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Abstract To show compliance to structural engi-
neering codes and implement quality control meas-
ures, it is critical to obtain reliable mechanical prop-
erties of the materials in question. For conventional
cast and precast concrete, the experimental proce-
dures and relationships between mechanical prop-
erties, the material composition, and the production
methods are globally known, but for 3D concrete
printing (3DCP), these relations have not yet been
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established. Previous studies have shown little con-
sistency in results, and the underlying experimental
methods have not been established broadly. There is
an urgent need to address these issues as the appli-
cation of 3DCP in practice projects is growing rap-
idly. Therefore, RILEM TC 304-ADC: Assessment
of Additively Manufactured Concrete Materials and
Structures has set up a large interlaboratory study
into the mechanical properties of 3D printed concrete.
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This paper presents key elements of the experimen-
tal approach detailed in the Study Plan and the sup-
porting considerations. Furthermore, it reports on
the response, consisting of 34 contributions from 30
laboratories, detailing global coverage, properties of
the applied mixture designs and characteristics of the
printing facilities that have been used. Subsequently,
some fundamental results from compression, flexural,
and E-modulus testing are presented and—consider-
ing cast specimens as a reference—discussed. On
average, a reduction in strength was found in com-
pression and E-modulus (all tested orientations). For
flexure, on the other hand, an increase was found
in two testing orientations, while a decrease was
observed in the third orientation. Importantly, even
though the applied experimental methods were found
to be reasonably appropriate to obtain the required
data, the differences found between individual contri-
butions are significant and sometimes non-consistent,
suggesting that testing on specific material-facility
combinations is necessary to reliably determine the
mechanical properties of objects produced from them.
Furthermore, a theoretical framework needs to be
developed to further explain the variations that were
observed. Extensive analyses of all acquired data are
out of the scope of this contribution, but presented
in two associated papers, whereas a third presents
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the data management approach used to process the
approximately 5,000 test results.

Keywords 3D printed concrete - 3DCP -
Mechanical properties - Interlaboratory study

1 Introduction

Research and application of Digital Fabrication with
Concrete (DFC) in the construction industry has
enjoyed a rapid growth over the last decade [1]. DFC
processes are characterized by a digital control over
the design and manufacturing process [2]. A clas-
sification of the various DFC processes has been
proposed by [3] and further elaborated by [4]. An
extensive, in-depth discussion of DFC is provided
by [5]. By far the most widely used DFC method,
both in practice and academia, is material deposi-
tion by extrusion, also known as 3D concrete print-
ing (3DCP). There is increasing interest within the
industry to apply newly developed production and
construction method in practice, mainly driven by
cost savings and overall sustainability perspectives
[6], as is showcased by a rapidly expanding body of
built projects [7].

Amongst others, such projects need to meet
requirements regarding structural performance as dic-
tated by local construction regulations and structural
codes. Code compliance is typically shown through
calculations for which mechanical materials prop-
erties are required as input of the structural design,
which are obtained through experimental testing.
Subsequently, it must be verified that the structural
elements that are produced and used in the construc-
tion actually meet the mechanical properties that were
assumed in the structural calculations (net of safety
factors). For the application of conventional cast or
precast concrete, procedures to determine mechani-
cal properties of the materials and verifications of
the structural performance have been established,
fine-tuned, and updated for decades (e.g., Eurocode 2
series [8], ACI 318 [9], fib Model Code [10], etc.).
However, these procedures are not directly applica-
ble to 3DCP without further consideration, because
these novel fabrication processes differ considerably
from cast/precast concrete in a number of important
aspects. Besides the material composition (so far gen-
erally not actually concretes according to codified
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definitions, but mortars — although we will use the
term ‘concrete’ for reasons of simplicity) and issues
related to typical geometrical thin-walled properties
of printed objects (which will remain out of scope of
in this paper), the diversity from normal concrete is
mainly caused by the particularities of the digitally
controlled additive fabrication process.

Besides the typical stacking of layers and the
absence of formwork, it should be noted that 3DCP
typically implies that a considerable number of pro-
cess parameters can be set (nozzle velocities, material
flow rate, pressures, layer offsets, output flows, layer
thickness etc.). Furthermore, the applied facilities are
defined by a number of fixed or semi-fixed character-
istics (such as dimensional range of the automated
movements, end effector etc. [11]) that may also
influence the mechanical properties of the resulting
object. Finally, interaction of the material, machin-
ery and printed object with the ambient environment
(temperature, relative humidity) will likely play a
larger role than in cast concrete (generally following
environmental conditioning set by standards), as for
instance machine temperature can significantly influ-
ence material temperature and thereby structuration
characteristics [12], while ambient conditions also
affect the freshly deposited material [13].

It is widely recognized that a strong interaction
between the printable material, process parameters
and mechanical properties of the produced objects
exists [14]. However, the relationships governing
these interactions are not very well understood as
many studies showed widely disparate quantitative
results. To illustrate this and considering the direc-
tion nomenclature defined in [13] and illustrated
in Figs. 12, 13, 14, 15, 16 and 17, the difference
of flexural strength of u.w-orientation specimens
compared to v.u-orientation is evaluated in stud-
ies by Le et al. [15], Nerella et al. [16], and Wolfs
et al. [17]. The first found a difference of approxi-
mately — 67%, while the second recorded reductions
of around —50% and —20% for two different print
materials. The latter, finally, only observed a change
of around — 10%.

The root of these differences remains unknown or
confined to very specific materials/machinery stud-
ies, as well as to the nature of the weak interfaces/
waiting time. A complicating factor to further study
these issues is the lack of commonly accepted experi-
mental methods to characterize the basic mechanical

properties of printed materials in the hardened state
(e.g., compression strength, flexural strength etc.).
Most experimental studies on 3DCP use test methods
that are based on existing mortar or concrete testing
codes and guidelines. For the execution of the experi-
ments themselves, this usually requires no or only
minor adaptations. However, for the size, produc-
tion and preparation of experimental specimens, this
is different. Here, there is practically no commonly
accepted methodology available, and each study
develops its own methods based on the capabilities of
the own printing facility and the academic engineer-
ing judgment of the respective authors. As a result,
the outcomes are difficult to compare and general
trends hard to identify. Newly emerging guidelines on
the use of 3DCP provide little to no direction.

Meanwhile, in industrial practice, commercial
entities have started to develop their own design, test-
ing and approval guidelines to smoothen approval
of using their methods in construction projects [18].
This underlines the importance of developing com-
monly accepted methods of determining mechani-
cal properties and mechanical quality control of 3D
printed concrete.

To facilitate an in-depth understanding of the
mechanical properties of 3D printed concrete and
develop common testing methods, the RILEM Tech-
nical Committee (TC) 304-ADC has initiated an
interlaboratory study on the mechanical properties of
3D printed concrete (ILS-mech).

The study was prepared in 2022 by a prepara-
tion group consisting of the authors of the cur-
rent paper. This resulted in a Study Plan that was
approved by the TC on 29 November 2022, and
subsequently published as an Open Access dataset
[19]. The Study Plan provides a detailed description
of the experimental procedures regarding specimen
preparation, curing and testing that were maintained
by the participating laboratories. It was developed
based on an extensive inventory of the specifics in
characterizing the mechanical properties of addi-
tively manufactured, cement-based materials pre-
sented by a group of authors from the same TC.
The current paper reports on the study approach and
underlying considerations, discusses the response
and presents some main experimental results. This
paper does not contain all details and outcomes
therein but rather focuses on the major elements and
motivations behind the chosen procedures as well
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as the practical issues and feedback that arose dur-
ing the interlaboratory study. For further details on
the preparation and execution of tests, the reader is
kindly referred to the Study Plan.

Any laboratory represented in the TC and meet-
ing the Study Plan requirements could partici-
pate in the study. The ILS-mech was performed in
2023 and yielded a sizeable set of data based on
approximately 5,000 tested specimens. The data
was collected using a preprepared spreadsheet tem-
plate. The data processing and analysis method is
presented in a separate publication [20], while in-
depth analyses of the results for tensile properties
and compressive properties are also the focus of
two additional papers [21, 22]. The data has been
assembled in a publicly accessible database for
future use and analyses [23].

This paper is structured as follows. In Sect. 2, we
outline the general considerations of the ILS-mech,
including the objective, scope and methodology.
Section 3 presents the experimental program, while
Sect. 4 discusses the particularities of specimen
preparation and the execution of the tests, includ-
ing many considerations specific to testing of 3D
printed concrete. The response of the ILS-mech is
presented in Sect. 5, while some main results are
shown and discussed in Sect. 6. Finally, in Sect. 7
we go into feedback and experiences regarding the
experimental method, before presenting the conclu-
sions in Sect. 8.

2 General considerations
2.1 Aim and objectives

The overall aim of the ILS-mech study was to better
understand and quantitatively assess the relevance of
the additive manufacturing process parameters as well
as specimen extraction and handling methodology
with respect to key mechanical properties of hardened
print material. This knowledge is instrumental in
developing future recommendations on material test-
ing with respect to (1) determining properties needed
for structural design (mainly compression and trac-
tion properties) and (2) effective quality control.

To address the aim, an extensive experimental
work plan was developed. The experimental work

plan was designed to answer the objectives of this
study, which were to obtain quantitative data on:

e the difference between mechanical properties of
cast and printed specimens,

e the variance in strength characteristics and modu-
lus of elasticity for printed cementitious materials,

e the relationships between individual mechanical
characteristics,

e the influence of orientation loading to layers and
the effect of interfaces between layers in speci-
mens,

e the specimen size effect (including the number of
interfaces in a specimen),

e the influence of some key process variables typi-
cally associated with printing and curing.

Furthermore, we expected to obtain feedback from
the participating laboratories on the feasibility and
suitability of the proposed experimental methods.
This would be useful for the formulation of recom-
mendations for testing in the future.

2.2 Scope and methodology

The ILS-mech study concentrated on relatively sim-
ple mechanical tests, such as those used in codes for
conventional concrete and mortar mechanical char-
acterization, that were to be performed on locally
produced specimens. It was expected that the inter-
changeability of mixture compositions on differ-
ent printing facilities would be limited. Therefore,
it was decided that each participating laboratory
would select one or more materials to use and print
the objects from which the specimens for mechanical
testing were to be obtained. Hence, the study does not
actually test materials or facilities, but rather mate-
rial-facility combinations. It was recognized that this
limits the comparability of the absolute results. How-
ever, it would allow a much wider group of laborato-
ries to participate, and it was expected to effectively
represent the reality in which many material-facility
combinations are used.

The print materials themselves investigated in this
interlaboratory study were cementitious in nature.
Both one-component (K1) and multi-component
(multi-K, e.g., K2, K3) systems, i.e. requiring the
addition of a viscosity modifier or setting accel-
erator immediately before deposition, were allowed.
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Table 1 Overview of experimental variables and values considered in the interlaboratory study

Variable

Value

Material characteristic to be obtained

Scale

Specimen and load orientation
Mode of extraction

Process parameter

e Compressive strength

o Flexural strength

o Splitting tensile strength

o Uniaxial tensile strength

® Modulus of elasticity (in compression)

e “Mortar”, i.e. specimen dimensions in order of several centim-
eters

e “Concrete”, i.e. specimen dimensions in order of several tens of
centimeters. Note that the terms “mortar” and “concrete” here
only refer to the scale of the specimens, not to a variation in the
material. All tests from a single laboratory contribution were
performed with the same material. In the current paper, only
mortar-scale results are discussed. Concrete-scale results are
reported in [21, 22]

2-3 orientations, depending on the specific test
o Sawing

o Core-drilling

o Default

e Devl

e Dev2

Alternative binders such as geopolymers or alkali-
activated materials were out of the scope of this
study. Specifically, the materials were not to contain
structural fibers, as they require different experimen-
tal procedures to obtain the relevant mechanical prop-
erties (e.g., post-fracture).

The applied mixtures were required to be printable.
However, since ‘printable’ is a relative requirement
depending on the object design and printing facil-
ity/strategy and has not been quantitatively defined
(although the underlying parameters that contribute
to this ability have been studied), it was specified that
the materials would have to be sufficiently ‘buildable’
to print the experimental objects as defined in the
Study Plan.

Some requirements are also considered in terms of
filament dimensions; for instance, in the mortar scale
specimens, no more than 2 adjacent layers must be
present when the interface is in the middle.

3 Experimental program

An extensive experimental program was designed, as
summarized in Table 1. However, only a limited part
of that was compulsory for all participating laborato-
ries—most was optional.

For the experimental program, tests were proposed
to determine five main print material characteristics
in the hardened state: compressive strength, com-
pressive modulus of elasticity, flexural strength and
two types of tensile strength (splitting and uniaxial).
These were considered the most relevant for struc-
tural engineering purposes. The inclusion of modulus
of elasticity was considered particularly important as
very little data on this property has previously been
published.

Although they do not all apply equally to each test,
four additional experimental variables were addition-
ally suggested and included in the program: speci-
men-to-load orientation, scale, extraction mode, and

process parameter.
nilem
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The specimen-to-load orientation is the most obvi-
ous novel variable in comparison to traditional cast
concrete. The printing process (specifically, the con-
crete filament additive deposition) introduces fila-
ment interfaces that generate anisotropy in the printed
object [13]. Depending on the test type, 2 or 3 ori-
entations were required for the specific mechanical
property characterization. These orientations were
defined in the Study Plan [19], based on the defini-
tions according to [13].

It is known that the mechanical properties of con-
ventional concrete are scale-dependent due to the
relative dimension of aggregates and the effects of
strain energy release on fracture [24]. Such effects
may be expected in additively manufactured concrete
too, but are likely even increased due to the growth
of the number of interfaces in larger specimens. For
instance, to produce wider print objects, adjacent lay-
ers are typically deposited, creating not only horizon-
tal interfaces (e.g., between stacked filaments in the
height of the object) but also vertical ones (e.g., lying
at the filament side between adjacent layers). To ena-
ble the study of scale effects, the Study Plan proposed
mechanical characterization tests at two increasing
levels of dimensional scale, corresponding to typi-
cal dimensions of specimens made of cementitious
mortars (order of several centimeters for specimen
width) or concretes (order of 1 to 1.5 dm for width),
respectively.

Usually, specimens for characterization of tradi-
tional mortars or concretes are obtained by casting
into formwork of small or even large dimensions.
Obviously, this is not a suitable method for print-
ing (printing into formwork is possible, but it was
expected this would not realistically represent actual
printed concrete in a free-form condition). Therefore,
to obtain specimens with regular shapes/geometries
(i.e., avoiding irregular sides due to filament charac-
teristics) it was proposed that specimens were sawn
from larger printed objects. Each side of a specimen
would be sawn in order to be able to accurately deter-
mine the geometry and dimensions of a specimen and
to exclude the effects of uneven (printed) edge sur-
faces. Alternatively, specimens could be core-drilled
from printed objects, as this is common to determine
the properties of existing structures.

Typically, a range of process parameters can be set
to perform a printing session (nozzle velocities, out-
put rate, pressures, layer offsets, output flows, layer

thickness, layer interval time etc.). Considering the
wide range of printing facilities used by different lab-
oratories, these settings could not universally be pre-
scribed. The laboratories were required to use their
default process settings during printing, which they
considered to provide satisfactory printing results.
The settings that were assumed to be the most rel-
evant were to be reported (e.g., type of mixer, mate-
rial extrusion rate, print head travel velocity etc.).
In addition to the default process settings and con-
ditions, two deviating conditions were defined that
were added as voluntary to the experimental program.
‘Dev1’ describes a process where the middle horizon-
tal interface of a specimen is printed at a significant
delay, resulting in a layer interval time larger than the
expected cold joint formation threshold. The exact
duration of the interval time was to be defined by the
respective laboratory. ‘Dev2’, on the other hand, was
related to the curing conditions and defines a devia-
tion from the standard under water curing. Again, the
respective laboratories were free to define the exact
conditions of this deviation.

The standard minimum of results for each experi-
mental series was set at 5, except for the mortar scale
compression and splitting tension tests, for which the
minimum was set at 9 as further explained in Sect. 4.

4 Instructions
4.1 Material and equipment

Specimens subjected to ILS mechanical testing were
produced from different printing setups available at
the various laboratories involved, differing from each
other by mixing, pumping and extrusion-based print-
ing equipment. These setups are commonly adopted
in the current 3DCP practice, either at the laboratory
scale or industrial applications by companies; hence,
the ILS included this variety of printing setups to
provide a comprehensive interpretation of the tech-
nological options. In terms of type of mixer, batch
mixers (drum-type or pan-type) or continuous mixers
(volume and time) were employed. For the pumping
purpose, different types of pumps can be considered,
such as piston, rotor—stator, and peristaltic ones. To
transport the material from the pump to the nozzle,
hoses of varying length and diameter are typically
used. Both mixing and pumping equipment are part
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-

U U VU

a)
Extraction wall
Extraction wall extension
Free segment (disturbances allowed)

Approach path

crossing zone

S

b)

Vertical offset path (segment where print nozzles move to higher layer (either vertically or under slope)

Fig. 1 Printing path options to produce print specimens in the mortar scale with a U-shape and b square shape

of a particular printer machinery which can be, for
instance, of gantry, robotic arm, or delta type; they
are characterized by a maximum size of the print
region, type of extruder (screw, progressive cav-
ity pump, piston), orientation (vertical or horizontal
material discharge), shape (round, rectangular) and
the size of the nozzle.

These and other material and facility characteris-
tics that were expected to be potentially relevant to
the results analysis, were to be reported in the results
template distributed before the execution of the inter-
laboratory testing plan.

4.2 Specimen preparation

The reader is referred to the Study Plan [19] for full
details. In general, specimens for mechanical testing
were obtained from larger printed objects (Fig. 1)—
containing extraction walls—fabricated with spe-
cific automated machinery. Cast specimens—repre-
sentative of the same printing material—were also
considered and produced for qualitative/quantita-
tive comparison purposes. Irrespective of the type

of mechanical test to be conducted, the specimen
preparation procedure shared common features, here
summarized:

o Geometry (printed objects): shapes are typically
square, rectangular or U-shaped and made of sev-
eral layers (both in the height and width direction)
depending on the mortar/concrete scale. The total
length of the shape generates a specific interlayer
time which is dependent on the applied displace-
ment rate of the nozzle.

o Geometry (specimens): cubic, prismatic or cylin-
drical shapes with different dimensions are con-
sidered in relation to (i) concrete/mortar scale;
(ii) the type of mechanical test; and (iii) extrac-
tion procedures adopted from the straight walls
of the print objects. For the dimensions of speci-
mens, recommendations were given. However, it
was allowed to deviate from these dimensions,
as testing in various regions in the world is often
based on codes or guidelines that follow similar
principles but maintain modestly varying dimen-
sions. For the mortar-scale specimens, however,
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Fig. 2 Examples of specimen preparations: a mortar scale print specimens protected against vapor evaporation and b free segments

cutting after printing U- shapes

it was required to maintain a maximum of 2
adjacent filaments and not to increase the speci-
men size beyond that.

Extraction: specimens were extracted from
the ‘extraction walls’ of square, rectangular or
U-shaped print objects by sawing and/or core-
drilling depending on the concrete or mortar
scale of the tests. For extracting the specimens
by sawing or core drilling, different locations
were chosen with respect to the height position
of the specimen in the print object to analyze
possible effects of the stacked layer weight dur-
ing printing (see Sect. 4.5).

Environmental conditions: in the laboratory, dur-
ing the printing phase of the objects, the recom-
mended temperature was T=20+2 °C with a
relative humidity RH>70%. Both parameters are
considered important for the print quality, there-
fore they need to be recorded at least at the start
and end of each printing session.

Curing: preferably, all specimens were tested at
an age of 28 <days < 30. During this period, cur-
ing is differentiated between ‘initial’ and ‘normal’
condition; in particular, under the initial curing

condition, the print objects should be protected
against vapor evaporation (e.g., providing wet jute
or alternative and covering with plastic foil, see
Fig. 2a) for at least 24 h after printing. After the
material has set sufficiently, the print objects can
be stored under ‘normal’ curing conditions con-
sisting in the immersion in tap water at a tempera-
ture of 20+5 °C. Deviating conditions were not
rejected a priori but were required to be reported.
In addition to the default curing conditions, devi-
ating conditions could optionally be tested as
explained in Sect. 3. Such deviations could include
the application of curing agents, water spray mist,
or (on the contrary) unprotected curing.

4.3 Print object geometry and print paths

Each participating entity in the ILS was responsible
for designing and programming the print paths for
their print objects, taking into account their specific
process constraints. However, the design of these
paths needed to adhere to the guidelines outlined
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in the Study Plan (e.g., as in Fig. 1). In particular,
the print objects were structured to include several
straight walls, i.e., ‘extraction walls’, from which
experimental specimens were derived. Adjacent to
these walls were ‘extraction wall extensions’, which
are straight wall segments equal to or longer than the
minimum specimen dimension (40 mm for mortar-
scale and 100 mm for concrete-scale specimens). The
printing path in these extensions remained continuous
and free from any disturbances like cornering or noz-
zle height adjustments, which are planned outside of
these areas (Fig. 2b).

The print path ensured uniform layer interval times
for both vertical and horizontal interfaces across all
extraction walls, avoiding the formation of cold joints,
though this is less of a concern with slower-curing

Fig. 3 Specimen extraction
by means of a sawing of the
extraction walls and b core
drilling; ¢ details of sawn
specimens

print materials. However, a deviation in the speci-
men preparation (Devl) could be pursued during the
printing process which would be paused between the
printing of 2 subsequent layers to achieve a weaker
interface in the middle of the designated specimens.
In designing the print path, the direction of print-
ing was to be kept consistent across adjacent layers,
both vertically and horizontally. The print path design
included vertical and horizontal layer offsets, with
recommended values being the nominal layer height
for vertical offset (or slightly less, depending on the
process) and 90% of the nominal layer width for hori-
zontal offset (e.g., 45 mm for a 50 mm layer width).
The print filaments had to have a minimum nomi-
nal width b>21 mm, so that when assuming a 10%
horizontal overlap, a 40 mm wide specimen consisted
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of no more than 2 adjacent layers when the interface
is in the middle.

4.4 Cutting and sawing

Differently from traditional cast concrete, print speci-
mens can be obtained from cutting and sawing opera-
tions. In particular, for storage convenience, large
print objects can be sectioned into smaller, typically
straight, parts. This is accomplished by cutting the
concrete before early setting, or by sawing once it is
in the early stages of hardening. All types of cuts are
made outside the extraction walls (e.g., as in Fig. 3a)
and their extensions, taking special care not to disrupt
the integrity of the extraction walls. Prior to testing,
the print objects, or the parts pre-cut or sawn before
setting, are further prepared to obtain the required
dimensions. This involves sawing and/or core-drilling
(Fig. 3b), using appropriate equipment and following
the guidelines specific to each mechanical test type.
Unless specified differently in the test specifications,
specimens are ideally extracted from the central half
of the print object’s height. In addition, to guarantee
a symmetric condition in the layered structure of the
specimens, each one is taken from a print object in
such a way that a nominal horizontal interface aligns
with the specimen’s mid-plane (see Fig. 3c to high-
light this feature). Similarly, when relevant, a speci-
men is extracted to ensure that a nominal vertical
interface aligns with the mid-plane of the specimen.

4.5 Execution of tests

The specimens obtained through the procedures
described above and reference cast ones were tested
according to the appropriate test specification docu-
ments that are part of the Study Plan. As a general
approach, the tests are based on existing standards
for mortar and concrete materials. However, due to
the particularities of extrusion-based printing (e.g.,
presence of interfaces, anisotropy etc.), some modi-
fications were implemented. In particular, the fol-
lowing test types were considered and include the
main changes listed below; detailed descriptions are
reported in the Study Plan.

o Compression: the tests are carried out on speci-
mens that are sawn or core drilled from hardened
print objects. The recommended dimensions
for mortar-scale specimens were length x width
x height=40x40%x40+1.0 mm for cubes and
height=diameter=50 mm4+1.25 mm for cylin-
ders. The tests were performed in a load-controlled
fashion at a recommended rate of 2,400+ 200 N/s.
Contrary to some codes (such as the EN 196-1 for
mortar [25]), specimens for the compression test
are not obtained from the remaining halves of bro-
ken flexural specimens but they are extracted as
cubes from a print object. Moreover, the experi-
mental tests include sets of 3 specimens taken
from 3 different height locations in the print object
(bottom, middle, top, as illustrated in Fig. 4) to
evaluate the homogeneity/not homogeneity of the

. Top (3X)
£
o Middle (3x)
Yol
N

. Bottom (3x)
—

Fig. 4 Positions to consider for specimen extraction along the height of the extraction walls

niem
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compression properties by varying the height of
extraction.

These specimens extracted from different heights
were analyzed both as small separate sets of 3 and
jointly as sets of 9 specimens. The effect of printing
direction is analyzed by executing the uniaxial com-
pressive tests in the 3 orientations u, v, w.

e Elastic modulus: the test aimed to determine
the stabilized secant modulus of elasticity in
compression of prismatic and cylinder-shaped
specimens in the mortar-scale and concrete-scale
category. The reference code provision for test
execution is EN 12390-13: 2021 [26]. How-
ever, some modifications were implemented.
The dimensional requirements for specimens
consist in adopting the ratio between the speci-
men length L and the diameter d (or side in the
prismatic shape) in the range 2<L/d<4. This
results in recommended mortar-scale dimensions
of base X height=(40x40)x80-160 mm for
prisms and diameter X height =50 x 100-200 mm
for cylinders. The load is applied and removed in
cycles at a rate of 0.6+0.2 MPa/s. The modus
is computed from printed specimens in 2 differ-
ent orientations: u and w. Furthermore, in the
E-modulus test it is required to predetermine the
compressive material strength in order to be able
to define the compression load during E-modu-
lus testing as a percentage thereof. In deviation
from the EN 12390-13:2021, it was allowed to
use the compression test results (which use a
different specimen geometry) for this, to avoid
unnecessary additional testing. At the end of
the E-modulus test, a specimen is compressed to
failure. This provides an additional compression
strength result. In [21], these values are com-
pared to results from the actual compression test.

o Flexure: both a 3-point and a 4-point bending
set-up were considered to determine flexural
properties of printing materials. Mortar-scale
specimens had recommended dimensions: width
x height x length=40x40x 160 mm. The tests

were performed in a load-controlled fashion at
a rate of 50+10 N/s when the recommended
dimensions were used, or recalculated to a cor-
responding maximum flexural stress rate of
0.14+0.028 MPa/s. Different orientations (i.e.,
generated by the interface position with respect
to the load direction) are also considered for
fully characterizing the flexural properties of the
printing material (u.w, v.u, w.u for 3-point bend-
ing, u.w for 4-point bending).

e Splitting: for splitting tensile tests, both cubic
and cylinder-shaped specimens were considered
in the mortar-scale and concrete-scale category.
The proposed procedure deviates from the stand-
ard EN 12390-6 for several aspects, amongst oth-
ers because that standard prescribes cylindrical
specimens only. The experimental tests include
three sets of specimens taken from 3 different
height locations in the print object (bottom, mid-
dle, top) to evaluate the homogeneity/not homoge-
neity of the tensile properties by varying height of
extraction, similar to the compression specimens.
Three different orientations were also considered
for fully characterizing the splitting properties
of the printing material. The existing convention
to define specimen-to-load orientations had to be
expanded to properly define splitting tension spec-
imens (further detailed in the Study Plan).

e Uniaxial Tension: uniaxial tension tests are car-
ried out on prismatic or cylindrical specimens in
the mortar-scale and concrete-scale category and
in 2 different orientations: u and w.

Figure 5 shows an entire set of specimens at the
mortar scale after the execution phase. A practical
evaluation of the applied experimental methods can
be found in Sect. 7.

5 Response
5.1 Contributions and content

The study yielded a vast response. After processing
(see Sect. 6.2 below), 34 contributions submitted by
30 laboratories from 19 countries remained (Ger-
many: 5; China, Czech Republic, France: 3; India:
2; Australia, Belgium, Brazil, Canada, Chile, Italy,
Latvia, the Netherlands, Slovenia, South Africa,
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Fig. 5 Overall view of tested specimens at the mortar scale

Switzerland, Thailand, Turkey, United Kingdom:
1). Appendix A lists the participating laboratories in
alphabetical order. A ‘contribution’ consists of the
experimental results (at least from the mandatory
tests) on one specific material printed on one specific
facility, albeit not necessarily in the same session or
on the same date.

The data were collected using a predesigned
spreadsheet template that was filled out and returned
by the participating laboratories. The experimental
results template allowed for additional comments.
Some laboratories also included photographs of
specimens and/or experimental set-ups, or additional
descriptions in separate files. The 34 contributions
contain approximately 5,000 individual specimen
test results. To allow an efficient analysis of such an
extensive set of results, a database was created that
can be queried for results for specific parameter com-
binations. When entering the data into the database,
individual laboratories were occasionally approached
to clarify any possible unclarities in their response.

The database is set up so that additional data may
be added in the future and will be made available
for additional queries and analyses by the commu-
nity. The approach to data processing and analysis is
extensively described in a separate publication [20].

The overall response is summarized in Fig. 6 in
which type of test (colored bars) and corresponding
number of samples are reported for each ILS partici-
pating laboratory, distinguishing between concrete
and mortar scale. Mortar scale testing is included in
33 out of the 34 contributions, while concrete scale
testing is included in 8 contributions (i.e. 1 contribu-
tion only contains concrete scale specimens, while 7
contributions contain both mortar scale and concrete
scale specimens from the same laboratory).

The compression and flexural bending tests have
been performed most as these were compulsory for
participation in the interlaboratory study, while the
other experiments were optional. The splitting ten-
sion test was also performed frequently, probably
due to the relatively modest effort required for its
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concrete scale (in total 467)

02 - ™= exp_comp

03 - M exp comp flex
04 - mmm exp flex

05 - mmm exp split
exp_tens

08 - exp_emod

lab number

250 260 15;0 160 50

mortar scale (in total 4435)

| e — 1 1
0 50 100 150 200 250

number ofsamples

Fig. 6 Overall response of the participating laboratories,
showing the number of tested samples for mortar (right side)
and concrete (left side) scale as well as for each test type
executed (different colored bar). Here, ‘exp’ indicates experi-

execution. The E-modulus has been executed in
a smaller, but still significant number of contribu-
tions. This is important, as hitherto most studies
focused on strength and very little data on stiffness
of printed concrete has been published, even though
it is an important parameter for structural analyses
and modeling. Furthermore, the E-modulus test also
gives a compressive strength value as specimens are
loaded to destruction at the end. These values can
be compared to the compressive strength of cubes
to obtain an indication of aspect ratio effects, being
equal to 2:1 and 1:1, respectively.

According to the Study Plan, the compres-
sive tests were performed on separately produced
cubes or cylinders. However, a few laboratories
have also compressively tested the remaining
halves of flexural specimens after 3-point bending

mental results, while ‘comp’, ‘comp_flex’, ‘flex’, ‘split’, ‘tens’,
and ‘emod’, indicate compression, compression on remaining
halves from flexural testing, flexural, splitting tensile, uniaxial
tensile, and E-modulus, respectively

(“exp_comp_flex” in the legenda of Fig. 6), as it
is common for mortar testing. These results can be
used to evaluate whether they provide a sufficiently
accurate compressive strength and thus whether this
procedure may be followed in the future to obtain
compressive strength data.

The uni-axial tensile test has been performed
least (in 3 contributions in the mortar scale and 2
contributions in the concrete scale), possibly due
to its complexity in specimen preparation and in its
execution.

Generally, the testing orientations of printed
specimens prescribed in the Study Plan were all
followed (3 for compression, 3 for 3-point bend-
ing, 1 for 4-point bending, 3 for splitting tension,
2 for uni-axial tension, and 2 for E-modulus). This
allows an extensive analysis of the effect of loading
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Table 2 Type of printing approach in combination with type
of mortars adopted in the interlaboratory study

Mortar/mixing Continuous Batch Total
Commercial 7 3 10
Self-prepared 3 21 24
Total 10 24 34

orientation. In a few cases other orientations were
tested due to mistakes.

Deviating process parameters were applied in 15
contributions: 10 contained deviating curing con-
ditions (Dev2), 3 had a prolonged layer interval
time (Devl), while 2 contributions featured both
deviations.

In terms of sample preparation, in 28 contribu-
tions only sawing was used to obtain specimens
from printed objects. In 5 contributions, both sawn
and core-drilled specimens have been tested, while
in 1 contribution contained waterjet-cut and core-
drilled specimens.

5.2 Characteristics of applied facilities and materials
Even within the set scope as outlined in Sect. 2, the

characteristics of the printing facilities and materials

BN mortar

N concrete
12 -

BN hoth
BEm 1o data

number of labs

no data 0.25-0.5 mm 0.5-1.0 mm

that were used by the various laboratories vary con-
siderably. In 10 contributions, commercial 3D printa-
ble mixtures were used, while they were self-prepared
in 24 instances. The material was also continuously
mixed in 10 contributions, and batch-mixed in 24
cases, but not in the same ones, as shown in Table 2.

With regard to the material concept, the single
component systems were heavily prevalent, making
up 31 of the contributions. Two others were two-
component systems, and one was a three-component
system. Although commercial multi-component
material systems exist, in this study they were all
self-prepared.

The maximum aggregate size in printable mixtures
ranged from 0.25 to 16 mm (no data provided in two
cases)—where the largest is an exception, though.
Most mixtures use rather small maximum aggregate
sizes, with 13 laboratories using aggregates between
1 and 2 mm of max size (mainly for mortar but also
for concrete scale); about 2/3rd is below 2.0 mm.
However, a significant portion of 1/3rd uses medium
sized aggregates in the range of 2.0-8.0 mm. The
overall distribution of aggregate size for the partici-
pating laboratories and for mortar and concrete scale
is reported in Fig. 7.

Based on the printing facilities and materi-
als above described, the ILS required the material

ol

|

| . I

0 ] L

1.0 -2.0 mm

2.0-4.0 mm 4.0 - 8.0 mm 8.0 -16.0 mm

max aggregate size

Fig. 7 Aggregate size used in all the printable mixes for the interlaboratory study. ‘Mortar’ and ‘concrete’ indicate this material was
only used for mortar scale and concrete scale testing, respectively, while ‘both’ indicates this material was tested on both scales
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Fig. 8 Compressive strength results for cast specimens in
ascending order showing aggregate size as different bar color;
number of tested specimens, age, mix component number

characterization in compression in the cast prepa-
ration option (cubic specimens; cylinders were not
considered at this stage), to analyze differences with
respect to the 3DCP technology. Figure 8 shows the
average compressive strength for cast specimens at
mortar scale, an age of >20 days, and default process
parameters, of each contribution organized from low-
est to highest value. It shows the contributions cover a
considerable range of compressive strengths (between
35 and 120 MPa with 2/3rd of contributions below
60 MPa), with experimental variation which varies
considerably in some cases. The maximum aggregate
size is also indicated by the color of the histogram
bar according to the size ranges of Fig. 7. For each
laboratory, the number of tested specimens, curing
age, component system and material supply approach
are specified below the histogram. The distribution of
results shows that the cast compressive strength is not
strongly correlated to either one of these characteris-
tics, although there may be a slight skewer towards
smaller maximum aggregate size for stronger materi-
als. It should be noted that for the sake of complete-
ness—at this stage of the analysis—also longer ages
were included in the compressive strength distribution
of Fig. 8 (e.g.,> 50 days). However, in the following
discussions and considerations, some exclusion rules
had to be defined and applied in order to provide
reliable comparisons and conclusions. For instance,

and material supply system are specified below the histogram
for each laboratory. Red dots correspond to excluded results
according to exclusion rules

the red dots in the Fig. 8 represent the excluded test
results—named ‘outliers’—corresponding to a devia-
tion from the average compressive strength value (of
a specific laboratory) greater than 2 times the Stand-
ard Deviation.

Moving from casting/pouring approach to the
3D concrete printing process, we first analyzed the
overall settings adopted by the different laboratories.
Specifically, when observing the printing facilities
and settings, we again observe a considerable range
of parameter values adopted by the different labora-
tories. In almost 1/3rd of the facilities, the material
is fed into a hopper directly over the print head or
mixed at the print head and deposited from that with
a negligible transport length through hoses or pipes
(Fig. 9). Most facilities where the material is mixed at
a distance, the hose is between 5 and 10 m long, but
shorter (0—5 m) hoses as well as longer ones (10-20
m) are also used in a considerable number of contri-
butions. Very long hoses (>20 m) were reported only
in two cases. The hose length can be an influencing
parameter due to after-mixing effects, induced shear,
compaction, void formation, segregation, friction and
material warming.

Except for 1 contribution where the nozzle is
pointing backwards in the negative u-direction, the
deposition direction of all applied nozzles (33 times)
is downwards, in the w-direction. The nozzle travel
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Fig. 9 Distribution of transport length over the different laboratories (ascending order); empty bars on the right correspond to labs
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Fig. 10 Distribution of nozzle travel speed over the different laboratories (ascending order); empty bars correspond to labs with no
or incorrect data provided

speed also shows a wide range of variation between printing systems which are able to move at a velocity
the laboratories, as shown in Fig. 10; more than more than three times faster (> 300 mm/s).

50% of the printing facilities are below the limit of Round nozzle mouths are typically used, but
100 mm/s of nozzle speed whereas there are very fast rectangular ones can also be found (six in total).
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Therefore, the nozzle cross-section area dimen-
sions vary considerably, from 177 to 7500 mm?, and
fairly evenly distributed in between these extremes,
with 4 times 314 mm?, 7 times around 500 mm?, 5
times 707 mm?, and 4 times 1257 mm?. Figure 11
plots the nozzle width (i.e., the dimension determin-
ing printed layer width) against vertical layer offset
height and shows there is no clear relation between
these parameters, positively nor inversely. In particu-
lar, when the nozzle width is <40 mm, most of the
labs adopted layer offsets between 10 and 20 mm; for
larger widths, the layer heights are highly variable.
Similarly, the product nozzle section area * verti-
cal layer offset could be plotted against nozzle travel
speed, but this too would not result in a clear corre-
lation. This indicates that the pump flow rate varies
significantly between facilities (although this property
was also directly queried in the results template, most
laboratories did not provide data here, so it could not
be compared directly).

The wide variety of material and facility char-
acteristics covered by the submitted contributions
indicate that any conclusions of this study will not
be limited to a specific type of material or printer.
On the other hand, this variation may present a
challenge in the evaluation of the outcomes.

*

60 80 100 120 140
Nozzle width [mm]

6 Experimental results

Due to the variety of the properties of the materials
that have been used (see Sect. 5.2), an absolute quan-
titative comparison of results is not meaningful to
study the effects of printing process parameters and
highlight differences between laboratories. Rather, it
was opted to use the different strengths and E-modu-
lus of cast samples, produced and cured under default
conditions and tested after 21 days or more, as ref-
erence values and present the other results as a per-
centage relative to those. The age difference between
cast and printed specimens could not be more than
11% (this coincides with the initially prescribed test-
ing range of between 28 and 30 days). This way, the
general effects of the print process on the mechanical
properties can be analyzed over multiple combina-
tions of material and print facility.

As indicated, the interlaboratory study yielded a
large number of mechanical testing results that are
presented and analyzed in detail in the associated pub-
lications [21] and [22]. This includes, amongst others,
a discussion of outliers. Below, only a few of the most
essential results are reported, namely the compres-
sive strength, 3-point flexural bending strength and
E-modulus for default printing and curing conditions,
at mortar scale. Here, no detailed analysis and addi-
tional exclusion of outliers is performed. The same
exclusion rules as discussed for the cast specimens’
results in Fig. 8 are applied for the absolute values of
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Fig. 12 Relative compressive strength results (print over cast,
in percentage) in the U direction in ascendent order for each
laboratory, represented as box-whisker plots. The additional
blue dot represents the individual lab average. The table at the
bottom includes the number of specimens used to compute the

Boxplot outliers

average, coefficient of variation (CV as percentage), compo-
nent system and material supply approach. The bar diagram
on the right presents the histogram and normal distribution of
laboratory averages. The layout of Figs. 13, 14, 15, 16, 17, 18
and 19 follows the same format

rel compr. strength in V [%]

no. spec.

17 17 7 19 7 43 13 17 13 .8 10 13 10 5 11
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lab number

Number of labs
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Fig. 13 Relative compressive strength results (print over cast, in percentage) in the V direction in ascendent order for each labora-

tory. Further explanation provided with Fig. 12

cast and printed specimens. Afterwards, the relative
values are computed by division with the lab’s aver-
aged cast strength.

6.1 Compression

The relative compressive strength of printed con-
crete specimens at mortar scale (cast and print—sawn
cubes, default conditions, older than 20 days) is pre-
sented for orientations u, v and w in Fig. 12, Fig. 13,
and Fig. 14, respectively, and reported in ascending
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Fig. 14 Relative compressive strength results (print over cast, in percentage) in the W direction in ascendent order for each labora-

tory. Further explanation provided with Fig. 12
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Fig. 15 Relative flexural strength results (print over cast, in percentage) in the v.u direction in ascendent order for each laboratory.

Further explanation provided with Fig. 12

order. The graphs show the results of individual con-
tributions in box-plot style, i.e. with the median as
a black line in the box that indicates the upper and
lower quartile and the whiskers giving the maxi-
mum and minimum value of the individual speci-
mens. In addition, a blue dot shows the mean value,
to which the contributions are ordered. The overall
mean value of all contributions is given by the con-
tinuous horizontal black line, while the dashed lines
give the +and —1 standard deviation. The table below

the histograms of the results reports the number of
specimens used to compute the average, coefficient
of variation (CV as percentage), component system
and material supply approach. The bar diagram on the
right presents the histogram and normal distribution
of laboratory averages. In Appendix B, the mean val-
ues of the laboratory results are presented in tabulated
format organized by laboratory for all experiments
and orientations presented in Figs. 12, 13, 14, 15, 16,

17, 18 and 19.
nilem
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Further explanation provided with Fig. 12
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Fig. 17 Relative flexural strength results (print over cast, in percentage) in the w.u direction in ascendent order for each laboratory.

Further explanation provided with Fig. 12

On average, the strength of printed specimens
in all three orientations is lower than the cast
specimen strength. For the u-orientation the rela-
tive compressive strength reaches approximately
90% of the cast counterpart, while the v-orien-
tation reaches around 80% and the w-orientation
reaches near 85% on average. The scatter, however,
is considerable, with some contributions reach-
ing average strengths of only <60%, while others

achieving > 100% (in some cases far above). The
relative order of contributions is mostly similar for
the different orientations, although there are some
exceptions (e.g. contribution 19 performs relatively
better for orientations v and w than for orientation
u, see Sect. 6.4 for further discussion).
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6.2 Flexural bending, 3-point

The relative flexural bending strength (3-point
bending) of printed concrete specimens at mortar
scale (default conditions, older than 20 days) is pre-
sented for orientations v.u, u.w, and w.u in Figs. 15,
16, and 17.

The strength for the v.u and w.u orientations in
flexural bending — on average over all contributions

— exceeds the cast specimen strength by around 5%,
with some contributions reaching strengths of > 140%.
This may not have been expected in itself but is par-
ticularly remarkable given that in none of the com-
pression orientations an average of >100% of the cast
strength was found. Nevertheless, it should be noted
that in some contributions, the average strength is sig-
nificantly lower for printed samples, reaching 70% or
less. Within single contributions, consistency is not
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automatic. In contributions la and 13a for instance,
the relative strength in orientations v.u and w.u is very
similar, but for contributions 2a and 11a there is a dif-
ference of 20% or more (also see Sect. 6.4).

Expectedly, the strength of specimens tested in
the u.w orientation is significantly lower than that of
cast specimens, because the layer interface is loaded
in tension in this orientation. The average over the
contributions reaches almost 80% of cast specimen
strength. However, also here considerable differences
between contributions are found, with some scoring
dramatically low, while 5 contributions even exceed
the cast specimen strength.

6.3 E-modulus

The relative E-modulus in compression of printed
concrete specimens at mortar scale (sawn speci-
mens, default conditions, older than 20 days) is
presented for orientations u and w in Figs. 18 and
19. Similar to the compressive strength results, the
compressive E-modulus averaged over the con-
tributions was found to be lower for the printed
specimens than for cast ones. The average for the
w-orientation was 86%, while that for the u-orien-
tation was 91%, indicating that the layer interface
not only generates a lower tensile strength than the
bulk material, but also a lower stiffness.

6.4 Analysis

It may be expected that the deviation of properties
of printed specimens from cast ones (i.e. the ratio
between properties from cast and printed specimens,
on which Figs. 12, 13, 14, 15, 16, 17, 18 and 19 are
organized) would exhibit some consistency in different
orientations and different test methods. However, it was
already noted in Sects. 6.1 and 6.2 that this may not be
the case as some contributions appear in different posi-
tions in the ascending order. To analyze this further,
Fig. 20 presents the relative properties from compres-
sion (3 orientations), E-modulus (2 orientations), and
flexural (3 orientations) testing obtained from 8 labora-
tories that performed all these tests, normalized to the
mean relative properties obtained from all laboratories
minus 1 (i.e. the 0 horizontal represents the normalized
mean over all contributions: if a property has a value
of 0.1, this indicates the ratio between cast and printed
specimens was 10% higher than the overall mean ratio

for all contributions; if the overall average ratio was
80%, than it was 88% in this contribution). A review of
these results shows little consistency, particularly when
different types of tests are compared, but also between
different orientations within one test type.

Consider for instance the results of laboratory 1. In
compression (blue bars), the strength ratio of cast to
printed exceeds the overall mean significantly (by 37%
to 54%), while in flexure (red-brown bars), on the other
hand, this ratio is about —11% to —14%, i.e. less than
the overall mean. The results of laboratory 8 show sig-
nificant variations between different orientations. For
instance, in compression u-orientation, the strength
ratio of cast to printed is —15% compared to the over-
all mean, while for the v- and w-orientation it deviates
much more (—=41% and —39%). The relative flexural
strength in the v.u-orientation far exceeds the overall
mean (36%), while the other 2 orientations both score
below the overall mean (—20% and —6%). Similar
observations can be made, to a greater or lesser extent,
for most of the presented laboratory results in Fig. 20.
Query ID="Q6" Text="Kindly check and confirm Fig-
ures and tables citations are correctly identified. Please
note that figures and tables should be cited in ascend-
ing numerical order in the text and should be inside the
main body of the text."

Following conventional understanding of the
strength of concrete, where flexural strength and
E-modulus are both related to compressive strength,
one would expect high relative properties in one test
to correspond to high relative properties in another.
This, however, does not seem to be the case. It is sug-
gested the printing setup and the properties of the
interlayers (in turn determined by a range of param-
eters including the interlayer time) contribute signifi-
cantly to the discrepancies between the tests.

When furthermore comparing material and print
facility characteristics such as absolute material
strength (cast), maximum aggregate size, or transport
length to the relative deviations between print and
cast material, no credible correlation could be estab-
lished, e.g. a long transport length does not consist-
ently result in a higher or lower relative strength of
printed material versus cast, than a short one.

On the other hand, extensive data analysis pre-
sented in [21] and [22] shows that, when treating the
overall results of each laboratory as an individual
data point and after performing certain statistical
procedures to eliminate outliers, certain correlations
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Fig. 20 Relative experimental properties (i.e. printed as a per-
centage of cast) from compression (3 orientations), E-modulus
(2 orientations), and flexural (3 orientations) testing obtained
from the 8 laboratories which performed all these tests, nor-
malized to the average relative properties obtained from all
laboratories minus 1. Thus, the 0 horizontal represents the nor-

can actually be established, e.g. between test types
or testing orientations, with a varying degree of sig-
nificance. The reader is referred to these publications
for more information. However, the practical implica-
tions of those findings, such as a potentially reduced
need for testing different parameters, are not directly
obvious, as it cannot (yet) be known whether an indi-
vidual material-system combination produces outlier
results, unless an extensive part of the experimental

Uu V. W U W UuW V.U WwWu u vV W U W uw V.U wu
compression  E-mod flexure compression  E-mod flexure
Lab7 Lab8

I I H =
I
u v w u W uw v.u w.u u v w u W uw v.u w.u
compression  E-mod flexure compression  E-mod flexure
Lab 25a Lab28

malized mean over all contributions. Example: if a property
has a value of +0.1, this indicates the ratio between cast and
printed specimens was 10% higher than the overall mean ratio
for all contributions; if the overall mean ratio was 80%, than it
was 88% in this contribution

program has been performed. This will be subject of
further consideration by the TC 304-ADC.
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7 Feedback and experiences
regarding instructions

Following the testing phase, we collected experiences
and feedback from the different participating labora-
tories in order to analyze potential issues and evaluate
the efficacy of the procedures herein proposed. Being
a large testing campaign, different sources of issues
were found but most of them were related to the prep-
aration of specimens.

7.1 Specimen preparation
7.1.1 Printing path design and execution

The Study Plan requires all adjacent print paths to
travel in the same direction. For concrete scale speci-
mens that require relatively large print objects, this can
require some extensive print path planning that can be
challenging particularly when the available print bed
is relatively small. This requirement was therefore not
maintained by all laboratories. Instead, adjacent print
paths were sometimes orientated back and forth.

7.1.2 Layer/specimen orientation

In a practical sense, it can be a challenge to correctly
apply the orientation during testing. This requires speci-
mens to be properly marked when extraction from the
print object, because the layer structure and printing
direction can usually not be identified with the naked
eye after sawing or drilling. Following the mark-
ing instructions in the Study Plan is fundamental to
ensure specimens are tested in the correct orientation
and with the interfaces in the middle of a specimen. It
is important to communicate the significance of this to
laboratory staff, as this can easily be overlooked during
specimen preparation, which can lead to contamination
of the results. Outlining each individual interface (as
required in the Study Plan), however, may be redundant
and can be difficult and time consuming when a rela-
tively small filament size is used. This may be further
complicated by the fact that the top surface of a fila-
ment is actually not always flat, as typically assumed,
but can demonstrate considerable curvature.

7.1.3 Sawing operations

The sawing of specimens from the print objects is labor
intensive, particularly because according to the Study
Plan each cube or beam specimen had 6 unique cutting
surfaces. In the future, it may be considered to saw adja-
cent specimens, so that less saw cuts have to be made.
This would also reduce waste. Furthermore, depending
on the quality of the sawing equipment, it is generally
difficult to obtain sawn specimens with parallel surfaces.
This can be particularly challenging for the smaller mor-
tar scale specimens. Capping or grinding, as specified
by the Study Plan, is indeed needed for compression
and E-modulus testing, to achieve parallel surfaces. Spe-
cific attention is needed when Digital Image Correlation
(DIC) is used to measure strains rather than Linear Vari-
able Differential transformers (LVDT) as this method is
more sensitive to the alignment of surfaces.

The sawing process may also induce (visible) chip-
ping as well microcracks in the surface that cannot
be detected with the naked eye. In case of excessive
chipping, specimens could be rejected, but a criterion
for rejection has not yet been defined. The occurrence
of microcracks, the extent of which would depend on
the equipment and sawing process used, may contrib-
ute to an explanation regarding the variability in the
results that have been obtained. Alternative to sawing,
some laboratories also obtained specimens by core-
drilling. Experience shows this may have consider-
able benefits. Specimens are easier and faster to cut,
with higher accuracy and less need effort of (paral-
lel) surface finishing. Possibly as a result, the stand-
ard deviation in compression and splitting tensile
tests was lower than for sawn cube specimens. Dis-
advantages might be the unsuitability of the specimen
geometry for flexural testing and a potentially higher
waste of material, as less specimens can be obtained
from the same print object volume.

7.1.4 Material usage

Because specimens are extracted from printed objects
with considerable unusable areas, a high volume of
material is needed to obtain a relatively limited num-
ber of specimens. This applies particularly to concrete
scale testing. It may be reduced by optimizing the print
object geometry, but the production of waste cannot be
avoided entirely. Furthermore, the results may be less
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representative for practical applications, but further
study is required to establish whether this is relevant.

7.2 Execution of tests

The recommended environmental conditions, par-
ticularly the relative humidity, was found to be hard
to achieve in some laboratories. The mechanical tests
themselves are relatively straightforward and posed
few difficulties. However, not every test set-up is
commonly available. The uniaxial test is known to
be labor intensive. In the E-modulus test on mortar-
scale, it can be difficult to place LVDTs on the beam
specimens due to their small size. This is reflected by
the relatively low response for this test (see Fig. 6).

7.3 Reporting

The reporting of mechanical properties data is a simple
and long-established task that did not cause many diffi-
culties. However, all aspects related to the printing pro-
cess, including fresh material properties, print facility
characteristics and print session data, and orientations
in specimens, lack standardized reporting formats. This
resulted in many mistakes and omissions in the submit-
ted data. In more than half of the submitted contribu-
tions, corrections had to be made to ensure the analy-
ses were performed based on correct data. Although
most key data could thus be secured, more extensive
analyses may have been possible when all optional
parameters had been reported upon. This underlines
the importance of establishing clear, standardized
reporting parameters related to the print process.

In general reflection, the dispersion of results
shown in Sect. 6 might indicate that the relevant
parameters were not or not sufficiently recorded and
that they have an unknown influence on the experi-
mental results. It is suggested that a quality assess-
ment scheme to categorize printing sessions and/or
printed objects may help to determine the suitability
of obtained specimens for mechanical characteriza-
tion and therewith reduce the observed variability in
results. However, it is yet unclear what the criteria
for such an assessment should be. This requires the
development of a theoretical framework.

8 Conclusion

This paper presented the approach and main results
of a large interlaboratory study into the mechani-
cal properties of 3D printed concrete. It outlined the
objective, specimen preparation, and experimental
procedure as well as the considerations that deter-
mined them. The study yielded 34 contributions from
30 laboratories in 19 countries. In total approximately
5,000 specimens were tested. Although two other
associated papers analyze the results more in-depth,
the main results with regard to compression, flexural
bending and E-modulus were presented here.

Overall, the procedures presented in the Study Plan
were found to be feasible and unambiguous, notwith-
standing some minor improvements that can be made.
The large number of results allows some broad conclu-
sions regarding the state of development of 3D con-
crete printing and the mechanical properties obtained,
beyond what can be concluded from smaller studies.
The consistent experimental method that was main-
tained by the wide range of laboratories allowed setting
up an open database that can be used not only for cur-
rent but also for future analyses. This may contribute
significantly to the development of codes for structural
engineering and quality control of 3DCP. Furthermore,
new data can be added later so that developments can
be incorporated, which is highly important in a field
that is still experiencing rapid development, both on
the side of material and equipment design and inte-
gration. The TC 304-ADC intends to develop RILEM
Recommendations to determine the mechanical prop-
erties of 3D printed concrete based on the Study Plan,
the results of this study, and the evaluation of the
applied experimental procedures, as presented in this
and the associated papers and data sets [19-21, 23].

The initial analysis presented here, based on all
validated submitted data, did not find fully consist-
ent quantitative correlations between (i) the relative
mechanical properties of cast and printed specimens,
(ii) the relative mechanical properties of printed
specimens tested under different orientations, (iii)
the various relative mechanical properties tested, (iv)
material characteristics and the relative mechanical
properties, and (v) print facility characteristics and
the relative mechanical properties. However, further
data analysis presented in [21] and [22] shows that
certain correlations can be established, e.g. between
test types or testing orientations. This requires
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extensive identification and elimination procedures of
outliers, to obtain significant results.

As significant variations on the level of individual
contributions still occur, a single (or limited number
of) parameter(s) cannot yet be identified to act as an
appropriate measure of quality or overall indicator of
mechanical properties; indeed, a wider experimental
based approach is required to fully characterize the
mechanical properties of printed materials. Further-
more, material properties cannot be determined inde-
pendently of the printing system on which it is used.

A more extensive theoretical framework is needed
to explain the observed variability in outcomes, pos-
sibly in relation to the interface presence in the print
objects. It may be expected that, in addition to the
material and process characteristics already queried in
this study, more process data is needed to support the
development and verification of such a framework.
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Appendix A

List of the laboratories that have participated until the
time of writing of this paper and whose results have
been used in the analyses provided in this paper and
the associated papers [21] and [22]. The list order is
alphabetical and does not correspond to the labora-
tory numbering maintained in the papers.

e Bogazici University, Istanbul, Turkiye
Brno University of Technology, Czech Republic

e Brno University of Technology in collaboration
with ICE Industrial Services, Czech Republic
Cergy Paris Université, France

e China Building Materials Academy, Beijing,
China
Ecole des Ponts ParisTech, France
Eindhoven University of Technology, the Neth-
erlands
ETH Ziirich, Switzerland
Ghent University, Belgium
Holcim Innovation Center, Lyon, France, in col-
laboration with Cobod International, Denmark

e Indian Institute of Technology Madras in col-
laboration with Tvasta Manufacturing Pvt. Ltd.,
India

e Indian Institute of Technology Hyderabad, India
Loughborough University, United Kingdom

e Munich University of Applied Sciences, Ger-
many

o Pontificia Universidad Catolica de Chile, San-
tiago, Chile

e Research Institute for Building Materials, Brno,
Czech Republic

e Riga Technical University, Latvia
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SCG Cement-building materials, Thailand
e ZAG Slovenian National Building and
Engineering Institute, Ljubljana, Slovenia

Southeast University, Nanjing, China
Stellenbosch University, South Africa

Swinburne University of Technology,

bourne, Australia

e Technical University of Berlin, Germany

Table 3 Mean relative
values of printed specimens
as a percentage [%] of the
cast specimen values of

the same experiment and
orientation for the same
laboratory

Civil

Mel-

Technical University of Braunschweig, Germany
Technical University of Dresden, Germany
Technical University of Munich, Germany
Tongji University, Shanghai, China

Université de Sherbrooke, Canada

University of Naples Federico II, Italy in collab-
oration with Heidelberg Materials, Germany

University of Sao Paulo, Brazil

LAB Experiment and orientation

Compression

Flexure

E-modulus

comp_U comp_V comp_W flex UW flex_ V.U flex W.U emod_U emod_W

1 134.0
2 99.1
3 73.8
4 64.3
5 111.6
6

7 115.5
8 78.5
9 53.9
10

11 86.3
12 71.4
13 90.5
14 172.4
15 79.3
16 80.4
17 90.1
18a 81.2
18b 81.5
19 68.5
20 94.9
21 107.1
22 77.0
23 86.3
25a 107.8
25b

25¢

26 97.2
27 82.0
28 110.8
29 95.2
30 79.4

OVERALL 91.8
MEAN

121.8
95.8
60.9
68.0
64.1

109.1
46.6
72.4
88.0
71.4
75.2
88.2

154.9
82.6
80.3
64.6
62.6
57.2
80.3
72.6
71.1
83.3
71.7
88.5

90.7
64.4
83.7
73.6
56.0
79.3

118.3
84.2
71.1
68.8
99.9

129.6
53.0
67.2
92.3
57.6
757
79.7

171.4
67.4
69.7
74.8
81.9
952
90.7
93.2
87.0
86.0
80.5

100.7

87.3
69.5
82.0
110.6
57.1
86.3

69.8
62.0
64.4
105.4
81.8

111.2
62.8
33.0
82.3
78.1
922
72.7
95.8
61.7

119.7

116.5
90.6
68.1
46.4

81.6
66.8
82.5
110.3
96.5
84.5
17.5
524

81.3
78.1

91.3
74.7
88.5
142.4
117.1
116.1
138.3
144.6
85.2
76.2
105.9
115.8
99.1
128.7
117.8
211.1
96.4
112.0
82.2
64.4
111.9

91.3
84.3
103.9
106.1
1124
113.3
44.5
90.7

120.3
106.2

90.8
102.1
83.0
139.6
109.9
124.7
137.4
98.3
93.2
87.2
115.9
117.9
96.8
137.6
98.9
201.1
89.8
91.0
60.5
69.3
114.2

108.0
72.1
104.4
121.5
118.4
121.2
36.4
87.4

115.1
104.8

88.7 81.0
94.2 7179
78.2
101.2 89.6
89.8 82.6
82.4 87.1
90.8 70.5
70.1 727
102.7 96.2
93.3 86.6
103.8 110.9
93.3 86.8
90.7 85.6

niem
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Appendix B

Table 3 presents the mean relative values of printed
specimens as a percentage of the cast specimen val-
ues, organized by contribution, for each experiment
and orientation presented in Figures 12, 13, 14, 15,
16, 17, 18 and 19. The mean of all contributions is
also listed.
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