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ARTICLE INFO ABSTRACT

Keywords: 3D printing technology can be of crucial importance in the design of sustainable and energy-

3P Priﬂt.iﬂg efficient building envelopes. With this technology, there is the potential to mechanically and

&gﬁme‘ght concrete thermally optimise the topology of printed walls. Additionally, the printing and infill materials
al

used can be insulating, and thus contributing to the overall reduction of heat loss. To date, limited
examples of 3D printed envelopes and information about the thermal and mechanical perfor-
mance of 3D printed walls are available. This study developed a 3D printable wall element with
an insulating property for application in building envelopes. Seven wall topologies are studied
through simulations of mechanical and thermal performance using two mixtures: a control
mixture (normal-weight) and a lightweight mixture containing expanded thermoplastic micro-
spheres (ETM) for thermal insulation. One wall topology is selected based on the performance of
the simulation and printed using both mixtures. The 3D printed envelopes were tested under
compressive strength and analysed with the ARAMIS system, a digital image correlation (DIC)
technology. Computer simulations and the DIC analysis identified the main causes for failure,
which are the inter-filament weakness and the imperfections of the geometry of the printed
envelope.

Thermal insulation
Building envelope

1. Introduction

3D printable cementitious composites have been studied as alternate means of constructing concrete structures, prompted by
current breakthroughs in additive manufacturing technology [1]. This novel building method has the ability to address several
essential issues in the present construction industry in terms of eliminating the need for temporary formwork and vibrations, both
commonly used in concreting, are no longer required [2]. Moreover, digital fabrication of concrete exhibited a strong potential to
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incorporate high amount of fine waste and/or by-product materials in their mixture compositions [3,4]. As a result, 3D printing as an
automated building approach can diminish greenhouse gas (GHG) emissions, resource demands, raw material waste, construction
time, and human errors in the formwork construction process [5]. Furthermore, it enables a novel approach to concrete design in
which the material and components are parametrically developed to achieve the best structural performance and functions [6]. One of
the fields in the building industry where concrete 3D printing can play a significant role is associated with the production of light-
weight structures. Lightweight coarse aggregate (LWA) alternatives, including expanded perlite [7], shale [8], and dry-expanded
thermoplastic microsphere [9], have been used in conventional lightweight concrete (LWC). LWC is widely recognised as suitable
material given its lower density, adequate strength, and excellent thermal and acoustic insulation [10-12]. These parameters are
important both to meet the technical requirements to be used in high-rise buildings and to produce thermally efficient building
envelopes.

Research conducted by Robati et al. [13] explored the correlation between mix formulation and the resulting thermal efficiency of
the produced concrete 3D printed objects. Their results confirmed that the mix formulation, specifically the aggregate’s density and
materials proportion, substantially impacts the thermal efficiency of 3D printed objects. Similar results have been reported in other
studies, in which the material characteristics and density of the 3D printing mortar directly impact the thermal insulating efficacy of
the 3D printed elements [14,15]. In low-density mortars, mechanical strength loss is unavoidable [16,17]. However, rapid action is
required to improve the thermal insulation of building envelopes and reduce overall energy consumption for heating as per the Eu-
ropean Energy Efficiency Directive objective for climate neutrality of building stock by 2050 [18]. For instance, in a study conducted
by Weger et al. [19], particle bed 3D printing was employed to construct lightweight 3D printed concrete in which reductions of
3.5-4.4 times were recorded in the lightweight sample’s thermal conductivity and up to 2 times in mechanical performance. Owing to
3D printing structural self-weight can be reduced by optimising the mixture design, introducing low thermal conductive materials, and
optimising the architectural parameters of printed elements [20]. Moreover, life cycle assessment (LCA) study suggested that 3D
printing with lightweight concrete materials can decrease negative impacts on the environment compared with the printing of
normal-weight materials later down the life cycle, particularly in the operational phase [21].

Although LWC technology is well-developed, systematic investigations on the preparation and manufacturing of lightweight
concrete are lacking. In this regard, Wang et al. [20] evaluated the mechanical behaviours of 3D printed concrete structures of sizes
100 - 100- 400 mm® and 150 - 150 - 150 mm® with hollow sections. Fine sand has been replaced up to 30 wt% with ceramsite sand to
decrease the density of the elements. Structures with different topologies were evaluated, showing the promising approach for using
3D printing technology. However, no data on the thermal characteristics of the proposed structures were available. Some researchers
have attempted to optimise the thermal efficiency of 3D printed objects via geometry optimisation approaches [22,23]. Research
conducted by Buswell et al. [23] compared two wall panels with identical exterior geometry but different internal cross-section
printing paths, aiming to increase the thermal insulation of 3D printed wall elements. Their proposed strategy implies that
designing cavities with varying levels of thermal performance in sections that demand high thermal resistivity can enhance insulating
characteristics. It is worth noting that the thermal efficiency of a 3D printed wall, and consequently the design of wall geometry, also
dependents on the type and characteristics of the printing materials. The thermal performance of 3D printed cavity walls using two
categories of cementitious composite feedstocks (i.e., fibre-reinforced high-performance concrete and lightweight foam concrete)
confirmed the presence of cavities in the high-performance concrete wall, which has high thermal conductivity, and therefore
enhanced its thermal performance by nearly 1 °C.

In contrast, employing lightweight foam concrete (i.e., low thermally conductive material) in an identical cavity configuration has
diminished thermal performance by almost 1 °C [24]. Apart from the studies above, attempts to develop 3D-printed hollow structures
using lightweight concrete are limited. Waste glass has received a particular interest in conventional concrete technology as, despite its
low thermal conductivity, it exhibits good mechanical properties attributed to the mechanical interlocking of elongated and
needle-shaped grains obtained during the grinding process [25]. This, in turn, could affect the fresh characteristics of concrete. The
fresh properties (e.g., printability) of lightweight concrete incorporating lightweight expanded clay aggregates (LECA) were inves-
tigated by Rahul and Santhanam [26], and enhancements in the strength and elastic modulus of concrete in its fresh state were
evidenced.

Although recent research shows that lightweight concrete can lower self-weight and thermal conductivity in 3D printing, they
mainly highlighted employing the lightweight concrete mix for 3D printing. Yet, no systematic research has been performed on the 3D
printing of lightweight structures that consider stress distribution and thermal insulation optimisation utilising different printing
pathways.

This work aims to develop a printable wall element with an insulating ability for application in building envelopes. The lightweight
mixture designed in the authors’ previous study was employed as a source mixture used for the 3D printing of the wall [27], and
selected data were taken as input data for thermal simulations. Afterwards, a set of printing topology variations were simulated to find
out the optimised building envelope topology. In the final state, a selected variant of the wall element was printed and verified through
numerical and destructive testing, proving the possibility of developing lightweight wall elements for 3D printing applications.

2. Materials and mix design
2.1. Materials

Binder was composed of CEM III 42.5N (CEMEX, Germany) and limestone powder (Opterra, Germany) with specific gravities of 3.0
g/cm® and 2.7 g/cm®, respectively. As aggregate, crushed basalt (Baden-Wiirttemberg, Germany) with particle size up to 0.6 mm and
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Table 1
Properties of basalt fibres (producer’s data).
Material Length Thickness Fracture Thermostability at 200 °C (retained Thermostability at 400 °C (retained Water
[mm] [pm] strength [MPa]* fracture strength) [%] fracture strength) [%] absorption
Basalt 6 13+1 2670 + 5 % 95 82 Less than 0.1
fibres %

" According to ISO EN 10618.

Table 2

Chemical composition of basalt fibres (producer’s data).
Wit% SiO4 Al,03 Fe,03 CaO MgO TiO4 Na,O Other
Min. 45 12 5 6 3 0.9 2.5 2
Max. 60 19 15 12 7 2 6 3.5

waste glass (WG) with specific gravities of 2.96 g/cm® of and 2.53 g/cm® were used, respectively. Brown soda-lime beverage glass was
obtained from a local recycling company. Before use, it was washed, dried, milled, and sieved to 1 mm. Sika Control PerFin 300 (Sika
Deutschland GmbH, Germany) defoaming admixture (density of 0.96 g/cm?) and dispersed basalt fibres (density of 2.96 g/cm®) with
an average length of 6 mm produced by the Deutsche Basalt Faser GmbH (Germany) were used. Detailed information on the basalt
fibres properties and chemical composition were summarised in Table 1 and Table 2, respectively.

To produce lightweight 3D printed composite, pre-wetted expanded thermoplastic microspheres (ETM) Expancel 461 WE 20d 36
(Nouryon AB, Sweden) with an apparent density of 36 + 4 kg/m°> were used. The particle size of the microspheres was equal to D50 of
20-30 pm (data provided by the supplier). The particle size distributions of used dry materials, determined via laser diffraction particle
size analyser Mastersizer2000 (Malvern Panalytical Ltd., UK), are depicted in Fig. 1. The spherical morphology and narrow particle
size distribution of ETM particles were confirmed by scanning electron microscope (SEM) analysis and are presented in Fig. 2. More
detailed characterisation of as-received materials can be found in the previous study of Cuevas et al. [27].

2.2. Mixture design

Mixture compositions were developed through a series of initial trials with fixed cement content principles. Six 3D printable
mixtures were initially developed and tested to choose the most suitable material for large-element printing. Three normal-weight
mixtures without ETM presence with 0 %, 50 % and 100 % volume replacement levels of basalt aggregate with WG were designed
and designated as GO, G50 and G100, respectively. The control mixture containing 100 % of basalt aggregate was designated as GO.
Additionally, the second set of three lightweight mixtures with the addition of 3 wt% (by mass of binder) of ETM and the same
replacement levels of aggregate were produced and designated with the same principle as normal-weight mixtures (GO-ETM, G50-
ETM, G100-ETM).

The water-to-binder ratio (w/b) ranged between 0.35 and 0.39, and the aggregate-to-binder (a/b) was 0.44 in all samples. Slight
modifications in the mixture composition of 3D printed materials were required to ensure proper printability of material and
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Fig. 1. Particle size distribution of cement, limestone, expanded thermoplastic microspheres, basalt and waste glass aggregates.
Reprinted from Cuevas et al. [27].
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Fig. 2. SEM micrographs of expanded microspheres.
Reproduced from Cuevas et al. [27].

Table 3

Mass-related mixing ratio [27].
Mix designation Binder w/b Expanded microspheres™** Basalt aggregate Waste glass PerFin 350 Fibres

[%]*** [%]***

GO 1* 0.35 - 0.44 - 0.7 0.3
G50 0.37 - 0.22 0.22 0.7 0.3
G100 0.38 - - 0.44 0.7 0.3
GO-ETM 0.37 0.03 0.44 0.00 0.7 0.3
G50-ETM 0.38 0.03 0.22 0.22 0.7 0.3
G100-ETM 1+ 0.39 0.03 - 0.44 0.7 0.3

" Cement:limestone ratio 1:0.52.
™ Cement:limestone ratio 1:0.49.
" By weight of binder.

consistency with targeted flow between 135 and 165 mm (according to EN 1015-3). Therefore, due to the replacement of basalt
aggregate with WG slight increment of water and decrement of limestone powder was required. This is attributed to higher finesses of
WG as a result of the milling process, thus higher water absorption. Similarly, despite using pre-wetted ETM, a slight increment of
water was also required to meet the consistency required for the mixture to be printed. The defoaming agent and fibre content were set
constant to 0.7 % and 0.3 % by mass of binder, respectively. The mixture composition of 3D printable composites was summarised in
Table 3, while the basic properties of the developed material were presented in Table 4. Detailed information on the fresh properties
and printability characteristics of the mixtures above can be found in the author’s previous study [27].

2.3. Wall printing process

Printable composites were mixed using a standard rotary mixer confirming to EN 196-1 with a mixing procedure as follows: (i) dry
components mixing — 1 min, (ii) mixing with water and admixture at 140 rpm — 1 min, (iii) rest — 1 min, (iv) high-speed mixing
(285 rpm) - 2 min. Afterwards, the mixture was transferred to the 3D printer. Large wall elements and testing specimens were printed
using an XYZ-gantry system equipped with a TU Berlin-developed active pumping nozzle for filament deposition. The following
printing parameters were used during the printing process:

e a nozzle diameter of 8 mm,

e a print path of 10 mm width and 4.5 mm height,

e an average volume flow of 1800 mm?>/s,

o printing speed 0-60 mm/s (according to 0-2700 mm?>/s).

Based on the thermal simulation, the most representative wall topology variant was chosen and a set of wall elements were printed.
Three repetitive sections of wall element were selected to be printed using GO and G50-ETM mixtures with the final element size of 30
(width) x 90 (Iength) x 45 (height) cm®. The g-code model and final printed element are presented in Fig. 3.

3. Testing procedures

The experimental protocol of this research work is depicted in Fig. 4. The research framework was divided into three stages: (i)
material characterisation, (ii) building envelope thermal simulation, and (iii) numerical simulation, wall element printing, and
verification. In the first part of the work, small-scale specimens were tested to determine the basic fresh and hardened properties of the
developed 3D printable composites. Afterwards, selected data were used as input parameters for the thermal simulation of building
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Table 4
Comparison of the basic parameters of developed mixtures determined after 28 days of curing used for further evaluations from Cuevas et al. [27].
Mix designation Oven-dry density [kg/ms] Thermal conductivity [W/m/K] Compressive strength [MPa] Flexural strength [MPa]
GO 1852 + 15 0.74 £+ 0.02 449 +£3.1 8.0+0.2
G50 1806 + 20 0.66 + 0.02 46.3 + 1.4 8.2+0.2
G100 1767 = 16 0.62 £ 0.02 46.4 + 2.7 8.7+ 0.4
GO-ETM 1457 + 13 0.47 £ 0.01 18.3+2.1 4.8 +0.3
G50-ETM 1421 +12 0.46 + 0.01 21.3+21 4.5+ 0.4
G100-ETM 1411 +£ 10 0.45 £ 0.01 23.9+1.5 5.0+0.2

Fig. 3. G-code visualisation (a) of wall element and final 3D printed element (b).

envelopes. Based on the thermal simulation, an optimal wall topology variant was chosen and printed for mechanical testing
(verification).

3.1. Thermal simulation studies

Simulation studies were aimed to find the most optimal wall topology that satisfies thermal insulating performance and has
appropriate economic aspects, including the amount of printed materials (i.e., solid content in the envelope). Based on the data
presented in the thermal simulation (see Section 4.1), GO (normal-weight mixture), and lightweight mixture G50-ETM were selected.
GO was chosen as a representative (control) mixture, while G50-ETM was found to exhibit almost comparable thermal conductivity
performance as G100-ETM with higher mechanical performance [27]. The selection of the final material used for thermal and nu-
merical simulations will be comprehensively described in the result section (Section 4.1).

Heat transfer calculations for individual models of printed walls were executed employing THERM software (version 7.8),

3D PRINTED MIXES

Normal-weight

G0, G50, G100 |<—|
E ded ther Light-weight | |
|
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microspheres (ETM) —>| GO-ETM, G50-ETM, G100-ETM |<—

Waste glass/basalt aggregate ‘
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n ER— le Input parameter
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Image-based analysis )—>| Simulation verification |<—{ Wall compresion tests

Fig. 4. Experimental framework for research.
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developed at Lawrence Berkeley National Laboratories (LBNL) based on the finite element method. A flat, two-dimensional longwall
model with a length of 2.0 m and a width of 0.30 m was adopted. The following boundary conditions were established: internal
temperature 6; = 20.0 °C, external temperature 6, = — 16.0 °C, internal film coefficient i; = 7.69 W/(m? K), external film coefficient
Ase = 25.00 W/ (In2 K). The edges of the section were modelled as adiabatic.

Seven variants of wall topology (Fig. 5) were proposed with similar wall widths of 30 cm, and the printed concrete path’s thickness
corresponded to the average printing path (2 cm). The simulations were made for the wall produced with mixtures GO (A7 = 0.74 W/
(m K)) and G50-ETM (i = 0.45 W/(m K)). In each variant, three potential types of filling of the printed wall were tested: stationary
air, foam concrete (Acfogm = 0.14 W/(m K)) [28], and insulating polyurethane foam (Apfoam = 0.030 W/(m K)). The heat transfer co-
efficient, U, and the lowest temperature on the inner wall surface were determined for each model. The models meet the requirements
of the EN ISO 10211 standard [29].

3.2. Mechanical property evaluation using simulation

The simulation is conducted using ABAQUS 2021 software, developed by ABAQUS Inc., to predict the failure behaviour of the wall
structure before the actual experiment [30]. Because the compression test of the printed wall structure was conducted after 28 d, the
hardened concrete behaviours were considered during the simulation. The simulation was performed in two steps: 1) with the elastic
material and 2) considering failure behaviour. The first step was used to focus on the elastic behaviour of the wall structure before
failure. The region where the stress is concentrated or where a failure might occur can be identified through the elastic analysis. After
that, the failure behaviour of the wall element was evaluated using the concrete damage plasticity (CDP) model; it is usually used to
describe the concrete damage evolution [31]. It is required to conduct the experiment to determine the input modelling parameters for
the CDP model. However, the assumed values for the input modelling parameters are used here to simplify the problem because the
simulation aims to show the plausibility of the proposed framework towards sustainable lightweight 3D printed wall building
development. Nevertheless, all parameters are calibrated based on the experiment results at the material/element scale (Section 4.4).

To compare the behaviour of the wall according to the mix design, two different models were designed and printed using mixtures
GO and G50-ETM. Based on the author’s previous research [27], the compression strength (f,) and tensile strength (f;) were taken as
44.9 and 8.0 MPa for GO, and 21.3 and 4.5 MPa for G50-ETM. The Young’s modulus for each case was calculated from ACI 318 [32],
the relationship between Young’s modulus and compression strength, were selected as 22.3 and 10.8 GPa for GO and G50-ETM,
respectively. The Poisson’s ratio (v) was set to 0.2 in both cases. The density was selected from the measurement data. Table 5,
sourced from the literature [33], provides the rest of the parameters considered for the simulation.

Based on the values for the CDP model, the material parameters are assigned for the elastic analysis. The interlayer bonding
behaviour between layers is not considered, as all printed layers along the height direction are considered to have rigid link con-
nections (similar to hardened concrete). Based on the nozzle width and the printing pattern, the inter-filament pore, located between
the printed filament and mainly concentrated at the corner of the printing pattern, is a crucial factor in structural failure. The weakest
region in the 3D printed structure might be the region with the greatest material loss. Therefore, the properties of inter-filament re-
gions and their impact on structural integrity should be carefully considered.

3.3. Wall testing

As described in Section 2.3, three printed wall elements were tested in a displacement-controlled compression test. During the test,
an optical stereo camera system was employed to measure deformations and surface strains of the printed wall elements (Fig. 6). The
measurement method of the ARAMIS 4M sensors manufactured by GOM GmbH, Germany, is based on the principle of digital image
correlation (DIC). The system operates contactless with two cameras for 3D measurements. The surface of the wall elements was
prepared with a random black-and-white pattern to generate the grey value information to be evaluated in the camera images. The
device can measure displacements and strains on the visible surface in any desired direction using just one sensor and two cameras. The
strain calculation is based on the recorded displacement field of recognised image areas, so-called facets [34]. Chaves Figueiredo et al.

Fig. 5. Evaluated wall system topologies.
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Table 5
Material properties of concrete damaged plasticity model. (Note that « is the dilation angle, Kc is the parameter related to yield surface, e is ec-
centricity, and fby/fco is the ratio between the concrete strength for biaxial and uniaxial loading.).

a Kc e fbo/feo Viscosity parameter

35 0.667 0.1 1.16 0.008

[35] applied a similar DIC method for specimens undergoing tensile testing.
4. Results and discussion
4.1. Material characterisation

Fig. 7 presents the thermal conductivity and mechanical properties of all developed mixtures after 28 d of curing. It can be seen that
lightweight mixtures (GO-ETM, G50-ETM, G100-ETM) show substantially lower thermal conductivity than normal-weight mixtures
(GO0, G50, G100), due to considerably lower density resulting from the introduction of expanded thermoplastic microspheres. G50-ETM
(0.46 W/m K) and G100-ETM (0.45 W/m K) exhibited slightly lower thermal conductivity values than GO-ETM (0.47 W/m K) as a
result of waste glass presence in the mix. The inclusion of ETM and waste glass led to a substantial decrement in the oven-dry density of
the material from 1852 kg/m® (G0) down to 1421 kg/m® and 1411 kg/m® for G50-ETM and G100-ETM, respectively. Compressive
strength and flexural strength values are presented in Fig. 7b. Substantial differences between two normal-weight and lightweight
concrete are visible due to density variation. Due to decreased material density, the mechanical performance of lightweight mixtures
was also decreased. However, lightweight specimens still demonstrated compressive strength values between 18 and 24 MPa, making
this mixture suitable as a load-bearing application.

Based on the obtained values for printed specimens regarding mechanical and thermal performance as well as results of flowability
(fresh properties characterisation) [27], the lightweight 3D printable mix (G50-ETM) was chosen for further evaluation. For com-
parison purposes, the normal-weight GO mix was chosen as the reference mix.

4.2. Thermal transmittance

The results of thermal transmittances (U-values) are presented in Fig. 8. Three groups of results can be distinguished, corresponding
to the filler of the printed wall. In all variants, the wall structures made of G50-ETM achieved lower thermal transmittance values.
However, the results indicated that the filler had a more significant influence on the U-value. Variants with no filling materials (i.e., air-
filled) should be considered separately from the other two. In the case of air, the number of independent chambers greatly influenced
the improvement of the U-value. The more closed spaces in the wall, the better the U-value result was obtained. Variant E turned out to
be the best variant in this group. The effect has to be associated with the increased number of chambers in this variant, which sub-
sequently increase the surface resistance to heat transfer between the air and the printed concrete path.

In the case of variants filled with foam concrete and polyurethane foam, the best variants turned out to be A, B and F. The presented
results prove that considering the U-values, the tested printed walls are acceptable and can be used both in warm climates, where U-
value should be less than 0.7 W/ (m2 K) (filling with foam concrete) and in cold climates, where the requirements for external walls are
often below 0.20 W/(m? K) (filling with polyurethane foam). The problem with printed walls may be their heterogeneity. This
characteristic may cause lower local temperatures on the inner surface of the wall, caused by the course of the printed pattern.
Therefore, the analysed variants were tested under extreme conditions of external temperature of — 16 °C. Fig. 9 presents the results of
this examination.

In the case of filling the walls with air, the temperature reduction on the inner surface was significant as expected. Such solutions
are not suitable for such extreme conditions of the outside temperature. In the other two groups, the temperatures are relatively high.

Fig. 6. Wall element test setup with optical stereo camera system ARAMIS 4M.
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The highest, and therefore the most favourable, were observed in C, F and G. In the F and G variants, there is a continuous layer of
filling insulation, which stabilises the temperature on the inner side, thus reducing the variability of the inner surface temperature.
Based on internal temperatures, the temperature factors fgs; were calculated (Fig. 10). In the case of air filling, adverse values in the
range of 0.67-0.84 were obtained. In walls filled with foam concrete filling, frs; was 0.85-0.91, and in walls filled with polyurethane
foam, 0.88-0.96. Thus, it can be assumed that the last two groups are protected against the local occurrence of surface condensation on

the flat surface of the wall.
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Fig. 9. Minimal temperature vs type of wall system and filler (note: opposite colours were assigned compared to Fig. 8).



K. Cuevas et al. Case Studies in Construction Materials 18 (2023) e01945

The correlation between the U-value and the ratio of the printed path’s area to the total section area of the tested walls is shown in
Fig. 11. As evident, the thermal transmittance values are satisfactory even if the solid content of some systems has increased. Therefore,
no clear association between the lowest amount of solid printed material and having the best performance has been identified.
However, it can be observed globally that in the case of variants with foam concrete or polyurethane foam filling, the U-value increases
with the increase of the solid content. This suggests F, C and B to be the most suitable for that purpose. In the case of variants with air,
the increase in the number of closed chambers causes a reduction in heat transfer; thus, lower values were obtained with high solid
content.

Fig. 12 shows the relationship between the minimal surface temperature and the quotient of the area of the printed path to the total
section area of the tested walls. In the case of air filling, some correlation appears between the solid area and the surface temperature.
The higher the solid content area, the higher temperatures were observed on the internal surface of the tested variants. However, the
correlation is insignificant in the other two groups filled with foam concrete and polyurethane foam. This could mean that the shape of
the printed path of the concrete itself is more important than its overall content.

As in the case of surface temperatures, a certain trend was observed between the temperature factor f; and solid content (Fig. 13)
in variants with air voids. With the increase in solid content (and also an increase in the number of closed chambers), the temperature
factor was clearly greater. In the case of filling with foam concrete or polyurethane foam, there is a slight descending trend.

Table 6 presents a summary of the printing efficiency of each variant. The variants that require less material are better, in terms of
speed and difficulty, at printing a given shape. Variants containing a lower U-value are considered more optimal. Therefore, both U and
A are included in the denominator. With these assumptions, the A and F variants are the most efficient in both filling groups.

Fig. 14 presents the results of simulation variants of printed walls without infill material (hollow walls). Attention should be paid to
completely different scales of heat flux density and temperature when compared to walls containing infill material (Fig. 15 and
Fig. 16). The obtained results confirm much higher values of heat flux of these variants, which simultaneously resulted in a significant
temperature reduction within the entire cross-section of individual variants compared to walls with infill. The lowest and, at the same
time, the most homogeneous heat flux values within the entire cross-section were observed in variants E and G. As a consequence, it
made it possible to obtain relatively homogeneous temperature distributions in these variants compared to the others. The cross-
sections obtained from the simulation confirm that in the case of hollow walls (without infill), a major factor governing the ther-
mal performance is the number of closed chambers. The greater the number, the lower the heat transfer values were obtained. This is
due to the occurrence of additional surface thermal resistances that occur at the contact point between the printed path and the air in a
given chamber. However, as presented in this section the major factor governing the thermal performance of printed envelopes is the
infill material.

In Fig. 15, the flux magnitudes of each variant with infill material are shown. The differences between the foam concrete and
polyurethane foam variants are visible. In the variant with the foam concrete, the flux magnitudes values in the filler are much higher
than in the polyurethane foam filler. At the same time, in the variants with the foam concrete, the printing path is described with higher
flux density values than in the PF variant. The use of a printed path perpendicular to the wall surface seems to be very unfavourable due
to the high values of heat flux. The paths made at the smallest possible angle to the wall surface are characterised by much lower heat
flux values. The continuous filling in the central part of the wall cross-section (variants F and G) enables to obtain an insulating layer
with very low and homogeneous heat flux values.

Fig. 16 shows the temperature distribution in individual variants. The diagrams of variants filled with polyurethane foam are
characterised by slightly higher differences in temperature distribution. The highest discrepancies can be observed in variants F and G.
In this case, polyurethane foam as a continuous layer in the middle causes a significant unification of the temperature gradient.

Based on the data available from this section, topology A has been chosen for further investigations. Despite slightly less efficient
thermal performance than other topologies (C, E, F), topology A possesses the lowest solid content (printing area). Thus substantial
savings on printing can be achieved (see Table 6). In this case, the values of minimal internal surface temperatures and temperature
factors are also acceptable and comparable to other variants. Moreover, in standard practice, utilisation of polyurethane foam as an
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Fig. 10. Temperature factor fgy; vs type of wall system and filler (note: opposite colours were assigned compared to previous Fig. 8).
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Fig. 12. Minimal temperature as a function of the solid content of each printed wall system.

insulating material is not encouraged due to its discursive environmental impact. Therefore, foam concrete could be an economical and
environmentally viable solution.

4.3. Theoretical load capacity

Load capacity analysis results are shown in Fig. 17. The von Mises stress distributions are plotted, and each result is obtained at the
same load step. Notably, the simulation of Variant A was also conducted, but the result will be discussed later in this section. In most
cases, it is found that the cracks begin around the connection area between the inner and outer walls, and cracks in the middle wall are
propagated successively, as shown in Fig. 17. Variants B and F have larger displacement along horizontal direction than Variants D, E,
and G, resulting from larger spans (interval) of inner walls. For additive manufacturing, the debonding properties of the surface where
the printed layers meet are one of the dominant factors in determining the performance of the 3DCP structure. To prevent the
debonding between inner and outer walls or detachment of the outer wall printing layers, shorter distances (intervals) between inner
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Fig. 13. Temperature factor as a function of solid content of each printed wall system.

Table 6
Efficiency of using particular topologies.
Variant Solid — A [%] U-value Topology efficiency U-value Topology efficiency
foam concrete [W/m? K] 1/ (AU) [%] polyurethane foam 1/ (AU) [%]
[W/m*K]
A 27.5 0.586 6.21 0.272 13.39
B 37.5 0.615 4.33 0.258 10.33
C 47.8 0.661 3.17 0.270 7.76
D 45.4 0.705 3.13 0.411 5.37
E 61.0 0.828 1.98 0.578 2.83
F 34.0 0.606 4.85 0.199 14.75
G 49.6 0.692 291 0.271 7.45

walls can be implemented. When comparing the load-bearing capacities of all patterns, including Pattern A, the stress distributions and
crack patterns are similar to each other. Therefore, Variant A is selected as a representative model for a better understanding of the
behaviour of wall elements by combining experiments (mechanical testing and DIC analysis), where the behaviour between the inner
and outer walls can be most clearly and accurately investigated.

Table 7 presents the load-bearing capacity analysis results, where all wall variants were simulated using mixture GO. Additionally,
variant A using G50-ETM is included for comparison in Section 4.4 between simulation results and experimental results obtained from
the compressive strength test. In Table 5, the peak stress corresponds to the load-bearing capacity of the wall for the cross-section area
of each topology. Variants A and E show the lowest and highest load-bearing capacity and peak stress, respectively. Despite variant A
having the lowest load-bearing capacity of all wall topologies, it can still be used as a load-bearing element. Variant A has the lowest
cross-section area; thus, it has the lowest solid content. Therefore, this topology is the most economically viable option.

4.4. Comparison of experimental and simulation results

To predict the failure behaviour of the wall structure before the printed wall experiment, the simulation was conducted using
variant A with two different mixtures (i.e., GO and G50-ETM). The mechanical results of the elastic analysis for GO are shown in the
upper row in Fig. 18. As shown in Fig. 18, the von Mises stress is maximised near the boundary of the inner and outer walls. At the top
view, it seems that the outer wall experiences buckling-shaped behaviour, which is deformed in the direction perpendicular to the wall
surface. When the printed layers and filaments consisting of the 3D printed wall element are well bonded to each other so that the
structure behaves like the cast one, the structure can resist the stress on the inner/outer wall boundary and the perpendicular
deformation on the outer wall. However, in the actual case, the printed wall has empty areas without material, especially near the
connecting points (e.g., corner, border of the inner and outer wall); it is because the extruded material could not fill the entire area of
the print path during printing when changing the direction of path (nozzle). Therefore, it can be expected that the failure of the
structure could be started near the connections between the inner and outer walls.

From the failure analysis using CDP model, the displacement contours in the y-direction and damage index contours for GO and
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Fig. 14. Heat flux magnitude (left) and top view of the temperature distribution (right) of hollow walls (without infill material) with
different topologies.
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Fig. 15. Heat flux magnitude of walls with different topologies depending on the type of infill material (note: different heat flux scale when
compared to Fig. 14).
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G50-ETM at the same strain level are shown in the middle and the bottom of Fig. 18. The outer wall in the middle section (red circle in
Fig. 18) has large perpendicular (y-dir.) deformation, leading to damage in the tensile direction in both mixtures. Especially in GO,
there is no compression damage, while G50-ETM experiences severe concrete compression damage due to its weaker mechanical
properties than GO. In either case, the cracks do not predominantly follow the connection region between inner- and outer-walls, rather
occur through the outer or inner wall itself. From the results, it can be said that if there is any defect or weak connecting points in the
3D printed structure, cracks or damages can occur in the centre of the wall regardless of where the inner wall is connected and follow
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Fig. 16. Top view of the temperature distribution of walls with different topologies depending on the type of infill material (note: different
temperature scale when compared to Fig. 14).
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Fig. 17. Load capacity analysis results for all patterns with mix GO.

the tension failure behaviour. It should be noted that the bonding property between inner-outer walls, inter-filament and layer, needs
to be considered when the purpose of the simulation is the precise analysis of the printed structural behaviour. However, due to the
scope of this work, the simulation was conducted by simplifying the model with the assumption of a fully connected condition for every
filament and layer.

To compare the simulation results with the experiment, the digital image correlation (DIC) analysis was conducted, as described in
Section 3.3. Six 3D-printed wall elements with variant A were tested under compressional load; three were produced with GO and the
other with G50 ETM (see Fig. 19). As the results from the simulation show slight variation between the two mixtures, the DIC analysis
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Table 7

Load-bearing capacity analysis results.
Variant Mixture Peak stress (MPa) Cross-section area (mm?) Load bearing capacity (kN)
A GO 39.0 84,189 3283
A G50-ETM 19.5 84,189 1641
B GO 39.3 121,063 4755
C GO 45.3 135,260 6125
D GO 44.6 128,832 5747
E GO 45.7 170,703 7795
F GO 44.5 114,484 5094
G GO 44.5 138,139 6151

Front view of simulation result

GO

DAMAGET

53440400

DAMAGEC

Perpendicular displacement contour Damage index contour

Fig. 18. Simulation results: (upper) elastic analysis results, (middle) failure analysis results of GO and (bottom) G50-ETM using CDP model.

was performed only on the mixture G50-ETM.

Using the cross-section value for variant A of 84,189 mm? from Table 7, the peak stress for the tested elements was calculated
through the load-bearing values obtained directly from the compression test of the 3D printed wall. GO wall elements had a peak stress
of 21.97 MPa, 23.28 MPa and 24.35 MPa. G50-ETM elements had a peak stress of 17.16 MPa, 16.12 MPa and 16.64 MPa. The ele-
ments with the maximum and minimum peak stress values with G50-ETM are analysed using the ARAMIS system.

The displacement and strain measurements of the ARAMIS system show the crack development of the first and second wall ele-
ments of G50-ETM with increasing loading on the outer surface of the wall elements. Due to geometrical limitations, it was only
possible to depict a part of the long side of the wall elements. Fig. 20 shows the horizontal strain distribution right before and after the
compression failure of the first wall element. The maximum horizontal strain was detected along the vertical connection between the
inner and outer walls. The first cracks appeared in that region. The cracks are mainly focused on the connection region due to the weak
bonding between the inner and outer walls produced by the lack of material. Interestingly, the interlayer bonding does not affect the
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Fig. 19. GO 3D printed wall before testing (a), GO 3D printed wall after compressive strength test (b—d).

failure behaviour under the compression, which indicates the printed wall behaves with strong bonding between the layers in the
lamination direction (horizontal); for future analysis using simulation, the bonding effect between the layers can be neglected, while
the inter-filament bonding should be considered.

In addition, similarities in the displacement perpendicular to the wall surface can be observed between the numeric model and the
measured data from testing the first and second wall elements of G50-ETM. As shown in Fig. 21, the deformation towards the inside
and outside of the outer wall is observed from the simulation. In the DIC analysis, presented in Fig. 21, the displacement perpendicular
to the wall surface right before compression failure with a buckling shape can also be seen in the numerical model (wall element 1:
buckling shape in the middle zone, wall element 2: buckling shape in the left zone). The outer wall first resists the perpendicular
deformation, then collapses or detaches from the wall after cracks appear and are propagated due to compression failure. For the
second wall element, the evaluation of the horizontal and vertical strain distribution fits the failure point in the left zone, where the
horizontal and vertical cracks meet (see Fig. 22). When the geometrical imperfection occurs during the printing process in the hori-
zontal cracked region in Fig. 22, the inter-layer bonding is no longer assumed as an intimate bonding. It is necessary to consider the
imperfection of the geometry during the simulation for a better understanding of the structural mechanical response.

5. Conclusions

A lightweight printable mixture was successfully developed and applied for the 3D printing of wall elements with optimal load-
bearing characteristics. An additional normal-weight mixture was printed as a control specimen. Both mixtures proved to be print-
able and buildable for a final element size of 30 (width) x 90 (length) x 45 (height) cm?.

The wall topologies studied in this work have the potential to use various infill materials to control the U-value, optimising the
building envelope. There is no direct trend between solid content and thermal conductivity. Thus 3D printing opens many possibilities
for designing the most optimal wall elements. For the selected topology, Variant A, mechanical simulations have shown that con-
nections between inner and outer walls could start the collapse of the structure, independently of the mixture composition, as the
results from the simulation show little variation between both mixtures studied.

The results from the DIC analysis identified the inter-filament weakness and the imperfections of the geometry of the printed
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Fig. 20. Horizontal strain distribution [%o] obtained by optical measurement system ARAMIS of first wall element right before (left) and after
(right) compression failure.
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Fig. 21. Displacement perpendicular to the wall surface [mm] obtained by optical measurement system ARAMIS of first wall element (left) and
second wall element (right) right before compression failure.
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Fig. 22. Horizontal (left) and vertical (right) strain distribution [%o] obtained by optical measurement system ARAMIS of second wall element right
before compression failure.

specimen as the main cause for failure, while the interlayer bonding itself proved not to substantially affect the structure under
compression. Therefore, for future projects, the bonding between the internal and external layers should be improved and more
realistic models should be developed to predict the collapse.
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