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Abstract: The study described in this contribution contains a fundamental strategy to select ge-
ometries for dry joint profiles in 3D-printed concrete constructions. A database, here called the
‘joint catalogue’, contains a variety of joint types adapted from timber, steel, and bionic connections.
Weighting factors and different criteria evaluate and score the various joint profiles (e.g., manufac-
turability, duration of manufacturing, and mechanical behaviour). Therefore, an algorithm sums
up the scores leading to the preselection of better suitable profiles. The preselected joint profiles
were afterwards analysed by the finite element method, determining the load capacity of the joint
in a unit specimen. According to the joint catalogue, a smooth, triangular, truncated cone and arc
joint profile appeared to be the optimal combination for dry joints in additive manufacturing of
construction (AMC).

Keywords: 3D concrete printing; dry joints; subtractive post-processing; joint catalogue

1. Introduction

The modern world is changing faster than ever before, and the civil engineering field is
no exception to that. Therefore, the requirements for the construction industry are increased
speed, sustainability, and being digital to remain economical and become more efficient.
With its long duration of planning, high carbon emissions, and questionable digitalisation,
the construction industry faces formidable challenges to become less bureaucratic, more
resource-efficient and intelligent. In that sense, new digital technologies like building
information modelling (BIM) and 3D-concrete printing are gaining increased popularity.
Three dimensional (3D) concrete printing, or additive manufacturing in construction (AMC),
can take place on-site as well off-site [1-4]. For on-site printing, in other words, printing
at the construction site, the dimensions of the entire components are limited to the size of
the 3D-concrete-printer according to the used method. In a recent work, Xiao et al. [5,6]
described some examples for different methods in the case of large-scale 3D printing
systems. However, these large-scale 3D-printing systems have their limitations, not in the
pure scale of the component, but in the environment. For example, engineering structures
like bridges, silos, towers cannot be printed in one single piece because the surrounding
area is not usable or available. Therefore, the components must be separated into smaller
pieces and merged by using joints. Off-site printing, i.e., printing in a prefabrication plant,
limits the dimensions of the components to ease the transportation. To deal with this
limitation due to the size of the printed components, either it is possible to optimize the
topology of a layout so that a building does not require large components or to divide
bigger elements into smaller elements and reassemble them with joints on the construction
site. The jointing of several components is required for off-site printing and on-site printing
as well. This shows the relevance of the jointing in AMC.
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Conventional jointing principles are nowadays match-cast and grouted joints [7,8].
Match casting means that one joint of a structural element serves as a formwork for the other
half of the pair (side). In this case, a conventional formwork is still required to manufacture
the joint of the original structural element. As match casting still requires formwork, the
procedure might only be efficient for linear structural components. Furthermore, shrinkage
of the joint profile might lead to inaccuracy of its geometry causing difficulties in fitting
and load transfer/distribution [9]. On the other hand, grouted joints require even more
attention in manufacturing because they do not only need formwork for the structural
elements but also grouting for the joint. This sort of complicated and sometimes inaccurate
manufacturing process could be listed as a disadvantage of this technique.

In 2017, the first post-tensioned pedestrian bridge composed of extruded additive
manufactured (AM) concrete segments and connected by grouted joints was built in the
Netherlands. Compared to the conventional in-situ concrete construction method, time
and cost savings were achieved regarding formwork, and the fabrication and installation
of the reinforcement cages [10]. The manufacturing might have been more efficient if dry
joints instead of grouted joints had connected the construction elements. In this case, the
task of grouting the jointed elements could have been saved.

One of the main advantages of the AM process (shotcrete, extrusion, and particle-bed)
is that the production of concrete segments is formwork-free. However, this advantage
might disappear if the dry joint between the concrete segments itself requires formwork.
“Zero tolerance” dry joints are manufacturable via match-cast [11], CNC-milled (CNC:
Computerized Numerical Control) high-precision formworks [11,12], high-pressure water
jet cutting (WJC) [13] and CNC-concrete milling technology [14]. Match-cast and high-
precision formworks still require at least one formwork, while WJC and CNC-concrete
milling are formwork-free technologies. Notwithstanding, W]C is a 2D cutting process,
limiting the possibility of manufacturing complex joint geometries like truncated cones or
cams into concrete components. High-pressure water jet cutting can be utilized only for
cutting thin and planar components. Hence, the joint’s robotic finishing with CNC-milling
is the most capable technique for AM segments.

This new technique of manufacturing an indented joint profile into a concrete element,
so-called ‘Subtractive Post-processing’, utilizes, e.g., CNC-milling or CNC-sawing for pro-
ducing various concrete dry connections. In this process, the milling tools or saw blades are
connected to a multi-axle robot (see Figure 1a). Generally, the subtractive post-processing
starts once the concrete is hardened. However, CNC-operation on hard concrete (Figure 1c)
demands a high amount of energy and causes faster ageing of the milling/sawing tools,
while operation on fresh concrete (Figure 1b) can reduce the consumed energy. The down-
side of processing fresh concrete is the lower manufacturing accuracy, as the fresh concrete’s
scarce stability (green-stand strength) might lead to undesirable deformations. Therefore, an
additional laser scanner is linked to the robot to monitor the path of the robotic CNC-arm
and consequently the concrete geometry, tracking the deformation of the printed concrete
elements toward live adaptions [15] to fit the attained geometry of the element.

Figure 1. Subtractive post-processing of 3D-printed concrete: (a) nine-axle robot (b) fresh and
(c) hardened concrete.
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2. State of the Art and Research Outline

Dry joints performed with CNC-milling were successfully used by the construc-
tion company Max Bogl in the serial production of precast high-strength segmental post-
tensioned concrete towers for wind turbines [14]. Based on this experience, the arch of a
tied-arch bridge [16] and a prototype for a segmental ultra-high performance concrete rail-
way bridge [17] were built. The segments were produced conventionally in all cases, and
the joints were milled. The CNC-milled joints were executed as smooth dry joints, and the
flatness of the joint end faces was limited to 0.1 mm/m. These high accuracy requirements
were determined based on tests because normative regulations are still missing.

The joints between the segments could be weak points and hence decisive for the struc-
tural design. Investigations of the load-bearing capacity of dry joints, along with segmental
components with dry joints made of normal concrete and produced conventionally, were
carried out, e.g., by [18-21]. An overview of the tests carried out on normal concrete can be
found in [22]. Based on these investigations, a calculation approach for determining the
load-bearing capacity of normal strength dry joints was proposed [22]. Furthermore, a new
computation method for the parametric evaluation of joint geometries by machine learning
techniques was addressed [23].

Recent investigations dealt with the load-bearing capacity of dry joints and segment
components with dry joints made of ultra-high performance fibre-reinforced concrete
(UHPFRC) [24-26]. The investigations show that the load-bearing capacity of UHPFRC dry
joints differs from normal strength dry joints. In former studies, new joint geometries were
proposed and evaluated [27,28]. Nonetheless, the match-cast process produced all the test
specimens of these investigations.

For this study, as part of a tandem research project funded by the German Research
Foundation under TRR 277, subproject C05 investigated the jointing principles in Additive
Manufacturing in Construction (AMC). The subproject C05 contains four consecutively
structured working packages WP1-WP4 (Figure 2). The WP1 aims to design and select joints
profiles for 3D-printed elements. A set-up database (joint catalogue) is used, containing
the main imaginable joint profile types and geometries taken from timber, steel and bionic
connections. It also contains evaluation criteria, weighting factors, and an algorithm to
evaluate the gathered joint profiles regarding the applicability for 3D-printed concrete
elements. The algorithm then, proceeds to select four joint profiles to be further analysed
by packages WP2, WP3 and WP4. In WP2 and WP3, the goals are to understand the load-
bearing behaviour under compression and shear by numerical simulation and experimental
testing, while in WP4, the results of the previous packages are used to design, simulate and
test a 3D-printed, and via dry joints connected component.

:
3
; _
F F

1
7

——» WP2 ———» WP3 ——» WP4

Figure 2. Outline of C05 subproject in TRR277.

Considering the process described above, this paper shows the results of WP1, i.e.,
which joint profile types are associated, evaluated by various criteria, and selected by the
algorithm. Furthermore, this contribution deals with the preliminary investigations for the
subtractive post-processing required for manufacturing the specimens for experimental
investigation in WP2-WP4.
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3. Joint Catalogue

The joint catalogue is a database that contains an enormous variety of joint configu-
rations. The examples of the joint profiles come from segmental concrete constructions,
which can be adapted from timber, steel or bionic structures. Regarding the impossibility of
investigating all joint profiles numerically and experimentally, along with the disability of
the normal analysis in considering different aspects of the dry joints, a preselection based
on the engineering judgment is necessary. In principle, various criteria are used for the
evaluation of each joint profile, and then, subsequently, the joint profile with the highest
score, i.e., best evaluation is selected for further investigation. The evaluation is based on
a scoring system and weighting factors for each criterion considering the main goals of
subproject C05. Table 1 shows an excerpt of joint profiles in the catalogue, divided into
line-shaped, point-shaped, and mesh-shaped. Every considered joint profile contains two
parts, i.e., a female and male part. The goal of the first work package (WP1) is the selection
of three to four joint profiles for further numerical and experimental investigation in the
other work packages. The joint catalogue is, therefore, a preliminary tool to evaluate joints
for concrete constructions.

Table 1. Excerpt of joint catalogue.

Excerpt of Joint Catalogue

Category

Line-Shaped Point-Shaped Mesh-Shaped

Joint profile
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Saw tooth
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Trapezoid Truncated Pyramid
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3.1. Evaluation Criteria and Scoring

The evaluation criteria for joint profile selection are: manufacturability, anisotropic
connectivity of a joint in a structure, detachability, duration of manufacturing, joint
quality, compression strength, tensile strength, shear strength, torsional strength and
failure mode. The comparability required a unit joint configuration. Therefore, the
cross-section of all joints is Imax = bmax = 100 mm, and the depth of the profile is
hmax = 10 mm (Table 1). Each evaluation criterion gives each joint profile a score
based on assumptions made in the evaluation. The scoring lies within a range between
zero and four, investigating and displaying the capability of each joint regarding one
of the above-mentioned criteria. Table 2 shows an overview of the evaluation criteria
and the scoring.

The selection of a score between zero and four has been robustly calibrated by the
evaluation criterion manufacturability of a joint, because it is one important topic in
subproject C05 of TRR 277.

e Score 0: The joint profile is too complex, and no methods or tools are available
for production.

e  Score 1: The joint profile is still very complex, but modern tools like CNC-milling, or
production methods like direct printing, make the joint profile manufactural. These
tools can work three-dimensionally. Every joint profile that is manufactural with CNC
is also manufactural with direct printing.

e  Score 2: The next limitation of producing a joint profile is the formwork. A formwork
might also be able to manufacture a complex joint, but then, the formwork itself
requires manufacture, e.g., CNC-milling making the whole manufacturing process of
the formwork sophisticated.

e  Score 3: Besides CNC-milling, direct printing and formwork, less complex joint profiles
might also be manufacturable by water jetting.

e  Score 4: A CNC-controlled circular saw (Figure 1c) works like a water jet. However,
the diameter of the saw blades limits the manufacturing of edges and details in the
joint profiles that are still manufacturable by water jetting.

When it comes to an evaluation criterion with quantitative data, like duration of
jointing or joint quality, either assumptions are made, or preliminary tests are carried out.
Regarding e.g., the joint quality, the maximum and minimum quantity of damageable edges
and their length are counted for the joints in the catalogue. The joint with the maximum
amount got a score of zero, and the minimum got a score of four. Score one to three are
evenly distributed in between. These assumptions are listed in Table 2 and described in the
following sections for each evaluation criterion.

3.1.1. Manufacturability

The manufacturability indicates that a joint profile can be manufactured by differ-
ent production techniques. The CNC-milling (CNC), direct printing (DP), formwork
(FW), water jet (W]) and circular sawing (CS) techniques are currently part of AMC.
If a larger number of techniques can be used to manufacture the joint profile, the
score will be higher, as it would mean more versatility of the production process.
Using the same logic, if the joint cannot be manufactured by any technique, it has a
score of zero, considering the difficulty encountered to reproduce the profile. Basi-
cally, the scoring system follows arithmetically the number of alternatives that can be
used to manufacture a specific joint profile. Every joint profile that is manufacturable
by CNC is also manufacturable by DP. It is listed as one technique for the scoring
in manufacturability.
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Table 2. Overview of evaluation criteria and scoring in joint catalogue.

Algorithm

Weighting Factor

i

N

_§ JHn

HEN

4
EEEN

1: Tess important
2: important
3: very important

least two)

least three)

. . Very high
Manufacturability No poss1b111t}f f’f Small pOSSlblllFY of Medium posmbl.h.ty High p0551b111t_y_ of possibility of 2
manufacturability manufacturability of manufacturability manufacturability o
manufacturability
Manufacturing of Joint can partly be Joint is Joint can be easy Joint manufacturing DPQc;IiSe:crtmlgggn
Description joint not possible: manufactured: manufacturable: manufactured: is very easy: FW' fornrljwork &
P ENGDBPFW, CNC, DPFW; CNC, DP, FW; CNC, DP, FW, CNC, DP, FW, Wj‘ waterjet
& 4 el W WI, €S CS: circular saw
.. .. .. Medium . .. Very high
Connectivity No connectivity Small connectivity connectivity High connectivity connectivity 2
Radial: Axial,
lateral radial:
Description Radial—Axial; Radial—Axdal, Radial: Axial; Radial. Axdal, Radial, axial, lateral 90°-twistability
P lateral lateral lateral lateral ! ’ axial: attachment
Radial. Axial; lateral: insertion
laterat
o1s - Small Medium High Very high
Decomposability AR decomposability decomposability decomposability decomposability 1
Joint cannot be . ) . .
Descring dismantled, demoli- Joint fhsmanthng in Heavy toolls for Light tool_s for No tools for decom-
escription . - very time consuming, decomposing a decomposing a . - -
tion, detonation o . - . . posing required
demolition necessary joint required joint required
etc. necessary
Duration Very time-consuming Time-consuming Medium production Fast production Very faAst 2
production production speed production
Joint surface Joint surface Joint surface Joint surface Joint surface
Description 0Oj > 200 cm? 0; > 160 cm? 0; > 140 cm? 0; > 120 cm? 0; > 100 cm? -
duration duration duration duration duration
tcne > 240min/joint fene < 240min/joint| tene < 120 min/joint] tene < 60 min/joint tcne < 30 min/joint
. . Insufficient joint Inadequate joint Average joint . . Very good joint
Joint Quality quality quality quality Good joint quality quality 1
Quantity of Quantity of Quantity of Quantity of Quantity of
Description damageable damageable damageable damageable damageable _
P edges > 20 edges < 20 edges < 15 edges < 10 edges < 10
Length of Length of Length of Length of Length of
damageable damageable damageable damageable damageable
edges > 100 cm edges < 100 cm edges < 80 cm edges < 60 cm edges < 40 cm
Compressive No compressive Small compressive Med}um High compressive Very .hlgh
compressive stress compressive stress 3
Strength stress transferable stress transferable stress transferable
transferable transferable
Combination of Combination of Combination of Combination of Combination of
o surface and surface and surface and surface and surface and
Description S S S R R -
inclination of joint: inclination of joint: inclination of joint: inclination of joint: inclination of joint:
Nratho > 80 cm? NRatho > 60 cm? Nra,ho > 40 cm? NRatho > 20 cm? Nra,tho > 0 cm?
. No tensile stresses Small tensile stresses | Medium tensile stresses | High tensile stresses Vg
Tensile Strength stresses 1
transferable transferable transferable transferable
transferable
Description Tensile area: Tensile area: Tensile area: Tensile area: Tensile area: ~
P frae < 20 cm? frae < 40 cm? frae < 60 cm? frae < 80 cm? fraet < 100 cm?
No shear stresses Small shear stresses T High shear stresses Ve L e
Shear Strength stresses stresses 3
transferable transferable transferable
transferable transferable
Descrintion Shear area: Shear area: Shear area: Shear area: Shear area: _
P VR < 20 cm? Urq < 40 cm? VR < 60 cm? VR < 80 cm? Urq < 100 cm?
. No torsional Small torsional Medium torsional High torsional Very high torsional
Torsional Strength stresses stresses stresses 1
stresses transferable stresses transferable
transferable transferable transferable
Description Torsional area: Torsional area: Torsional area: Torsional area: Torsional area: i
p TRd < 20 sz TRd < 20 sz TRd < 20 sz TRd < 20 CIII2 TRd < 20 Cl’n2
. Three failure Two failure One failure .
Four failure No failure
. modes—at least one | modes—at least two modes—at least
Failure Mode modes—no loads load load hree load modes—all load 1
transferable oad type oad types three load types types transferable
transferable transferable transferable
. . Compression, Compression, .
Compression; Compression, - . Compression,
- X . tension, shear, tension, shear, .
Description tension; shear; tension, shear, torsion (at torsion (at tension, -
torsion torsion (at least one) shear, torsion
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For a better understanding, e.g., as recognised from experiments made by the Division
of Concrete Construction of TU Braunschweig, a triangular or smooth joint profile can be
manufactured by every technique proposed, thus, both profiles get a score of four. On
the other hand, a Lego joint profile might only be manufactured by two techniques, so
it gets a score of two. Table 3 shows an illustration for the assumptions of the criteria
“manufacturability”.

Table 3. Scoring in evaluation criteria “manufacturability”.

- Score
Criteria OO0 U000 EECJLD EEE) EEEE
[-] [-] [-] [-] [-] [-]
Manufacturability No te;ilﬁzi;?ée can Onl}cfa(;nﬁ eteucsheréique Two tebcglﬂisglclles can Three t];e;:}:;ie?;es can All fcc:rllr btgcu};r;ié]ues

3.1.2. Connectivity in a Structure

The evaluation criterion “connectivity in a structure”, important in terms of the
practical use of those connections in real scale for the construction site, concerns the axis
and directions in which the joint can be fitted. Female and male parts of joints can be
connected in either axial, lateral and/or radial directions. Axial jointing means that the
female and male parts of a joint can only be matched together perpendicularly. Lateral
means that the female part of a joint can be pushed over the male part horizontally.
Radial means that one part of the joint can be rotated for, e.g., 90° and still connect
ideally with the other. The idea of the criteria “connectivity in a structure” is shown
in Figure 3, exemplary for a triangular (Figure 3a), truncated pyramid (Figure 3b) and
smooth (Figure 3c) profile.

(b) (c)

Figure 3. Principles for jointing evaluation “connectivity in a structure”: (a) triangular (b) truncated

pyramid and (c) smooth.

Considering the scoring parameter, it is important to highlight that it does not
follow exactly the arithmetical number of possibilities, because there are three possible
ways and a score that goes up to four. To solve that problem and make it a homogenous
score of four for all criteria, it is defined that the axial connectivity gets a higher score
than the radial and lateral ones. Components like columns and beams, which are the
most common around, are usually connected axially on the construction site. This gives
a better approach to the realistic condition. Therefore, the final score is calculated as
a sum of the points given. To clarify the scoring system the following examples are
presented and shown in Table 4:
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e A smooth joint profile can be jointed in every direction, axial, lateral and radial, which
would give it the highest score, in this case a score of four, because it means that profile
can be assembled easily compared to some others.

e A triangular joint can be assembled axially and laterally. Therefore, it gets a score of
three, which equals to two (axial) plus one (lateral).

e A point shape joint profile might only be connected axially and radially. Therefore, it
gets a score of three as well, which equals to two (axial) plus one (radial).

Table 4. Scoring in evaluation criteria “connectivity in a structure”.

Score

Criteria

I I _ | HENE EEEN

[-]

Connectivity

Calculation basis

Axialdateral, radial axial * axial, radial

radial lateral lateral, radial axial, lateral

No connectivity by
any means

[-] [-] [-] [-] [-]

axial, lateral, radial

1 2orl+1 2+1 2+1+1

* Axial alone gets a score of two due to the most similarity with the real construction field.

3.1.3. Detachability

The evaluation criteria “detachability” links to the criteria displaying “connectivity
in a structure. Dry joints might mainly be detachable, but not in every direction. An
interlocked joint like a saw tooth profile is detachable in lateral, but not axial or radial
directions. A trapezoid joint profile is, e.g., detachable in lateral and axial directions, but
not radially. A smooth joint might be detachable in axial, lateral and radial directions.

3.1.4. Duration of Manufacturing

The evaluation criteria “duration of manufacturing” describes the time required to
manufacture a joint profile with the techniques mentioned in Section 3.1.1. As there are
many post-processing techniques available, all joint productions are correlated to CNC-
milling because most of the joint profiles can be manufactured by this technique. As
the height of the milling is always set to 10 mm, the milling volume is not sufficient to
evaluate the duration. For example, a fungal joint profile has the same milling volume as a
triangular joint profile but a more complex geometry. Due to the complex geometry, the
manufacturing duration is assumed to be higher than the simpler geometry. So instead
of the milling volume, the joint’s surface area is considered to evaluate the duration of
manufacturing. If the surface of a joint profile is, e.g., higher than 200 cm?, the CNC-milling
required a lot of time, and the joint gets a low score. The profile where the surface is
between 100 and 120 cm? gets highest score. Table 5 lists the ranges of the surface areas
belonging to the scoring.

Table 5. Scoring in evaluation criteria “duration of manufacturing”.

Score

Criteria

I MU AR AN AEEE

[-]
Duration of
manufacturing

[em:

O; > 200 200 > O; > 160 160 > O; > 140 140 > O; > 120 120 > O; > 100

2] [cm?] [cm?] [cm?] [cm?]
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Besides the geometric approach for evaluating the manufacturing duration in Table 5,
preliminary CNC-milling tests are supposed to confirm the assumptions. Therefore, rectan-
gular concrete specimens were subtractive post-processed by CNC-milling. The smooth
(Figure 4a), arc (Figure 4b), trapezoid (Figure 4c) and sinusoidal (Figure 4d) joint profiles
were manufactured, and their durations of manufacturing were measured. Figure 4 shows
the samples with the joint profiles, the duration of manufacturing and the calculated area
of the surface.

The results of the duration measurement show that it correlates with the surface of the
joint profile. Preparing a smooth joint with CNC-milling only took 18 min. A preparation
with other subtractive post-processing, like a water jet or a circular saw, might be even
faster. CNC-Milling of an arc, trapezoid or sinus wave joint configuration took quite a long
time, respectively, 74, 97 and 106 min. Besides the area of the joint surface that correlates
with the duration of manufacturing, trapezoid, arc, and sinus wave joint profile types also
required more than one milling tool. The more complex the joint profile is, the more tools
are required, and the duration of manufacturing rises.

18 min

0, = 100 cm?
(@)

74 min 97 min 106 min
0; =102 cm? 0; =128 cm? 0, =136 cm?
(b) (c) (d)

Figure 4. Profiles for preliminary tests to measure the milling duration: (a) smooth (b) arc (c)
trapezoid (d) sinusoidal.

3.1.5. Joint Quality

The evaluation criteria “joint quality” considers possible damages and inaccuracies of
the joint profile. The damages and inaccuracies of a joint profile might be caused by the
energy of the subtractive post-processing tool. Joint profiles with more edges and brittle
configurations are more likely to show damage and inaccuracies, while the number of
damages is also related to the milling directions (toward/outward) and the properties of
the concrete material.

Besides, the complexity of the edges of the unit specimen may affect the potential for
damage; a smooth joint profile shows, e.g., no additional edges that might be damaged.
In contrast, a checkerboard profile shows many sharp edges that might be damaged by
the subtractive post-processing tool. In addition, this geometry demands high accuracy to
ease the fitting. Furthermore, as all CNC-tools operate with rotary engines, milling sharp
edges in the case where the profile has low accessibility is remarkably difficult, e.g., for
a rectangular female part of the checkerboard joint. It principally shows the preferences
of adding fillet-curve to all the joint’s edges, which further helps in reducing the stress
concentration for better load transition.

Additionally, the angles of the edges must be considered to evaluate the joint quality.
The probability of getting damage on an edge with an angle higher than 135° (reflex angle)
might be less than for an edge with an angle of 20°. For this reason, edges with an angle
bigger than 135° are not considered for evaluation. Table 6 lists the number of edges and
their score in the evaluation criteria “joint quality”.
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Table 6. Scoring in evaluation criteria “joint quality”.

- Score
Criteria IO Ml WAl HEE) EEER
[-] [Num.] [Num.] [Num.] [Num.] [Num.]
Joint Quality Ng > 20 20> Ng > 15 15> Ng > 10 10> Ng >5 5> Ng

It must be highlighted that the joint quality should not be confused with the accuracy
of the joint, i.e., how good the female and male parts of a joint fit each other. The evaluation
of the accuracy of the joints is part of WP2 (Figure 2). After the subtractive post-processing,
a laser scanned the joint profile, and the results are compared with the intended profile.

3.1.6. Tensile Strength

As long as no steel reinforcement is used in the dry joints, they should face no tensile
stresses. However, it might be still possible that a post-tensioned joint gapes open in the
ultimate limit state. Regarding this, the joint profiles in the catalogue should be evaluated
by tensile stress transmission. If the joint is not interlocked, no tensile stresses might be
transferred from the female to the male part of the dry joint. Therefore, an interlocking
joint is required for evaluation. The evaluation of the tensile strength of a joint profile is
done using the area of the interlocked joint that has to rupture if exposed to tensile loading.
The higher that failure area is (}_/i), the higher is the score in the evaluation criteria.
Figure 5 illustrates the assumption of the area that must fail in a dovetail (Figure 5a),
knob (Figure 5b), and fungal (Figure 5c) joint profile. This type of strength generally
demands the geometries that limit the fitting directions and have higher tangential friction
during the assembly, which cause some difficulties in the fitting time and may lead to
unwanted damage.
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Figure 5. Principles for jointing evaluation “tensile strength”: (a) dovetail (b) knob (c) fungal.

3.1.7. Shear Strength

A similar approach to the one described above is used for the evaluation of the shear
strength. The joint is assumed to be tested under shear with no possibility of horizontal
displacement, according to Figure 6. It is supposed that the load cannot separate the female
and male parts and that the profile (resp. cams) must shear off. The imaginary sheared
off area is summed up. Ideal material behaviour is also required for this assumption. The
shearing area in the case of shear failure is determined by imagining a shear test. The
shear area of an arc joint is half the size of the cross-section (see Figure 6a). A trapezoid
joint’s shear area is less than the arc joint (see Figure 6b). This results in a better evaluation
of the criteria “shear strength” and a higher scoring in the joint catalogue of the arc joint
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compared to the trapezoid joint. The highest shear area is in the triangular joint, with
two-thirds of the total joint length. The assumption also requires a unit slope and number
of teeth in a joint hence the joint comparison is possible among themselves. A line-shape
joint shall always have two teeth, a point-shape joint has only one tooth, and a mesh-shape
joint has at least four teeth.

arc joint ¢F trapezoid joint ¢F trangular joint ¢F

ry ry L } ry
/21
/
8| < 1 8| < 8| < L
< Ilzz < <
Y Al Y -
|

(a) (b) ()
Figure 6. Principles for jointing evaluation “shear strength”: (a) arc (b) trapezoid (c) triangular.

3.1.8. Torsional Strength

The torsional strength is evaluated by the joint area that must shear off under torsional
loading. A truncated cone has, e.g., no torsional strength, while a truncated pyramid joint
shows high torsional resistance.

3.1.9. Failure Mode

The evaluation criterion “failure mode” grades the joints according to the stress-
bearing behaviour in general. It is divided into compression, shear, tensile and torsional
stresses, and linked to the other evaluation criteria. All joints are, e.g., able to resist against
compressive loading and all line- and point-shaped joint profiles can transfer shear stresses.
A smooth joint could, e.g., only bear compressive loading and a napped profile requires a
post-tensioning to bear shear stresses. If a joint is, e.g., able to resist all stresses, it got the
highest scoring of four. If it can not bear any stress, it gets no score.

3.1.10. Compression Strength

The compressions strength is evaluated in two ways: by a simple approach and FE
analyses (see Section 4). The simple approach consideres inclined areas as “imperfections”
in a joint. It is assumed that imperfections reduced the compression strength of a joint.
Furthermore, the inclination area is multiplied by the angle of inclination because steeper
inclined areas have a higher effect on compressive strength than flat surfaces. Figure 7
shows the approach to evaluate the compressive strength by a triangular joint (a), a saw
tooth joint (b) and a trapezoid joint (c).

A triangular joint (Figure 7a) has, for example, four imperfection areas @, @, @ and
(®», while a saw tooth joint (Figure 7b) has only two imperfection areas @ and @. One
imperfection area of a saw tooth joint is approximately twice the size of an imperfection
area of the triangular joint. That is why the inclination angle of the imperfection area
must be considered. The inclination angle of an imperfection area in a triangular joint
is approximately double of an imperfection area in a triangular joint. Summing up all
imperfection areas /; and multiplying them with the inclination angles «; results in a value
NRd,tho that characterizes the compressive strength of a joint. The higher Ngq i, is, the less
is the compressive strength and, therefore, the scoring of the evaluation criterion. Equation
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(1) shows the formula for the compressive strength evaluation. This measurement also has
a direct relation with the ageing and cost of the milling tools.

i
Nratho = Y i~ 1)

n=1

(b) (c)

Figure 7. Exemplary evaluation of the compressive strength: (a) triangular (b) saw tooth and
(c) trapezoid joint.

3.2. Weighting Factors

Besides scoring, the joint catalogue also contains weighting factors. Weighting factors
shall regard the aims of the C05 subproject in TRR 277. The main goals of the C05 subproject
are the comprehension of the load-bearing behaviour of dry joints under compression and
shear as well as their FE analysis. The next important points are the manufacturability,
connectivity and duration of manufacturing the joint profiles. Other important issues
are the detachability of the joints, which shows its importance in recycling and reusing
the concrete elements. Likewise, joint quality (not to be confounded with the accuracy
of fit), torsional strength and failure mode are the highlighted additive criteria. Thus,
Table 7 contains the weighting factors according to what suits best the priority of the
evaluated criterion.

Table 7. Weighting factors of evaluation criteria.

Criteria Weighting Factor
Manufacturability 2
Connectivity 2
Detachability 1
Duration 2
Joint quality 1
Tensile strength 1
Shear strength 3
Torsional strength 1
Compressive strength 3
Failure Mode 1
FE analysis 3

3.3. Algorithm

The algorithms should be kept easy in handling and calculation. The algorithm
is a simple approach where the score S; of the evaluation criteria is multiplied by the
weighting factors X; and sum up to the overall score Sgc. Equation (2) shows the formula
for the algorithm.

i
Sec = Y XS @

n=1
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Furthermore, the algorithm gives the possibility of flagging. Flagging means that
the joint will not be evaluated by any criteria. The flags are divided into two colours:
green and red. A green flag leads to a direct selection of the flag for further numerical and
experimental investigations. A red flag means that the joint profile is not suited for concrete
constructions and will not be regarded for evaluation. Table 8 shows the joint profiles that

have the highest overall score calculated by the algorithm.

Table 8. Joint profiles with score of algorithm.

Joint Profile Category Drawing Score
Triangular Line-shaped - 50
Saw tooth Line-shaped — 49
Sinusoidal Line-shaped - 47.5

Arc Line-shaped - 47.5
Trapezoid Line-shaped - 38.5
Dovetail Line-shaped - 28.5
Fungal Line-shaped - 29
Shell Point-shaped - 38.5
Inner Circle Point-shaped - 37.5
Cross Point-shaped - 37.5
Truncated cone Pont-shaped - 40.5
Truncated pyramid Point-shaped - 49.5
Smooth Mesh-shaped - 45
Chequerboard Mesh-shaped Red flag
Lego Mesh-shaped “ 36
Fish-scale Mesh-shaped - 41

Based on the results, AMC’s best joint profile is the triangular profile with an
overall score of 50 out of 68 possible points. It has a desirable behaviour in shear and
is easy to produce. The saw-tooth, sinus wave, arc and truncated pyramid profiles
also have a noticeably high overall score and are well suited for AMC structures. It
is remarkable that the trapezoid joint, which is already established in the segmental
building industry, has only a score of 38.5. The reason might be the different perspec-
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tive of the conventional building industry compared to the digital building industry,
like AMC. In AMC, other criteria, like the joint quality or the duration of manufactur-
ing, for choosing a joint profile are more important compared to in the conventional
building industry.

Dovetail and fungal joints are rated as the most inappropriate connection types. The
main disadvantage of these joints is the elaborate manufacturing necessary in the case of
concave surfaces. Another point against the dovetail and fungal joints is the connectivity
in the entire structure because they can only be fitted in one direction. However, they are
joints that can transfer tensile forces. However, transferring tensile stresses in unreinforced
concrete structures is generally risky due to brittle material behaviour.

4. Preliminary Finite-Element-Analysis
4.1. Geometric Model

All FE analyses are conducted with the software DIANA FEA [29]. The geometries of
the jointed specimens are idealized as isoparametric solid elements with two steel plates
on the upper and bottom parts for uniform load distribution. The model’s dimensions
are adapted to the planned test set-up of work package WP2, showing a 100/100 mm
cross-section and a height of 200 mm in total. The joint profiles are located between both
solids, connected by an interface element. The steel plates are linked to the end faces of the
specimens monolithically to ensure an even load transmission, simulating the test set-up
as planned in the experimental investigations. Figure 8 shows the geometric model of the
preliminary FE analysis.

(a) (b) (c)

Figure 8. The geometric model for FE analysis: (a) full FE model (b) half FE model and (c) inter-
face connection.

4.2. Material Models and Properties

The steel plates are regarded considering a linear-elastic stress-strain relationship
with a Young’s modulus of 200.000 MPa. The concrete is modelled with a non-linear
material model to detect failure. Therefore, the “total strain-based crack model” (TSBCM)
is used [29]. The TSBCM is based on an approach from the Model-Code 2010 [30] for
compression, and it uses a brittle stress-strain relationship for tensile behaviour. Figure 9a
shows the material models for compression and tensile behaviour. As the FE analyses are
preliminary, the material “tailored” properties of 3D-printed concrete are not considered.

The joint between the concrete elements is modelled as an interface with linear elastic-
ity and Coulomb Friction [7]. As the material parameters of the concrete model are set as
fixed, the input values for the interface model need a modification for dry joints. Figure 9b
shows the Mohr Coulomb friction model.
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Assuming that dry joints have no cohesion, parameter c equals zero. The friction
coefficient of concrete is approximately ¢ = [0.60-0.70] according to the literature [31]
and assumes a smooth surface texture. The friction coefficient will be measured precisely
in the experimental investigations depending on the subtractive post-processing (CNC,
circular saw) and adapted later. However, for the first evaluations, it is set to 4 = 0.70.
Furthermore, it is assumed that the dilatancy angle of the Coulomb Friction Model equals
the angle of friction with ¢y = u = 0.70, according to [32].

ot T ¢/ tan ¢
i ) )
f | S
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Figure 9. Material model for concrete: (a) Compression and tensile behaviour and (b) Mohr Coulomb
friction model.

The interface model also requires stiffness-moduli in perpendicular (normal) and
horizontal (shear) directions. For a rigid connection, used in the vertical direction, the
normal-stiffness-modulus is set to a value, which is higher than the concrete Young’s
modulus. For the shear-stiffness-modulus, the value selected is much smaller than
in the vertical direction to represent a hinge. Table 9 lists the input values of the
interface model.

Table 9. Input values for interface model.

Model Parameter Unit
[-] []
Cohesion c=0.0
Friction Coefficient pu=tang ~ 0.70
Dilatancy angle P = ¢ ~35.0°
Normal stiffness 50,000 N/mm?
Shear stiffness 100 N/mm?3

4.3. Boundary Conditions

For the numerical analysis, boundary conditions must be first defined to apply
general equations for the specific problem. In this case, it is favourable to describe
the load as a displacement because of the possible integration of the equation system,
reducing the calculation time. Next, following the convergence criteria, it is necessary
to set two supports at the bottom of the system, preventing vertical and horizontal
displacements, in the same manner as it is in the experimental setup. Therefore, the
supports are set as tied to the steel plate underneath the concrete and placed in one
corner. A single load is also placed in a corner and related to the whole surface by
tying. The value for the displacement amounted to 0.1 mm and the load simulated the
force from the experiment.
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4.4. Mesh Properties

The element sizes in the mesh varies in the longitudinal direction (Figure 10a,b). Near
the load transmission plates, the element size is equal to 10.0 mm, but near the joint to
2.0 mm (Figure 10c). Thereby, the concrete element is divided into 10 pieces in the general
area and into 50 pieces around the joint. Figure 10 shows the model used, and the variable
mesh size chosen for the simulation. By using these dimensions, an acceptable optimal
condition is found, considering convergence, accuracy, and least calculation effort.

(a) (b) ()

Figure 10. Discretization of FE model: (a) Triangular model (b) half triangular model and (c) joint.

4.5. Analysis

As a material model that included the concrete damage is used, 50 load steps described
the load. Therefore, each load step consists of 0.002 mm displacement. As previously
mentioned, the convergence of the system is ensured by the resulting force and energy, as
displacement is described as the load. Furthermore, the linear-stiffness method is selected
as the solution method. This solution algorithm solves non-linear equations by building
the stiffness matrix only once and doing the iterations by determination of the imbalance
load. The iterations stops when the system either passes predefined convergence criteria or
by reaching a maximum number of iterations. In the view of convergence, some may argue
that this method is the slowest [29]. However, due to the used material model, there is no
significant non-linearity expected. Therefore, the linear-stiffness method still appears as the
best option, having a time-advantage for each iteration, reducing the overall considered
calculation time.

4.6. Simulation Results

The objectives of the numerical investigations are to examine the normal load-bearing
capacity of the joint configuration and to understand the stress distribution in the direct
vicinity of the joint profile. Table 10 lists the ultimate normal loads F, of the simulated tests

regarding the different joint profiles as well as a joint profile factor (1—"L,,s,gg,,le,1t{Z 1/Fy, monolithic) .

The so-called joint profile factor shows that the ultimate normal load of the jointed
specimens is always more than 90% of the reference load of the monolithic specimen. The
smooth joint shows the highest load-bearing behaviour, being the same as for the monolithic
specimen. The most suitable joint profile for normal load transfer in compression is the arc
configuration with a joint profile factor of 0.98. The preliminary results of the FE analysis
confirm the assumptions made in the theoretical investigations of the joint catalogue.
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Table 10. Load-bearing capacity within the FE analysis regarding different joint profiles.
Joint Profile Ultimate Load Joint Profile Factor
[-] [kN] [-]
Monolithic 396 1.0
Smooth 396 1.0
Triangular 361 0.91
Saw tooth 387 0.97
Sinusoidal 365 0.92
Arc 389 0.98
Truncated Pyramid 380 0.96

5. Joint Selection

The results of the evaluation process in the joint catalogue and the preliminary FE
analysis showe that the smooth, triangular, saw-tooth, sinusoidal, arc, and truncated
pyramid best suit dry joints in AMC. The smooth, triangular, arc and truncated pyramid
joint profiles are, therefore, selected for further experimental and numerical investigation
(Figure 11).

e ﬁi

—— bmax

(b) (c) (d)

Figure 11. Selected joint profiles for further investigations: (a) smooth (b) triangular (c) arc (d) trun-
cated pyramid.

6. Preparation for Joint Production
6.1. Subtractive Post-Processing

Robotic subtractive processing, as the robotic concrete printing’s complementary
technique, has proved its potential; hence as initially noticed, fundamentally discussing the
geometries of dry concrete connections is becoming an important issue that needs to be
scientifically addressed. The current TRR277 subproject (C05), through all work packages
(WP1-WP4), operates the CNC-process in the Digital Building Fabrication Laboratory
(DBFL), see Figure 12.

The DBFL laboratory is unique in its conception and execution. The DBFL contains
two main portals: the robotic arm with 12 axes, e.g., utilized for 3D concrete printing,
and the second portal, with nine axes, e.g., as used in C05 for concrete CNC. In the initial
Sections 2 and 3.1, the superiority of the CNC-milling was discussed in comparison to
other methods (e.g., casting and waterjet). Nonetheless, this method also has limitations in
manufacturing different geometries. The limitation has two main reasons.

e  Utilization of the rotary CNC-engines leading to typical rotating milling /sawing tools,
which are only suitable for round geometries.

e  Low accessibility of the CNC-arm to different sides of the geometry. Several simple
joint geometries need the rotating milling tools to approach from different sides, which
may easily cause a collision between the tools and the concrete specimens or the rotary
engine and the clamping table.
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Figure 12. Digital Building Fabrication Laboratory (DBFP).

The initial CNC-simulations can measure these difficulties and most of the criteria
mentioned in the catalogue. The CNC-simulation is mainly essential for producing the
G-codes to be sent to DBFL'’s central computers. The G-codes are made by EasyStone [33]
(CNC-software) in these work packages. EasyStone, in addition to the dimensions and
permanent details of DBFL's features, includes the type and dimensions of the available
milling /sawing tools in the tool magazine that are to be applied in the G-codes and can
change the tool during the CNC-process. In addition to preparing the G-codes, these
simulations can be used to score some of the catalogue’s criteria, mainly related to the
manufacturing difficulties such as estimating the milling duration, etc.

The CNC-technique has been utilized for around two centuries; nonetheless, robotic
manufacturing dry concrete connections is a new developing technique, and the challenges
before the industrial usages should be faced. The main challenges, in addition to the limited
producible geometries, are:

e  High duration of the CNC-process;

e Dependency on the dissimilar properties of concrete, which may easily cause un-
wanted damage due to the low quality and high brittleness of this material;

e  Fast ageing or abrasion of the milling tools, which in addition to increasing the CNC-
costs, influences the accuracy of the geometries and difficulties in the fitting.

6.2. CNC-Tools

A wide range of milling tools can manufacture dry concrete joints. The tools can be
classified regarding the size type etc. For instance, as a classification in WP1-WP3, three
types of tools, including saw blades, rough milling tools (different sizes) and finishing
milling tools (different sizes and shapes), are used (see Figure 13).

These are standard CNC-tools, while—in the case of frequent CNC-milling or -sawing
of one recurring type of geometry—customized tools can improve the accuracy and accel-
erate the process but reduce the limitation in the manufacturable geometries. This means,
the geometry of the milling tool equals the geometry of the joint profile. For example,
in milling the wave shape (sinusoidal) geometry, instead of time-consuming milling, a
customized milling tool with exact parallel geometry of parallel waves can be selected.
Otherwise, a time-consuming process with two rough and finishing steps with several par-
allel milling movements is needed with gradually degree changes for the curves. Likewise,
some geometries essentially need special milling tools. For instance, the female parts of
the mentioned checkerboard connection, due to limited access and the round shape of the
milling tools, cannot be produced by standard milling tools. This manufacturing needs
special tools, like square CNC (e.g., milling mortise chisel) to be customized for concrete.
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(a) (b)
Figure 13. Different tools for subtractive post-processing: (a) milling tools and (b) saw blade.

6.3. Abrasion of Milling Tools

One main difficulty of the CNC-tools is the noticed ageing (abrasion) of them, which
directly affects the costs and accuracy of the process (see Figure 14). The ageing problem
becomes challenging, while the ageing speed or the abrasion (percentages) does not have a
known, gradual process or rate, but instead, is dependent on several parameters, including
the type of joint’s geometries, the milling side of the tool, milling speed and quality of
the concrete. This issue can be mitigated by frequently changing the tools, successive
calibration of the milling tool or scanning the joint geometry for measuring the influence of
the tool’s abrasion on the final geometry.

Figure 14. Abrasion of milling tools influences the joint profile accuracy.

6.4. Accuracy of Milling

In addition to tools ageing, the geometrical accuracy of the joints is influenced by
several other points, such as: the prepared G-codes, precision of the milling tools’ calibra-
tion, the type of the selected milling tools, the complexity of the joint’s geometries, the
selected milling clamping tools, the milling speed and the properties of the concrete. To
evaluate the accuracy of the manufactured joint, the micro-scans of several DBFL-milled
dry connections were compared to the CAD models, focusing on the jointing profiles or
surfaces. The maximum geometrical errors, considering differences between the profiles
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of milled joints and CAD files of the joint, was one of the calculated criteria. The range of
absolute maximum geometrical errors regarding 100 comparing areas was [0.03833 mm,
0.8453 mm)].

Generally, especially in complex connections with high fitting friction, negative scale
(error) might be essential for practical fitting the geometries. Nonetheless, geometrical
errors in negative and positive amounts can cause issues. Issues in negative error cause
a gap between the joints, and positive error brings difficulties in the fitting. These might
cause some difficulties, including probable stress concentration, asymmetric performance,
changing the failure mode, local failure, and movement, which may reduce the effect of
post-tensioning loads, etc.

7. Conclusions and Outlook

The investigations presented in this paper were carried out within the framework
of the TRR 277 subproject C05. Many different joint profiles were collected in a joint
catalogue. Various criteria evaluated the processing and the performance of these profiles.
Based on the assessment of the joint profile in the evaluation criteria, every joint profile
gets a score. The score is multiplied by a weighting factor and summed up to an overall
score. The joint profiles with the highest score were selected for further numerical and
experimental investigations.

e  Thirty-one joint profile configurations were gathered in a catalogue and categorized
as line-shaped, point-shaped or mesh-shaped.

e  Thejoint profiles were evaluated by various criteria like manufacturability, connectiv-
ity in a structure, detachability, duration of manufacturing and stress transfer.

e The evaluation criteria were mostly based on geometric approaches, e.g., the
milling surface of the joint profile correlates with the duration of manufacturing the
joint profile.

e  An algorithm multiplied the score of each evaluation criterion with a weighting factor
and sums up the scores to an overall score.

e  The preliminary FE analysis showed that a smooth, arc and saw tooth joint profile
performed more desirably under normal compression loading.

e  The algorithm selected smooth, triangular, arc and truncated pyramid-joint profiles in
the joint catalogue for further numerical and experimental investigations.

In the next step, the specimens with the selected joint profiles will be manufactured by
using all existing additive manufacturing techniques (extrusion, shotcrete, and particle-bed).
At this, the joint profile geometry will be CNC-milled or CNC-sawed into the specimen.
Experimental testing under compression and shear will then give further knowledge about
the load-bearing behaviour of dry joints in 3D-printed concrete elements.
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