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Abstract: Despite all their advantages, load-bearing concrete shell structures with double curvatures
are not frequently in use. The main reason is the complexity of their construction. In such a context,
this article starts with a brief, critical review of existing technologies while their pros and cons are
highlighted. Against that background the authors then propose a new approach for the highly
automated fabrication of gridshell structures from variable modules. To demonstrate the feasibility
of such a new technology, a demonstrator called ConDIT 1.0, a sphere-like shell structure composed
of several frames was designed and built. The frame modules were fabricated automatically using
extrusion-based 3D printing and a printable, strain-hardening cement-based composite (SHCC).
This article presents the design of ConDIT 1.0, the mechanical material characterization of printed
SHCC, the technology of module production, the results of geometry verification for print modules
using 3D scanning, and the procedure for the demonstrator’s assembly.
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1. Introduction

Load-bearing concrete shell structures are highly efficient. They are created
according to the principle "form follows force", so that compressive, tensile, and shear
stresses act as membrane forces within the surface. Hence, such shells can be relatively
thin, using a small amount of reinforced concrete. Such lightweight structures require
lesser amounts of material in comparison to conventional concrete structures and make
possible considerable reductions of construction-related CO: emission; see, e.g., [1].

Despite all the obvious advantages the use of such structures has not yet been
widespread, the main reasons having to do with the difficulties in their design and
construction. The fabrication of thin concrete shell structures by traditional casting
requires the time-consuming creation of a unique, very expensive formwork and also
leads to large amounts of industrial waste since its reuse is seldom possible [2]-[4].

An alternative approach in creating concrete shell structures is using ferrocement [5],
[6]. In this technology mortar is applied over a fine metal mesh, which is attached to the
main reinforcement shaped in the form of final structure. Thus, it is possible to create a
structure of almost any shape, but the lack of automation makes this technology very
labor-intensive.

The term flexible formwork includes a variety of different methods for creating
concrete shells using flexible membranes [7]. Compared to the two previously mentioned
approaches, the fabrication of shell structures using flexible formwork requires less labor,
which comes, however, at the cost of less control over the structure’s geometry. Mostly
textile membranes are used as flexible formworks; the mortar is applied on their surfaces
either by hand or using a shotcrete machine. The membranes can be pre-tensioned or
freely hung, the latter frequently used in form-finding [8], [9]. New materials for
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membranes have also been developed, such as improved textiles [10], which act as
reinforcement, and custom-knitted textiles [11], which allow the integration of channels
and holes for reinforcement.

The membrane can also be used in combination with supporting structures to define
the final geometry. For example, a membrane attached to a network of cables makes it
possible to create structures of very complex shapes [4], [13], [14]. Approaches using grid
shell structures as temporal support for membranes are also under development [2].

Pneumatic formwork is another type of flexible formwork technology [15]. During
construction using this method, the shape of the structure is created by inflating a flexible
membrane. Inflation can take place not only before the installation of the reinforcement
and the application of concrete [16], but also thereafter [17], [18]. This construction method
is fast, simple, and inexpensive, but the disadvantage is that the range of available
geometries is severely limited. A number of studies has been carried out with the aim of
diversifying the geometry of structures which can be erected using pneumatic formwork
technology. It was indeed possible to achieve by the simultaneous use of several
membranes [19], [20], and by their shaping [21]. The use of pneumatic formwork for
erection of grid shells is also under investigation [22].

Pneumatic Forming of Hardened Concrete is a relatively new approach developed at
the TU Wien [3], [23]-[25]. Similar to the pneumatic formwork method, a thin membrane
is filled with air and serves as a supporting structure, but only after hardening of the
concrete above it. At the same time additional post-tensioning cables are used to transform
the flat plate into a double-curved shell.

Another way to create a non-linear concrete surface is to use sand or gravel hills. The
Philips pavilion [26] is one example of the application of this technology. The production
of concrete panels for the pavilion was very complicated and required much physical
labor since the sand hills were shaped manually. The possibilities of automating this
method and applying it together with 3D printing technology are currently being
explored [27].

All the methods described enable the construction of concrete shells, but they are
either too labor-intensive, imprecise, or are limited in their available geometries. The
modularization of structures can be a solution to these problems, and a significant amount
of current research is focused on this topic. The article at hand offers at first a brief
overview of the research on fabrication of modular shell structures; see Section 2. Then a
new approach for a fully automated fabrication of modules using strain-hardening
cement-based composites (SHCC) is presented in Section 3. To demonstrate the validity
of the approach and the ability to erect complex shell structures made of automatically
produced modules, a demonstrator structure was designed; see Section 4. Eventually
modules were fabricated and the structure was assembled as described in Section 7. The
article also provides information on material design, material testing, production
procedure, and quality assessment of the modules.

2. Research on fabrication of modular shell structures

The modularization of complex shapes has the potential to solve most of the existing
problems of shell structures. During the design process, the structure can be divided into
individual modules manufactured separately and then assembled at the construction site.

For structures with repeating geometry, the modules can be cast in conventional
molds [29]. Another approach was suggested by Teng [30], in which the shell structure
can be formed from steel modular units, which are afterward filled with concrete. These
two technologies, however, can hardly be used for more complex geometries, in which
many modules must have unique shapes.

In cases where the geometry of each module is indeed unique, one of the automated
formwork production methods, such as CNC-milling or wire-cutting, can be adopted. The
disadvantages of these methods are the production of large amounts of waste as well as
slowness in the case of the modules with highly detailed surfaces. The waste problem
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could be resolved by using wax to create formwork, which is completely reusable [31].
The use of vacuumatic formwork [32] is another approach for production of waste-free,
reusable molds.

CASTonCAST is the method for the production of shell structure modules developed
at ETH Zurich [33]. In this method, the modules are produced stacked on top of each
other, so one module defines the shape of the other module located above it, thereby
eliminating the need for complex formwork. Construction using stackable modules
requires a special method for the design of the freeform shapes.

Adjustable formwork is one of the most technologically advanced methods of
creating curved modules for shell structures [35]-[41]. Most commonly such a formwork
consists of vertical beams which can be moved in the vertical direction to bent a flexible
surface lying on top of the beams. The movement of the beams is usually driven by
motors, but this can also be done using a robotic arm [42]. In most of the designs of
adjustable formwork developed, the shape of the module is controlled by the flexible
surface only from one side, but there also exist prototypes with double-sided control [43],
where the flowable concrete can be filled inside, as in a conventional mold.

In the case of one-sided adjustable formwork, the flowable concrete is poured onto a
flat surface that deforms after the concrete is slightly hardened to prevent it from flowing.
Flexible bands can be used to define the edges of the manufactured module, the position
of which can be determined using a laser projection [44], [45]. After deformation of the
flexible surface, the module reaches the required geometry and is left to lie on the
formwork until it is completely solidified. The impossibility of further use of the
adjustable formwork before the concrete hardens greatly reduces the productivity of this
technology. In an attempt to change this, TU Eindhoven developed the technology “VaCo
Mould” [46], in which they used adjustable formwork and vacuum forming to produce
double-curved plastic molds for concrete casting.

The use of adaptive formwork is a promising approach to producing modules for the
construction of sophisticated, double-curved shells. However, adaptive formwork is
complex and, hence, difficult to manufacture and use. In fact, the method has been used
previously, albeit mainly in research projects. Recently, manufacturers of these devices
have entered the market, thereby making the technology more accessible to the
construction industry; see, e.g., [47].

Recently, studies have also been conducted on the use of 3D concrete printing
technology for the creation of shell structure modules. In the research of Lim et al. [49] a
double-curved shell element was produced using this technology. The possibility of
combining adjustable formwork and 3D concrete printing was also investigated [50]. In
these two mentioned research works, printing was performed by the extrusion of fine
concrete filaments, which offered adequate accuracy but resulted in a relatively long
printing time.

In the study by Borg Constanzi et al. [51], only the outer edges of the elements were
3D printed, which significantly reduced printing time. After printing, the inner portions
of the elements were filled with fresh concrete. Both 3D printing and concrete casting were
performed on CNC-milled formwork; the use of this approach in combination with
adjustable formwork was also proposed.

3. Proposed technology

In this article the authors propose an alternative approach in the production of shell-
structural modules without formwork. The new approach combines the technology of
full-width 3D concrete printing using highly ductile SHCC material [52], [53] and the
technology of robotic textile mesh production, particularly that using mineral-
impregnated carbon yarns [54]. SHCC seems to be very suitable for producing the edge
zones of the modules. This choice of material ensures not only that high load-bearing
effects and dimensional stability are achieved, but also that very large local stresses, e.g.,
during transport and assembly, such as tilting, impact, or in connecting the modules, can
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be sustained. In addition, the entire construction would then show “good-natured” load-
bearing deformation behavior in the event of an unplanned local or global overload
through redistribution of forces or stresses. For the infill, concrete reinforced with
continuous fibers / textile appears to be the best choice, since such reinforcements enable
thin-walled, lightweight, material-saving, but also fully automated solutions. Error! Ref-
erence source not found. shows the production steps of a module with a filled inner zone.

Figure 1. Production steps.

The production is divided into five sub-processes, depending on the working tool
used. In the first step, SHCC is extruded at the edge zone of the module using a 3D printer.
The positioning of a printer is computer-controlled and fully automated. In the second
step, the inner part of the module is filled with concrete, which can be pumped, sprayed,
or poured, depending on the concrete type in use and the available machinery. The third
step is reinforcing with a carbon textile mesh. This material was chosen due to its high
tensile strength and durability [55], [56]. Additionally, the fiber material is characterized
by high chemical resistance. Because of this, the concrete cover can be reduced to a few
millimeters, which enables the production of very thin structures. In the fourth step, the
second layer of the outer edge is printed. To complete the module production, in the fifth
step the area within the printed edges is filled with concrete.

Within a module, the textile mesh serves not only as reinforcement, but also provides
an additional bond between the outer edge and the infill. It can also be used in connecting
the modules. This could be done either with embedded metal elements or with a direct
mesh-to-mesh connection. For a second approach the textile meshes should be placed to
extend beyond the boundaries of the modules. During assembly, the meshes of neighbor-
ing modules could be joined together, providing continuous reinforcement throughout
the entire structure.

Textile mesh could be prefabricated, or it could be directly custom produced on the
respective module using robots, as shown in the example in Error! Reference source not
found.. Fully automated placement of the textile yarns using a robotic arm was demon-
strated at the TU Dresden previously [54]. Shortly before and directly during the mesh
production, yarns should be coated with a mineral micro-suspension, which considerably
enhances its bond to the concrete matrix und the performance of the reinforcement at el-
evated temperatures [57].

Since each of the steps described can be done by robots, the whole process can be
automated. For mass production a conveyor system can be implemented: a platform with
a module moves from one station to another, where all the production steps are carried
out in sequence. The technology does not require any pauses between the steps. At the
end of production, the platform with the completed module can be transported to a stor-
age room for the curing of the concrete.

The separation of the modules into inner and outer zones provides great design free-
dom. The modules could as well be produced without concrete infill. The inner zones of
the modules can be used for the integration of solar panels or other technical equipment.
The integration of windows into modules increases the natural illumination of the area
within the structure, thereby eliminating the opacity problem inherent in concrete shells
[58]. For the modules without infill, textile reinforcement can be placed only along the
outer edge. Error! Reference source not found. presents a design of a space frame bridge
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— one of the possible applications for modules without infill. The present article is concen-
trated on production of such modules without infill.

The assembly of the modules into the final shell structure can be performed using
traditional methods such as scaffolding and cranes. Pneumatic forming technology [59],
[60] also can be adopted in cases where the geometry of the shell structure can be com-
pletely or partially represented with inflatable membranes.

Figure 2. Design of a space frame bridge [D. Lordick 2020].

4. Design of a demonstrator

The demonstrator was designed according to the idea of reducing the complexity of
general grid shells while certain aspects of the fabrication approach were tested under
laboratory conditions. However, the strategies used for developing the demonstrator are
still scalable to the assembly of general gridshells and to the automation of the processes.

4.1. Design constraints

The concept of wide-span and lightweight gridshell structures as explored here typ-
ically involves planar quadrilateral (PQ) modules. So-called PQ-meshes can approximate
a great variety of freeform surfaces. Therefore, it is not a major limitation with respect to
the overall structure that the 3D concrete printing, i.e., production steps 1 and 4, at this
stage uses only a flatbed for material deposition; see Error! Reference source not found..

Gridshells from glass and steel typically require diagonal cables, which stiffen the
quadrilaterals. The approach here is to generate inherently stiff modules and avoid addi-
tional diagonal elements. Thus, the individual frames are formed with a profile that can
sustain bending moments. The cross-section of the profile is chosen depending on the ca-
pacity of the extruder nozzle. The size of the module should be chosen to be large enough
to allow reasonably long edges between the rounded corners and still fit on the flatbed of
the 3D printer.

Freeform structures usually require individually formed quadrilaterals. The chal-
lenge of dealing with geometrically variable individual frames is being addressed in on-
going work. Here, as a first step, a series of identical frames must be generated and exam-
ined to measure precision and repeatability. So long as the frames are reasonably repro-
ducible, it is predictable that individual parts can be created with similar precision.

4.2. The Polyhedron

For the reasons described above, the demonstrator is composed of congruent quad-
rilaterals. This boundary condition quite naturally suggests the introduction of a sphere-
like polyhedron. Such polyhedrons have the additional advantage that they do not require
a support structure, but function as independent objects. Last, but not least, the assembly
of the elements into a closed polyhedron shows whether the accuracy is sufficient.
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There is a short list of possible candidates, starting with the cube and its six faces,
considered trivial. Others are the rhombic dodecahedron with 12 faces and the rhombic
triacontahedron with 30 faces. Both have the disadvantage of highly symmetric quadri-
laterals, which are, however, too special with respect to further applications in gridshells.
Only the deltoidal icositetrahedron with its 24 kite-like faces meets the requirements; see
Error! Reference source not found.a. An acronym of the Greek name in connection with
an abbreviation of concrete provided together the name ConDIT for the demonstrator.
The version number 1.0 is meant to indicate that future steps of testing could involve re-
fined versions of the basic design. In fact, ConDIT 1.0 has a precursor in BenDIT, a struc-
ture made of bent wood [61].

4.3. The connectors of the modules

The dihedral angles of the deltoidal icositetrahedron are all the same. This offers the
chance to equip all edges of the modules with identically beveled sides and join them
seamlessly. Such a solution will be addressed in the following research. The modules of
ConDIT 1.0 are instead equipped with straight edges, which makes a gap between the
faces/modules necessary. The gaps are bridged with connectors, which are stuck into the
first layer of fresh concrete before the second layer is added. As such, the 96 connectors,
two at each at the 48 edges, are each made of two parts, which are joined with a screw
during assembly. This enables the pre-assembly of module groups on a flat surface before
their being bent into a spatial configuration.

The connecting parts are simple metal fittings for wooden structures obtainable at a
hardware store and adjustable by cutting away a small piece and extended by screws
which are fixed in the concrete; see Error! Reference source not found.b. Since the mod-
ules of ConDIT 1.0 are joined with 96 screws, the whole structure can easily be dismantled.
For presentation it is esthetically preferable if the structure is suspended from a ceiling;
see Error! Reference source not found.c. The suspension should lift ConDIT 1.0 at a vertex
where only three modules meet. Seen thus, the object presents a three-fold symmetry,
which corresponds to that of an inscribed cube with a vertical diagonal.

b)

Figure 3. a) Design of the demonstrator, and b) design of the connectors between the modules.

5. Experimental program
5.1. Materials and mixing procedure

To be able to withstand the loads acting between individual modules, the material of
the outer edge should possess not only high resistance to compression but also to tension.
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For this reason, strain-hardening cement-based composite (SHCC), reinforced with short
polymer fibers, was chosen as construction material. This material is characterized by its
high material strength, ability to withstand significant deformation, and high energy ab-
sorption capacity. Additionally, short fibers prevent the occurrence of cracks due to plastic
and drying shrinkage. This property is essential for the 3D printed material which is not
covered by the formwork as in conventional construction, and hence, subject to increased
drying effects. The choice of this material ensures that high local stresses which could arise
during transportation, assembly, and construction can be absorbed.

There are several scientific publications in which SHCC was developed especially for
3D printing [52]. The mixture developed by Ogura et al. [53] is taken here as the basis of
the composition used. Due to its relatively low fiber content and short fiber length, this
mixture has the best printing quality in comparison to other mixtures presented in the
literature. To achieve better control over cement constituents, the cement CEM II/A-M (5-
LL) 52.5 R, which was used in the original mixture, was replaced with CEM I 52.5 R (80
%) and Saxodol 90 LE (20 %). Saxodol 90 LE is a white marble powder with a maximum
grain size of 90 um. It was used as a partial replacement of cement to obtain a similar
amount of clinker as in the original mixture composition. Also, the dosage of superplasti-
cizer was reduced to achieve a similar cone spread diameter. Error! Reference source
not found. shows the SHCC mixture composition under investigation.

Table 1. SHCC mixture composition under investigation.

Component Type Producer Mass [kg/m’]
Cement CEMI52.5R ft Holcim 913.9
Marble powder Saxodol 90 LE sh minerals GmbH 228.5
Fly ash Steament H-4 STEAG P.M. 152.3

Microsilica

(50% suspension) EMSAC 500E BASF 457.0
Sand 0.06-0.2 BCS 413 - 91.3
Sand 0-1 Ottendorf sieved - 213.1
Water Tap water - 106.6
Superplasticizer MasterGlenium SKY593 BASF 16.8
Fibers PE 6 mm Eurofibers 15.3

All SHCC batches were prepared using a Zyklos Rotating Pan Mixer and following
the same procedure. First, dry materials, i.e., cement, marble powder, fly ash, and sand,
excepting the fibers, were mixed for 2 minutes, keeping a rotating speed constant at 30
rpm. After that, without interrupting the mixing, liquid components were added, i.e., mi-
crosilica suspension and water mixed with a superplasticizer. The addition process took
approximately one minute. One additional minute of mixing was required to obtain a
flowable paste, afterwards, the mixer rotating speed was increased to 50 rpm. As the next
step, again without stopping the mixer, PE fibers were gradually added, which took
around two minutes. Eventually, the mixture with all the components was mixed for two
additional minutes to achieve uniform fiber distribution.

5.2. 3D printing tests, production of specimens

A frame concrete printer developed at the TU Dresden was used for the 3D printing
experiments; see Error! Reference source not found.. With a printing area of 1.4 m x 1.0 m
and with a maximum printing height of 1.2 m, the printer is capable of production of mod-
ules for large shell structures.
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Figure 4. 3D concrete printer used in this investigation.

At the beginning of this investigation, a series of printing tests were conducted with
the aim of finding a nozzle geometry capable of filament extrusion with a rectangular
cross-section, which is necessary for the fabrication of the ConDIT 1.0 modules. Later the
nozzle chosen was used in the final printing test, which was performed to evaluate the
printability of the modified SHCC mixture composition.

Given that the material supply to the printhead works well, the printability can be
characterized by two parameters: extrudability and buildability. Extrudability is the abil-
ity of a material to be sustained in continuous flow during the extrusion; a 3D printing
test is the most straightforward approach to evaluate this parameter. The second param-
eter, buildability, is the property of an extruded material to retain its geometric shape un-
der the influence of increasing load. The load consists of the weight of the layer itself and
the weight of subsequent layers. In the case of a nozzle with vertical orientation, the ex-
trusion pressure additionally acts on the already deposited layers. In the proposed tech-
nology, the outer edge of the module consists only of two layers of material. Hence, the
printing of two-layer walls during the 3D printing test was sufficient for verification of
buildability.

During the final 3D printing test, straight walls of 1 and 2 layers were printed for the
purpose of material testing; see Error! Reference source not found.b. One-layer walls
were used for production of the specimens used in the uniaxial tensile test. From the two-
layer walls the prism specimens for bending tests and cube specimens for compression
tests were cut out; see Error! Reference source not found..

According to previous research the fibers orient themselves as they pass through the
3D printer [52], [53], which affects the mechanical properties of the material. Therefore,
this method of specimen preparation allows more accurate determination of the strength
parameters of the SHCC subjected to extrusion when compared to the specimens pro-
duced using the conventional method of mold-casting.
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Figure 5. Scheme of cutting specimens from printed walls.

5.3. Bending and compressive tests

Machine-controlled, three-point bending tests were performed on specimens at con-
crete ages of 1 and 7 days. Specimens for the 7-day tests were stored in a climate chamber
wrapped in a plastic film. Prisms with dimensions of 160 mm x 40 mm x 40 mm were cut
out from the printed walls on the day after printing. For all the tests, the same experi-
mental setup was used, with the distance between the bottom supports equal to 120 mm.
Specimens were loaded monotonically with a constant displacement rate of 1 mm/min.
Bending tests were performed in two directions, D1 and D2, both perpendicular to the
printing path, as shown in Error! Reference source not found.. The blue line indicates the
top surface of the printed wall and is oriented along the printing path.

Bending test Compression test

of

Figure 6. Loading directions in bending and compression tests.

Compression tests were performed on the cubes with an edge length of 40 mm. As
was done for the bending tests, specimens were cut out from the printed walls the day
after printing, and specimens for testing at 7 days were stored in a climate chamber
wrapped in a plastic film. Material behavior under compression was investigated in three
different directions: D1 and D2 are perpendicular to the printing path, and D3 is parallel
thereto, as presented in Error! Reference source not found..

5.4. Uniaxial tensile tests

Uniaxial tensile tests were conducted on specimens at the age of 7 days. For each
specimen, a rectangular prism with dimensions of 600 mm x 40 mm x 20 mm was cut out
from the printed wall and placed into a formwork, as shown in Error! Reference source
not found.a. Following that the empty space at both ends of the formwork was filled with
fresh SHCC. On the next day the specimen was demolded, and the surfaces were polished.
This procedure enabled the obtaining of specimens with the desired dumbbell shape, re-
quired to prevent premature specimen failure in the vicinity of the machine grips.

Tensile tests were performed in a deformation-controlled regime with a constant dis-
placement rate of 1 mm/min. The deformation was measured over a length of 150 mm in
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the middle portion of the specimens by two Linear Variable Differential Transformers
(LVDTs). The experimental setup is presented in Error! Reference source not found.b.

Figure 7. a) Production of dumbbell specimens for tensile tests, and b) tensile test setup.

5.5. Connector pullout test

To verify the strength of the bond between the connectors and the SHCC, a series of
pullout tests was performed. The specimens for testing were cut directly from the printed
modules. On each specimen the area around the connector was polished after cutting; see
Error! Reference source not found.a. This was done to ensure a tight fit with the metal
ring holding the specimens during the test. The test setup is presented in Error! Reference
source not found.b. Pullout tests were performed at a constant displacement rate of 2
mm/min.

a) b)

Figure 8. a) Specimen for a connector pullout test, and b) pullout test setup.

5.6.3D scanning of printed modules

The fabrication of the modules for ConDIT 1.0 was carried out using the printer de-
scribed in Section 0. A few weeks after, when the largest shrinkage deformations had al-
ready been completed, each module was scanned using a structured-light 3D scanner Ar-
tec Eva; see Error! Reference source not found.a. This is a handheld device with an accu-
racy of up to 0.1 mm and a resolution of up to 0.2 mm.
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During the scanning a cube with a side length of 95 mm was placed in the center of
the scanned module as shown in Error! Reference source not found.b. It was used as a
scaling reference during the analysis of the scan results. Each module was scanned twice:
once from the top and once from the bottom. Geometries of the modules obtained with
the scanner were compared with the geometry defined by the design. Parameters such as
inconsistency of geometry, surface roughness, and accuracy of connector positioning were
analyzed.

Figure 9. a) Structured-light 3D scanner Artec Eva [source: www.artec3d.com], and b) the setup for
module scanning.

6. Experimental results
6.1. 3D printing tests

As mentioned above, for production of ConDIT 1.0 modules the extruded filament
should have a rectangular cross-section. A nozzle with a vertical orientation was preferred
because it allows printing the layers with an enclosed shape, where the start and end-
points are the same. In contrast to this, horizontally oriented nozzles must be lifted at the
end of the enclosure so as not to damage the already printed structure, and extrusion must
be performed a certain distance from the printing surface.

The vertically oriented circular nozzle commonly used in concrete 3D printing was
used in the initial experiment and yielded poor surface quality of the extruded filaments
and demonstrated its inability to form the required cross-sectional shape. The addition of
side trowels to this nozzle allowed achievement of a flat surface on the sides of the printed
walls. However, the necessary shape of the cross-section still was not achieved since the
top surface of the printed layer had a wavy structure; see Error! Reference source not
found.a.

In the next test printing the outlet cross-section was changed to a rectangular one
with dimensions 55 mm x 25 mm. In addition to the side trowels, the new nozzle was also
equipped with a top trowel; see Error! Reference source not found.b. To decrease the
adhesion between the trowels and printed material, the inner sides of the trowels were
shielded by metal plates. With this nozzle it was possible to achieve smooth top and side
surfaces; see Error! Reference source not found.a. Eventually, it was used in the final 3D
printing test and for production of the ConDIT 1.0 modules.
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Figure 10. a) The layer extruded using a vertically oriented circular nozzle with side trowels, and b)
vertically oriented rectangular nozzle with side and top trowels.

During the final 3D printing test the chosen SHCC mixture showed good extrudabil-
ity. All the printed layers were extruded continuously, without gaps, as can be seen in
Error! Reference source not found.b. A slight deformation of the bottom layer was no-
ticed during the printing of the second layer, which occurred mainly due to the pressure
of extrusion. Otherwise, the printed walls were able to maintain their shape, no additional
deformation was observed. The results of the test confirmed the adequacy of this material
and the nozzle as developed for printing ConDIT 1.0 modules.

b)

Figure 11. a) The wall extruded with vertically oriented rectangular nozzle with side and top trow-
els, and b) walls printed during final 3D printing.

6.2. Bending and compressive tests

The force-displacement diagrams obtained during the bending tests for the 1-day and
7-day specimens are presented in Error! Reference source not found.a and Error! Refer-
ence source not found.b, respectively. As can be seen from the graphs, the specimens
showed similar behavior in both loading directions. The values of ultimate flexural
strength are only slightly superior for the direction D2; see Table 3. This similarity in the
results can be explained by the good bond between the printed layers and by the even
distribution of the fibers over the cross-section of the extruded layers. Indeed, after
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Force [N]

specimen cutting, it was not possible to visually determine the position of the interface
zone between two printed layers. The short time interval between the printing of the lay-
ers, the sufficient flowability of SHCC under investigation, and the additional pressure

during extrusion due to the vertical orientation of the nozzle are the reasons for the good
adhesion between the layers.
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Figure 12. Bending tests results for the specimens of concrete age a) 1 day, and b) 7 days.

Good fiber distribution was also confirmed by examination of the specimens with a
microscope; see Error! Reference source not found.a. A certain degree of fiber orientation

parallel to the printing direction was observed on the side view of the specimen’s cross-
section; see Error! Reference source not found.b.

Figure 13. Microscope photos of a SHCC specimen after failure in the bending test: a) the top view
on a fracture surface, and b) the side view.

Table 2. Ultimate flexural and compression strength.

Direction Flexural strength [MPa] Compression strength [MPa]
1 day 7 days 1 day 7 days
Dl 14.0 (0.8) 15.8 (1.1) 32.9(0.7) 54.8 (2.2)
D2 153 (1.1) 17.1 (0.6) 32.5(0.1) 56.1 (7.6)
D3 -

- 36.2(0.9) 61.2 (4.8)
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The results obtained from the compression tests are presented in Error! Reference
source not found.. The values of compressive strength for the specimens tested in direc-
tion D1 and D2 are practically equal, while the values of the test results in direction D3
slightly exceed them. Fiber orientation could be the reason for this discrepancy. Directions
D1 and D2 both are perpendicular to the printing path, the main direction of fiber orien-
tation, while direction D3 is parallel to it.

6.3. Uniaxial tensile tests

Stress-strain diagrams obtained from the uniaxial tensile tests are presented in Error!
Reference source not found.a. As can be seen, the specimens showed pronounced strain-
hardening behavior. Under uniaxial tensile loading, multiple fine cracks formed on the
specimens’ surfaces. The first cracks appeared at a tensile stress of around 3 MPa. The
composite yielded a strain capacity of approximately 2% when reaching the maximum
tensile stress of 4.7 MPa at the average.
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Figure 14. a) Tensile test stress-strain diagram, and b) the results of connector pullout tests.

6.4. Connector pullout test

The results of the connector pullout tests are presented in Error! Reference source
not found.b. During the experiments, specimens demonstrated good bonding between
the connectors and the SHCC. In all the tests, breakdown of the specimens appeared due
to the failure of the metal; see Error! Reference source not found.a, while no significant
deformation or cracks were observed at the connector/SHCC-interface zones around the
pins; see Error! Reference source not found.b.
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Figure 15. a) Typical failure of a metal connector during pullout test, and b) specimen after pullout
tests, split into two parts.

7. Production of the demonstrator
7.1. 3D printing process

Production of the ConDIT 1.0 modules consisted of three steps. In beginning, the
first layer of the outer edge was printed. As the second step connectors were installed
manually by pressing them into the fresh material of the just-printed layer. The final step
was the printing of the second layer of the outer edge.

To place the connectors in the right positions, the frame with the shape of the module
was used, which had marked connector locations on it. It is worth noting that the connect-
ors should be well pressed into the bottom layer. Otherwise, they may be displaced during
the printing of the second layer.

It took about 5 minutes to make one module. The printing of modules was performed
on separated platforms, so that after production it was possible to bring a platform with
the already manufactured module to the storage room and free the printing zone for pro-
duction of the next.

7.2. 3D scanning of the modules

As stated earlier, two scans were made for each of the modules produced - one from
the top and another from the bottom side of the module. In total, 48 scans were made. The
data obtained during 3D scanning was in the form of STL files. Three programs were used
for the processing of the files obtained. The first step was done in MATLAB, during which
the module and the scaling cube were isolated by removing the points that represented
the surface on which the scanned elements were placed; see Error! Reference source not
found..


https://doi.org/10.20944/preprints202203.0228.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 March 2022 d0i:10.20944/preprints202203.0228.v1

Figure 16. The results of 3D scanning a) initial results, and b) after deleting the excess surfaces in
MATLAB.

In the second step, the geometry of the cube obtained and the module were imported
in Rhino for scaling. This step was necessary because a difference was found between the
scanned results and the true dimensions of the cube. During the processing, the module
and the cube were scaled in such a way, that the scanned cube matches its real dimensions.
To measure the scanned edges of cubes as precisely as possible, the intersections of the
side planes of the cube were found with Grasshopper, a Rhino plug-in.

As the last step, the file with the geometry of the scaled module was transferred to
the program CloudCompare, where it was compared with the designed geometry. In this
program, the data was transformed from meshes to point clouds, and geometries of the
scanned and the designed modules were overlapped using the option for “aligned enti-
ties”.

The accuracy of the printed modules” geometries was the first parameter for evalua-
tion. An example of the result for one of the modules is shown in Error! Reference source
not found.. The figure represents the geometry of the printed module, the color on the
surface of which denotes the geometry accuracy. The geometry accuracy of each point on
the surface was calculated as a distance between this point and a matching point of the
designed module geometry. The colors and corresponding distances, indicated in mm,
are shown on the scale located on the right side of the figure. The maximum deviations
for this module can be observed in the certain areas, and can reach values of about 10 mm.
The first is at the bottom of the element, where the module was adjacent to the platform.
The second area is in the border zone between two printed layers. Similar results were
obtained for other modules as well. This can be explained by the presence of a small gap
between the nozzle trowels and the printed surface during the printing, through which
the printed material could flow under the pressure of extrusion. To avoid this effect, in
future it is planned to print modules with a decrease in the printing speed, thereby reduc-
ing the extrusion pressure, and to develop a less flowable, but still extrudable material.
The use of post-processing techniques such as milling is also one of the possible ways to
increase the accuracy of the module geometry.
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Figure 17. An example of the result of geometry accuracy evaluation for one module.

The results of measurements of geometry accuracy for all the modules were com-
bined separately for the scans from the top as seen in Error! Reference source not found.a,
and from the bottom of the modules, as seen in Error! Reference source not found.b. Di-
agrams show a higher geometrical accuracy for the scans from the bottom of the modules,
which was expected, since the bottom surface of the module is shaped during the extru-
sion by the flat printed bed and is protected from moisture evaporation during SHCC-

hardening.
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Figure 18. Combined diagrams of geometry accuracies for all the modules scanned from a) the top,
and b) from the bottom.

Surface roughness was the second characteristic measured. This parameter became
important since it was noticed that the surface smoothness greatly decreases on the day
after production due to the setting/plastic shrinkage of the SHCC under investigation.
More information on plastic shrinkage of printed cement-based materials can be found in
[62]. Thus, by measuring surface roughness it was possible as well to assess the shrinkage
effects to some extent. The measurements were performed separately for the top and bot-
tom parts of the modules. The value of roughness was calculated as the distance between
the tested point and the plane of the surrounding vertices. Error! Reference source not
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found. presents the result of the top surface roughness evaluation for one of the modules.
The scale on the right side of the figure shows the colors with the corresponding values of
surface roughness in mm.

Roughness (6)

Figure 19. A representative result of surface roughness assessment for a module.

The summarized results of all the modules for the top and the bottom surfaces are
shown in Error! Reference source not found.a and Error! Reference source not found.b,
respectively. For most of the points, the values of surface roughness of the top surface are
lower than 0.4 mm, while the values for the bottom surface for most of the points do not
exceed 0.1 mm. In the future, it is planned to reduce the surface roughness by improving
the nozzle, and by enhancing the printed material formulation, making it less prone to
shrinkage.
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Figure 20. Combined diagrams of surface roughness for all the modules scanned form a) the top,
and b) from the bottom.

The last value measured was the precision of the placement of the connectors. The
determination of connector positions and the process of their installation during the mod-
ule production were carried out manually, which affected their accuracy. The appearance
of some displacements was also noticed during the printing of the second layer of the
module. The accuracies of connector placing positions were measured as the distance
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between the planes of the corresponding connectors of the scanned and the designed
modules. Since these measurements should give the same results for the scans from the
top and the bottom of the modules, only the top scans were analyzed.

Error! Reference source not found. presents the results of measuring for one of the
scanned modules. The arrows show the direction of connector displacements in the
printed modules, and the numbers represent the values of the corresponding displace-
ments in mm. As can be seen from the figure, the connectors were located with a rather
large error. The fact that they are displaced in different directions indicates that the main
reason for this is inaccuracies associated with manual installation, rather than displace-
ment of the connectors during the printing of the second layer of the module. Since the
module manufacturing technology proposed in Section 3 is focused on full automation,
and in the future it is assumed that the placement of the connectors will be carried out by
a robot, thus, this problem is not worth further attention.
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Figure 21. Example of measurement of accuracy of connector installation. Distances are shown in
mm.

Error! Reference source not found. presents average results of geometric accuracy,
surface roughness, and connector placement error for all the scanned modules. Average
connector placement error was calculated as an average of the absolute values of all the
measured values.

Table 3. Average results of printed module geometry analysis.

. Average geometric Average surface Average connector
Scanned side .
inaccuracy [mm] roughness [mm] placement error [mm]
Top 2.22 0.0745 2.34
Bottom 1.95 0.0234 -

7.3. ConDIT 1.0 assembly

Upon completion of scanning of all modules produced, the demonstrator was assem-
bled. To simplify the assembling process, at first, all the modules were connected in
groups of four modules, as shown in Error! Reference source not found.a. Thus, half of
all connections were completed, and the resulting groups were lightweight enough for
subsequent assembly. The use of a bolted connection between the modules made it possi-
ble to connect all the modules to each other, despite the previously identified inaccuracies
in the connectors' positioning. Half constructed ConDIT 1.0 and fully assembled demon-
strator, hung on a crane, are presented in Error! Reference source not found.b and Error!
Reference source not found.c, respectively.
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Figure 22. ConDIT 1.0 assembling process.

8. Conclusion

The authors have first suggested a new, highly automated method for creating grid-
shell structures from variable modules. To prove the concept, a demonstrator — ConDIT
1.0 was designed and constructed. It consisted of 3D printed frame modules made of
strain-hardening cement-based composite (SHCC). The main conclusions of the work can
be summarized as follows:

e  The results of the mechanical tests of the 3D printed SHCC samples confirmed the
choice of this material as adequate for producing rims of modules within the sug-
gested technology. This holds true also with respect to transferring the forces from
the connectors to the modules’ rims.

e  Metal pins provided a good bond with SHCC and can be used in subsequent con-
nector designs. Such designs should enable minimization of the distance between the
adjoining modules.

e The results of structured-light scanning of the modules indicated the need for further
work to improve the accuracy in their production. Surface roughness was another
observed issue that need be solved to allow a closer connection between modules. In
future work both problems should be resolved by upgrading the nozzle, modifying
printing parameters, and improving the printed material formulation. It is also
planned to eliminate errors in the placement of connectors by automating the pro-
cess. As a transitional stage from manual to fully automated installation, it will also
be possible to highlight the exact locations of the connectors using a laser mounted
on a 3D printer.

e Despite the geometric imperfections observed, the successful completion of the Con-
DIT 1.0 proves the possibility of the adoption of 3D printing technology with novel
fiber-reinforced types of concrete for the creation of shell structures from modules.

As the next step, the authors aim to pursue further the implementation of the pro-
posed approach and plan to create a shell structure from modules with infill, reinforced
with textile meshes.
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