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Abstract: This study focuses on the benefits of deploying plastic waste as a promising
alternative to main 3D concrete printing (3DCP) binders. 3D printing technology improvements
display that this construction method holds a significant potential by not only finding a globally
greener way to developing 3D printing composites but also in researching a more sustainable
approach to reducing carbon footprint on the planet, and also becoming one of the possibilities
in replacing industrial wastes to ordinary Portland cement. As an alternative to ordinary Portland
cement this paper analyses secondary raw materials like burnt shale ashes (BSA), plastic waste
(PW) granules and grinded foam rubber (FR). These chosen materials help to solve two
environmentally relevant problems: elimination of industrial waste and CO- level reduction in
concrete production, meantime enhancing the sustainability of the potential 3D printing concrete
mixes that had been modified by wastes. Further review presents respective differences between
fresh concrete and hardened mix properties. These experimental studies proved that one of four
different mixtures significantly enhanced the stability of the studied parameters.

1. Introduction

3D printing is becoming an exceedingly popular building method in today’s construction industry.
There are more than 110 3D printed structures erected in the last five years [1]. One of the more recent
printed residential homes can be found in Wallenhausen and Beckum (Germany), Eindhoven
(Netherland), Tempe (Arizona, USA), Richmond (Virginia, USA), Luanda (Angola, Africa). [2, 3, 4, 5,
6].

The 3D printing concrete technology has unlimited potential in terms of material flexibility,
savings, labour’s cost, design flexibility, and operational agility [7]. Geometry of the 3D-printed
constructions varies between orthogonal layouts that replicate existing buildings and spherical shapes
that reflect printing capabilities [1].

In 3D printing concrete mixes main binder is ordinary Portland cement (OPC). As known, OPC
are produced annually and every tone emits up to 622 kg of carbon dioxide (CO2) which impacts 5-9%
global greenhouse gas (GHS) emissions annually [8, 9]. Despite this, there is an increasing demand in
the cement industry factories, developing technologies to reduce CO; emissions and produce low carbon
concrete (LC2) cement [10]. One of the options is to replace OPC to supplementary cementing materials
(SCMs) such as fly ash, silica-fume and slag [11].

As an alternative prospect, one of mentioned SCMs was replaced instead of cement. Waste
materials has smaller CO2 emission amount than OPC. This review includes tests and analyzes of
variations between OPC and plastic waste. In this research as wastes variated among pozzolanic
materials and recycled secondary wastes without molarity of activator solution.

Research perspectives showed that low-carbon housing with 3D printer can be structured in future.
Significant advantages of used waste lead to sustainability in the construction industry.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
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2. Materials and Methods
2.1. Characteristics of the raw materials

Compositional components are selected by evaluating the availability of local secondary materials
in the region. For replacement of OPC was widely available pozzolanic material of BSA (Figure 1).
Second alternative material is PW granules from local waste buying firm. And third explored material
was grinded FR from a Lithuanian foam rubber producer, where this material is as a leftover waste after
the production process.

Burnt shale ash used in this research is generated from one of the world’s the biggest oil shale
energy companies. This artificial material is already being used in the production of aerated autoclaved
concrete blocks, in cement and concrete productions and also in dry building materials mixtures, because
of its chemical properties [12]. One of the main BSA components is silicon dioxide (SiO?) about 20-
35%. Other elements are calcium oxide (CaO - 2-25%), calcium carbonate (CaCQs - 1-25 %), anhydrite
(CaS0; - 1-20%), small amounts of aluminum oxide (AL20s), iron oxide (Fe20s), sulfur trioxide (SO3)
and magnesium oxide (MgO — 3-5 %). Particle size determination of BSA is similar to OPC: >0,25 mm
—-0,8%; 0,125 mm — 12,2%; 0,09 mm — 45,3%; 0,063 mm — 11,6% and bottom — 30,1% [13].

Figure 1. rnt shale ash poder.

As an alternative binder plastic waste granules from plastic and electronic waste buying firms were
tested (Figure 2). Most plastics are organic polymers, but before recycling these wastes are assorted and
then processed mechanically by grinding it from synthetic or semi-synthetic materials or products. One
of the negative features of this waste is that it cannot always be homogenous and clean. Potentially,
recycling different plastics, PW granules can consist of: high-density polyethylene (HDPE),
polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC) [14].
Particle size determination of PW granules was more like coarse sand: >2,0 mm — 15,7%, 1,0 mm —
70,2%; 0,5 mm — 12,6% and bottom — 1,4 %. Different granules can generate disparate results to
concrete. Despite that, plastic wastes are huge global ecological problem. That is why, it is selected to
use in 3D printing concrete modifications.

Figure 2. Plastic waste granules.



IMST 2022 IOP Publishing
Journal of Physics: Conference Series 2423(2023) 012034  doi:10.1088/1742-6596/2423/1/012034

In foam rubber (or also called foam plastic) production a lot of products need to be cut in specific
shapes, small leftover pieces and foam rubber dust, cannot be used in production afterwards, for example
in mattress production (Figure 3). One of the potential forms of reusability is to use it as a filler in toys
or seat bags, however the end product does not offer best possible quality. Other solution for reusing
these wastes can be passed down to concrete mixes. Particles of FR were sieved through 2 mm sieve,
and it has more course particles than fine. Foam rubber usually is produced from polyols and
diidocyanates. Further research analyzed various types of polyurethane foam wastes left after production
processes.

=g

indefoam rubber.

In this research field, to replace OPC amount to plastic waste, an already available 3D printing mix
composition was used. In this study it was called an etalon mix, starting structure, with only binder -
OPC. All waste materials were added to etalon composite mixture by a 10% mass of OPC. Other
materials, constant weight, used in composition: calcium hydroxide, accelerator, expansive additive,
superplastificator, dispersible polymer powder, polypropylene fiber. All composition materials and
weights are added to Table 1.

Table 1. 3D printing mix composition used in research.

Number of OPC, g BSA g PW

Grinded FR, g Sand, ¢ Other, g

compositions granules, g
Nr 0 345,0 0 0 0 595,5 59,5
Nr 1 310,0 35,0 0 0 595,5 59,5
Nr 2 310,0 0 35,0 0 595,5 59,5
Nr 3 310,0 0 0 35,0 595,5 59,5

All used materials in research were kept in the same conditions, selected from the same batch,
seeking to avoid any deviations. The only adjusted material amount was the OPC with plastic waste.
Despite that all, composition had the same weight and were mixed with the same amount of water. Water
and composition (W/C) ratio were 0,51.

2.2. Research methods

Most of the tests were conducted according to EN 998-2:2016 standard to mortar mixes. Majority
of articles in theme of 3D printing materials use this standard as a base of all tests. Nowadays, some
institutions are working in standardization of 3D printing, but until now there is no one harmonized
standard for 3D printing mixes. In some cases, 3D printing is associated with Additive Manufacturing
(AM) standards, but it can be as a part of a whole harmonized standard. Not only government
committees, but also individual companies collaborate together to create this standard [15].
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Tests were conducted to compare workability, physical and mechanical properties compositions to
measure the differences between them, and evaluate the influence from plastic waste. Main tested
properties of fresh mixed composites (Table 2):

e L - consistence of fresh mortar (EN 1015-3:1999);
e M —bulk density of fresh mortar with 1 liter bowl (EN 1015-6:1998);
e O —air content of fresh mortar (EN 1015-7:1998);

For evaluating the hardening process, fresh concrete mix temperatures with thermocouples were
measured (Figure 4). Temperature distribution of compositional mixes hardening process was
performed using specialized equipment. Fresh mixed concrete was poured into plastic cylinders molds
(diameter — 20 mm; height — 70 mm). All cylinders were added into a special chamber from EPS.
Thermocouples were immediately inserted into filled cylinders. Then the top of chamber was covered
by two layers of EPS plates and pressed with weight. Temperature data was transmitted to special
computer set program “PLW Recorder”. Values of thermocouples were recorded every minute, with
accuracy of temperature — 0,01°C. All compositional mixes were measured in one time for 50 hours
[16].

Main hardened composition measured parameters and tests (Table 4):

e Deformation through all first 28 days of hardening process (according to EN 13454-2:2003 for
prism 0,16 m length);

Flexural strength after 28 days (EN 1015-11:2019);

Compressive strength after 28 days (EN 1015-11:2019);

Optical microscope analysis (photos after 28 days of hardening);

Scanning electron microscope analysis (images from samples);

Energy dispersive spectroscopy spectrum analysis.

3. Results
3.1. Fresh mortar test results

Firstly, all 3D printing compositions were weighted and mixed in dry form. Then, all mixes were
stirred with water by hand mixer separately, with the same W/C ratio - 0,51. After 3 minutes concrete
were remixed. After that, using a flow table, consistency of fresh concrete was determined (Table 2).
The results revealed, that a 5% increase in flowability compared to the etalon (NR 0) in concrete with
BSA and PW granules were observed. It is likely because BSA particle are more rounded, generally
more spherical, than OPC, it provides better lubricant effect, workability and fluidity. Because PW
granules have no absorption of water it also has good flowability. Differently, then others compositional
mixes, concrete with grinded FR had a greater increase in water absorption which shows that mortar is
very stiff and has twice lover flowability parameter.

Table 2. Parameters of fresh composition mix.

Composition L, cm M, kg/m? 0,%
NR O 19,4 2100 6,1
NR 1 20,3 2105 5,8
NR 2 20,2 2030 6,8
NR 3 10,0 1800 12,0

After mass measurement it was observed that an almost equal mass between etalon mix and mix
with BSA, it possible that it is very familiar to OPC. Other close but smaller mass result was observed
with PW granules. Variously than others, mix with light binder contained a lesser mass — grinded FR.
Tests with bowl continues by measuring air content in 1 liter mass of concrete. Results determined that
the mix with BSA had a slightly better compacting characteristic. From mass result it is seen that it
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creates a slightly denser structure which can cause an increase in strength and reduce permeability. PW
granules displayed that its composition can contain only 10% more air in it that the etalon. As expected,
NR 3 mix showed significant increase of air (96%) than etalon which theoretically can affect better frost
resistance than other compositions.

For visual evaluation 3D printing concrete mixes were printed in laboratory with caulking gun
(Figure 4). Preliminary printings shows that effect of printing was similar between mixes NRO and NR1.
NR2 mix has some issues with printability because of inhomogeneous mixture, mostly it was stuck in
nozzle. In Figure 5 could be seen difference between printed concretes. One mix, NR3, was unprintable,
because it has stuck in nozzle and did not print at all.

A) NRO B) NR1

C) NR2
Figure 5. Laboratory 3D printing examples.

To compare thermal parameters, temperatures during the hardening time were measured (Figure
6). All measuring process last up to 50 hours, but approximately after 24 hours there was no changes in
chart. Figure 4 represents only the peaks of hardening time, but not all measured diagram data.
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Figure 6. Hardening time temperature diagram.

Exothermic hardening time reaction temperature results are presented in Table 3. From there it can
be concluded that fastest reach of highest temperature has NR 2 and NR 3 compositions with PW
granules and grinded FR. It could be because in mixes there are 10% less cement than in etalon mix NR
0 and main binder was changed to nonreactive material. But from curve NR 1 can be determined that
BSA reacts slower than OPC and emits fairy less exothermic warmth.

Table 3. Compositions hardening time temperature results.

Composition name

Parameter NR 0 NR 1 NR 2 NR 3
T, °C 2877 2835 3156 3021
Trmax, MiN 624 799 576 576

3.2. Hardened compositions test results

Table 4 presents the average results of hardened composition properties after 28 days of curing
according EN 1015-11:2019. Approximately 50-60% lower strength results also can be affected by 5-
15% reduced mass and 11-96% increased air amount in compositions. Despite the fact that hardening
time reaction pics were reached 48 minutes earlier than others, but 10% reduced amount of OPC gives
50-60% lower strength results. From NR 0 and NR 1 volume density results a hypothesis was reached
that the strength of concrete with BSA could be greater than just with OPC in composition. But from
results it can be seen that 10% of BSA can lightly enhance flexural strength by 5%, but compressive
strength in this case were reduced in 7%. Firstly, it can be as a result of a larger amount of free lime in
hydration reaction of OPC combined with BSA. Secondly, analyzing hardening time results also can be
traced that for 3 hours slower hydration reaction of BSA could affect reduced compressive strength,
because its hardening process is still ongoing [17].
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Table 4. Parameters of hardened compositions, after 28 days.

. Flexural strength, Compressive strength, Deformation,
Composition name 2 ”
N/mm N/mm mm/m
NRO 6,6 55,8 -12,88
NR 1 6,9 51,9 -17,88
NR 2 4,8 27,5 -13,81
NR 3 4,5 22,5 -10,50

From deformation measuring results in Figure 7 and Table 4, composition with BSA displayed a
significant 40% increase in shrinkage. According to other scientists, increasing BSA amount can affect
increased shrinkage [18]. It also can be related to longer BSA hardening time. Further information about
not reacted BSA particles is displayed in Figure 9. 19% better than etalon deformation results showed
composition NR 3 with grinded FR. It is possible, because of foam rubber property to change their
dimensions depending from the load. The most familiar result from NR 0 represented composition NR
2 with PW granules. It is suggested that the feature of plastic granules to not react with other
compositional components and be in the same dimensions despite loads. Generally, deformations in NR
2 can be caused from the same influencing factors as NR 0.

0,5
—8—NR 0
0 NR 1
9 10 11 12 15 16 17 18 23 24 25 26 27 28
0,5 —0—NR 2
£
£ —e—NR 3
S 1
o
2
(g0}
€ 15
Nel
a 1,68
2
2,06
s 2,21
3 2,86

Days

Figure 7. Deformation graph of compositions prisms.
3.3. Hardened compositions microscopy analysis

Photos with optical and scanning electron microscope (SEM) was investigated to the cut of through
cross sections of the samples after compressive strength test. Figure 8 presents picture taken after
compositional concrete surface observation with optical microscope. In picture A surface of the
composite was quite compact. Differently than the latter, Picture B contains a significant number of
small pores, in Picture C — voluminous pores. Variously than others in Picture D surface have noticeable
changes spongelike structure.
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Figure 8. Hardened compositions photo with optical microscope.

Further test of optical analysis samples of compositions with SEM followed. During the SEM
micrographs samples were also explained in EDS specters. In Figure 9 compounds of calcium hydroxide
(Ca(OH),) and calcium silicate hydrate (C-S-H) were visible. A image displays a 1000 times zoomed in
sample, which later was used for energy dispersive X-ray spectroscopy (EDS).

A) x1000 . ~ B)x10000
Figure 9. SEM image of composition NR 0.

Following this further EDS spectrum analysis in Figure 10 it is seen that the composition NR 0
main elements were oxygen, calcium, magnesium and silicon. Those are the typical elements after OPC
initial setting time: C3A, C4AF and 2C.S.
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Figure 10. EDS spectrum anadysis of composition NR 0.

In the following sample NR 1 SEM image Figure 11 explains why this composition has a smaller
compressive strength than expected. Middle of the image contains an unreacted burnt shale ash particle.
In Figure 9 A image an unreacted or starting to harden burnt shale ash shell wrapped with C-S-H gel
can be observed. The latter image shows an area where EDS spectrum analysis was done (Figure 12).
Like in other specters, NR 1 main concrete composition specter elements contain oxygen, calcium and
silicon. Elements, specific to BSA, can be found in larger amounts, such as 90% sulfur, 62% silicon,
35% calcium, 31% aluminum.

B) x10000
Figure 11. SEM image of composition NR 1.
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Figure 12. EDS spectrum analysis of composition NR 1.

Results from NR 2 composition SEM analysis shows that in both images plastic particles can be
observed (Figure 13). Other concrete hardening products like C-S-H, calcium hydroxide or small spikes
of ettringite can also be seen. According to spectrum analysis results of composition NR 2, etalon
contained a lower amount of main elements, after the initial setting time (Figure 14). New elements like
carbon and coper appear, as they are the main components of plastic granules. Furthermore, because of
plastic granules, almost three times larger amounts of aluminum can be seen.

50.0um

MAG: 500 x HV: 15.0 kV WD: 10.5 mm

A) x500 B) x10000
Figure 13. SEM image of composition NR 2.
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Figure 14. EDS spectrum analysis of composition NR 2.

Final analyzed composition NR 3 shows that in its structure, as expected from air amount in fresh
concrete, more pores are seen than in other compositions (Figure 15). Main elements from initial setting
time stays the same, only in lower amounts (Figure 16). Differently than in other compositions silicon
and aluminum amounts in a specific area are enlarged.

10.0kV x10.0k SE

B) x10000
Figure. 15. SEM image of composition NR 3.
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Figure 16. EDS spectrum analysis of composition NR 3.
4. Conclusions

In conclusion, the research has shown that in finding an alternative binder to 3D printing concrete,
which has a possibility to reduce carbon footprint, the most similar material to Portland cement could
be burnt shale ashes. As a waste burnt shale ash is a closer analog to Portland cement because they both
are reactive materials in concrete composite. This is a reason of the main similarities between
compounds NR 0 and NR 1.

Looking in a perspective of finding a solution to eliminate as much industrial wastes as possible,
other plastic waste used in concrete composition could be foam rubber wastes. Despite worse
workability fact, which can be fixed with supplementary materials, foam rubber shows positive air
parameters of fresh mortar to have longer frost resistance than others. Also, quicker than etalon mix
hardening time reaction shows that building from this material could save Portland cement. Pursuing
this further, strength results were twice lower than the etalon, but for typical 3D printing concrete there
is no need to have high-strength. One more advantage of foam rubber compared to burnt shale ashes is
that NR 3 composition deformation parameter showed 58% better results than NR 1.

Finally, the research to find favorable solutions in maintaining a cleaner environment with less
wastes and reduce the amount of Portland cement in cement mixes used in the construction industry.
The results have shown that the most promising solution can be a collaboration of burnt shale ashes and
foam rubber as binders in 3D printing concrete in the future.

References

1. Rodrigo Garcia-Alvarado, Ginnia Moroni-Orellana, Pablo Banda-Pérez. Architectural Evaluation of 3D-Printed Building,
Buildings 2021, 11(6), 254. [https://doi.org/10.3390/buildings11060254]

2. 3D Printing Media Network. Available online: https://www.3dprintingmedia.network/first-3d-printed-house-in-germany-
inaugurated-by-minister-of-construction/ (accessed on 27 July 2021).

3. Dezeen. Available online: https://www.dezeen.com/2021/05/06/3d-printed-home-project-milestone-eindhoven/ (accessed on 20
May 2021).

4. Peri. Available online: https://www.peri.com/en/media/press-releases/peri-druckt-erstes-wohnhaus-in-den-usa0.html (accessed on
18 June 2021).

12


https://doi.org/10.3390/buildings11060254
https://www.3dprintingmedia.network/first-3d-printed-house-in-germany-inaugurated-by-minister-of-construction/
https://www.3dprintingmedia.network/first-3d-printed-house-in-germany-inaugurated-by-minister-of-construction/
https://www.dezeen.com/2021/05/06/3d-printed-home-project-milestone-eindhoven/
https://www.peri.com/en/media/press-releases/peri-druckt-erstes-wohnhaus-in-den-usa0.html

IMST 2022 IOP Publishing
Journal of Physics: Conference Series 2423(2023) 012034  doi:10.1088/1742-6596/2423/1/012034

5. 3D Printing Media Network. Available online: https://www.3dprintingmedia.network/d-fab-promises-90-cost-reduction-in-
concrete-3d-printing-materials/ (accessed on 18 December 2021).

6. 3D Printing Media Network. Available online: https://www.3dprintingmedia.network/d-fab-promises-90-cost-reduction-in-
concrete-3d-printing-materials/ (accessed on 18 December 2021).

7. Shoukat Alim Khan, Muammer Kog, Sami G.Al-Ghamdi. Sustainability assessment, potentials and challenges of 3D printed
concrete structures: A systematic review for built environmental applications, Journal of Cleaner Production, 2021, 127027.
[https://doi.org/10.1016/j.jclepro.2021.127027]

8. Alireza Talaei, David Pier, Aishwarya V. lyer, Md Ahiduzzaman, Amit Kumar. Assessment of long-term energy efficiency
improvement and greenhouse gas emissions mitigation options for the cement industry, Energy, 2019, 1051-1066.
[https://www.sciencedirect.com/science/article/abs/pii/S036054421832454X]

9. Imperial College London. Available online: https://www.imperial.ac.uk/news/221654/best-ways-carbon-emissions-from-cement/
(accessed on 25 May 2021).

10. Mubashar Sheheryar, Rashid Rehan, Moncef L. Nehdi. Estimating CO2 Emission Savings from Ultrahigh Performance,
Concrete: A System Dynamics Approach, Materials, 2021, 14, 995. [https://doi.org/10.3390/ma14040995]

11. Shantanu Bhattacherjee, Anusha S.Basavaraj, A.V.Rahul, ManuSanthanam, Ravindra Gettu, Biranchi Panda, Erik
Schlangen, Yu Chen, Oguzhan Copuroglu, Guowei Ma, Li Wang, Mirza Abdul Basit Beigh, Viktor Mechtcherine. Sustainable
materials for 3D concrete printing, Cement and Concrete Composites, 2021, 104156.

12. Eesti Energia. Available online: https://www.energia.ee/en/ari/toostuslahendused/tuhk (accessed on 18 October 2021).

13. Safety data sheet, Eesti Energia, burnt shale, renewed in 2019 09 19.

14. P.O. Awoyera, A. Adesina. Case study: Plastic wastes to construction products: Status, limitations and future perspective, Case
Studies in Construction Materials, 2020, e00330.

15. https://forcetechnology.com/en/articles/3d-printing-technology-needs-new-standards (accessed on 20 December 2021).

16. Michat A. Glinicki, Roman Jaskulski, Mariusz Dabrowski, Zbigniew Ranachowski. Determination of Thermal Properties
of Hardening Concrete for Massive Nuclear Shielding Structures, Sustainable constructions, materials and technologies, 2016.
[https://www.ippt.pan.pl/repository/open/03389.pdf]

17. Fly ash facts for highway engineers. Available online: https://www.fhwa.dot.gov/pavement/recycling/fach03.cfm  (accessed on
22 December 2021).

18. Gunavant K. Kate, Pranesh B. Murnal. Effect of addition of fly ash on shrinkage characteristics in high strength concrete,
Effect of Addition of Fly Ash on Shrinkage Characteristics in High Strength Concrete, 2013.
[https://www.researchgate.net/publication/343541849_EFFECT_OF_ADDITION_OF_FLY_ASH_ON_SHRINKAGE_CHA
RACTERISTICS_IN_HIGH_STRENGTH_CONCRETE].

13


https://www.3dprintingmedia.network/d-fab-promises-90-cost-reduction-in-concrete-3d-printing-materials/
https://www.3dprintingmedia.network/d-fab-promises-90-cost-reduction-in-concrete-3d-printing-materials/
https://www.3dprintingmedia.network/d-fab-promises-90-cost-reduction-in-concrete-3d-printing-materials/
https://www.3dprintingmedia.network/d-fab-promises-90-cost-reduction-in-concrete-3d-printing-materials/
https://www.sciencedirect.com/science/article/abs/pii/S0959652621012464#!
https://www.sciencedirect.com/science/article/abs/pii/S0959652621012464#!
https://www.sciencedirect.com/science/article/abs/pii/S0959652621012464#!
https://www.sciencedirect.com/science/journal/09596526
https://doi.org/10.1016/j.jclepro.2021.127027
https://www.sciencedirect.com/science/article/abs/pii/S036054421832454X?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S036054421832454X?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S036054421832454X?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S036054421832454X?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S036054421832454X
https://www.imperial.ac.uk/news/221654/best-ways-carbon-emissions-from-cement/
https://doi.org/10.3390/ma14040995
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/article/abs/pii/S0958946521002249#!
https://www.sciencedirect.com/science/journal/09589465
https://www.energia.ee/en/ari/toostuslahendused/tuhk
https://www.sciencedirect.com/science/journal/22145095
https://www.sciencedirect.com/science/journal/22145095
https://forcetechnology.com/en/articles/3d-printing-technology-needs-new-standards
https://www.fhwa.dot.gov/pavement/recycling/fach03.cfm

