-
ments: the primary bead is 30 by 10 mm in cross-section [orea 300 mm2)
and the lomination bead is 20 by B mm [orea 160 mm2). Fresh density is
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2100 kg/m3, measured from deposited samples. Filoment tensile capacity
and the interfacial bond shear strength were determined from early-age
chaoracterization tests on the some mix ot ages representative of the
construction window [1-3 minutes), giving an admissible oxial stress of 40
kPa and o bond troction of 5 kPa. Primary filoments were deposited at 60
mm/s; the zig-zag poss at 50 mm/s to occommodate turn decelerations.
No waiting period was introduced between primary and zig-zog deposi-
tion. The turn-deposit weight at each reversal, measured separately on
flat-substrate deposition tests at the sume process settings, is 0.66 N per
reversal.

Primary-layer-only print and its simulation

The first experiment is the primary-layer-only print, with no zig-zag lami-
nation, intended to expose where the construction-stage foilure occurs in
the obsence of any tie-back oction. The cantilevering portion foiled at 42
millimeters beyond the initial root interface, corresponding to three unsup-
ported filoments. The cantilever peeled away cleanly at the root interface,
the interloyer boundary between the supported startup zone and the first
unsupported primary filament.
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We applied the FEM of Section 3.1 to the sume geometry. The voult was
discretized with 150 hexahedral elements olong the span, fifteen loyers
olong the print direction, and one element through the thickness. The
introdos of the supported layers ond the springing foces were clamped
through Nitsche boundary conditions; all remaining surfoces were troc-
tion-free. The cohesive low was assigned fracture energies drawn from
published ranges for cementitious interfaces [(Keita et al. 2019). The
simulation reproduces the experimentally observed progression through
foilure onset: the stable supported bose, the onset of progressive down-
ward deflection once the print extends beyond the supported region, and
separation at the interfoce between supported and cantilevering regions
[Figure 13). Throughout the simulated build, domoge concentrates on a
single interloyer focet at the boundary between supported and unsup-
ported material; no other interlayer interfoce develops damage. The
governing foilure mechanism is therefore interloyer seporation ot one
specific facet-the root of the cantilever- which is the localization that the

reduced-order framework of Section 3.2 operationalizes.
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Calibration of the Empirical Inputs

The fromework requires three empirical inputs that connot be deter-
mined from geometry or material tests olone: [o] the rate at which the
root interface copacity grows during deposition, (b) the fraction of zig-zag
deposition time credited toward copocity growth while the interface
is already looded (the copocity-impoirment factor), and [c] the engoge-
ment froction that scoles the nominal post-bond branch copaocity into
the restoring force octually mobilized at each restroint node. We iden-
tify the three sequentially. The primary-layer-only print of Section 4.2
fixed the copacity rate from o single foilure event: the elopsed time at
failure together with the corresponding root moment yielded o copaocity
rate of 7.79 x 10~3 N-m-s~! under the tested process conditions. The
copacity-impairment foctor was bounded using three configurations with
different restroint-node counts and tie-bock depths: C1 (nr = 10, dr =
3).62(n, =12,d, = 4),ond C3 (n, = 35, d, = 2) [Figure 14]. All were
deliberately driven to root-interface peel, the mode targeted by Check 1.
For each foiled design, equating demand ond copacity gives the critical g
at which it would become admissible; failure therefore ploces the true 8
below that value. The three experiments uield three upper bounds [Figure
15). The binding bound, 8 = 0.30 from C1, was odopted as the least conser-
vative value consistent with all foilures and correctly clossifies C1-C3 as
inadmissible. Becouse all calibration prints failed before Check 2 engaged,
1 remained o free parameter. The selected design was unchanged from

one-third to full engogement.

Admissible domain and design selection

With tcapacity rate and § fixed, the two checks define the integer admis-
sible domain [Figure 16]. Check 1is independent of n; Check 2 shifts with
1) but does not control selection over the tested ronge. Among admissible
pairs, the max-min criterion in Figure 10 selects the design maximizing
min(y;, Y,), fovoring bolonced reserve rather thaon minimum material
or time. The selected design (n,, d) = (7, 4), remains admissible for all
1 considered, with o +22% pre-bond margin. C1 and CZ lie outside the
plotted Check 1 boundary; C3 (35, 2) also fails Check 1 but lies beyond the
plotted nr range.

Validation print

The volidation used one primary ond one zig-zog pass per cycle. The
vault reached closure without delamination or visible distress, whereas
the identical primary-only setup foiled ofter three unsupported filoments
[Figure 17). The result supports the selected design’s admissibility and
establishes ) > 0.32 for the tested process; it does not independently

verify the exact +22% onalytical margin.

DISCUSSION

The odmissible domain contains feasible but non-equivalent designs. Near
Check 1, longer or denser laminations odd pre-bond weight and deposition
time; near Check 2, branch action provides little reserve. Designers may
trode materiol ond cycle time ogaoinst robustness ond surfoce articulation.
Fewer nodes and shallower tie-backs reduce reversals, path length, and
over-deposition; interior solutions tolerate more process variation. The
max-min criterion selected (7, 4) as o bolonced interior solution, not o

SESSION THEME

Check 1 design margin v, (%]

Design C3 (n, =35, d,=2)

Capacity impairment factor

13 Primary-loyer-only print and its 15 |dentification of the copaocity-impairment

simulation: experimental photographs at foctor: Check 1 design margin plotted
successive print stages (o] and simulated against the impaoirment factor for each
displacement magnitude at the same design. The binding bound is 0.30 from
stages [b). Domage concentrates on a design C1.
single interloyer focet at the boundary

between supported ond unsupported

material.

14  Calibration configurations C1 (nr =10,
d =3).02(n, =12,d =4).ond C3
(n, = 35,d = 2), deliberately driven ta
failure to bound the copacity-impoirment
factor. All three foiled by peel at the root

interfoce.



Tie-back depth d,

2 4 6 8 10 12 14 16 18
Restraint-node count n,

universal optimum. The FEM aond reduced-order model have distinct roles.
The FEM diognoses primary-only failure mode, location, ond onset but does
not simulate the zig-zog. The screening model assumes that root-interface
peel remains the governing foilure mode ond represents bond octivation
through limiting pre- and post-bond states rather than continuous kinetics.
Vaolidation covers one barrel geometry, material system, ond process
window. Capacity rate come from one primary-only failure, § from three
foiled laminations, and 1 from one successful print. The results support
the tested mechanism ond classification; other materials, bead geome-
tries, speeds, or double-curved shells require recolibration and renewed

FEM dingnosis if the governing mode chaonges.

CONCLUSION

This poper presents o cohesive lamination method for scoffold-free robotic
30CP of vaults that pass through caontilevering construction stoges. A
secondary zig-zog creates tension ties that onchor the active primary front
into stobilized material, tronslating Guastavino’'s cross-bonded logic into
continuous deposition. A cohesive-interface FEM identified root-interfoce
delomination in the primary-only sequence; the reduced-order framework
then screened combinations of restroint-node count and tie-bock depth
using deposition survivability and cycle-to-cycle sustainability. In In the
demonstrator, which had o span of 1200 mm and o rise of 300 mm,, the
primary-only sequence foiled ofter three unsupported filaments, while
the selected lomination completed the voult without internal scaffolding.
Future work will extend the method to nonuniform ond double-curved
vaults, integrate the checks with odoptive robotic planning, and quantify
how the construction-stage lamination contributes to the hardened vault's

service-stage stiffness ond copacity.
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