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Streszczenie

Wobec systematycznie rosngcego zapotrzebowania na beton oraz presji redukcji
emisji gazow cieplarnianych, zwigzanych przede wszystkim z energochlonnym procesem
produkcji cementu portlandzkiego, obserwuje si¢ intensyfikacje badan nad rozwigzaniami
materialowymi i technologicznymi o obnizonym $ladzie weglowym. Jednym z kierunkow
rozwoju jest technologia druku 3D z betonu (ang. 3D Concrete Printing, 3DCP), ktora
wykazuje potencjal w zakresie skrdcenia czasu realizacji obiektow budowlanych,
minimalizacji ilo$ci odpadow oraz swobodnego ksztattowania zlozonej geometrii
elementow. Niemniej jednak mieszanki stosowane w 3DCP charakteryzuja si¢ wysoka

emisyjnoscia, wynikajaca z dominujgcego udzialu cementu portlandzkiego w ich sktadzie.

Celem niniejszej pracy byto opracowanie oraz ocena bazowej mieszanki betonowe;j
przeznaczonej do technologii 3DCP, opartej na cemencie portlandzkim, a nast¢pnie
weryfikacja mozliwosci jej modyfikacji poprzez zastosowanie surowcdéw wtornych,
w kontek$cie poprawy zaréwno charakterystyk $rodowiskowych, jak 1 wlasciwosci

uzytkowych.

Badania przeprowadzono w trzech etapach: (I) opracowanie i walidacj¢ sktadu
bazowej mieszanki oraz charakterystyk jej stanu §wiezego, dobdr parametrow procesowych
(wydajnos¢ ekstruzji, predkos¢ druku, $rednica dyszy) oraz zaprojektowanie glowicy
roboczej wraz ze stanowiskiem badawczym; (II) poréwnanie wiasciwosci mechanicznych 1
fizycznych elementow wytworzonych metodag druku 3D z probkami formowanymi
konwencjonalnie, z uwzglednieniem analizy anizotropii oraz wptywu strategii druku na
parametry mechaniczne uzyskanych elementow; (III) weryfikacj¢ mozliwos$ci modyfikacji
sktadu poprzez dodatek surowcow odpadowych oraz lekkich kruszyw, wraz z oceng

potencjalnych korzysci srodowiskowych wynikajacych z takich rozwigzan.

W ramach przeprowadzonych badan opracowano mieszanke referencyjna
przeznaczong do 3DCP oraz parametry procesu zapewniajace wysoka powtarzalnos¢
wynikéw. Analiza porownawcza wykazata, ze elementy drukowane odznaczajg si¢ nizsza
wytrzymatos$cig mechaniczng w stosunku do prébek formowanych tradycyjnie, przy czym
szczegblnie widoczna byla anizotropia w zakresie wytrzymatosci na zginanie,
intensyfikowana przez wydluzone przerwy czasowej pomigdzy naktadaniem kolejnych
warstw. Zaprojektowane struktury przegréd umozliwity uzyskanie podwyzszonej
izolacyjnosci cieplnej poprzez kontrole udziatu materiatu nosnego. Wprowadzenie

surowcow z recyklingu pozwolilo na utrzymanie wlasciwosci reologicznych mieszanki na



poziomie zapewniajacym drukowalnos$¢, jednak skutkowato obnizeniem parametrow
mechanicznych (szczegdlnie wytrzymatosci na zginanie). Zastosowanie lekkich kruszyw
spowodowato natomiast obnizenie przewodno$ci cieplnej elementéw nawet o 70%
w stosunku do wartosci referencyjnej. Modyfikacje materialowe umozliwily réwniez

redukcje sladu weglowego siggajaca okoto 50% w odniesieniu do mieszanki bazowe;.

Uzyskane wyniki potwierdzajg techniczng wykonalno$¢ wytwarzania prefabrykatow
w technologii 3DCP z zastosowaniem mieszanek modyfikowanych surowcami wtdrnymi,
wskazujgc jednoczesnie na ich znaczacy potencjat w procesach dekarbonizacji
budownictwa. Zidentyfikowano jednak konieczno$¢ uwzglednienia spadku nosnosci oraz
wzmozonej anizotropii w projektowaniu elementdw konstrukcyjnych. Optymalizacja
parametréw procesu (predkos¢ druku, $rednica dyszy, czas przerw migdzywarstwowych)
oraz udziatu sktadnikow mieszanki (materiaty z recyklingu, lekkie kruszywa) powinna by¢
zatem dostosowana do funkcji projektowanego elementu (no$nej badz izolacyjnej), w celu

zrbwnowazenia wymagan mechanicznych i srodowiskowych.

Opracowana infrastruktura badawcza oraz zestaw wypracowanych wskaznikow
1 parametrow oceny stanowig podstawe dalszych prac nad rozwojem niskoemisyjnych

technologii druku 3D z betonu.



Summary

Amid steadily rising demand for concrete and mounting pressure to reduce
greenhouse gas emissions- driven primarily by the energy-intensive production of Portland
cement- there has been a marked intensification of research into material and process
solutions with a reduced carbon footprint. One development pathway is 3D Concrete
Printing (3DCP), which shows potential to shorten construction timelines, minimize waste,
and enable the freeform shaping of complex geometries. However, mixes used in 3DCP are

typically highly emissive due to the dominant share of Portland cement in their composition.

The aim of this study was to develop and assess a baseline concrete mix for 3DCP
based on Portland cement, and subsequently to verify the feasibility of modifying it with
secondary raw materials in order to improve both environmental metrics and functional

performance.

The research methodology comprised three stages: (I) development and validation of
the baseline mix design and fresh-state characteristics, selection of process parameters
(extrusion efficiency, print speed, nozzle diameter), and the design of a printhead and test
stand; (II) comparison of the mechanical and physical properties of elements produced by
3D printing with conventionally cast specimens, including analysis of anisotropy and the
influence of printing strategy on mechanical parameters of the printed elements; (III)
verification of composition modifications through the addition of waste-derived raw
materials and lightweight aggregates, along with an assessment of the potential

environmental benefits of such solutions.

The study yielded a reference mix for 3DCP and process parameters that ensured
high repeatability of results. Comparative analysis showed that printed elements exhibited
lower mechanical strength than traditionally cast specimens, with anisotropy particularly
pronounced in flexural strength and exacerbated by prolonged interlayer intervals. The
designed wall assemblies enabled enhanced thermal insulation by controlling the fraction of
load-bearing material. Introducing recycled constituents allowed the rheological properties
to be maintained at a level ensuring printability, but led to reductions in mechanical
performance (especially flexural strength). The use of lightweight aggregates decreased the
thermal conductivity of the elements by up to 70% compared to the reference values.
Material modifications also enabled a reduction in the carbon footprint by approximately

50% relative to the baseline mixture.



The results confirm the technical feasibility of producing precast components via
3DCP using mixes modified with secondary raw materials, while highlighting their
considerable potential for decarbonizing construction. At the same time, the need to account
for reduced load-bearing capacity and heightened anisotropy in structural design was
identified. Optimization of process parameters (print speed, nozzle diameter, interlayer
waiting time) and mix constituents (recycled materials, lightweight aggregates) should
therefore be tailored to the intended function of the element (load-bearing versus insulating),

to balance mechanical requirements with environmental objectives.

The developed research infrastructure and the set of established metrics provide

a foundation for further work on low-emission 3D concrete printing technologies.
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Spis wazniejszych skrotow, symboli 1 oznaczen stosowanych w pracy

3DCP

ARM
CAD
CC

CCR
CDW
Dio
Dso
Doo
EoL

EoW

EPBD

EPD

EPS
ETICS

FA
FDM

FEM
GGBFS
GOZ

(ang. 3D Concrete Printing) technologia wytwarzania przyrostowego

z zastosowaniem betonu
(ang. Alternative Raw Materials) surowce alternatywne
(ang. Computer Aided Design) projektowanie wspomagane komputerowo

(ang. Contour Crafting) technologia wytwarzania przyrostowego

z zastosowaniem betonu

(ang. Clinker-to-Cement Ratio) wspotczynnik klinkier-cement

(ang. Construction & Demolition Waste) odpady budowlane i rozbiérkowe
srednica wyznaczajaca 10% objetosci zbioru czastek, um;

$rednica wyznaczajaca 50% objetosci zbioru czgstek, um;

$rednica wyznaczajaca 90% objetosci zbioru czgstek, um;

(ang. End-of-Life) koniec zycia w ocenie cyklu zycia (LCA)

(ang. End-of-Waste) moment, w ktorym materiat przestaje by¢ traktowany

jako odpad i staje si¢ produktem, w ocenie cyklu zycia (LCA)

(ang. Energy Performance of Buildings Directive) charakterystyka

energetyczna budynkow

(ang. Environmental Product Declarations) deklaracje s$rodowiskowe

wyrobow
(ang. Expanded Polystyrene) polistyren ekspandowany

(ang. External Thermal Insulation Composite System) systemy dodatkowych

warstw ocieplenia
(ang. Fly Ash) popidt lotny

(ang. Fused Deposition Modeling) technologia osadzania topionego

materialu
(ang. Finite Element Method) metoda elementow skonczonych
(ang. Ground Granulated Blast Furnace Slag) zuzel wielkopiecowy

gospodarka o obiegu zamknigtym

GWP100 (ang. Global Warming Potential) globalny potencjat ocieplenia

HPMC

(ang. Hydroxypropyl Methylcellulose) hydroksypropylometyloceluloza
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LC3
LCA
LECA
MES
MK
PCE
PCP
PCR
PLA

PUR

RCA
RFA
SCM

SF
SP
SPC
TRL

VMA
w/s
WGP
WLC
XRF

ZEB

(ang. Limestone Calcined Clay Cement) cement z wapienia i gliny palone;j
(ang. Life Cycle Assessment) analiza cyklu zycia

(ang. Lightweight Expanded Clay Aggregate) keramzyt

(ang. Finite Element Method) metoda elementow skonczonych
(ang. Metakaolin) metakaolin

(ang. Polycarboxylate Ethers) polikarboksylany

(ang. Progressive Cavity Pumps) typ pompy- pompa kawitacyjna
(ang. Product Category Rules) reguly kategorii produktowych
(ang. Polylactic Acid) polilaktyd

(ang. Polyurethane Foam) pianka poliuretanowa

(ang. Recycled Aggregates) kruszywo z recyklingu

(ang. Recycled Brick Powder) sproszkowana cegla z recyklingu
(ang. Recycled Concrete Aggregate) kruszywa z recyklingu betonu
(ang. Recycled Fine Aggregates) drobne kruszywa z recyklingu

(ang. Supplementary Cementitious Materials) materialy uzupehniajace
spoiwo cementowe - dodatki mineralne o wiasciwosciach pucolanowych lub

hydraulicznych

(ang. Silica Fume) pyt krzemionkowy

(ang. Superplasticizers) superplastyfikatory

Stowarzyszenie Producentow Cementu

(ang. Technology Readiness Level) poziomu dojrzatosci technologicznej
wspotczynnik przenikania ciepta, W/m*K

(ang. Viscosity Modifying Agents) srodki modyfikujace lepkos¢

(ang. water to solid ratio) stosunek wagowy cieczy do sktadnikow statych,
(ang. Waste Glass Powder) proszek ze szkla odpadowego

(ang. Whole-Life Carbon) analiza §ladu weglowego w calym cyklu zycia
(ang. X-ray Fluorescence) rentgenowska analiza fluorescencyjna

(ang. Zero Emission Buildings) budynki zeroemisyjne

wspotczynnik przewodnosci cieplnej, W/m-K
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1. Wprowadzenie

W obliczu dynamicznego wzrostu liczby ludno$ci, $wiatowego rozwoju
gospodarczego, a przez to postepujacej urbanizacji, sektor budownictwa staje przed
rosngcym zapotrzebowaniem na materialty konstrukcyjne, w szczego6lnosci kruszywa
1 beton. Szacuje sie, ze do 2030 roku globalne zuzycie kruszyw osiagnie poziom 50-55 mld
t [1], co generuje istotne obcigzenie zarowno dla zasobow naturalnych jak i srodowiska.
W dalszej perspektywie prognozuje si¢, ze obecna infrastruktura budowlana - rozumiana
jako zas6b obiektow mieszkalnych i niemieszkalnych oraz infrastruktura techniczna - bedzie
musiala zosta¢ co najmniej podwojona, aby sprosta¢ globalnemu zapotrzebowaniu
prognozowanemu na rok 2050. Beton pozostaje kluczowym, najpowszechniej stosowanym
materiatem budowlany, wytwarzanym z mieszaniny kruszyw, spoiwa i wody. Jego globalna

produkcja systematycznie wzrasta, szczegolnie w krajach rozwijajacych sie [2,3].

Wedhug najnowszych informacji szacuje si¢, ze przemyst cementowy odpowiada za
okoto 7% catkowitego zuzycia energii koncowej w przemysle [4,5]. Roczna $wiatowa
produkcja cementu przekracza 4,1 mld t, z czego 51% wytwarzane jest w Chinach [6,7].
Emisja dwutlenku wegla zwigzana z produkcja 1 tony cementu wynosi od 0,55-0,80 t CO»,
przy czym wartosci te rdznig si¢ regionalnie, w zaleznos$ci od udziatu klinkieru, okre§lanego
wspotczynnikiem klinkier-cement (ang. Clinker-to-Cement Ratio, CCR), ktorego globalna
warto$¢ wynosi okoto 0,71. W strukturze emisji dominujg emisje procesowe powstajace
w wyniku kalcynacji CaCOs, (okoto 63% catosci), ktore sa nieuniknione z uwagi na
charakter reakcji chemicznych. Pozostata czg§¢ emisji pochodzi gldwnie ze spalania paliw
w procesie wypalania klinkieru [8,9]. W zaleznos$ci od przyjetych granic bilansu sektor
cementowy odpowiada tacznie za okoto 7-8% globalnych emisji CO: [3,9]. W konsekwencji
redukcja udziatu klinkieru w cemencie oraz wdrazanie strategii materialowych
ukierunkowanych na jego zastgpowanie stanowia kluczowa dzwignie dekarbonizacji

betonu.

Z punktu widzenia oceny oddzialywania §rodowiskowego istotne znaczenie ma
analiza §ladu weglowego w catym cyklu zycia (ang. Whole-Life Carbon, WLC), obejmujaca
zardwno emisje zwigzane z materiatami i procesami budowlanymi (§lad wbudowany), jak
i emisje wynikajace z uzytkowania obiektu ($lad eksploatacyjny). Najczegsciej stosowang
metodyka w tym zakresie jest analiza cyklu zycia (ang. Life Cycle Assessment, LCA),
w ktorej podstawowym wskaznikiem jest globalny potencjat ocieplenia (ang. Global
Warming Potential, GWP100) wyrazony w jednostkach [kg CO:-eq], przypisany do

okreslonej jednostki funkcjonalnej (dla betonu najczesciej 1 m* o okre§lonych

“‘ ;



wlasciwosciach). Analiz¢ prowadzi si¢ w ramach modutow A-D, przy czym w etapie
wyrobu (A1-A3) dominujacym zrodiem emisji pozostaje cement - spoiwo charakteryzujace
si¢ wysoka energochtonnos$cig i znacznymi emisjami procesowymi. Kolejne etapy obejmuja:
budowe (A4-AS5), uzytkowanie (B), koniec zycia obiektu (C) oraz potencjal poza granicami

systemu (D) [10,11].

Najwigkszy, bezposredni potencjat redukcji warto$ci wskaznika GWP100 w etapie
Al1-A3 wynika z obnizania wspolczynnika CCR poprzez zastosowanie dodatkow
mineralnych o witasciwosciach pucolanowych lub hydraulicznych (ang. Supplementary
Cementitious Materials, SCM). Zast¢puja one czes$¢ klinkieru, ograniczajagc tym samym
emisje procesowe. Do najczesciej stosowanych SCM naleza: zuzel wielkopiecowy
(GGBFS)- umozliwiajacy wysokie poziomy substytucji i korzystnie wplywajacy na trwatos¢
betonu; popidt lotny (FA)- zapewniajagcy umiarkowane poziomy zastgpienia, poprawe
urabialno$ci 1 przyrost wytrzymatoSci w czasie; maczka wapienna- petnigca funkcje
materiatu wypetniajacego; kalcynowane ity oraz cement z wapienia i gliny palonej (ang.
Limestone Calcined Clay Cement, LC3)- taczace it i wapien, charakteryzujace si¢ wysokim
potencjatem redukcji emisji; pucolany naturalne; pyt krzemionkowy (SF); drobno mielone
szkto odpadowe (WGP) oraz selekcjonowane frakcje drobne z recyklingu betonu. Dobor
rodzaju dodatku 1 poziomu substytucji musi uwzglgdnia¢ réwnowage pomiedzy
wlasciwo$ciami reologicznymi (urabialno$¢, pompowalno$¢), kinetyka wigzania i przyrost
wytrzymatosci, a takze trwaloscia w zakresie odpornosci na przenikanie chlorkow,
karbonatyzacje czy reakcje alkalia-kruszywo [12—-16]. Wymagania te definiujg zaré6wno
normy materialowe, jak i wytyczne PCR/EPD (EN 15804+A2 [10], ISO 21930 [11]).
W ujeciu praktycznym redukcja zawarto$ci klinkieru przektada si¢ bezposrednio na
zmniejszenie emisji CO: w zakresie 0,55-0,80 t CO2/t cementu, co skutkuje obnizeniem

wartosci GWP100 [kg CO2-eq/m?] dla gotowej mieszanki betonowej [10,11,17,18].

W Polsce obserwuje si¢ dynamiczny rozwdj technologii cementéw niskoemisyjnych
oraz zwigkszone wykorzystanie kruszyw z recyklingu w produkcji mieszanek betonowych.
Wedlug danych Stowarzyszenia Producentéw Cementu (SPC) w 2024 r. do podbudéw
drogowych, produkcji betondéw 1cementu zastosowano okoto 1 min ton kruszyw
z recyclingu. Wzrost presji srodowiskowej sprzyja nie tylko rozwojowi tzw. ,,zielonych

b

cementow”, ale takze ksztaltuje rosngce zapotrzebowanie na inne materialty budowlane
o zrownowazonym charakterze. PrzejScie w kierunku gospodarki o obiegu zamknigtym,

opartej na recyklingu, racjonalnym gospodarowaniu odpadami 1 minimalizacji
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oddziatywania na srodowisko, znajduje odzwierciedlenie w nowych politykach sektorowych

i regulacjach prawnych [19,20]

Zgodnie z raportem Status and Prospects of Alternative Raw Materials in the
European Cement Sector opracowanym przez European Cement Research Academy [21]
przemyst cementowy w Polsce w ostatnich latach przeszedt istotne transformacje w kierunku
zrbwnowazonego rozwoju, czego przyktadem jest systematyczny wzrost wykorzystania

surowcow alternatywnych (ang. Alternative Raw Materials, ARM).

W Polsce wykorzystanie ARM w przemysle cementowym ksztaltuje si¢ powyzej
sredniej europejskiej 1 wykazuje tendencje wzrostowg. W 2018 roku do produkcji klinkieru,
poOtproduktu cementowego, zastosowano 967 tys. ton ARM, co odpowiadalo 4,3%
catkowitej masy klinkieru. W poréwnaniu z rokiem 2013 (3,3% udziatu, tj. 578 tys. ton przy
produkcji 10,8 mln ton klinkieru) oznacza to wzrost o ponad 67%. W tym samym okresie
produkcja klinkieru w Polsce zwigkszyta si¢ z 10,8 do 14,1 miIn ton, natomiast produkcja
cementu wzrosta z 14,5 do 18,8 min ton. Z kolei do produkcji cementu, gotowego spoiwa
budowlanego, w 2018 roku zastosowano 3,74 mln ton ARM, co odpowiadato 250 kg
surowcow alternatywnych na kazda wyprodukowang ton¢ cementu i stanowito 19,9%
catkowitej masy surowcow wykorzystywanych w procesie produkcji. Najczesciej
stosowanymi dodatkami byly: zuzel wielkopiecowy (ang. Ground Granulated Blast Furnace
Slag, GGBFS) - 52%, popiot lotny (ang. Fly Ash, FA) - 28%, gips z odsiarczania spalin -
19%, oraz odpady gipsowe 1 popioty fluidalne [21,22].

Dynamiczny wzrost wykorzystania ARM obserwuje si¢ rowniez w produkcji betonu.
W latach 2013 - 2020 catkowita produkcja betonu wzrosta z 32,1 mln m* do 58,4 mln m?,
tj. o ponad 80%. W tym samym czasie zuzycie ARM zwigkszyto si¢ z 2,5 mln ton do 3,3
mln ton, przy czym zawarto§¢ ARM w jednostce objetosci betonu zmalata z 78 kg/m?® do 56
kg/m?®. Obecny poziom substytucji wynosi 2,3%, co jest nieco powyzej $redniej unijnej
(2,1%). Dominujagcym materialem alternatywnym w betonie pozostaje popidt lotny,
natomiast rosnacy potencjat wykazuja takze kruszywa wtérne pochodzace z recyklingu
m.in. odpady przemyslowe: guma z opon, tworzywa sztuczne, zuzel stalowy, szkto
z recyklingu [23-29]; odpady wydobywcze: poflotacyjne odpady miedzi 1 zelaza [30-34];
piasek eoliczny, pokruszone muszle [35-37]. Stosowanie ARM przynosi wymierne efekty
srodowiskowe. Szacuje si¢, ze dzigki wykorzystaniu popiotéw lotnych, zuzli odlewniczych
1 konwertorowych w produkcji klinkieru w 2018 roku unikni¢to emisji w zakresie od 69,9 -
134 tys. ton CO:, co odpowiada srednio redukcji 4,9-9,5 kg CO: na kazdg tong¢ klinkieru.

Wyniki te majg istotne znaczenie zardwno w kontekscie realizacji celow klimatycznych, jak
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1 ograniczenia kosztow emisji. W porownaniu do S$redniej wartosci dla UE-28, Polska
wykazuje wyzszy poziom wykorzystania ARM zardwno w klinkierze (4,3% wobec 3,6%),
cemencie (19,9% wobec 7,4%) jak ibetonie (2,3% wobec 2,1%). Prognozuje si¢, ze
w kolejnych latach krajowy sektor cementowy bedzie dysponowat znaczacym potencjatem

do dalszego zwigkszania udziatu surowcow alternatywnych [21,38].

Rosnaca presja srodowiskowa i regulacyjna kieruje uwage sektora budowlanego na
surowce wtorne pochodzace z recyklingu. W ujeciu makrostrukturalnym kluczowym
strumieniem materiatowym sg odpady budowlane i1 rozbidérkowe (ang. Construction &
Demolition Waste, CDW), ktére stanowig jeden z najwickszych sktadnikow catkowitego
wolumenu odpadéw w gospodarkach rozwinietych [39—45]. Szacunki globalne sa silnie
zrdznicowane 1 wynosza od 2—4 mld ton/rok do ponad 10 mld ton/rok, co wynika m.in.
z r6znic definicyjnych oraz odmiennego podejscia do ujecia frakcji ziemnych w kategorii
CDW. W przypadku UE-27 wiarygodne statystyki Eurostatu wskazuja, ze w 2022 r.
catkowita generacja odpadow wyniosta okoto 2,2 mld ton, przy czym wskazniki odzysku,
recykling oraz niepelnego recykling materialowego (backfilling) dla strumieni ogdétem
przekroczyly 60%. Dla samego strumienia CDW literatura podaje wartosci odzysku na
poziomie okoto 89%. Jednak tylko niewielka cze$¢ tych materiatow trafia z powrotem do
betonu w postaci kruszywa wtornego. Udzial takich surowcéw w podazy kruszyw w Europie
wynosi $rednio 9-10%, przy znacznym zrdéznicowaniu krajowym. Sytuacja ta wskazuje na
istniejacg przestrzen do rozwoju wysokowartosciowego recyklingu (upcycling) w sektorze

budowlanym [46—48].

Z perspektywy srodowiskowej znaczenie kruszyw bywa niedoceniane. Cho¢ cement
jest dominujacym zrodtem emisji w etapie A1-A3 mieszanki betonowej, to kruszywa,
zwlaszcza frakcje grube, moga odpowiada¢ za 13-20% emisji GWP typowego betonu.
Wynika to glownie z energii elektrycznej zuzywanej podczas proceséw kruszenia
1 przesiewania oraz transportu masowego na duze odleglosci. Analizy LCA potwierdzaja, ze
udziat kruszyw w $ladzie weglowym betonu rosnie szczegdlnie w sytuacjach, gdy zawartos¢
cementu w mieszance jest umiarkowana, a dystanse transportowe kruszyw znaczace.
Natomiast spada przy mieszankach o bardzo wysokim udziale spoiwa. Uzasadnia to
wiaczanie kruszyw wtornych wszedzie tam, gdzie ich lokalna dostepno$¢ i logistyka (modut
A2) pozwalajg zminimalizowa¢ koszty srodowiskowe i nie niwecza korzysci z obnizonego

sladu w module A1 [49-51].

Wymagania normatywne dotyczace kruszyw do betonu okresla przede wszystkim

norma EN 12620 [52], obejmujaca rowniez surowce wtorne, w tym frakcje drobne do 4 mm.
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Dokumenty powigzane, m.in. wytyczne krajowe, branzowe czy opracowania techniczne,
precyzuja wymagania dla kruszyw grubych z recyklingu, w tym dopuszczalne udzialy
frakcji betonowych (Rc), ceglanych (Rb), szklanych (Rg) oraz ograniczenia dotyczace
zanieczyszczen, zawartosci gipsu czy materialdow rozpuszczalnych w wodzie. Uwzgledniaja
rowniez ich potencjalny wptyw na czas wigzania zaczynu i trwato$¢ betonu. W praktyce
projektowej kluczowe znaczenie majg ponadto odniesienia do normy EN 206 [53] (beton-
wymagania, wlasciwosci, produkcja i zgodno$¢) oraz wytycznych branzowych, ktore
wskazujg bezpieczne obszary stosowania surowcow wtornych (np. elementy nienosne,
niekrytyczne) oraz wymagane rezimy kontroli jakosci (segregacja CDW, rozbidrka
selektywna, oczyszczanie z zaprawy). Z perspektywy gospodarki o obiegu zamknigtym
(GOZ) wilaczenie kruszyw wtornych ogranicza eksploatacj¢ surowcow pierwotnych,
redukuje dystanse transportowe i domyka petle materialowg. Warunkiem utrzymania
rzeczywistych korzys$ci srodowiskowych jest jednak zapewnienie odpowiednich standardow
jakosci, przejrzystosci pochodzenia strumienia oraz wlasciwej organizacji logistyki

1 przetwarzania [52,54,55].

Aby w sposéb wiarygodny wykaza¢ korzysci s$rodowiskowe wynikajace
z zastosowania materialdow z recyklingu oraz innych surowcow alternatywnych, konieczne
jest prowadzenie spdjnej analizy LCA dla betonu. W praktyce badawczej oraz
w deklaracjach srodowiskowych wyrobow (ang. Environmental Product Declarations, EPD)
stosuje si¢ norm¢ EN 15804+A2 [10], ktora okresla ogdlne zasady, oraz norm¢ EN 16757
[56], stanowigcg zestaw regul specyficznych dla betonu (ang. Product Category Rules,
PCR). Dodatkowe wytyczne, takie jak programy EPD i narz¢dzia branzowe, wspieraja
zachowanie porownywalno$ci danych. Do kluczowych decyzji modelowych w analizach

LCA nalezg m.in.:

» Jak traktujemy odpady (alokacja): najczeg$ciej stosuje si¢ zasadeg ,,odcigcia” (ang. cut-
off) od momentu, gdy odpad staje si¢ pelnoprawnym surowcem wtornym (ang. End-of-
Waste, EoW). Od tego punktu nowy wyrob nie przejmuje wczeéniejszych obcigzen.

» Czy i gdzie uwzgledni¢ karbonatyzacje: zwykle w module B (uzytkowanie) i module C
(koniec zycia, ang. End-of-Life, EoL), a czasem takze w module D (efekty poza
systemem), bo beton pochtania CO. w trakcie eksploatacji i po rozbidrce.

» Jak rozliczy¢ modul D: zazwyczaj przez kredyty substytucyjne, gdy kruszywo
z recyklingu (RA) zastepuje kruszywo pierwotne poza granicg systemu podstawowego.

» Jednostka funkcjonalna: najczgsciej 1 m® betonu o okresSlonej klasie

wytrzymato$ci/trwato$ci, aby wyniki dato si¢ porownywac.
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» Spdjnos¢ danych wejsciowych - te same zatozenia dla wszystkich wariantow: ten sam
miks energetyczny, te same modele wytwarzania cementu i kruszyw oraz te same

zatozenia transportowe.

Literatura porownawcza wskazuje, ze bazowy $lad weglowy (GWP100) dla
mieszanek standardowych, opartych na cemencie portlandzkim i1 kruszywach naturalnych,
miesci si¢ zazwyczaj w przedziale 320-340 kg CO2-eq/m?® (A1-A3). Intensywna substytucja
klinkieru w cemencie moze obnizy¢ ten poziom nawet o 100-200 kg COz-eq/m*. Z kolei
zastepowanie kruszyw naturalnych kruszywami wtérnymi (RA) prowadzi zazwyczaj do
mniejszych redukcji emisji (gléwnie w modutach Al i A2), jednak efekty te moga si¢
zwigksza¢ przy skroceniu tras transportowych oraz wlasciwym przypisaniem kredytow
wmodule D. Aby ulatwi¢ praktyczne uwzglednianie takich dziatah w analizach
srodowiskowych, stosuje si¢ narzedzia branzowe do sporzadzania EPD (np. GCCA Industry
EPD Tool dla kruszyw, cementu i betonu), zgodne z EN 15804 [10] oraz EN 16757 [56].
Umozliwiajag one przyspieszenie kalkulacji, ujednolicenie raportowania oraz poprawg

porownywalnosci wynikéw [10,18,56,57].

Rosngce znaczenie tych inicjatyw znajduje odzwierciedlenie w politykach Unii
Europejskiej, ktore obejmujag m.in. poprawe efektywnosci energetycznej budynkow,
ograniczenie zuzycia surowcOw naturalnych oraz redukcj¢ oddziatywania na srodowisko,
tworzac tym samym sprzyjajace warunki dla wdrazania innowacyjnych technologii
w sektorze budownictwa. Jedng z nich jest technologia wytwarzania przyrostowego
z zastosowaniem betonu (ang. 3D Concrete Printing, 3DCP), definiowana jest jako
zautomatyzowane i sterowane cyfrowo wytwarzanie przyrostowe struktur z materiatow
bazujacych na spoiwie cementowym. Analiza stanu wiedzy pozwala wyodrebnié trzy
gtowne techniki druku. Pierwsza z nich jest Contour Crafting (CC) - jedna z pionierskich
metod opracowanych na University of Southern California, charakteryzujgca si¢
zastosowaniem lopatek formujacych przy dyszy [58—63]. Druga technik¢ stanowi 3D
Concrete Printing (3DCP), czyli klasyczna ekstruzja pozbawiona topatek formujacych [64—
68]. Trzecim podej$ciem jest D-Shape, wykorzystujace selektywne nanoszenie spoiwa na
pelne warstwy kruszywa, co umozliwia drukowanie skomplikowanych struktur bez
stosowania materialdéw podporowych [69-72]. Kazda z metod charakteryzuje si¢ odmienng
architektura sprzetowa, zakresem parametrow procesowych oraz specyficznymi
wymaganiami stawianymi mieszance. ROwnolegle liczne komitety 1 zespoty badawcze [73—
76] podejmuja prace nad standaryzacjg terminologii i procedur badawczych, poniewaz

obecnie brak jest obowigzujacych norm regulujacych zastosowanie technologii druku 3D
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w budownictwie. Termin ,druk 3D” jest potocznym okre§leniem grupy technik
wykonywania konstrukcji, ktérej techniczna nazwa brzmi ,,wytwarzanie przyrostowe”.
W dziedzinie budownictwa jednak duzo czesciej spotyka si¢ potoczng nazwe ,,druk 3D” niz
formalny termin ,,wytwarzanie przyrostowe”. W niniejszej pracy autor uzywa zamiennie obu

termindow.

Znaczenie tej technologii wpisuje si¢ w szerszy kontekst dziatan legislacyjnych
i strategicznych Unii  Europejskiej, ukierunkowanych na osiagnigcie neutralno$ci
klimatycznej sektora budowlanego. Przyktadem jest zrewidowana Dyrektywa w sprawie
charakterystyki energetycznej budynkow (ang. Energy Performance of Buildings Directive,
EPBD), ktora nakierowuje panstwa czlonkowskie na realizacj¢ koncepcji budynkow
zeroemisyjnych (ang. Zero Emission Buildings, ZEB), a takze na podwyzszanie

efektywnosci energetycznej istniejacych zasobéw budowlanych [77].

Technologia 3DCP, rozwijana od lat 80. XX w., ugruntowata swoja pozycj¢ jako
petnoprawny proces wytworczy réwniez w sektorze budowlanym. Oferuje ona skrocenie
czasu realizacji inwestycji, redukcj¢ kosztow oraz ograniczenie ilo$ci odpadow, w tym
deskowan, przy jednoczesnym zachowaniu wysokiego stopnia ztozonos$ci geometrycznej
wytwarzanych elementéw [70]. Jednoczesnie obecnie stosowane mieszanki do druku czesto
charakteryzuja si¢ wysoka zawarto$ciag cementu, co zwigksza energochtonnos¢ i1 $lad
weglowy materiatu, nierzadko przekraczajacy 500 kg CO2/m?. Stad potrzeba taczenia 3DCP
ze zrOwnowazonymi materialowymi, gtownie przez obnizanie CCR (substytucja klinkieru
przez SCM) oraz wiaczanie surowcoéw wtornych (CDW) w roli wypetiaczy lub kruszyw
[78,79]. W tym aspekcie, poza standardowymi surowcami wtérnymi jak GGBFS czy FA,
ro$nie rola cementu z wapieniem 1 kalcynowanymi itami (LC3). Jest to cement
o zredukowanej emisyjno$ci wynikajacej z zastgpienia czeSci klinkieru skladnikami
o nizszej emisyjnosci. Drobny wapien poprawia ,,smarowno$¢” mieszanki, a ptytkowe
czastki itu zwigkszaja tiksotropie i wstgpng wytrzymatos$é po wyekstrudowaniu [80]. Istotnie
wykorzystywane sa rowniez surowce wtorne, typu sproszkowana cegta (ang. Recycled Brick
Powder, RBP) jako substytut spoiwa, oraz inne drobne kruszywa (ang. Recycled Fine
Aggregates, RFA) 1 zuzel stalowniczy, ktore wykazuja wplyw na reologie i nos$nosc
materialu drukowanego [30,39,81]. Dodatkowo pojawiaja si¢ strategie zwigzane
z gospodarka o obiegu zamknigtym, ktore zaktadaja ponowne wykorzystanie drobnej frakcji

odpadowej 3DPC po klasyfikacji i modyfikacjach [78].

W trakcie procesu druku formowana jest liniowa $ciezka (ang. path), z ktorej -

poprzez sukcesywne nakladanie kolejnych warstw - powstaje tréjwymiarowy element.
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Warstwowa natura technologii  skutkuje jednak obecnoscig stref potaczen
migdzywarstwowych, ktore zazwyczaj stanowig najstabsze ogniwo konstrukeji [82,83].
Minimalizacja tej slabosci wymaga odpowiedniego doboru geometrii $ciezki oraz
parametrow druku. Wymiary przekroju wyttaczanej $Sciezki zalezg przede wszystkim od
sktadu mieszanki, predkosci ruchu glowicy, wydatku ekstruzji, wysokosci warstwy oraz
geometrii dyszy. Za korzystny uznaje si¢ przekrdj zblizony do prostokatnego, ktory
maksymalizuje powierzchni¢ styku miedzy sasiednimi warstwami (rys. 3d). Natomiast
wystepowanie nadmiernych podcig¢ i1 zaglgbien prowadzi do obnizenia jako$ci potaczenia
1 sprzyja odrywaniu si¢ kolejnych warstw (rys. 3a,b,c). Analiza metod pozwalajacych na
oceng jako$ci potagczenia migdzywarstwowego byta przedmiotem badan, ktorych rezultaty
opublikowano w artykule naukowym [84]. Na wytrzymato$¢ polaczen migdzywarstwowych
1 stabilno$ci §wiezej struktury wptywa réwniez czasowy odstep pomigdzy naktadaniem
kolejnych warstw, determinowany predkoscig druku i gabarytami wytwarzanego elementu.
Wiasciwy dobor tego interwatu, a wigc wyznaczenie maksymalnego czasu potrzebnego na
wydruk pojedynczej warstwy, stanowi kluczowy warunek dla uzyskania wysokiej jakosci
potaczenia. Nadmierne wydluzenie przerwy prowadzi do powstania tzw. ,,zimnych
potaczen” (ang. cold joints) charakteryzujacych si¢ obnizong nosnoscig [85]. Wptyw
odstepu czasowego pomiedzy warstwami na jako$¢ zlacza zostala przeanalizowana

w rozdziale 5.2.

a) | b) c) | d)

Rysunek 1. Ksztalt przekroju poprzecznego elementow drukowanych: (a) zaokrgglone krawedzie;
(b) deformacja przekroju- wyoblenia; (c) zmniejszony promien krzywizny krawedzi; (d) przekroj prostokgtny
[84].

Druk 3D z betonu to zlozony proces wymagajacy mieszanki o precyzyjnie
dostrojonych parametrach. Brakuje obecnie znormalizowanych, powszechnie przyjetych
metod oceny ,,drukowalnosci”, dlatego wiele osrodkow stosuje wiasne protokoty, a nazwy

1 definicje parametréw bywaja niespdjne migdzy zespotami [86,87].



Na podstawie dotychczasowych badan i przegladow literaturowych [80,86-90].
wyroznia si¢ cztery gltdwne grupy wilasciwosci materialowych istotnych w technologii
3DCP:

Wiasciwosci mieszanki §wiezej - obejmujacej fazg po wymieszaniu i w trakcie
transportu do glowicy drukujacej: pompowalnos¢ (ang. pumpability), wyttaczalnos¢ (ang.
extrudability), urabialno$¢ (ang. workability) oraz czas zachowania wymaganej konsystencji
(ang. open time). Ocena tych wlasciwosci realizowana jest z wykorzystaniem metod
reometrii w tym pomiaru statycznego 1 dynamicznego naprezenia uplastyczniajgcego,
lepkosci plastycznej oraz tiksotropii, a takze poprzez testy procesowe, takie jak metoda

opadu stozka czy metoda stolika rozptywowego.

Wtlasciwosci technologiczne po ekstruzji - odnoszace si¢ do materialu
opuszczajacego dysze, obejmujg przede wszystkim stabilno$¢ ksztattu oraz budowalnos¢
(ang. buildability), rozumiang jako zdolno$¢ kolejnych warstw do przenoszenia obcigzen
bez wystgpowania zjawiska wyboczenia lub zapadania. W ocenie tych parametréw stosuje
si¢ wskazniki budowalnosci, takie jak maksymalna wysoko$¢ stabilnej konstrukcji (przez
testowe drukowanie cylindra o maksymalnej wysokosci), czy odksztatcenie wyttoczonego
materialu w czasie, a takze pomiary tzw. ,,zielonej” wytrzymatosci. Zakres tzw. ,,okna
procesowego” regulowany jest poprzez stosowanie domieszek chemicznych o charakterze
przyspieszajacym (np. na bazie azotanu wapnia) lub op6zniajagcym (np. sacharoza). Dobor
odpowiednich domieszek wymaga uwzglednienia kompromisu mi¢dzy szybkim przyrostem

wytrzymatos$ci strukturalnej, a zapewnieniem odpowiedniej adhezji migdzywarstwowe;.

Wiasciwosci materialu w stanie stwardniatym - okre$lane sg na podstawie probek
referencyjnych przygotowanych poza procesem drukowania. Do kluczowych parametrow
zalicza si¢ m.in. wytrzymatos$¢ na Sciskanie i zginanie po 1/7/28 dniach dojrzewania, modut
sprezystosci, skurcz, gestos¢ objetosciowa oraz wspotczynnik przewodnos$ci cieplnej A.
Parametry te stanowig podstawe oceny nosnosci, trwalosci oraz wlasciwosci izolacyjnych

materiatu.

Wiasciwosci wydruku (elementu koncowego) - obejmujgce parametry uzytkowe
1 konstrukcyjne wytworzonych elementow, takie jak no§nos¢ i sztywno$¢ z uwzglednieniem
anizotropii kierunkowej, sp6jnos¢ migdzywarstwowa (ang. interlayer bond), wystgpowanie
defektow na polaczeniach warstw, doktadno$¢ wymiarowa oraz, w kontekscie efektywnosci
energetycznej, wtasciwosci cieplne przegrody okreslane przez wspodtczynnik przewodnosci
cieplnej A dla pojedynczego elementu lub wspotczynnik przenikania ciepta U dla gotowe;j

geometrii.



Tak zdefiniowana klasyfikacja wiasciwosci materiatowych pozwala na powigzanie
terminologii praktycznej (ang. pumpability, extrudability, buildability, open time)
z mierzalnymi parametrami reologicznymi, co odpowiada aktualnemu stanowi badan

1 kierunkami rozwoju technologii 3DCP.

Wiasciwosci mieszanek przeznaczonych do druku powinny by¢ dostosowane do
zastosowanych podzespotéw i1 urzadzen wchodzacych w sktad instalacji drukujacej, ktora
zazwyczaj obejmuje mieszalnik, pompe, przewody transportujace oraz robota sterujacego
gltowica drukujacg. Proces rozpoczyna si¢ od przygotowania mieszanki w odpowiednim
mieszalniku- talerzowym, planetarnym lub bebnowym. W technologii druku 3D coraz
wigksze znaczenie zyskuja rowniez mieszalniki $limakowe, umozliwiajace wytwarzanie
materialu w sposob ciagly, z zadang wydajnoscig [12,91-93]. Nastepnie przygotowana
mieszanka transportowana jest do glowicy za pomocg pomp réznego typu, takich jak
slimakowe, kawitacyjne (ang. Progressive Cavity Pumps, PCP) czy tlokowe (wyttaczarki)
[93,94]. W wielu rozwigzaniach technicznych urzadzenia przygotowujace mieszanke
integruja funkcje mieszania i pompowania, co upraszcza instalacj¢ oraz ogranicza liczbe

elementéw wymagajacych synchronizacji (Rysunek 2a).

Wykonywanie zaprojektowanych $ciezek 1 geometrii drukowanych elementow jest
mozliwe dzigki precyzyjnemu pozycjonowaniu glowicy, ktére uzaleznione jest od
zastosowanego typu drukarki 3D oraz jej uktadu kinematycznego. Najczesciej stosowane sg
systemy oparte na robotach kartezjanskich lub manipulatorach (ramionach robotycznych)
[64,94-96]. Roboty kartezjanskie, dzialajace w zdefiniowanej przestrzeni roboczej, cechuja
si¢ prostszym sterowaniem, podczas gdy manipulatory oferuja wigksza mobilnos¢, ale
wymagaja bardziej zaawansowanego oprogramowania. Rozwijane s3 réwniez roboty
samojezdne dziatajace na zasadzie dzwigu, takie jak drukarka Apis Cor, ktore pozwalajg na

realizacj¢ duzych obiektow przy zachowaniu kompaktowych wymiarow urzadzenia [12,97].

Kluczowym elementem systemu druku 3DCP jest glowica drukujaca (Rysunek 2b),
odpowiedzialna za wytlaczanie materialu przez dysz¢, nadajac mu bezposrednio ksztalt
w trakcie formowania warstwy. Dysze stosowane w tej technologii mogg posiada¢ przekroj
okragly lub prostokatny, a ich §rednice mieszczg si¢ zazwyczaj w zakresie od 6 do 50 mm.
W wybranych rozwigzaniach konstrukcyjnych glowica wyposazona jest w komorg
mieszajaca, ktora peini role niewielkiego zasobnika materialu oraz umozliwia
wprowadzenie przyspieszacza wigzania tuz przed ekstruzja. Zastosowanie takiego

rozwigzania pozwala na szybkie utwardzenie mieszanki w ramach strategii ,,set-on-



demand”, polegajacej na kontrolowanym inicjowaniu procesu wigzania poprzez dodanie

odpowiednich domieszek bezposrednio przed wyttoczeniem [93-95].

W B W

a) b)

Rysunek 2. Elementy infrastruktury technologii 3DCP: a) mieszalnik do zapraw (I- zasobnik suchej
mieszanki; 2- dozownik suchej mieszanki; 3- zbiornik wody, 4- mieszalnik slimakowy; 5- pompa kawitacyjna
(PCP)); b) glowica drukujgca (6- naped glowicy, 7- przylgcze weza z mieszankq, 8- wat napedowy
ekstrudera z funkcjq mieszania; 9- zasobnik materiatu; 10- ekstruder; 11- dysza drukujqca).

W ujeciu srodowiskowym i1 procesowym technologia 3D Concrete Printing (3DCP)
umozliwia redukcje zuzycia materialow poprzez projektowanie niepelnych przegrod
budynkéw, ograniczenie ilosci odpadow, automatyzacje i stabilizacje jakosci wytwarzania,
a takze integracj¢ funkcji konstrukcyjnych 1 instalacyjnych, takich jak kanaty prowadzenia
instalacji, przestrzenie powietrzne czy warstwy izolacyjne [70,79]. Nalezy jednak
podkresli¢, iz technologia ta wigze si¢ z okreslonymi ograniczeniami. Do najistotniejszych
naleza: waski zakres tzw. ,,okna drukowania” (kompromis pomi¢dzy pompowalnosciag
a szybkim przyrostem wytrzymatosci struktury), anizotropia wlasciwosci mechanicznych
oraz zmienna jako$¢ wigzania mig¢dzywarstwowego. Parametry te pozostaja w silnej
zalezno$ci od czasu pomigdzy nakladaniem kolejnych warstw oraz od geometrii
1 charakterystyki $ciezki drukowania. Wyniki badan eksperymentalnych z 2024 r. wskazuja,
ze jakos$¢ polaczenia miedzywarstwowego ulega istotnym zmianom zaréwno w funkcji
czasu aplikacji kolejnych warstw, jak 1 w zalezno$ci od warunkow procesowych. Z tego
wzgledu rekomenduje si¢ uwzglednienie testow mechanicznych polaczen warstwowych

jako integralnego elementu procedury walidacji projektowej [82,86,98].

Poza redukcjag emisyjnosci samych materiatow budowlanych, istotnym
zagadnieniem sg roéwniez wlasciwosci termoizolacyjne mieszanek stosowanych w 3DCP

oraz ich wplyw na efektywno$¢ energetyczng i komfort cieplny budynkoéw. Zgodnie

“‘ ?



z zatozeniami Dyrektywy w sprawie charakterystyki energetycznej budynkow (EPBD),
panstwa cztonkowskie UE zobowigzane sg do podejmowania dziatah na rzecz poprawy
efektywnosci energetycznej zasobu budowlanego. Wedlug danych Eurostatu, az 85%
budynkéw w UE powstalo przed rokiem 2000, z czego 75% charakteryzuje si¢ niska
efektywnoscig energetyczng [99]. W konsekwencji wdrozenie zapisow dyrektywy ma na
celu zwigkszenie udzialu obiektéw spetniajacych rygorystyczne wymagania energetyczne,

a tym samym ograniczenie zuzycia energii koncowej oraz emisji gazow cieplarnianych.

W budownictwie konwencjonalnym poprawa izolacyjnosci przegrdd realizowana
jest zazwyczaj poprzez stosowanie dodatkowych warstw termoizolacyjnych, np. systemow
ETICS (ang. External Thermal Insulation Composite System)- obejmujacych warstwe
izolacji, kleje, siatki zbrojace i1 tynki; oktadzin elewacyjnych lub prefabrykowanych
przegrod warstwowych (plyty warstwowe, w ktorych pomiedzy okladzinami z blachy
umieszczona jest warstwa materiatu izolacyjnego). Procesy te s3 wieloetapowe,
pracochlonne i wymagaja stosowania materialow pomocniczych. W konsekwencji generuja
one znaczne ilosci odpadéw budowlanych, m.in. w postaci docinek materiatow izolacyjnych

czy zuzytych elementow montazowych [100,101].

Technologia 3DCP proponuje odmienng filozofi¢ ksztattowania izolacyjnosci
przegrod, polegajaca na jej integracji w strukturze elementu juz na etapie projektowania
1 wytwarzania. Dzigki modelowaniu mozliwe jest zaprojektowanie wielowarstwowych
przekrojow $cian z wypetnieniem o niskiej przewodnos$ci cieplnej, kontrolowanymi
pustkami powietrznymi badz zoptymalizowang geometria wewngtrzng ograniczajgca
przewodzenie ciepta. Tego typu rozwigzania umozliwiaja znaczng redukcje wspotczynnika
przenikania ciepta U w poréwnaniu z petnymi przekrojami, co prowadzi do zmniejszenia
zapotrzebowania na energi¢ cieplng bez konieczno$ci stosowania dodatkowych warstw
izolacyjnych po wydruku. Dodatkowo, zastosowanie materiatow lekkich badz porowatych
(np. betondéw spienionych, mieszanek o obnizonej gesto$ci) pozwala na obnizenie
efektywnej wartosci wspotczynnika przewodnosci cieplnej A przy zachowaniu odpowiednie;j

drukowalnosci [102—-104].

Z punktu widzenia organizacji procesu budowlanego, technologia 3DCP przyczynia
si¢ rowniez do ograniczenia odpadéw oraz nakladow pracy oferujac m.in. precyzyjne
dozowanie mieszanki redukujace straty materialowe. Analizy ekonomiczne i srodowiskowe
wskazujg, iz eliminacja form umozliwia usunigcie strumienia odpadéw odpowiadajacego
w budownictwie tradycyjnym nawet za ok. 23% ogotu odpadéw budowlanych. Z kolei

zastosowanie technologii druku 3D moze ograniczy¢ ilo§¢ odpadow materiatowych nawet



o kilkadziesiat procent, w zalezno$ci od charakterystyki projektu i strategii procesu. Takie
uwarunkowania sprawiaja, iz 3DCP wpisuje si¢ jednoczesnie w cele EPBD (poprawa
efektywnosci operacyjnej) oraz w zatozenia gospodarki o obiegu zamknigtym (GOZ),
poprzez ograniczenie odpadéw procesowych oraz mozliwo$¢ stosowania mieszanek

o obnizonym wskazniku CCR [105,106].

Praktyczng konsekwencja powyzszych uwarunkowan jest mozliwos$¢ integracji
funkcji no$nych i izolacyjnych w jednym, drukowanym elemencie. Osiaga si¢ to poprzez
zastosowanie zroéwnowazonych materialow (np. zapraw o obnizonym CCR z dodatkami
SCM oraz lekkich kruszyw) oraz poprzez projektowanie zoptymalizowanej geometrii
przegrody (liczba i1 uklad Zeber, grubo$¢ warstw, wzor wypetnienia, wielko$¢ pustek
powietrznych). Parametry te tacznie determinujg zaroéwno efektywno$¢ energetyczna, jak
1 no$nos¢ elementu. Nalezy przy tym zapewni¢ rownowaznos$¢ funkcjonalng, obejmujaca
bezpieczenstwo konstrukcji, trwalo$§¢ oraz odporno$¢ ogniowa, a takze zgodno$¢

z obowigzujacymi regulacjami [102,104].

Podsumowujac dotychczasowe ustalenia, mimo dynamicznego rozwoju badan nad
3DCP 1 rosnagcej popularnosci tej technologii, nadal nie uzyskata ona szerokiego

zastosowania w praktyce budowlanej. Najistotniejsze wyzwania obejmuja:

» brak standaryzacji procedur oceny parametrow procesowych (pumpability,
extrudability, buildability, open time) oraz ich jednoznacznego powigzania
z wlasciwosciami reologicznymi i kontrolg czasu wigzania,

» niewystarczajace rozpoznanie zaleznosci pomiedzy sktadem mieszanki, parametrami
procesu ($rednica dyszy, wysokos$¢ warstwy, predkos¢ drukowania, optymalny czas
przerwy pomigdzy warstwami) a wlasciwo$ciami mechanicznymi 1 adhezja
miedzywarstwowa,

» brak spojnych analiz cyklu zycia (LCA) uwzgledniajacych redukcje CCR, wptyw
transportu i przygotowania surowcoéw wtornych oraz kredyty modutu D,

» problemy zwigzane ze skalowaniem procesu i powtarzalno$cig, wynikajace z braku
procedur kontroli jakosci dla zastosowan przemystowych oraz braku dedykowanych

regulacji 1 wytycznych projektowych dla elementéw drukowanych.

Powyzsze uwarunkowania uzasadniaja podjgcie w niniejszej pracy programu
badawczego integrujacego dobodr sktadu mieszanki, parametry procesu technologicznego

1 geometri¢ elementu z walidacjg mechaniczna, cieplng i sSrodowiskowa.



2. Cel 1 zakres pracy

Na podstawie przeprowadzonej analizy literatury oraz oceny aktualnego stanu

wiedzy sformutowano tezy naukowe rozprawy:

Teza 1: Odpowiednie dostosowanie parametrow technologicznych procesu druku
umozliwi produkcje prefabrykowanych elementow betonowych metodg druku 3D
z wykorzystaniem w mieszankach surowcow odpadowych jako dodatkow mineralnych, ktore

obnizajq udzial cementu portlandzkiego oraz slad weglowy materiatu.

Teza 2: Zastosowanie kruszyw lekkich jako czesciowego zamiennika piasku
kwarcowego pozwala na obnizenie wspotczynnika przewodnosci cieplnej materiatu, a tym
samym poprawe wlasciwosci termoizolacyjnych prefabrykatow wytwarzanych metodg druku

3D.

Teza 3: Zastosowanie technologii druku 3D umozliwia wytwarzanie prefabrykatow
o zlozonej geometrii, pozwalajgcej na poprawe parametrow termoizolacyjnych przegrod

budowlanych.

Celem pracy bylo opracowanie betonu drobnoziarnistego na bazie cementu
portlandzkiego przeznaczonego do zastosowania w procesie druku 3D, a takze modyfikacja
jego sktadu w celu redukcji udziatu cementu portlandzkiego poprzez czgsciowe zastapienie
go sktadnikami mineralnymi bedacymi odpadami proceséw wysokotemperaturowych:
popidt lotny i zuzel wielkopiecowy, oraz odpadami rozbidorkowymi (Construaction
Demolition Wastes, CDW), w postaci kruszonych elementéw betonowych, cegly
odpadowej, sttuczki szklanej i mieszanego gruzu. Przyj¢te podejscie pozwala na obnizenie
sladu weglowego materiatu poprzez zmniejszenie udzialu najbardziej energochtonnego
sktadnika betonu, jakim jest cement, oraz jego czeSciowe zastgpienie surowcami

pochodzenia odpadowego.

Ponadto w pracy zweryfikowano mozliwo$¢ uzyskania materiatdéw o zwigkszonej
termoizolacyjnosci poprzez zastosowanie kruszyw lekkich, ktore obnizaja wspotczynnik
przewodnosci cieplnej betonu przeznaczonego do druku 3D. Wyniki badan
doswiadczalnych wykazaty, ze mozliwe jest zastosowanie wypetniaczy w postaci pelitu
ekspandowanego, keramzytu i polistyrenu ekspandowanego jako alternatywy dla piasku
kwarcowego, co pozwala na poprawe parametréw termoizolacyjnych do 70% w poréwnaniu

z materiatem bazowym.

Praca obejmowata swoim zakresem szeroko poje¢te dopracowanie parametrow

technologicznych procesu drukowania co wymagato zaprojektowania i wykonania

m :



stanowiska drukujacego wraz z glowicg drukujacg z ekstruderem typu pompa kawitacyjna
lub typu slimak. Opracowanie infrastruktury badawczej wymagato rowniez zaprojektowania
stanowiska do przygotowywania mieszanek, wyposazonego w zestaw mieszajacy.
Weryfikacja parametréw budowalnosci, realizowana przez sekwencyjne obcigzanie probki
materiatu 1 pomiar jej odksztalcen, byta realizowana w opracowanym na potrzeby doktoratu
stanowisku do symulacji procesu druku. Infrastruktura badawcza obejmowata ponadto
zaprojektowanie 1 wykonanie stanowiska do oceny skurczu materiatu drukowanego.
Przygotowanie surowcoOw odpadowych do zastosowania w mieszankach przeznaczonych do
druku 3D mozliwe byto dzigki opracowanemu i skonstruowanemu w ramach pracy mtynowi
kulowemu wraz z zestawem sit, umozliwiajacemu homogenizacje¢ 1 odpowiednie

frakcjonowanie materiatu.

W ramach przeprowadzonych badan dokonano weryfikacji wplyw kluczowych
parametréw procesu druku 3D, takich jak konsystencja mieszanki, obecnos¢ witokien
w mieszance, geometria dyszy, ilo§¢ materialu w zbiorniku glowicy oraz predkos¢
drukowania, na stabilno$¢ i powtarzalno$¢ wydajnosci ekstruzji realizowanej przez gtowice
wyposazong w ekstruder slimakowy. Wyniki analiz umozliwity okreslenie wspotczynnikéw
korekcyjnych stosowanych podczas przygotowywania probek materiatowych oraz wykazaty
konieczno$¢ wyeliminowania witdkien z modyfikowanych wariantow mieszanki. Ich
obecno$¢ powodowala istotne ograniczenie wydajnosci ekstruzji, wynikajace z akumulacji

wldkien na elementach wykonawczych glowicy drukujace;.

W ramach pracy przeprowadzono weryfikacje wpltywu wybranych parametréw procesu
druku 3D, takich jak: wysokos$¢ warstwy, $rednica dyszy, czas przerwy pomiedzy naktadaniem
kolejnych warstw wydruku na jako§¢ wytwarzanych elementéw. Oceniono réwniez wpltyw
zastosowanej metody wytwarzania, druku 3DCP lub konwencjonalnego formowania, na
wlasciwosci wytrzymalosciowe elementow, z uwzglednieniem zjawiska anizotropii. Wyniki
badan wskazaly na konieczno$¢ precyzyjnej oceny jakosci polaczen migdzywarstwowych
(spdjnosci warstw). W ramach rozprawy dokonano takze weryfikacji metodyki badawczej

stosowanej w tym zakresie.

Przeprowadzono réwniez weryfikacj¢ wplywu geometrii wewngtrznej $ciany
drukowanej w technologii 3D na jej wtasciwosci termoizolacyjne. Przeprowadzono analizy
numeryczne metoda elementow skonczonych (MES) dla autorskich wariantow przegrdd,
wykazujac istotny wplyw geometrii na parametry przewodnictwa cieplnego. W celu
walidacji modeli wykonano testy do$wiadczalne na probkach z polilaktydu (PLA),

uzyskujac wysoka zgodno$¢ wynikow z danymi z symulacyjnymi. Potwierdza to



skuteczno$¢ zastosowanego podejscia jako narzgdzia wspomagajacego wstepna
optymalizacje geometrii elementow budowlanych juz na etapie projektowym. Dla peine;j
oceny potencjalu  termoizolacyjnego  wskazanych rozwigzan, konieczne jest
przeprowadzenie badania przenikania ciepta w elementach wykonanych w skali

rzeczywiste;j.

W celu oceny efektu srodowiskowego wynikajacego z modyfikacji materialowych
mieszanek przeznaczonych do druku 3D przeprowadzono analiz¢ cyklu zycia (Life Cycle
Assessment, LCA). Zakres analizy obejmowal obliczenia emisji w modutach A1+A2,
a takze oszacowanie wplywu karbonatyzacji (modul B) oraz potencjalnych korzysci
srodowiskowych wynikajacych z recyklingu (modut D). Analizie poddano siedem
wariantow mieszanek opracowanych w ramach niniejszej rozprawy. Uzyskane wyniki
potwierdzity mozliwos¢ redukcji sladu weglowego nawet o 50% w porownaniu z mieszanka

referencyjna.

Zakres pracy obejmowal rowniez opracowanie i wytworzenie prefabrykatow
$ciennych. Geometria elementow typu A i B zostata zaprojektowana na podstawie analiz
symulacyjnych, ukierunkowanych na poprawg¢ wiasciwosci termoizolacyjnych przegrod.
Wyniki przeprowadzonych badan umozliwily ponadto realizacj¢ elementow malej
architektury, co dodatkowo zwigksza warto$¢ aplikacyjng uzyskanych rezultatow poprzez

rozszerzenie obszaru ich potencjalnego zastosowania.

Wdrozeniowy charakter rozprawy determinowat jej glowny cel, ktorym bylto
opracowanie rozwigzan technologicznych oraz sktadu mieszanki cementowej z udzialem
surowcow odpadowych i/lub materiatéw pochodzacych z recyklingu, umozliwiajacych ich
praktyczne zastosowanie w dzialalno$ci przemystowej firmy ATMAT sp. z 0.0. Otrzymane
wyniki zostaly wykorzystane przez partnera przemystowego stanowigc podstawe do

dalszych prac rozwojowych w obszarze technologii druku 3DCP.



3. Metodyka badawcza

3.1. Przebieg prac

Program badan podzielono na trzy etapy (Rysunek 3):

I/ Opracowanie sktadu mieszanki na bazie cementu portlandzkiego. Prace w tym
etapie obejmowaty wyznaczenie wilasciwosci mieszanki $wiezej obejmujgce gltownie
parametry reologiczne odnoszace si¢ do mieszanek przeznaczonych do druku 3D (m.in.
drukowalnos$¢, budowalno$¢ czy czas otwarty). Sktady testowanych mieszanek opracowano
na podstawie literatury. Przeprowadzone analizy pozwolily zidentyfikowaé parametry
krytyczne mieszanki do druku 3D oraz samego procesu m.in. budowalnos¢, stabilno$¢
sciezki, wydajnos¢ ekstruzji oraz jej sprz¢zenie z predkoscig druku, wysokoscig warstwy
i rozmiarem dyszy. Ponadto wyznaczono czynniki wptywajace na wydajnos¢ i stabilno$¢
ekstruzji na autorsko opracowanym stanowisku testowym do druku 3DCP. Wyznaczono
mierzalne warto$ci kontrolne mieszanek dedykowanych procesowi 3DCP, m.in. pomiar
rozplywu mieszanki oraz pomiar odksztatlcenia probek materialowych poddanych
obcigzeniu symulujacemu cig¢zar kolejnych naktadanych warstw. Etap ten obejmowat

réwniez prace projektowe zwigzane z opracowaniem gltowicy drukujace;.

II/ Analiza wlasciwos$ci materiatu stwardniatego oraz wptywu procesu druku 3DCP
na te wtasciwosci. Wykonano probki drukowane z materiatu bazowego i porownano je
z probkami formowanymi metoda konwencjonalng. Zakres badan objal parametry
mechaniczne 1 fizyczne. Parametry probek drukowanych przeanalizowano réwniez
w konteks$cie strategii procesu druku, poprzez symulacje przerwy czasowej pomiedzy
kolejnymi  drukowanymi warstwami, oraz pod katem anizotropii parametréw
wytrzymato$ciowych. Etap II obejmowat rowniez opracowanie geometrii prefabrykatow

$ciany i ocen¢ ich parametrow termoizolacyjnych.

III/ Werytfikacja mozliwosci modyfikacji sktadu mieszanki na bazie cementu
portlandzkiego przez wprowadzenie surowcoéw odpadowych jako zamiennikow spoiwa lub
kruszywa lub jako dodatkéw wypetniajacych zmniejszajacych gesto$¢ materiatu.
Wytworzone probki poddano weryfikacji, poréwnujac je z materiatem referencyjnym, co
pozwolito na okreslenie potencjalnych korzysci $rodowiskowych wynikajacych

z zagospodarowania odpadow.
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Rysunek 3. Schemat przebiegu prac badawczych w zakresie opracowania materiatu do druku 3DCP.



3.2. Zastosowane materiaty

W ramach realizowanych badan zastosowano szereg rdéznego rodzaju materialow,

w ktorych sklad wchodzity materialy standardowe, tworzgce mieszanke bazowa oraz

surowce odpadowe zastosowane w badaniach jako dodatki obnizajace $lad weglowy

1 wpisujace si¢ w zatozenia GOZ.

Do przygotowania mieszanki bazowej stosowano:

>

YV V V VY

Y VY

piasek budowlany, kwarcowy o uziarnieniu 0,5-1,4 mm (producent: AXTON),
cement CEM I 52,5R (Aalborg Portland),

cement CEM II/A-LL 42,5R-NA (Cemex Vertua Plus),

cement CEM 1 42,5R (Goérazdze Cement S.A. Heidelberg Cement Group),
maczka wapienna o uziarnieniu 0-0,2 mm (P.W. SIGMA Andrzej Jurecki,
Euromar-PL sp. z 0.0., Labtar Sp. z 0.0.),

mikrokrzemionka biata G95 (Mikrosilika Trade Natalia Wianecka),
przyspieszacz wigzania, oparty na azotanie wapnia (SIKA),

superplastyfikator PCE (SIKA).

Jako zamiennik spoiwa lub kruszywa stosowano surowce odpadowe:

>

popidt lotny do betonu (PGE Ekoserwis S.A, z zaktadu produkcyjnego PGE
Energia Ciepta S.A. w Krakowie),

popidt lotny (Elektrocieptownie w Wietnamie (3 rozne lokalizacje),

zuzel, mieszanka popiotowo-zuzlowa (Leczynska Energetyka Spoétka z o.o.
w Bogdance),

odpad w postaci kruszonych elementéw drukowanych 3D z zaprawy cementowej
(zrodto wiasne),

odpadowa stluczka szklana (pozyskany ze szkla odpadowego na sktadowisku
odpadow budowlanych, uzupelione odpadem ze szkta opakowaniowego),
odpad ceglany (pozyskany ze sktadowiska odpadéw budowlanych, Krakéw),
odpad budowlany mieszanych (pozyskany ze skladowiska odpadow

budowlanych, Krakow).

Natomiast jako lekkie dodatki wypetniajace mieszanki, obnizajace gestos¢ materiatu,

ograniczajace ilo$¢ stosowanego cementu oraz poprawiajace parametry izolacyjne materiatu

stosowano:

>

perlit ekspandowany 0-2,5 mm (Jawar sp. z 0.0., Glinojeck),



> keramzyt 1-4 mm (Garden Stones, Ages Sp. z 0.0., Zrodta),
» polistyren ekspandowany (EPS), granulat 3-4 mm (Sales Craft, L¢townia).

3.3. Przygotowywanie materiatéw i mieszanek

Mieszanke bazowa przygotowano z wykorzystaniem surowcow handlowych,
przechowywanych w pomieszczeniu o kontrolowanych warunkach $rodowiskowych:
temperaturze (22 + 3) °C oraz wilgotnosci wzglednej (45 £+ 10) %. Surowce te nie wymagatly

dodatkowej obrobki wstepne;.

Surowce pochodzace z recyklingu poddano wstgpnej obrobce granulometrycznej
przed ich zastosowaniem w modyfikowanych mieszankach. Ograniczenia dotyczace
maksymalnej dopuszczalnej wielkosci czastek wynikaly z konieczno$ci zapewnienia
swobodnego przeptywu materialu przez elementy instalacji podawania w procesie
drukowania. Graniczna $rednica ziarna dla stosowanej w badaniach drukarki 3DCP
wynosita 5 mm. Frakcje o wigkszych wymiarach poddawano procesowi kruszenia i mielenia
(w laboratoryjnym mitynie kulowym; pojemnos¢ wsadu 10 1; mielniki ceramiczne
o §rednicach 20, 30 1 50 mm; predkos$¢ obrotowa mtyna 12 obr/min, czas mielenia ok. 6 h
na parti¢), a nastepnie klasyfikowano za pomocg sit. Obrobcee tej poddano wszystkie surowce
recyklingowe, z wyjatkiem popiotu lotnego, ktory dostarczono bezposrednio
z elektrocieptowni w postaci drobnego pytu, niewymagajacego dodatkowej przerébki przed

wprowadzeniem do mieszanki.

Przygotowanie mieszanek do testow realizowano sukcesywnie wedlug

nastepujacego schematu:

» odwazanie sktadnikow mieszanki dla danej formulacji na wadze laboratoryjnej;

» wstepne mieszanie sktadnikow suchych w mieszalniku laboratoryjnym
planetarnym (ok. 3 min) oraz przygotowanie sktadnikow cieklych w osobnym
zbiorniku (ok. 30 s);

» mieszanie zasadnicze: potgczenie mieszanki suchej i cieklej w mieszalniku
planetarnym (ok. 5 min);

» weryfikacja konsystencji na stoliku rozptywowym (wg EN 1015-3) [107];

» zaladunek materiatu do gtowicy drukujacej oraz jednoczesne formowanie probek
w formach tréjdzielnych (wg EN 196-1) [108]. Po 48h wstepnego utwardzania
probek, pobierano je z pola roboczego drukarki i sezonowano w warunkach:
22 +/- 3 °C, 1 wilgotnosci wzglednej 45 +/-10 % przez 28 dni. Analogicznie

postepowano z probkami formowanymi, ktore po 48h rozformowywano.
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W celu ograniczenia degradacji lekkich dodatkéw izolacyjnych, perlitu
ekspandowanego, keramzytu, granulatu EPS, w trackie mieszania, dodatki te wprowadzano

do uprzednio wymieszanej masy w potowie zaplanowanego czasu mieszania.
3.4. Infrastruktura testowa

Badania prowadzono z wykorzystaniem infrastruktury udost¢pnionej przez partnera
przemystowego, obejmujacej zarowno zaplecze do przygotowania mieszanek, jak i dwa
stanowiska do druku: urzadzenie wielkogabarytowe, bedace produktem komercyjnym
zaadaptowanym do technologii 3DCP (drukarka ATMAT Saturn) (Rysunek 4a) oraz
drukarke laboratoryjng (Rysunek 4c) opracowana w toku pracy. W systemie
wielkogabarytowym wykorzystanym m.in. do weryfikacji pompowalnosci badanych
mieszanek, zastosowano glowice zbuforowym zbiornikiem o pojemnosci 5 1 oraz
ekstruderem typu rotor-stator. Zbiornik umozliwial zaré6wno dostarczenie manualne
mieszanki bezposrednio do glowic jak i zintegrowanie jej z urzadzeniem mieszajgco-
pompujacym, gdzie petit role stabilizatora zasilania mieszanka, ograniczajac pulsacje,
natomiast uktad rotor-stator zapewnial wytlaczanie materiatu. Drukarka laboratoryjna,
zaprojektowana na potrzeby testowania mieszanek do technologii 3DCP, wyposazona byla
w glowice z zasobnikiem ok. 20 1 (Rysunek 4d) oraz ekstruder §limakowy (Rysunek 4b).
Konfiguracja ta pozwalata na szybkie iteracje receptur, testowanie okna procesowego

1 precyzyjne dostrajanie parametrow bez koniecznosci uruchamiania pelnej instalacji.

Oba stanowiska oferowaly porownywalny zakres sterowania procesem: regulacje
predkosci drukowania (do 80 mm/s), dobér wysoko$ci warstwy w relacji do $rednicy dyszy
i reologii mieszanki, a takze kontrolg intensywnosci ekstruzji poprzez dopasowanie wydatku
do posuwu. Wymienne zestawy dysz o zroznicowanej srednicy i geometrii (przekrdj kotowy
lub prostokatny) umozliwialy ksztattowanie przekroju $ciezki materiatu  zgodnie
z zalozeniami geometrii warstw 1 wymaganiami reologicznymi. Dla zachowania
niezawodnosci pracy gtowic stosowano kazdorazowe procedury ptukania i czyszczenia po

zakonczonym cyklu druku.



(c) (d)

Rysunek 4. Infrastruktura do druku 3D w technologii 3DCP stosowana podczas realizacji pracy: a) drukarka
ATMAT Saturn zaadaptowana do technologii 3DCP; b) ekstruder typu Slimak opracowany w ramach prac
projektowych nad konstrukcjq gtowicy drukujqcej; c) model graficzny opracowanego w ramach prac
projektowych stanowiska testowego do druku w technologii 3DCP; d) glowica drukujgca wchodzgca w sklad
stanowiska testowego do druku 3DCP.

3.5. Zastosowane metody badawcze

Ponizej przedstawiono syntetyczny opis metod badawczych zastosowanych do
charakterystyki zarowno surowcow, jak 1 wytworzonych materiatéw. Nalezy podkresli¢, ze

zaprezentowane wyniki sg efektem czteroletnich badan, prowadzonych przy zmiennym

34



dostepie do aparatury - m.in. w zwigzku ze zmianami infrastruktury udostepnianej przez
partnera przemystowego oraz modernizacja wyposazenia badawczo-laboratoryjnego. Prace
realizowano w dwoch dyscyplinach, co oznacza, ze cz¢$¢ pomiaréw wykonano w odrgbnych
jednostkach, dysponujacych réznym sprzetem. Szczegdtowe protokoty, konfiguracje
aparatury oraz przyjete parametry pomiarowe znajdujg si¢ w publikacjach zataczonych do

rozprawy.

» Obrazowanie i modelowanie 3D (CAD/MES).

Geometrie probek i1 elementow testowych modelowano w srodowisku SolidWorks
2022. Analizy wytrzymatosciowe prowadzono w module SolidWorks Simulation
(MES). Warunki brzegowe i obcigzenia dobierano zgodnie z docelowymi
scenariuszami pracy elementow; parametry materialowe przyjmowano na podstawie
wynikéw badan mechanicznych oraz na podstawie danych literaturowych.

» Sklad chemiczny okreslono metoda rentgenowskiej analizy fluorescencyjnej (XRF).
Analizy wykonano metodg rentgenowskiej fluorescencji przy uzyciu spektrometru
Bruker S2 PUMA (ED-XRF). Wyniki raportowano w postaci sktadu tlenkowego
(wt.%). Probki przygotowywano jako proszki jednorodne; stosowano powtarzalny
czas akwizycji na liniach analitycznych pierwiastkow gléwnych.

» Rozktad wielkosci czastek (PSA).

Zastosowano laserowy analizator dyfrakcyjny Anton Paar PSA 1190 LD (Anton
Paar, Graz, Austria). Pomiary prowadzono w o$rodku ciektym, przy statych
parametrach  dyspersji 1 odpowiednio  dobranych  wspdiczynnikach
zatamania/absorpcji; dla kazdego materialu rejestrowano co najmniej trzy przebiegi
1 raportowano warto$ci D1o/Dso/Doo oraz krzywe skumulowane.

» Badania reologiczne i konsystencja.

Metodyka badawcza opisana w literaturze, dotyczaca reologii mieszanek
stosowanych w technologii druku 3D, jednoznacznie wskazuje na silng zalezno$¢
uzyskiwanych wynikéw od przyjetej procedury pomiarowej. Brak ujednoliconych
kryteriow poroOwnawczych stanowi istotne utrudnienie w zakresie doboru
adekwatnych narzedzi badawczych. Stolik rozplywowy stanowi jedng z metod
reologicznych (z grupy badan wibracyjnych) charakteryzujacy si¢ prostota
wykonania oraz szczeg6lng przydatnoscig w analizach poréwnawczych wlasciwosci
mieszanek przeznaczonych do druku 3D. W kontek$cie zastosowan technologii
3DCP, zwtlaszcza na etapie badan pilotazowych nad sktadem mieszanek, metoda
stolika rozptywowego stanowi zatem narzedzie umozliwiajace szybka i wstepna

klasyfikacj¢ mieszanek pod wzgledem ich drukowalnos$ci oraz stabilnosci po
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procesie wytlaczania. Wlasciwosci mieszanki $wiezej oceniano metodami
normowymi: EN 1015-3 [107] (stolik rozptywowy dla zapraw), EN 12350-2 [109]
(badanie konsystencji metoda opadu stozka), EN 12350-5 [110] (stolik rozptywowy
dla mieszanek betonowych) oraz EN 196-3 [111] (czas wigzania, aparat Vicata).
Procedury obejmowaly zdefiniowany czas wst¢pnego mieszania, czasu wigzania,
okreslenie konsystencji oraz wyznaczenie czasu przydatno$ci mieszanki do
drukowania (zmiana konsystencji w czasie od zarobienia).

»  Gestos¢ (metoda hydrostatyczna).
Gesto$¢ pozorng probek okreslano metodg Archimedesa z wykorzystaniem wagi
precyzyjnej Radwag WLC/C2 (RADWAG, Radom, Polska). Rejestrowano mase¢ na
powietrzu i mas¢ zanurzeniowa w wodzie (20 £+ 1 °C); dla kazdej serii wykonywano
min. trzy powtorzenia, a wyniki przedstawiano w postaci wartosci $redniej oraz
odpowiadajacego jej odchylenia standardowego.

» Parametry mechaniczne - wytrzymalo$¢ na zginanie.
Wytrzymato$¢ na zginanie oznaczano na probkach o wymiarach 160 x 40 x 40 mm
przygotowanych wg EN 196-1 [108] (zginanie trojpunktowe). Do badan uzyto
maszyn wytrzymatosciowych MTS Criterion Model 43 (MTS Systems, Eden Prairie,
USA) z oprogramowaniem MTS TestSuite 1.0 oraz ZwickRoell 50 kN (ZwickRoell
GmbH & Co. KG, Ulm, Niemcy), wyposazonych w dedykowane uchwyty i osprzet;
oprogramowanie testXpert III. Probki badano po 28 dniach sezonowania
w kontrolowanych warunkach (22 + 3) °C, (45 + 10) % wilgotno$ci wzglednej. Dla
kazdej wariantu materiatowego badano co najmniej trzy probki a wyniki
przedstawiano w postaci warto$ci $redniej oraz odpowiadajacego jej odchylenia
standardowego.

» Parametry mechaniczne - wytrzymato$¢ na $ciskanie.
Sciskanie wykonywano na potéwkach belek uzyskanych po teécie zginania lub na
kostkach 40 x 40 x 40 mm, zgodnie z EN 196-1 [108]. Probki badano po 28 dniach
sezonowania w kontrolowanych warunkach. Dla kazdego wariantu materialowego
badano co najmniej trzy probki a wyniki przedstawiano w postaci wartosci $redniej
oraz odpowiadajacego jej odchylenia standardowego.

» Parametry mechaniczne - polaczenie migdzywarstwowe.
Ocene jakosci polaczenia migdzywarstwowego prowadzono z wykorzystaniem
dwoéch metod badawczych. Proby rozciggania realizowano na wydrukach
zorientowanych prostopadle do kierunku nanoszenia warstw. Natomiast proby

rozcigganie przez roztupywanie realizowano na probkach utozonych réwnolegle do



kierunku nanoszenia warstw. Badania wykonywano po 28 dniach sezonowania
proébek w kontrolowanych warunkach (22 + 3) °C, (45 £ 10) % wilgotno$ci
wzglednej. Pomiary przeprowadzono z co najmniej trzykrotnym powtdrzeniem,
a wyniki przedstawiano w postaci warto$ci $redniej oraz odpowiadajacego jej
odchylenia standardowego.

Analiza mikrostruktury (mikroskopia cyfrowa).

Obserwacje powierzchni i przekrojéw probek wykonano przy uzyciu mikroskopu
cyfrowego Techrebal Banito B2920 (Techrebal, Wilczyce, Polska). Rejestracje
obrazu prowadzono za pomocg kamery Techrebal 48 MP, stosujac powickszenie
100x. Dokumentowano morfologi¢ warstw, strefy miedzywarstwowe oraz
wystgpowanie defektow takich jak pustki czy rozwarstwienia.

Nasigkliwos¢ (metoda grawimetryczna).

Nasigkliwos¢ probek oznaczano metoda grawimetryczng, okreslajac przyrost ich
masy w funkcji czasu kontaktu z woda, az do osiggniecia stanu bliskiego nasyceniu.
Pomiary prowadzono z wykorzystaniem wagi precyzyjnej Radwag WLC/C2,
w statych interwalach czasowych, po wuprzednim kondycjonowaniu probek
w warunkach laboratoryjnych. Wyniki przedstawiono w postaci nasigkliwosci
masowej [%] oraz jako kapilarnego wspotczynnika absorbcji wody.

Transport wilgoci (termowizja).

Rozktad wilgoci oraz przebieg jej wnikania monitorowano za pomocg kamery
termowizyjng FLIR E96, rejestrujagc mapy temperatury powierzchni probek podczas
testow nasigkliwos$ci. W trakcie pomiardw utrzymywano stala emisyjno$¢ oraz
odleglo$¢ rejestracji, a akwizycje obrazéw prowadzono w réwnych odstepach
czasowych. Na podstawie sekwencji termogramow analizowano zmiang¢ gradientu
temperatury  traktowang jako wskazniki dynamiki transportu  wilgoci,
porownywanych zestawach probek w zaleznosci od sktadu lub sposobu ich
wykonania.

Przewodnos¢ cieplna (A).

Wspotczynnik przewodzenia ciepta A oznaczono przy uzyciu miernika przeptywu
ciepta FOX 314 (LaserComp, New Castle, USA; nr ser. 1043), zgodnie z EN ISO
8301:1998 [112], EN 12667:2002 [113] oraz ASTM C518-91 [114]. Probki przed
badaniem kondycjonowano w  ustalonych laboratoryjnych  warunkach
srodowiskowych. Wyniki opracowywano jako wartosci srednie z co najmniej trzech

powtorzen, wraz z odpowiadajagcym im odchyleniem standardowym.



4. Uzasadnienie pofaczenia publikacji w cykl

Ponizej przedstawiono uzasadnienie potaczenia publikacji w spojny cykl stanowigcy
zalacznik do rozprawy. Logika cyklu wynika z przyjetej Sciezki badawczej, obejmujacej
kolejne etapy: od doboru materialu, poprzez proces wytwarzania i geometri¢ wydrukow, az

po oceng ich wlasciwo$ci mechanicznych oraz termoizolacyjnych.
Etap 1 — Charakterystyka mieszanki bazowej i czynniki procesu druku [P1].

W pierwszym etapie badan zdefiniowano oraz zweryfikowano sktad mieszanki
bazowej przeznaczonej do technologii 3DCP, a nastgpnie przeanalizowano wplyw
kluczowych parametréw procesu, takich jak konsystencja mieszanki, obecno$¢ widkien
w mieszance, geometria dyszy, ilo$¢ materiatu w zbiorniku gtowicy, predkos¢ drukowania,
na stabilnos$¢ 1 powtarzalno$¢ wydajnosci ekstruzji realizowanej przez gtowicg wyposazong

w ekstruder slimakowy.

Nowo$¢ naukowa: Wskazanie istotnych czynnikéw determinujacych stabilno$¢ oraz poziom
wydajnosci ekstruzji w glowicy drukujacej ze zbiornikiem materiatu 1 ekstruderem typu

slimak, przy zastosowaniu bazowej mieszanki cementowe;.

Mo¢j wklad w powstanie publikacji P1 obejmowat: sformutowanie problemu badawczego
oraz opracowanie koncepcji i planu badan. Zaprojektowanie programu testOw obejmujacego
warianty mieszanki (P1- Tabela 1, P1- Rysunek 1) i ustawien procesu druku. Przygotowanie
1 wstepna kontrola jako$ci mieszanek. Przygotowanie stanowiska pomiarowego, w tym
zaprojektowanie osprz¢tu w postaci czesci ekstrudera oraz dysz glowicy drukujacej (P1-
Rysunki 2-4). Organizacja i realizacja serii testow ekstruzji na stanowisku 3DCP. Badanie
konsystencji mieszanki cementowej metoda stolika rozplywowego. Opracowanie narzedzi
do akwizycji 1 przetwarzania danych. Porzadkowanie danych oraz przygotowanie
opracowan tabelarycznych (P1- Tabele 2-3) i graficznych (P1- Rysunki 5-17) wynikéw.
Interpretacja wynikéw w kontekscie wpltywu wlasciwosci materiatu i geometrii ukladu
podajacego. Przygotowanie pierwszej wersji manuskryptu. Przygotowanie ostatecznej

wersji manuskryptu. Korekta manuskryptu po recenzjach.
Etap 2 — Weryfikacja wlasciwosci elementow drukowanych [P2, P3].

Stosujac sktad mieszanki referencyjnej opracowanej w etapie 1 rozszerzono badania
o analize wlasciwo$ci mechaniczno-mikrostrukturalnych elementow wytwarzanych metoda
3DCP, porownujac je z probkami formowanymi tradycyjnie. Przeprowadzono oceng
anizotropii wynikajacg z warstwowej struktury druku oraz jako$ci polaczenia

mi¢dzywarstwowego. Dysponujac zweryfikowanymi wtasciwo§ciami mechanicznymi
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1 charakterystyka polaczen migdzywarstwowych, skoncentrowano si¢ nast¢pnie na wptywie
geometrii wewnetrznej elementow (uktad przegrod, wzor wypehienia, obecno$¢ pustek
powietrznych) na parametry termiczne, w szczegdlnosci na wspotczynnik przenikania ciepta
U. Analiza wykazala, ze projektowanie geometryczne moze zarowno kompensowac jak
1 wzmacnia¢ efekty materiatowe, jednoczesnie pozwalajac na redukcje zuzycie materiatu

bez koniecznos$ci stosowania dodatkowych warstw ocieplenia ETICS.

Nowos¢ naukowa: Scharakteryzowano wpltyw procesu druku na wiasciwosci
wytwarzanych elementow oraz opisano anizotropi¢ 3DCP w funkcji przerwy czasowej
miedzy nakladanymi warstwami. W badaniach potaczono parametry procesowe z no$noscia
oraz jako$cig polaczenia miedzywarstwowego, okreslajac zalezno$¢ parametrow
mechanicznych na wydluzenie przerwy czasowej miedzy warstwami. Rownolegle
przeprowadzono ilosciowa walidacj¢ wpltywu wzoru wypehienia (ang. in-fill) na
wlasciwosci termoizolacyjne $cian drukowanych 3D. Opracowano i porownano osiem
wariantow geometrii, weryfikujac modelowanie CAD/FEM z pomiarami strumienia ciepta
w skalowanych probkach. Pozwolito to zhierarchizowaé analizowane warianty wzglgdem
wartosci wspotczynnika przenikania ciepta U oraz sformutowac regute projektowa
dotyczaca wydtuzania $ciezek przewodzenia ciepta w materiale nosnym. Uzyskane wyniki
potwierdzaja mozliwos¢ osiggnigcia wysokiej izolacyjno$ci termicznej przegrod

z zastosowanie technologii 3DCP.

Wktad w powstanie publikacji P2 obejmowat: sformutowanie problemu badawczego
oraz zaprojektowanie metodyki badan ukierunkowanej na oceng wptywu przerw czasowych
miedzy warstwami i kierunku obcigzenia na anizotropi¢ wlasciwosci (P2- Rysunki 1-4).
Przygotowanie narzedzi programistycznych do akwizycji 1 przetwarzania danych.
Zaprojektowanie i budowa stanowiska do badania skurczu materiatu drukowanego (P2-
Rysunek 5). Przygotowanie mieszanek oraz kontrola wiasciwosci materialu §wiezego
metoda stolika rozplywowego (P2- Tabela 1, P2- Rysunki 6-8). Wykonanie probek
materiatowych (P2- Rysunki 9-12). Organizacja 1 realizacja badan parametrow
mechanicznych na prébkach drukowanych 1 referencyjnych (P2- Rysunki 13, 15, 17).
Opracowanie i nadzor nad danymi pomiarowymi oraz wynikami (P2- Tabele S1-S8, P2-
Rysunki 14, 16, 18-22). Walidacja wynikéw oraz koordynacji pracy. Przygotowanie
materialdow graficznych. Przygotowanie pierwszej wersji manuskryptu. Przygotowanie

ostatecznej wersji manuskryptu. Korekta manuskryptu po recenzjach.

Wktad w powstanie publikacji P3 obejmowat: sformutowanie problemu badawczego

oraz opracowanie metodyki postgpowania badawczego. Przygotowanie i1 obsluga



oprogramowania wspierajgcego obliczenia i1 analiz¢ danych. Obstuga oprogramowania do
projektowania graficznego testowanych geometrii— wykonanie modeli 3D analizowanych
wariantow przegréd, wymaganych w analizie MES oraz w badaniu do$wiadczalnym.
Wsparcie w doborze parametrow do przeprowadzenia symulacji komputerowej, w tym
warunkow brzegowych, parametrOw materialow oraz typu irozmiaru siatki. Realizacja
badan oraz interpretacja uzyskanych wynikéw. Przygotowanie materialow graficznych
obejmujace wizualizacje analizowanych wariantow przegrod, tabelaryczne (P3- Tabele 1, 3-
7) 1 graficzne przedstawienie wynikow (P3- Rysunki 4-8). Wspotautorstwo wstepnej wersji

manuskryptu. Dyskusja 1 udziat w przygotowaniu i redakcji ostatecznej wersji manuskryptu.

Etap 3 — Weryfikacja mozliwosci modyfikacji materialowej surowcami

odpadowymi [P4, P5].

W ostatnim etapie badan przeanalizowano wplyw wprowadzenia sktadnikow
odpadowych 1 lekkich dodatkow izolacyjnych jako dodatkéw do zrownowazonych
mieszanek do druku 3DCP. Na podstawie przegladu literaturowego przeanalizowano
mozliwo$ci przeprowadzenia modyfikacji materialowej z zastosowanie SUrowcoOw
odpadowych. Do materiatu bazowego dodano surowce wtorne jako substytuty czesci spoiwa
i/lub kruszywa drobnego. Nastepnie oceniono wptyw tych modyfikacji na drukowalnos¢
mieszanki oraz wlasciwos$ci mechaniczne i termoizolacyjne wytworzonych elementow. Etap
ten wykazal, Ze polaczenie materiatow z recyklingu z optymalizacja geometrii elementow
umozliwia realng redukcje sladu weglowego przy jednoczesnym zachowaniu wymagan

procesu druku oraz funkcjonalnosci detalow.

Nowosci naukowe: Usystematyzowanie wiedzy w zakresie stosowanych surowcow
odpadowych w mieszankach do druku 3DCP. Charakteryzacja autorskich mieszanek
przeznaczonych do druku 3DCP zawierajacych dodatek surowcow odpadowych i lekkich
dodatkéw izolacyjnych na parametry procesowe, wlasciwosci mechaniczne
i termoizolacyjne elementéw drukowanych. Analiza wptywu modyfikacji materialowej na

emisyjnos¢ opracowanych mieszanek.

Wktad w powstanie publikacji P4 obejmowal: sformulowanie problemu
badawczego, opracowanie koncepcji i planu badan. Opracowanie metodyki postepowania
1 przygotowanie narzedzi programistycznych do archiwizacji oraz przetwarzania danych.
Pozyskanie i obrobka surowcow odpadowych poprzez kruszenie, mielenie oraz segregacje
rozmiarowg. Przygotowanie mieszanek z udzialem surowcow wtornych i lekkich dodatkow
izolacyjnych (P4- Tabele 1-2, P4- Rysunek 1). Kontrola wlasciwos$ci materialu §wiezego

przez analiz¢ konsystencji przy pomocy stolika rozptywowego (P4- Rysunek 2). Wykonanie

m :



probek drukowanych w technologii 3DCP (P4- Rysunek 3). Walidacji przyjetych rozwigzan,
przeprowadzenie badan do$wiadczalnych i kontrola uzyskanych wynikéw (P4- Tabela 3,
P4- Rysunki 5-21, S1-S7). Udziat w administracji projektu. Przygotowanie wstepnej wersji
manuskryptu oraz opracowanie wizualizacji wynikéw. Dyskusja i udziat w przygotowaniu

ostatecznej wersji manuskryptu. Korekta manuskryptu po recenzjach.
Wktad w powstanie publikacji PS5 obejmowat:

Sformutowanie problemu badawczego i okreslenie zakresu przegladu. Opracowanie
metodyki postepowania 1 podziatu zagadnien. Weryfikacja luk badawczych. Udziat
w analizie formalnej, pozyskaniu i1 uporzadkowaniu zroédet oraz w kuracji danych. Udziat
w administracji  projektu. Przygotowanie wstgpnej wersji  manuskryptu = wraz
z opracowaniem rysunkow, schematow i zestawien (P5- Tabele 1-11, P5- Rysunki 1-5).
Dyskusja 1 udziat w przygotowaniu ostatecznej wersji manuskryptu. Korekta manuskryptu

po recenzjach.
Spojnosé i komplementarnos¢ cyklu.

Kazdy kolejny etap badan wykorzystuje wyniki uzyskane w etapach wczesniejszych.
Etap 1 dostarczat referencji procesowych oraz podstawowych parametrow opisujacych
mieszank¢ do druku 3D. Etap ten zakonczyl si¢ opracowanie mieszanki bazowe;j
zastosowanej w badaniach w kolejnych etapach. Etap 2 umozliwil oceng no$nosci i jakosci
potaczenia miedzywarstwowego w elementach drukowanych. Wiedza ta zostata nastepnie
wykorzystana do projektowania geometrii elementow pod katem wymagan
termoizolacyjnych. W koncowym Etapie 3 wprowadzono sktadniki odpadowe, zamykajac
w ten sposob rame¢ badan obejmujaca aspekt materialowy, procesowy, geometryczny,
funkcjonalny oraz  $rodowiskowy. Uzyskane wyniki potwierdzaja  spdjnosé
przeprowadzonych badan oraz dowodza, ze mieszanki na bazie cementu portlandzkiego
z dodatkiem surowcow z recyklingu obnizajacych udziat cementu portlandzkiego a przez to
obnizajac ich $lad weglowy, po dostosowaniu parametrow technologicznych procesu druku
3D moga znalez¢ zastosowanie do wytwarzania elementow architektonicznych technologia

druku 3DCP.



5. Omowienie uzyskanych wynikow badan

W niniejszym rozdziale w sposob syntetyczny przedstawiono i omowiono uzyskane
wyniki badan, porzadkujac je zgodnie z logika cyklu publikacji. Zaprezentowano kolejno:
(5.1) charakterystyke materiatu bazowego; (5.2) parametry procesu druku i ich wptyw na
wyznaczenie okna technologicznego; (5.3) wiasciwosci elementéw drukowanych,
z uwzglednieniem anizotropii 1 aspektow trwatosciowych; (5.4) zalezno$¢ parametréw
termoizolacyjnych od geometrii elementu; (5.5) efekty modyfikacji mieszanki surowcami
odpadowymi; oraz (5.6) uwarunkowania wdrozeniowe uzyskanych rezultatow.
Szczegotowe dane pomiarowe, opisy procedury badawcze, analizy statystyczne i petne
odniesienia literaturowe zawarto w publikacjach sktadajacych si¢ na cykl, dotagczonych do

rozprawy jako zalgczniki.
5.1.  Charakterystyka materiatu bazowego

Na podstawie przegladu literatury opracowano i zweryfikowano eksperymentalnie
mieszanke bazowa do technologii 3DCP. Testowano warianty obejmowaty nastepujace
zakresy udziatow poszczegodlnych sktadnikow: CEM I 52,5 R — 20-40%, piasek kwarcowy
0-2 mm — 60-75%, maczka wapienna 0-0,2 mm — 0-5%, mikrokrzemionka 0-0,02 mm — 0-
5%, superplastyfikator — 0-3%, przyspieszacz wigzania — 0-2%, przy wspolczynniku w/s
w zakresie 0,18-0,35. Konfiguracje dobierano w taki sposdb, by uzyska¢ kompromis
pomiedzy ciaglos$cig procesu ekstruzji a zdolnoscig mieszanki do zachowania nadanego
ksztattu po wytloczeniu. Dla kazdej receptury wykonano podstawowe badania mieszanki
umozliwiajace oceng jej drukowalnosci. W tym celu przeprowadzano pomiar konsystencji
oraz test $ciezki, polegajacy na wytloczeniu pasa materialu o dlugosci 3 m 1 ocenie
stabilno$ci geometrycznej, a takze obecnosci ewentualnych defektéw i niecigglosci. W celu
okreslenia przydatnos$ci mieszanki do budowy wielowarstwowych struktur przeprowadzano
ponadto test drukowania walca o $rednicy 180 mm i1 wysokosci 300 mm. Uzupetiajgco
zastosowano symulator druku, odwzorowujacy krokowe obcigzanie przez kolejne warstwy,
co pozwolito oceni¢ podatno$¢ mieszanki na odksztalcenia i osiadanie oraz wyznaczy¢
graniczng wysokos¢ stabilnej budowy (buildability). Uzyskane wyniki badan oraz testow
pilotazowych umozliwity okre§lenie optymalnego okna drukowalnosci i opracowanie

mieszanki bazowej przeznaczonej do dalszych etapdéw badan (Tabela 1).



Tabela 1. Skiad mieszanki bazowej.

Sktad mieszanki Udziatl [kg/m®]

Cement CEM 152,5R 470

Piasek kwarcowy (0-2 mm) 1277
Maczka wapienna (0-0,2 mm) 94
Mikrokrzemionka (0-0,02 mm) 38

Superplastyfikator 4.7
Przyspieszacz wigzania 9

Woda 375

Test Rozptyw 120 mm Rozptyw 160 mm Rozptyw 200 mm
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Drukowalno$¢
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Stabilnos¢ budowy
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Rysunek 5. Wybrane rezultaty testow drukowalnosci, stabilnej budowy oraz urabialnosci w zaleznosci od

rozptywu mieszanki.

Przeprowadzone testy dotyczace drukowalno$ci, przydatnos$ci mieszanki do

stabilnego ukladania kolejnych warstw oraz urabialno$ci umozliwity okre$lenie zakresu



rozplywu mieszanki, ktéry pozwala na skuteczne prowadzenie procesu druku. Stwierdzono,
ze mieszanka o rozplywie wynoszacym okoto 120 mm cechuje si¢ ograniczong stabilnoscia
ekstruzji, co skutkuje przerwami w cigglosci §ciezki materiatu. Natomiast mieszanka
charakteryzujaca si¢ nadmiernym rozptywem, mimo poprawnej ekstruzji bez widocznych
nieciggtosci, wykazuje niewystarczajacg przydatno$¢ do nadbudowywania kolejnych

warstw, co ogranicza stabilno$¢ konstrukcji wielowarstwowej.

Chociaz metoda stolika rozptywowego nie dostarcza bezposrednich, ilosciowych
parametrow reologicznych, mozliwe jest posrednie wyznaczenie takich warto$ci jak granica
plyniecia, przy zastosowaniu opracowanych modeli analitycznych oraz zalezno$ci miedzy
rozplywem mieszanki a granica plynigcia. Takie zaleznosci, m.in. przedstawione przez
Jayathilakage [115], wskazuja, ze rozptyw na poziomie 120 mm odpowiada granicy

ptyniecia wynoszacej 1,89 kPa.

Przeprowadzone pomiary rozptywu mieszanki w czasie (Rysunek 6a) pozwalaja
dowodza, ze mieszanka zachowuje odpowiednig urabialno$¢ przez ponad godzing, pod
warunkiem zapewnienia ciaglego mieszania materialu przed ekstruzjg. Zastosowana
aparatura do druku umozliwia realizacje tego warunku dzigki obecnos¢ mieszadta
w zbiorniku glowicy drukujgcej. Natomiast ten sam material pozostawiony w spoczynku
(bez mieszania), wykazuje istotne ograniczenie rozptywu, co jest zjawiskiem pozadanym po
ekstruzji, gdyz material powinien w tym momencie cechowaé si¢ szybkim wzrostem

stabilnos$ci oraz wstepnej wytrzymatosci.

Przeprowadzona analiza (Rysunek 6b) wykazata bardzo silng ujemng korelacje
pomiedzy rozlewnoscia mieszanek, a kluczowymi parametrami reologicznymi.

Wspotczynniki korelacji wynosza odpowiednio:
- dla naprezenia plastycznego statycznego (to_stat): -1,00,
- dla naprezenia plastycznego dynamicznego (to_dyn): -0,998,

- dla lepkosci plastycznej (p): -0,968.
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Macierz korelacji parametréw

To_stat 1 0.997624 0.9683691

To_dyn 0.997624 1 0.978678

0.978678

To_stat To_dyn p Rozlewnos¢

b)

Rysunek 6. a) Zmiana wartosci rozptywu materiatu (EN 1015-3 [107]) w funkcji czasu uwzgledniajgca
wphw obecnosci lub braku mieszania przed ekstruzjq; b) Macierz korelacji pomiedzy parametrami
reologicznymi (to_stat, to_dyn, ) a rozlewnosciq mieszanek.

Zaleznosci wskazuja, ze wzrost wartosci naprgzen plastycznych oraz lepkosci
prowadzi do istotnego obnizenia ptynno$ci uktadu, co jest zgodne z mechanizmem
zageszczania struktury zawiesiny i1 ograniczenia jej zdolnosci do rozptywu. Wyniki
potwierdzaja, ze kontrola parametrow reologicznych, poprzez dobor wielkosci 1 ksztattu
czastek oraz stosunku w/c, ma kluczowe znaczenie dla utrzymania odpowiedniej

konsystencji i urabialno$ci mieszanek w czasie.



Weryfikacja budowalnos$ci mieszanki, oprocz prob pilotazowych druku, obejmowata
réwniez testy z wykorzystaniem autorskiego stanowiska do oceny odporno$ci materiatu na
deformacje spowodowane cigzarem kolejnych warstw naktadanych w procesie druku
(Rysunek 7). Cylindryczng probke o wymiarach @40 mm i wysokosci 40 mm stopniowo
obcigzano ci¢zarkami o masie 50 g, co odpowiada obcigzeniu generowanemu przez dwie
warstwy wydrukowanego materiatu (probka @40 mm i wysokos¢ 20 mm). Pod wpltywem
obcigzenia, symulujacego nacisk kolejnych warstw, probka ulegata odksztatceniu. Do
rejestracji deformacji wykorzystano laserowy czujnik odleglosci Philips HG-C1100-P,
potaczony ze sterownikiem Beckhoff. Jednocze$nie monitorowano sile dziatajaca na probke
za pomocg wagi Radwag WLC/C2, na ktorej byta ustawiona probka. Dzieki potaczeniu
pomiarow odksztalcen 1 sity mozliwe bylo wyznaczenie zalezno$ci naprezenie-

odksztatcenie dla badanych wariantow materiatowych (Rysunek 8).

a) b)

Rysunek 7. Autorski stanowisko do symulacji druku: a) probka przed testem; b) probka pod maksymalnym
obcigzeniem.
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Rysunek 8. Zaleznos¢ naprezen od odksztalcen probek materiatu analizowanych przy uzyciu autorskiego
symulatorze druku.

Zauwazalna jest zalezno$¢ pomigdzy rozplywem mieszanki a jej wytrzymato$cia
strukturalng. Probki materiatu o rozpltywie w zakresie 130-150 mm poddane obcigzeniu
generujagcemu napre¢zenia na poziomie 8 kPa, ulegaly odksztatceniu rzedu 5-6%. Takie
naprezenia odpowiadaja obcigzeniu jakie wywieratby material o wysoko$ci 400 mm (40
warstw po 10 mm). W przypadku mieszanek o wigkszym rozptywie zaobserwowano
wicksze odksztatcenia przy analogicznych obcigzen, co wskazuje na ograniczong

przydatnos$¢ materiatu o takiej konsystencji do nabudowywania kolejnych warstw.
5.2. Parametry procesu druku

Uzyskiwanie powtarzalnych elementéw drukowanych na etapie weryfikacji ich
parametrow fizycznych 1 mechanicznych bylo kluczowe dla uzyskania miarodajnych
wynikow. W ramach badan prowadzonych pomig¢dzy etapem I i II, przeprowadzono testy,
ktorych gléwnym celem byla szczegdlowa analiza czynnikdéw, ktore maja wptyw na
wydajno$¢ procesu ekstruzji w technologii druku 3D z betonu (3DCP). Wyniki tych badan

przedstawiono w publikacji P1.

W obliczu dynamicznego rozwoju tej technologii, jej standaryzacja staje si¢
kluczowa dla bezpiecznego i1 efektywnego zastosowania w budownictwie. Fundamentalnym
aspektem tego procesu jest zapewnienie wysokiej powtarzalnosci i jakosci produkowanych
elementéw, niezaleznie od ich geometrii czy sktadu mieszanki. Powstanie lokalnych
niecigglosci lub defektow moze wynikaé z niedopasowania wydajnosci ekstruzji (Qekstruzji)

do predkosci ruchu glowicy (Vgtowicy), bledow w recepturze mieszanki lub niewlasciwego

‘“ )



doboru geometrii dyszy. W praktyce obserwuje si¢ zjawiska takie jak ,,filament tearing”
(lokalne rysy i rozerwania powierzchni) oraz ,,filament splitting” (przerwanie ciaglo$ci catej
Sciezki), ktore mozna ograniczaé poprzez korekcje zalezno$ci Qekstruzji-Vatowicy 1Ub
modyfikacjg sktadu mieszanki [116]. Celem badan byto zidentyfikowanie, w jaki sposob
najczesciej modyfikowane parametry procesu wptywaja na wydajnos$¢ ekstruzji. Analiza
miala na celu eliminacj¢ wad strukturalnych, takich jak ostabione potaczenia
mi¢dzywarstwowe, ktore moga zagraza¢ stabilnosci konstrukcji. Ostatecznym
zamierzeniem byto opracowanie podstaw do okreslenia wspotczynnikow korygujacych,
umozliwiajacych zwigkszenie powtarzalnosci druku 1 utatwiajacych wdrozenie technologii

3DCP w sektorze budowlanym.

Metodyka badawcza opierala si¢ na pomiarze masy wytlaczanego materiatu
w jednostce czasu przy uzyciu laboratoryjnej drukarki 3D oraz precyzyjnej wagi.
W eksperymentach zastosowano standardowg mieszanke do druku 3D, zgodng z mieszankg
bazowa opracowang w etapie L. Przed kazdym testem weryfikowano konsystencj¢ mieszanki
za pomocy testu na stoliku rozptywowym, dazac do wartosci okoto 150 mm. Analizowano
wpltyw czterech kluczowych zmiennych: predkosci obrotowej ekstrudera (37,3, 32,8 oraz
30,0 obr./min), konsystencji mieszanki (rozptyw 150 mm vs 130 mm), Srednicy dyszy (12
mm i 20 mm) oraz dodatku widkien polipropylenowych (PP) o dtugo$ciach 6 mm i 12 mm.
Procedura obejmowala przygotowanie partii materiatlu o masie 12 kg (lub 6 kg w testach
z wioknami), wymieszanie sktadnikéw, weryfikacje konsystencji, zatadowanie mieszanki

do zbiornika drukarki i cykliczny pomiar masy wytlaczanego materiatu co 20 sekund.

Uzyskane wyniki wykazaty, ze proces ekstruzji nie jest w peini stabilny i liniowy,
a jego wydajnos$¢ zalezy od wielu czynnikow. Stwierdzono, ze wydajno$¢ ekstruzji nie
wzrasta proporcjonalnie do predkosci obrotowej §limaka; przyktadowo, przy predkosci 30,0
obr./min spadek wydajnosci wzgledem warto$ci oczekiwanej wyniost 10,5%. Zmiana
konsystencji mieszanki miata stosunkowo niewielki wplyw - zmniejszenie rozptywu ze 150
mm do 130 mm spowodowalo spadek wydajnosci o 4,5% (z 12,11 g/s do 11,57 g/s).
Znaczacy wplyw wykazal natomiast rozmiar dyszy: zmniejszenie $rednicy z 20 mm do 12
mm obnizyto wydajnos¢ o okoto 15%, przy czym spadek ten wynosit 14,3% przy wyzszej
predkosci obrotowej i 17,9% przy nizsze;j.

Najwigkszy wplyw na ograniczenie wydajno$ci procesu ekstruzji mial dodatek
wldkien polipropylenowych, co byto zwigzane ze wzrostem spojnosci i lepkosci mieszanki.
W przypadku dyszy o Srednicy 20 mm spadek wydajnosci wynidst od 8,8% do 12,6%,
natomiast dla mniejszej dyszy 12 mm byt wiekszy 1 wynosit od 18% do 28%. Dhuzsze



widkna (12 mm) powodowaly wigksze ograniczenia w wydajnosci, co sugeruje ryzyko
zapychania uktadu przy tej konfiguracji. Dodatkowo, przeprowadzone testy pilotazowe
z zastosowaniem mieszanek zawierajacych widkna, obejmujace m.in. proby budowalnosci
(wydruk cylindra), potwierdzity wystepowanie zjawiska akumulacji widkien na elementach
wykonawczych glowicy, w szczegdlnosci w obrebie ekstrudera, m.in. na pidrach §limaka
oraz tozysku podpierajacym ekstruder. Zjawisko to prowadzilo do stopniowego
zmniejszenia przekroju przeplywu mieszanki, co w konsekwencji powodowato dodatkowe

obnizenie wydajnos¢ ekstruzji.

Istotng obserwacjg bylo réwniez to, ze wydajno$¢ procesu systematycznie malata
wraz z ubywaniem materiatu w zbiorniku, a gwattowne zatamanie wydajnosci nastepowato,
gdy pozostawalo w nim mniej niz 4 kg mieszanki. Skutkowato to niskim stopniem
wykorzystania wsadu w zbiorniku gtowicy drukujacej, ktory wyniost srednio zaledwie 68%,
co oznacza, z¢ okolo 4 kg materialu jest niezbedne do wypelnienia 1 zapewnienia

odpowiedniego ci$nienia w uktadzie.

Realizacja badan w zakresie wydajnos$ci i stabilnos$ci ekstruzji wykazata, ze predkos¢
obrotowa ekstrudera, zmiany konsystencji mieszanki, rozmiar zastosowanej dyszy oraz
dodatek wldkien zbrojacych stanowig krytyczne czynniki determinujace spadki wydajnosci.
Podsumowujac, wyniki jednoznacznie wskazuja, ze dla zapewnienia druku wysokiej
jakosci, powtarzalnych elementdw o zrdéznicowanej geometrii iz réznych materialow,
konieczne jest zdefiniowanie i wdrozenie odpowiednich wspotczynnikow korekcyjnych
ekstruzji. Przyktadem jest wprowadzenie w stanowisku testowym wspotczynnika o wartosci
1,15 (wprowadzany jest podczas przygotowania parametrow procesu druku - przygotowanie
g-code), podnoszacego zadang wydajno$¢ ekstruzji w celu kompensacji strat wynikajacych
ze zmiany dyszy drukujgcej z rozmiaru 20 na 12 mm. W celu zapewnienia powtarzalnos$ci
procesu drukowania, na dalszym etapie badan przyjeto strategie¢ drukowania obejmujaca
utrzymywanie wypetnienia zbiornika glowicy powyzej 15% objetosci catkowitej. Wyniki
badan wykazaly rowniez konieczno$¢ wyeliminowania witokien w modyfikacjach
materiatowych, ze wzgledu na znaczace ograniczenie wydajnosci ekstruzji spowodowane

ich akumulacjg na elementach wykonawczych glowicy drukujace;.
5.3. Parametry elementow drukowanych

Kolejnym etapem po opracowaniu bazowej mieszanki oraz ustaleniu powtarzalnych
parametréw procesu drukowania byto zweryfikowanie wplywu techniki wytwarzania

elementow na ich parametry mechaniczne. Gléwnym celem badan byta ocena wptywu



procesu drukowania oraz zastosowanych przerw czasowych miedzy naktadaniem kolejnych
warstw na wlasciwo§ci mechaniczne i anizotropi¢ elementéw drukowanych. Badania
obejmowaty réwniez pordwnanie roznych metod testowania mechanicznego w kontekscie
oceny jako$ci wigzania mi¢dzywarstwowego w warunkach symulujgcych druk na duza
skale. Analiza mechanizméw powstawania 1 degradacji wigzan migdzywarstwowych

stanowi kluczowy kierunek badan nad anizotropig struktur drukowanych.

Badania przedstawione w publikacji P2, przeprowadzono z zastosowaniem
mieszanki bazowej. Konsystencje swiezego materiatu weryfikowano za pomocg stolika
rozpltywowego zgodnie z normg EN 1015-3 [107], uzyskujac srednice rozptywu na poziomie

165 mm, co zapewniato stabilne wyttaczanie.

Probki do badan wykonano dwiema metodami: drukiem 3D oraz tradycyjnym
formowaniem (odlewania) w formach zgodnych z normg EN 196-1 [108], co umozliwito
ocen¢ wpltywu samego procesu drukowania na wihasciwosci koncowe materiatu. Probki
drukowane przygotowano w trzech wariantach r6znigcych si¢ przerwa czasowa mig¢dzy
naktadaniem kolejnych warstw: brak przerwy, 25 minut i 50 minut. Dobo6r tych interwatow
oparto na oszacowaniu czasu potrzebnego do wydrukowania jednej warstwy $cian budynku

o powierzchni okoto 80 m? przy zastosowaniu dyszy 40 mm 1 predkosci druku 50 mm/s.

Po 28-dniowym okresie dojrzewania w kontrolowanych warunkach (22 + 2 °C),
probki przycieto do wymiaréw wymaganych dla testow mechanicznych (40x40x160 mm do
badania zginania 1 40x40x40 mm do badania S$ciskania) 1 poddano badaniom

wytrzymato$ciowym na maszynie ZwickRoell 50 kN, obejmujgcym:

» Wytrzymato$¢ na zginanie (metoda trojpunktowa).
» Wytrzymalo$¢ na $ciskanie.
» Wytrzymato$¢ na rozcigganie osiowe (bezposrednie).

» Wytrzymato$¢ na rozcigganie przy rozlupywaniu (metoda brazylijska).

Dla probek drukowanych testy przeprowadzono w dwoch kierunkach obcigzenia:
prostopadlym i rownolegtym do ptaszczyzny warstw, aby zbada¢ anizotropi¢ wlasciwosci.

Wyniki badan przedstawiono w trzech gtéwnych aspektach:

a) Wplyw procesu drukowania na witasciwosci probek (porownanie probek

formowanych i drukowanych).

Porownanie witasciwosci probek wykonanych metoda tradycyjnego formowania

1 druku 3D pozwolito na ocen¢ wplywu samego procesu produkcyjnego:



> Gestosé: Srednia gestosé probek formowanych wyniosta 1969 kg/m?, natomiast
prébek drukowanych byta o okoto 2,5% nizsza i wynosita 1919 kg/m?. Rdznica ta
wynika z obecno$ci mikroporéw i pustek miedzywarstwowych powstajacych

podczas naktadania warstw bez dodatkowego zageszczania mechanicznego.

» Wytrzymatos$¢ na $ciskanie: Zaobserwowano najwigksza roznice miedzy probkami
formowanymi a drukowanymi. Probki formowane osiagnety srednig wytrzymatosé
na $ciskanie 35,77 MPa, natomiast probki drukowane uzyskaty wartosci 3-4 razy
nizsze, w zakresie 7,65-9,31 MPa, w zaleznosci od orientacji i przerwy czasowej
miedzy naktadaniem kolejnej warstwy. Redukcja wytrzymatosci na $ciskanie jest
charakterystyczna dla technologii 3DCP iwynika zbraku pelnej spdjnosci

strukturalnej, obecnosci pordw oraz ostabionych stref miedzywarstwowych.

> Wytrzymato$é na zginanie: Srednia wytrzymatos¢ na zginanie probek formowanych
wyniosta 4,34 MPa. Dla probek drukowanych bez przerwy czasowej (0 min)
1 badanych w kierunku prostopadlym do warstw odnotowano nieznacznie wyzsza
srednia wytrzymato$s¢ - 4,76 MPa, co moglo wynika¢ z niedostatecznego
zageszczenia materiatu w probkach formowanych. Natomiast, probki drukowane
badane réwnolegle do warstw wykazaty znacznie nizszg wytrzymatos¢, srednio 2,55

MPa dla 0 min, czyli o okoto 60% nizsza w poréwnaniu do probek formowanych.

Przeprowadzone badania potwierdzaja, ze proces drukowania 3D znaczaco obniza
wytrzymalo§¢ materiatu na $ciskanie, o 70-75%, w poréwnaniu do tradycyjnego
formowania. Wplyw procesu na wytrzymalo§¢ na zginanie jest zalezny od kierunku
obcigzenia: przy obcigzeniu prostopadtym do warstw wartosci sg porownywalna z probkami
formowanymi, natomiast przy obcigzeniu réwnoleglym wytrzymato$¢ jest istotnie nizsza.
Réznice te wskazuja, ze jako$¢ wigzania miedzywarstwowego oraz geometria przekroju
(liczne przewezenia w probkach drukowanych) majg kluczowe znaczenie dla nosnosci

elementow.
b) Anizotropia wtasciwosci elementdw drukowanych

Anizotropia, czyli zalezno$¢ wtasciwosci materiatu od kierunku badania probki, jest
jedng z gléwnych wad struktur wytwarzanych metodami addytywnymi. W badaniach
anizotropi¢ oceniano poprzez poréwnanie wynikow testow wytrzymalosciowych
w kierunkach prostopadlym i réwnolegtym do warstw wydruku, uzyskujac nastepujace

rezultaty:



» Wytrzymato$¢ na zginanie: Parametr ten wykazal najbardziej wyrazng anizotropig.
Dla probek drukowanych bez przerwy czasowej (0 min), $rednia wytrzymatosé
w kierunku prostopadtym wyniosta 4,76 MPa, natomiast w kierunku rownoleglym
zaledwie 2,55 MPa, co oznacza spadek o okoto 60%.

» Wytrzymato$¢ na §ciskanie: Anizotropia byta mniej wyrazna pod wzgledem warto$ci
wytrzymatos$ci. Dla probek bez przerwy czasowej, srednia wytrzymato§¢ w kierunku
prostopadtym wyniosta 9,24 MPa, a w kierunku réwnolegtym 9,31 MPa. Pomimo
zblizonych warto$ci, mechanizmy zniszczenia byly odmienne: probki obcigzane
prostopadle pekaty w losowych kierunkach, natomiast te obcigzane réwnolegle

ulegaty zniszczeniu gtownie wzdtuz potaczen migedzywarstwowych.

Wyniki te potwierdzaja, ze material drukowany wykazuje silng anizotropig,
bezposrednio zwigzang z warstwowym charakterem procesu produkcji. Najwicksza
anizotropi¢ obserwuje si¢ w wytrzymatosci na zginanie, co czyni ten parametr kluczowym
wskaznikiem do oceny spdjnosci strukturalnej elementéw w praktycznych zastosowaniach
3DCP. Wytrzymato$¢ na S$ciskanie jest mniej wrazliwa na kierunek obcigzenia pod

wzgledem warto$ci, jednak mechanizm zniszczenia pozostaje zalezny od orientacji warstw.
¢) Wplyw czasu pomigdzy warstwami na wiasciwosci wydrukow

Jednym z kluczowych parametrow procesowych jest czas przerwy mig¢dzy
naktadaniem kolejnych warstw. Wydluzenie tego czasu moze prowadzi¢ do powstawania
tzw. "zimnych ztaczy" na skutek utraty wilgoci z powierzchni poprzedniej warstwy, co
ostabia wigzanie mie¢dzywarstwowe 1 przeklada si¢ na obnizenie parametréw

mechanicznych calej struktury. Na podstawie przeprowadzonych badan stwierdzono, Ze:

» Wytrzymato§¢ na zginanie (kierunek prostopadly do warstw): Zaobserwowano
wyrazny spadek wytrzymatoéci wraz ze wzrostem przerwy czasowej. Srednia
warto$¢ spadia z 4,76 MPa (0 min) do 4,39 MPa (25 min) i 3,56 MPa (50 min).
Wydtuzenie przerwy do 50 minut spowodowato spadek wytrzymatosci o 25%

w poréwnaniu do probek drukowanych bez przerw.

» Wytrzymato§¢ na zginanie (kierunek rownolegly do warstw): W tym kierunku
warto$ci wytrzymatosci pozostawaty prawie state niezaleznie od przerwy czasowej:
2,55 MPa (0 min), 2,23 MPa (25 min) i 2,55 MPa (50 min). Oznacza to, Ze
wytrzymato$¢ na zginanie w tej orientacji jest w wigkszym stopniu determinowana
wlasciwosciami samej mieszanki, a nie jako$cig potaczen migdzywarstwowych

wnikajacg z przerwy czasowej pomiedzy kolejnymi warstwami.



» Wytrzymatos¢ na $ciskanie: W kierunku prostopadtym s$rednia wytrzymato$¢ spadta
7 9,24 MPa (0 min) do 8,15 MPa (25 min) i 7,65 MPa (50 min), co stanowi redukcje
o okoto 17%. W kierunku rownolegtym spadek byt tagodniejszy: z 9,31 MPa (0 min)
do 8,95 MPa (25 min) i 8,36 MPa (50 min), czyli okoto 10%.

» Wytrzymato$¢ na rozcigganie (bezposrednie): Ten test okazal si¢ najbardziej
wrazliwy na jako$é wigzania migdzywarstwowego. Srednia wytrzymato$é
zmniejszyta si¢ z 1,31 MPa (0 min) do 0,77 MPa (25 min), co oznacza redukcje
oponad 40%. Wynik ten wskazuje na krytyczny punkt utraty przyczepnosci

spowodowanej wysychaniem powierzchni poprzedniej warstwy.

» Wytrzymalo$¢ na rozcigganie przy roztupywaniu (metoda brazylijska): Redukcja
byta bardziej umiarkowana iréwnomierna. Srednia wytrzymato$é obnizyla sie
z 1,26 MPa (0 min) do 1,07 MPa (25 min) 1 1,01 MPa (50 min), co stanowi spadek
o okoto 20%.

» Analiza strukturalna: Badania przekrojow probek potwierdzity powyzsze
obserwacje. Probki drukowane bez przerwy czasowej charakteryzowatly si¢ zwarta
strukturg. Wzrost przerwy do 25 1 50 minut skutkowal zwigkszeniem liczby porow
1 pojawieniem si¢ nieciggtosci, takich jak mikropeknigcia i separacje na granicach

warstw, $wiadczacych o pogorszeniu spdjnosci strukturalne;.

Wydtuzenie przerwy czasowej miedzy naktadaniem warstw wyraznie obniza
wiekszo$¢ wiasciwosci mechanicznych, szczegolnie w kierunku prostopadtym do
naktadanych warstw. Aby zapewni¢ wysoka jako$¢ 1 bezpieczenstwo konstrukcji
drukowanych z betonu, czas przerwy migdzy natozeniem kolejnej warstwy powinien by¢
minimalizowany (z zachowaniem odpowiedniego tempa przyrostu konstrukcji,
wynikajacego z budowalno$ci zastosowanego materiatu), szczegdlnie gdy wymagana jest

wysoka wytrzymato$¢ w kierunku prostopadtym do warstw.
5.4. Wplyw geometrii elementu na parametry termoizolacyjne

Wraz z intensywnym rozwojem technologii 3DCP, ro$nie potrzeba projektowania
geometrii przegrod budowlanych, ktére jednoczesnie minimalizuje zuzycie materiatoéw
(szczegodlnie cementu portlandzkiego, ktorego produkcja jest istotnym czynnikiem
negatywnie wplywajacym na §rodowisko) oraz zapewnia wysoka izolacyjno$¢ termiczna.
Analizowano wlasciwosci zintegrowanego elementu $Sciennego, taczacego funkcje nosng
1 termoizolacyjng w ramach jednego, zautomatyzowanego procesu wytwarzania. Tradycyjne

technologie budowlane wymagaja montazu dodatkowej warstwy izolacyjnej, na $cianach
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zewngtrznych, co zwigksza pracochtonnos¢, generuje odpady i podnosi koszty. Technologia
3DCP umozliwia eliminacj¢ tego etapu dzigki zastosowaniu zlozonej geometrii
wewngtrznej. Celem badan bylo zaprojektowanie i ocena takich wewngtrznych wzorow
wypetienia przegrody, pozwalajagcych osiggng¢é wymagany przez polskie przepisy
budowlane (WT 2021) warto$¢ wspotczynnika przenikania ciepta Ucmax) na poziomie

0,20 W/(m?K), bez koniecznos$ci zwigkszania obrysu budynku.

W badaniach przedstawionych w publikacji P3 wykorzystano zar6wno symulacje
komputerowe, jak i1 weryfikacje eksperymentalng. Prace obejmowaly projektowanie
graficzne wraz z analizg udzialu materialu nosSnego w objgtosci przegrody. Opracowano
osiem autorskich koncepcji geometrii wypelienia przegrody pionowej. Glownym
zatozeniem projektowym bylo maksymalne wydluzenie drogi przeptywu ciepta przez

materiat no$ny (beton), co pozwalalo ograniczy¢ powstawanie mostkow termicznych.

Uzyskane wyniki symulacji MES dla wariantu z betonem jako materiatlem no$nym
wskazaty, ze najlepsza izolacyjno$¢ termiczng zapewnial wariant 6, osiggajac wspotczynnik
przenikania ciepta U = 0,183 W/m?K. Geometryczna konfiguracja tego wariantu,
przypominajaca polaczenie pustaka z warstwg izolacyjng, skutecznie redukowata mostki
termiczne dzigki eliminacji bezposrednich potaczen miedzy powierzchnia wewnetrzng
a zewngtrzng w przekroju przegrody. Drugi w kolejnosci pod wzgledem izolacyjnosci byt
wariant 7 z warto$cig U = 0,238 W/m?K, natomiast wariant 5, charakteryzujacy si¢ silnie
pofaldowanym wypetnieniem, wykazal najgorsze wiasciwosci izolacyjne (U = 0,3415
W/m?K). Réznica w wartosci wspotczynnika U miedzy najlepszym a najgorszym
rozwigzaniem wyniosta 61%, Wyniki badan eksperymentalnych z zastosowaniem probek
wykonanych z PLA potwierdzity hierarchi¢ wynikow z symulacji (warto$ci uzyskane

eksperymentalnie byly wyzsze srednio o 6,5% od wartosci z symulacji).

Przeprowadzone badania wykazatly istotny wptyw geometrii wewnetrznej Sciany
drukowanej w technologii 3D na jej izolacyjnos¢ termiczng. Odpowiednie projektowanie
wzoréw wypetnienia pozwala znaczaco ograniczy¢ straty ciepta. Wedlug przeprowadzonej
analizy MES, wariant 6 moze spelnia¢ wymagania polskiego prawa budowlanego,
okreslajagce maksymalng warto$¢ wspotczynnika przenikania ciepta na poziomie 0,2 W/m?K.
Dla pelnego potwierdzenia potencjatu termoizolacyjnego takiego wariantu geometrii,
konieczne jest przeprowadzenie badania przenikania ciepta elementu wykonanego w skali
rzeczywistej, co bedzie przedmiotem dalszych badan w tym obszarze. Przeprowadzone testy
1 uzyskana zgodno$¢ wynikéw symulacji MES z pomiarami eksperymentalnymi dla probek

wykonanych z PLA potwierdzaja, Ze analiza komputerowa stanowi wiarygodne i1 skuteczne



narzedzie wstepnej optymalizacji geometrii  elementow budowlanych na etapie

projektowania.
5.5. Modyfikacja materiatu surowcami odpadowymi

Kolejnym etapem badan byta modyfikacja materialowa mieszanek do druku 3D oraz
ich weryfikacja pod katem mozliwosci ekstruzji, wiasciwosci mechanicznych oraz
termoizolacyjnych. Gléwnym celem prowadzonych badan byta ocena potencjatu zastgpienia
konwencjonalnych sktadnikéw mieszanek 3DCP materiatami pochodzacymi z recyklingu.

Badania koncentrowaty si¢ na dwoch kierunkach:

1/ Zastgpienie czgsci kruszywa naturalnego odpadami  budowlanymi
1 przemystowymi, takimi jak: zmielone odpady z druku 3D, gruz ceglany, stluczka szklana,
mieszany gruz budowlany, popiot lotny (FA) i mielony granulowany zuzel wielkopiecowy

(GGBFS).

2/ Zastosowanie lekkich dodatkoéw izolacyjnych, obejmujacych perlitu
ekspandowanego, keramzytu (LECA) i spienionego polistyrenu (EPS), w celu redukcji

gestosci mieszanek oraz poprawy wlasciwosci termoizolacyjnych drukowanych elementow.

W  badaniach przedstawionych w publikacji P4 wykorzystano mieszanke
referencyjng na bazie cementu portlandzkiego CEM I 52.5R, opracowang w etapie I, ktorg
modyfikowano poprzez czgsciowe zastgpienie kruszywa naturalnego ré6znymi materiatami
z recyklingu w ilosci 20% 1 40% masowo. W przypadku lekkich wypelniaczy, stosowano

rozne poziomy dozowania w celu uzyskania coraz nizszej gestosci elementu.

Analiza uziarnienia materiatoéw z recyklingu przeprowadzona za pomoca laserowego
analizatora wykazata, ze popiodt lotny (FA) i zmielone odpady z druku 3D charakteryzowaty
si¢ waskim rozktadem czgstek (Dso= 15-26 um), co przektadato si¢ na stabilng konsystencje
mieszanek modyfikowanych tymi dodatkami. Z kolei sttuczka szklana, mieszany gruz
1 zuzel wykazywaly szerszy rozktad ziaren, co wedtug literatury mogto zwigksza¢ ryzyko
probleméw z ekstruzjag. Mimo rdéznic w uziarnieniu, wszystkie mieszanki miedcity si¢
w oknie drukowalnosci, a rozpltyw mieszanki referencyjnej wynosit ok. 165 mm (EN 1015-
3). Wigkszos¢ dodatkéw z recyklingu powodowata jego zmniejszenie (najbardziej gruz
ceglany - ponizej 150 mm), natomiast stluczka szklana zwiekszata rozptyw do ok. 170 mm.

Wiasciwosci mechaniczne probek modyfikowanych materiatami wtornymi zalezaty

od rodzaju uzytego surowca. Dla probek drukowanych badania na $ciskanie wykonywano

w kierunku prostopadtym i rownoleglym do warstw wydruku w celu oceny anizotropii



materiatu. Wytrzymato$¢ na zginanie w wigkszosci przypadkow malata po dodaniu
surowcoOw wtornych, z wyjatkiem mieszanki z mieszanym gruzem (T2-4), ktora osiggneta
5,72 MPa. Najwigkszy spadek, o ok. 60%, odnotowano dla dodatkéw ceglanych.
Wytrzymatos¢ na $ciskanie wzrosta w mieszankach o szerszym uziarnieniu (15,5-16,0
MPa), co tlumaczono lepszym upakowaniem czgstek. Typowa dla druku 3D anizotropia
wlasciwos$ci mechanicznych byta zauwazalna - wytrzymatos$¢ na $ciskanie przy obcigzeniu

prostopadtym do warstw byta o 13% wyzsza niz przy obcigzeniu réwnoleglym.

Analiza nasigkliwo$ci wykazata, ze mieszanki z surowcami wtérnymi generalnie
charakteryzowaly si¢ nizszym przyrostem masy probek w czasie. Najnizsza nasigkliwos¢
wykazaty probki z mieszanym gruzem (1,12-1,25 kg/m?-h'/?) oraz ze sthuczka szklang (1,35-
1,40 kg/m?-h'/?).

W ramach badan nad termoizolacyjnos$cig materiatu drukowanego przygotowano
dziewig¢ receptur z lekkimi wypelniaczami, dostosowujgc ich udzial do zachowania
drukowalnos$ci. Dodatek lekkich materiatdw znaczaco poprawial izolacyjno$¢ kosztem
wytrzymalo$ci mechanicznej. EPS obnizyt przewodno$¢ cieplng do 0,271 W/m-K (redukcja
ok. 71%) przy gestosci 890 kg/m?, jednak wytrzymato$¢ na zginanie spadta do 0,62 MPa,
a na $ciskanie do 1,3 MPa. Keramzyt (LECA) zapewnial najlepszy kompromis, osiggajac
wytrzymalo$¢ na $ciskanie 9,41 MPa i przewodno$¢ cieplng 0,535 W/m-K, a perlit

prezentowal wlasciwosci posrednie.

Mieszanki z lekkimi dodatkami cechowaly si¢ wyzszg 1 dluzej utrzymujaca sie
nasigkliwo$cig wodng - §rednie wartosci po 24 h byly znaczaco wyzsze niz w przypadku
mieszanek z recyklingu (>2 kg/m?-h'/?) i probki referencyjnej. Najwyzsza nasigkliwos¢
odnotowano dla perlitu przy najwickszym udziale ($rednio 4,89 kg/m?-h'/?), co zwigzane
byto z kruszeniem si¢ czastek i otwieraniem porow. Analiza mikrostrukturalna wykazata, ze
ziarna perlitu nie mialy ostro zarysowanych krawedzi, natomiast keramzyt cechowat si¢
wyraznymi krawedziami i otwartg struktura, umozliwiajaca penetracj¢ matrycy cementowe;.
Granulat EPS wypelnial znaczng cz¢§¢ przekroju probki, jednak obserwowano
mikrop¢knigcia na granicy faz, powstate wskutek niskiej przyczepnosci hydrofobowej, co

negatywnie wptywato na wytrzymatos$¢ elementow.

W ramach badan nad zastosowaniem surowcoéw odpadowych w mieszankach
przeznaczonych do technologii druku 3D przeprowadzono réwniez eksperyment
obejmujacy zastosowanie popiotu lotnego jako czesciowego substytutu cementu
portlandzkiego (15%) oraz gruzu ceglanego jako zamiennika kruszywa drobnego (20%).

Wprowadzone modyfikacje skutkowaly obnizeniem warto$ci rozptywu mieszanki do

m :



poziomu 140-150 mm, mieszczacego si¢ w zakresie uznawanym za optymalny dla
technologii przyrostowego wytwarzania elementow betonowych, co umozliwito prawidtowe
wykonanie probek badawczych. Dla kazdego wariantu materialowego przygotowano

zaréwno probki formowane konwencjonalnie, jak i prébki drukowane.

Pomiary nasigkliwosci wykazaty jej wzrost zarowno w przypadku mieszanek
z dodatkiem gruzu ceglanego, jak i popiotu lotnego. Jednoczesnie stwierdzono, ze probki
wytworzone technika druku 3D charakteryzowaly si¢ istotnie wyzsza nasigkliwo$cia
w porownaniu z probkami odlewanymi, niezaleznie od sktadu mieszanki. Zjawisko to
nalezy wigza¢ z anizotropowa mikrostrukturg materialu drukowanego, zwigkszonag
porowato$cig oraz obecno$cig ostabionych wigzan migdzywarstwowych, ktére tworza
preferencyjne $ciezki dla migracji wody. Rdznice te zostaly jednoznacznie potwierdzone
metoda grawimetryczng oraz przy zastosowaniu termografii w podczerwieni (kamera

termowizyjna FLIR E96).

Analiza wytrzymalo$ci mechanicznej wykazata, ze wprowadzenie popiotu lotnego
jako substytutu cementu w ilosci 15% oraz gruzu ceglanego jako zamiennika kruszywa
drobnego w ilosci 20% spowodowalo wyrazny spadek wiasciwosci mechanicznych
badanych kompozytow. Wytrzymato$¢ na zginanie probek modyfikowanych byta o okoto
50% nizsza w stosunku do materiatu referencyjnego 1 ksztattowata si¢ $rednio na poziomie
2,05 MPa w przypadku probek formowanych oraz 1,75 MPa w przypadku probek
drukowanych. Podobng zalezno$¢ zaobserwowano dla wytrzymatosci na $ciskanie, ktora
ulegta reduke;ji o okoto 30% wzgledem mieszanki bazowej, osiagajac wartosci 9,7 MPa dla
probek formowanych i 6,5 MPa dla probek drukowanych. Uzyskane wyniki jednoznacznie
wskazuja na niekorzystny wplyw zastosowanych modyfikacji na wiasciwos$ci mechaniczne
mieszanek cementowych przeznaczonych do technologii 3DCP. Redukcja wytrzymatosci
byla szczegolnie wyrazna w odniesieniu do probek drukowanych, co potwierdza kluczowa
role kontroli procesu i jego roli na anizotropi¢ oraz stabych wigzan migdzywarstwowych

w ksztattowaniu wytrzymato$ci wytwarzanych elementow.

Badania jednoznacznie wykazaly, ze mozliwe jest skuteczne wiaczenie
niereaktywnych sktadnikow z recyklingu oraz lekkich wypehiaczy izolacyjnych do
mieszanek przeznaczonych do druku 3D bez utraty drukowalnosci. Kluczowym czynnikiem
dla zamiennikéw kruszywa jest kontrola uziarnienia; waskie rozktady czastek sa
korzystniejsze dla reologii mieszanki 1 ograniczajg zapotrzebowanie na wode. Lekkie
wypetniacze poprawiajg izolacyjnos¢ termiczng, jednak odbywa si¢ to kosztem wtasciwosci

mechanicznych. Keramzyt (LECA) zapewnia optymalny kompromis miedzy



wytrzymatoscig a izolacyjno$cia, natomiast EPS cechuje si¢ najlepszymi wtasciwosciami
termoizolacyjnymi, lecz powinien by¢ stosowany gltownie w elementach nieno$nych
z uwagi na stabg przyczepno$¢ do matrycy cementowej. Porownanie probek drukowanych
1 odlewanych potwierdzito, ze technologia druku 3D prowadzi do powstania materialu
0 Wyzszej anizotropii, nizszej wytrzymalosci oraz wickszej nasigkliwosci wodnej,
wynikajacej z obecno$ci porowatych polaczen miedzywarstwowych. W projektowaniu
konstrukcyjnym nalezy uwzglgdnia¢ najstabszy kierunek obcigzenia, tj. rownolegly do
warstw wydruku. Uzyskane wyniki wskazuja na mozliwo$¢ tworzenia bardziej
zrownowazonych materiatow budowlanych, ograniczajacych zuzycie surowcoOw

naturalnych i redukujacych wptyw budownictwa na srodowisko.

W celu weryfikacji efektu $rodowiskowego uzyskanego przez modyfikacje
materialowa mieszanek do druku 3D, przeprowadzono analiz¢ LCA na podstawie
przeprowadzonego przegladu literaturowego w tematyce obliczen $ladu weglowego
(publikacja P5). Zakres analizy obejmowal obliczenie emisji w modutach (A1+A2) oraz
oszacowanie wptywu karbonatyzacji (modut B) i korzysci z recyklingu (modut D). Analizie
poddano siedem wariantow mieszanek opracowanych w ramach niniejszej rozprawy.
W przypadku mieszanek z lekkimi wypelniaczami przyjeto warianty z najwigkszym
udziatem dodatkéw. Sktady analizowanych mieszanek przedstawiono w tabeli 2, natomiast

przyjete wspotczynniki emisyjnosci EF, w tabeli 3.

Tabela 2. Sktady grup mieszanek opracowanych w ramach rozprawy. Wartos¢ w nawiasach dotyczy dystansu
transportowania [km] sktadnika mieszanki w miejsce wytwarzania.

Wariant materialow Cement Kruszywa kluczowe SCM /wypekliacz  Domieszki
y [kg/m?3] [kg/m?3] [kg/m?3] [kg/m?3]
SP 4,7
Wi 470 Piasek 1277 (270 km), (285km),
Mieszanka bazowa (600 km) Maczka 94 (35 km) SE 38 (190 km) ACC9
(285km)
W2 Odpad ceglany 372 (20
Mieszaka bazowa + 20% 317 km), FA 280 (20 km), SP 3,
odpad cegl. +15%FA Piasek 860, SF 26 ACC6
: Maczka 63
W3 RFA 359 (20 km), SP 4.5
Mieszanka bazowa + 448 Piasek 975,5, SF 28.5 ACC’ 9’
20% kruszywo RFA Maczka 71,5
w4 RFA 690, P 4.3
Mieszanka bazowa + 430 Piasek 700, SF 20 ACC’ 8’ 5
40% kruszywo RFA Maczka 51 ’
W5 Perlit 47 (370 km), SP3
Mieszanka bazowa + 297 Piasek 807, SF 23 ACC’ 6
3,75% perlit ekspandowany Maczka 59




Wariant materialow Cement Kruszywa kluczowe SCM /wypelniacz  Domieszki
Yo kg [ke/m’] [ke/m’] [kg/m’]
Keramzyt 225 (290

Wo km) SP3

leg%i‘/lkﬁe?:frfzwf i 283 plasek 768, SE23 ACCS.,5
e Y Maczka 57

w7 EPS 6,7 (70 km), Sp 2
Mieszanka bazowa + 207 Piasek 564, SF 17 AC C’ 41
0,75% granulat EPS Maczka 42 ’

FA — popiot lotny;, RFA — drobne kruszywo z recyklingu;, SF-mikrokrzemionka; EPS — polistyren
ekspandowany,; SP — superplastyfikator; ACC — przyspieszacz wigzania.

Tabela 3. Zestawienie wspolczynnikow emisyjnosci uzytych w obliczeniach [78,117—120].

Skladnik / grupa EF [kg CO:2-eq/ t] Skladnik w kalkulacji
Cement CEM 1 803 Spoiwo gléwne
Kruszywo naturalne 2,44 Kruszywa naturalne
Kruszywo z recyklingu (RFA) 1,14 Recyklat drobny
Popidt lotny (FA) 0,01 SCM (FA)
Mikrokrzemionka (SF) 1,22 SCM (SF)

Woda 0,246 Woda zarobowa
Superplastyfikator (SP) 2732 Domieszka SP
Przyspieszacz wigzania 2732 Domieszka (przyjety jak SP)

Perlit ekspandowany 680 Kruszywo lekkie - perlit
Keramzyt 163 Kruszywo lekkie - keramzyt
EPS (granulat - 3620 Kruszywo lekkie - EPS

przyjeto warto$¢ dla plyt)
Transport cigzarowka >32 t
(EURO 6)

Wspotczynnik A2 dla wszystkich

0,068 kg COz-eq/(t-km) sktadnikow

Wyniki analizy $ladu weglowego w modutach (A1+A2) mieszczg si¢ w zakresie od
228 do 462 kg CO:-eq/m®. Najwyzszy wartos¢ GWP odnotowano dla wariantu
referencyjnego W1 (ok. 462 kg CO:-eq/m®), przyjetego jako punkt odniesienia dla
pozostatych mieszanek. Najnizszy wynik osiggnal wariant W7 (ok. 228 kg COz-eq/m?,
redukcja o 50,7% wzgledem W1). Kluczowym czynnikiem byla w tym przypadku mata
zawarto$¢ cementu (207 kg/m?) wynikajaca z zastosowania lekkiego wypelniacza (granulatu
EPS) znaczaco obnizajacego gesto$¢ materialu. Pozostate warianty z dodatkiem lekkich
wypetiaczy (W5, W6) wykazaty wartosci GWP na poziomie 320-326 kg CO:-eq/m>.
Natomiast wariant W2, obejmujacy jednoczesng substytucje spoiwa i kruszywa, osiagnat
312 kg CO2-eq/m? (redukcja o 32,5%). Wprowadzenie wytacznie zamiennikdéw kruszywa
naturalnego (W3, W4) przyniosto oczekiwany, lecz niewielki efekt redukcyjny $ladu
weglowego (5-10% wzgledem W1), co wynika z utrzymujacego si¢ wysokiego udziatu

cementu - sktadnika o najwyzszej emisyjnosci.



Niezaleznie od wariantu, czynnikiem dominujagcym w catkowitym GWP pozostaje
cement i jego logistyka, odpowiadajace tacznie za 75-90% emisji. Udziat kruszyw w bilansie
emisyjnym nie przekracza zwykle kilkunastu procent ze wzgledu na znacznie nizsze
wspolczynniki emisyjnosci. W praktyce najsilniejszym narzedziem ograniczania $ladu
weglowego jest redukcja zawartosci klinkieru poprzez zastosowanie dodatkéw mineralnych
(SCM: FA, GGBFS, RCP) oraz skrocenie dystansu transportu cementu. Szacuje si¢, ze
kazda redukcja dawki cementu o 50 kg/m? obniza $lad weglowy mieszanki o ok. 40 kg CO:-
eq/m* w module Al oraz o kilka dodatkowych kilograméw w module A2 (dla przyjetego
dystansu transportu 600 km).

W celu wukazania zalezno$ci pomigdzy wlasciwosciami mechanicznymi
a srodowiskowymi, zestawiono wyniki badan wytrzymalosciowych z analiza GWP dla
poszczegbdlnych wariantow (Rysunki 9 1 10).
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Rysunek 9. Zaleznos¢ sladu weglowego (GWP w modutach A1+A2) od wytrzymatosci na sciskanie
wariantow materiatowych.

500

W1
*
450 W3
o W4 *
5 *
& 400
O
[o17)
i
350
. 2
< . *
— 300
&)
250 W7
*
200
0 1 2 3 4 5

Wytrzymatos¢ na zginanie [MPa]

Rysunek 10. Zaleznosé¢ sladu weglowego (GWP w modutach A1+A2) od wytrzymatosci na zginanie
wariantow materiatowych.



Wyniki jednoznacznie wskazujg na klasyczny kompromis pomie¢dzy parametrami
mechanicznymi a $ladem weglowym. Mieszanka referencyjna W1 osiggneta najwyzsze
warto$ci wytrzymatosci (15,3 MPa na $ciskanie i 4,40 MPa na zginanie), jednak kosztem
najwickszego GWP. Zastosowanie kruszyw z recyklingu (RFA) w wariantach W3 1 W4
obnizyto wytrzymato$¢ na Sciskanie o 10-35%, a na zginanie o 37-55% wzgledem W1, przy

zaledwie 5-10% redukcji emisyjnosci.

Interesujacym kompromisem pozostaje wariant W2, w ktoérym jednoczesna
substytucja spoiwa i kruszywa pozwolita uzyska¢ wytrzymato$¢ na $ciskanie ok. 9,7 MPa
ina zginanie ok. 2,05 MPa, przy znaczacej redukcji GWP do ok. 312 kg CO:-eq/m>.
Zblizone rezultaty daje wariant W6 z dodatkiem keramzytu (ok. 8,7 MPa przy GWP ok. 320
kg CO2-eq/m?), ktéory moze znalez¢ zastosowanie w lekkich elementach no$nych,
szczegoblnie tam, gdzie wymagane sg podwyzszone parametry termoizolacyjne. Wariant W5
z perlitem ekspandowanym nalezy traktowa¢ przede wszystkim jako rozwigzanie
lekkie/izolacyjne, anie no$ne. Podobnie wariant W7, ktory dzigki zastosowaniu EPS
uzyskal najnizszg emisyjnos¢, lecz ze wzgledu na wytrzymalos¢ na $ciskanie na poziomie

ok. 1,33 MPa ma wylacznie charakter wypetniajgco-izolacyjny.

Powyzszg analiz¢ potwierdzajg wskazniki wzgledne ,,GWP na 1 MPa wytrzymatosci
na $ciskanie”, wynoszg odpowiednio: W1 = 30, W3 = 31,6, W2 = 32,2, W6 = 37,0, W4 =
42,0, W5=69,8 oraz W7 = 171 (kg CO2-eq-m*/MPa). Wynika z tego, ze w zakresie no$nosci
rzedu 12-15 MPa mechanicznie najefektywniejsze emisyjnie pozostajag warianty W1, W3
1 W4, Jesli jednak celem jest redukcja sladu weglowego w okolice 300-320 kg COz-eq/m?
przy zachowaniu wytrzymatosci zblizonej do 10 MPa, najkorzystniejszy jest wariant W2.
W zastosowaniach wymagajacych nos$nosci 8-9 MPa korzystnie wypada W6, taczacy
podobny §lad $rodowiskowy z nizszag gestoscig 1 potencjalnymi korzys$ciami
termoizolacyjnymi oraz akustycznymi. Natomiast w projektach, w ktorych priorytetem jest

niska masa i izolacyjno$¢, przewage uzyskuja warianty W5 1 W7.

W module B przyjeto scenariusz karbonatyzacji odniesiony do 1 m? materiatu
w $cianie o grubosci 43 cm, eksponowanej z obu stron, bez powlok ochronnych i bez rys,
dla okresu odniesienia 50 lat. Nalezy pamig¢tac, ze przedstawione wyliczenia sg wrazliwe na
wiele czynnikdw, np. geometri¢ i ekspozycj¢ dlatego doktadniejsze warto$ci mozna uzyskac
na podstawie danych projektowych oraz badan dos$wiadczalnych. Glgbokos¢ frontu
karbonatyzacji obliczono zgodnie ze wzorem: x(¢)=k\t, gdzie wspotczynnik k zroznicowano
ze wzgledu na sktad (wyzszy dla uktadow z lekkimi kruszywami, nizszy dla mieszanek

z FA), a udziat zkarbonatyzowanej objetosci okreslono jako ¢=2x/t. Potencjal chemiczny



wigzania CO: wyprowadzono ze sktadu spoiwa CAPcox ~0,3444 -mcements [kKg/m?] (ang.
Carbonation (CO2) Absorption Potential, CAPcoz2), co pozwala oszacowac pochtanianie jako
B1=-CAPco2'¢ [kg COzeq/m?*]. W tych warunkach najwigksze pochtanianie uzyskano dla
wariantow o wysokiej zawarto$ci cementu: W1 i W3, odpowiednio okoto -31,9 i -30,5 kg
COzeq/m?*. Dla uktadéw z obnizonym cementem i/lub z kruszywami lekkimi (W2, W5, W6,
W7) warto$ci mieszczg si¢ w przedziale od ok. -16 do -24 kg COzeq/m>.

W module D ujeto wylacznie korzysci materiatowe z recyklingu ,,poza granicg
systemu”, liczone jako uniknigta produkcja materiatu pierwotnego pomniejszona o emisje
procesu i transportu. Warto$ci modulu D zalezne sa od rzeczywistych tras i $rodkow
transportu, energochtonnosci linii recyklingu, jakosci frakcji wtornych (k-factor) oraz
przyjetej Sciezki zagospodarowania EPS oraz weryfikacji scenariuszy konca zycia. Zatozono
80% uzysku frakcji wtdrnych, emisje z kruszenia z przesiewem na poziomie 5 kg CO2zeq/t
oraz transport gruzu 30 km do miejsca przerobki i 20 km na miejsce docelowe (pojazdy >32
t, EURO 6), przy substytucji kruszyw naturalnych o wskazniku 2,44 kg COzeq/t. Jakosciowy
wspotczynnik k£ rownym 0,9 dla recyklingu z betonu (W1, W3, W4, komponent mineralny
W7), 0,8 dla mieszanego recyklatu cegta+beton (W2) i 0,85 dla mieszanek z LWA (W5—
W6). W tych warunkach bilans dla strumieni mineralnych jest niewielki i zwykle ujemny
(koszt procesu i logistyki przewyzsza korzy$¢ substytucji): rzedu -9 do -6 kg COz.eq/m?
zaleznie od wariantu. Istotny pozytywny kredyt pojawia si¢ w W7 dzigki regranulacji EPS
(przyjeto 60% zbiorki 1 10% strat), co daje okoto +7,9 kg CO.eq/m* ,uniknietego”

obcigzenia.

Tabela 4 Zestawienie wynikow emisyjnosci opracowanych w ramach rozprawy mieszanek do zastosowania
w technologii 3DCP.

A1+A2 B1 D Suma
Wariant kg COzeq/m’] (karbonatyzacja)  (recykling) (A1+A2+B1-D)
[kg COeq/m?*]  [kg COeq/m?] [kg COzeq/m?]
Wi
Mieszanka bazowa 461,9 319 9.3 439.3
W2 305,6
Mieszaka bazowa + 20% 311,8 -16,1 -9.9 (30 4%; W1
odpad cegl. +15%FA ’

W3 416,0
Mieszanka bazowa + 437,2 -30,5 -9,3 (-5 3%’W1)
20% kruszywo RFA ’

oo 397.,6
Mieszanka bazowa + 415,0 -26,8 -9,4 (-9.5% W1)
40% kruszywo RFA ’

WS 308,6
Mieszanka bazowa + 326,0 -23,6 -6,2 (-29.8% W1)

3,75% perlit ekspandowany ’




. A1+A2 Bl D Suma
Wariant [kg COseq/m’] (karbonatyzacja)  (recykling) (A1+A2+B1-D)
& eeq [kg COeq/m?*]  [kg COzeq/m?] [kg COzeq/m?]

Woé

Mieszanka bazowa + 320,0 -20,8 -6,9 -3 03;)3;0\)&,1)
16.6% keramzyt ’

W7 201,3
Mieszanka bazowa + 228,0 -18.,8 7,9 (-54 2%: Wi
0,75% granulat EPS ’

Analiza przeprowadzonych obliczen parametrow LCA wykazata mozliwos¢
efektywnego obnizenia emisji CO> poprzez modyfikacj¢ sktadu mieszanek betonowych
z zastosowaniem kruszyw lekkich. Uwzgledniajagc wymog zapewnienia nos$nosci na
poziomie 8-9 MPa najkorzystniejszym rozwigzaniem okazala si¢ mieszanka z udzialem
kruszywa keramzytowego, ktora taczy podobny $lad srodowiskowy z nizsza gestoscig oraz
wyrazng poprawa wlasciwosci termoizolacyjnych w poréwnaniu z mieszankg referencyjna.
Natomiast w projektach, w ktérych priorytetem sg niska masa 1 wysoka izolacyjnosc¢,
przewage uzyskuja warianty mieszanek z perlitem i1 granulatem EPS, umozliwiajace

redukcje emisji CO2 odpowiednio o okoto 30 1 54 %.
5.6. Wdrozeniowe aspekty uzyskanych wynikoéw

Realizacja niniejszej rozprawy umozliwila opracowanie zestawu rozwigzan
technologicznych, obejmujacych material, gtowice drukujaca i parametry procesowe, ktore
pozwalaja na druk 3D z wykorzystaniem mieszanek na bazie spoiwa cementowego.
Mozliwo$¢ zastosowania surowcoéw odpadowych w mieszankach do druku 3D dodatkowo
podnosi znaczenie przedstawionych rozwigzan, wpisujac je w koncepcje zrbwnowazonego

budownictwa 1 gospodarki o obiegu zamknigtym.

Przeprowadzone prace umozliwily wykonanie prefabrykatéw $ciennych typu A 1 B
(Rys. 11), ktérych geometria wypetienia odpowiadata wariantom opracowanym w ramach
artykulu P3. Dodatkowo wytworzono prefabrykat calej §ciany, przeznaczony do realizacji

prototypowego budynku w technologii 3DCP.

TN AT

Pustka na izolacje

Prefabrykat Scienny typu A




b)

Mozliwosc wprowadzenia
pionowych pretow
zbrojeniowych

Pustka na izolacje

Prefabrykat $cienny typu B

Rysunek 11 Prefabrykaty Scienne: a) typ A, b) typ B- wykonane w technologii druku 3DCP z opracowanego
w ramach pracy betonu drobnoziarnistego.
Wykorzystujac opracowane rozwigzania zrealizowano réwniez liczne projekty malej
architektury (Rys. 12), ktére potwierdzity potencjat technologii wytwarzania elementow
o ztozonej geometrii 1 indywidualnym charakterze. Mozliwos$¢ personalizacji projektow
oraz tworzenia struktur o wysokim stopniu skomplikowania przekiada si¢ na rosnace
zainteresowanie tg technologia. Prognozuje si¢, ze jej popularno$¢ bedzie systematycznie
wzrasta¢ w nadchodzacych latach, zaréwno dzigki zwigkszajacej sie¢ sSwiadomosci rynku, jak

i kontynuacji badan nad dalszym rozwojem metod addytywnego wytwarzania

w budownictwie.




Rysunek 12 Wybrane realizacje matej architektury. a) donica po procesie produkcji, b) donica po instalacji
w miejscu docelowym, c) krzesto, d) tawka- wykonane z uzyciem technologii druku 3DCP opracowanej
w niniejszej rozprawie.

Opracowane innowacje przyczynity si¢ do rozszerzenia oferty handlowej firmy
ATMAT poprzez wprowadzenie do produkcji glowic drukujacych dedykowanych do
wielkogabarytowych drukarek 3D partnera przemystowego. Ponadto, opracowane
rozwigzania stanowig podstawe dalszego rozwoju technologii druku 3D z betonu w ramach
projektow badawczo-rozwojowych ukierunkowanych na opracowanie kompleksowej
infrastruktury  przyrostowego wytwarzania elementow betonowych. Wdrozenie
opracowanych rozwigzah w biezaca dziatalno$¢ rozwojowa partnera przemystowego

potwierdza zalaczone zaswiadczenie (strona 66).



Rekomendacje

Krakéw, 12.10.2025

Rekomendacje

Do kogo moze dotyczy¢,

reprezentujac ATMAT Sp. z 0.0., pragne podkreslié, ze wyniki badan prowadzonych przez mgr
inz. Marcina Maroszka w ramach jego doktoratu wdrozeniowego majg bezpo$rednie i biezgce
zastosowanie w dziatalnosci rozwojowej naszej firmy.

Opracowane przez Doktoranta receptury i metody oceny wiasciwosci mieszanek
cementowych przeznaczonych do technologii druku 3D stanowig podstawe doboru i kalibracji
uktadéw wyttaczania w nowo projektowanych urzgdzeniach ATMAT. Wyniki jego pracy s3
obecnie wykorzystywane m.in. przy:

- opracowywaniu gtowic drukujgcych do betonu o regulowanej geometrii kanatu
przeptywowego i zmiennej lepkosci roboczej materiatu,

- rozwoju systemoéw sterowania i dozowania materiatéw pétsuchych, w ktérych parametry
przeptywu i czas wigzania sg kluczowe dla stabilnoéci procesu,

- przygotowywaniu technologii druku elementéw konstrukcyjnych i architektonicznych z
zastosowaniem modyfikowanych mieszanek o nizszym $ladzie weglowym,

- wstepnych badaniach nad recyklingiem drobnych frakeji kruszyw i popiotéw jako
sktadnikéw materiatéw do druku.

Warto podkresli¢, ze praca mgr inz. Marcina Maroszka ma charakter wyraZnie wdrozeniowy,
a opracowane rozwigzania s3 sukcesywnie implementowane w urzadzeniach ATMAT
przeznaczonych dla sektora budowlanego. Z perspektywy przedsiebiorstwa badania
prowadzone przez Doktoranta wniosty istotng warto$¢ dodang w zakresie zrozumienia
zaleznosci pomiedzy wilasciwosciami reologicznymi mieszanki a parametrami pracy systemu
drukujacego, co bezposrednio przektada sie na jakos¢ i powtarzalno$¢ procesu druku 3D
betonu. Efekty badan stanowig realny fundament technologiczny dla wdrazanych w ATMAT
rozwigzan w zakresie druku konstrukcji z betonu.

W imieniu firmy potwierdzam, ze prace badawcze i opracowane przez mgr inz. Marcina
Maroszka rozwigzania beda mogly by¢ rozwijane w dalszych projektach badawczych i
rozwojowych. Z petnym przekonaniem rekomenduje pozytywne przyjecie rozprawy
doktorskiej mgr inz. Marcina Maroszka, ktéra stanowi istotny wktad w rozwdj technologii
addytywnego wytwarzania elementdéw betonowych w skali przemystowej.

ATMAT

Spétka z ograniczong odpowiedziainodcia
ul. Ledna 28, 32-590 Libiaz
e-mail: info@atmat.pl

NIP. 6282264077 REGON.361s78192  AYMAT Sp. z 0.0.
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6. Podsumowanie i wnioski

Glownym celem niniejszej rozprawy byla identyfikacja oraz analiza wplywu
dodatkéw w postaci surowcoOw pochodzacych z recyklingu, stosowanych jako czesciowy
substytut spoiwa cementowego oraz kruszywa drobnego, na wlasciwosci fizyczne,
mechaniczne i termiczne mieszanek na bazie cementu portlandzkiego, dedykowanych
technologii przyrostowego wytwarzania elementow betonowych (3DCP). Prace badawcze
obejmowaty rowniez optymalizacje parametrow procesu druku oraz opracowanie geometrii
prefabrykowanych elementow w taki sposob, aby uzyska¢ korzystne parametry
wytrzymato$ciowe i termoizolacyjne. Cel utylitarny rozprawy obejmowat opracowanie oraz
wdrozenie rozwigzan technologicznych umozliwiajagcych wytwarzanie prefabrykatow
zmieszanek cementowych modyfikowanych poprzez zastosowanie surowcow

odpadowych i materiatéw wtornych.

Proces badawczy podzielono na trzy etapy. Etap I obejmowal opracowanie
mieszanki bazowej na bazie cementu portlandzkiego do druku 3D oraz okreslenie
kluczowych parametrow jej stanu $wiezego. Zdefiniowano krytyczne parametry procesu,
takie jak stabilnos$¢ §ciezki, wydajnos¢ ekstruzji, predkos¢ druku, wysokos¢ warstwy oraz
srednica dyszy. Ustalono warto$ci kontrolne, m.in. rozptyw i odksztalcenie pod obcigzeniem
warstw, a takze opracowano glowice drukujaca oraz autorskie stanowisko badawcze do
3DCP. W etapie II analizowano wlasciwosci probek drukowanych z probkami
formowanymi konwencjonalnie w zakresie parametrow mechanicznych 1 fizycznych.
Zbadano wptyw strategii druku, w tym przerw czasowych mi¢dzy naktadaniem kolejnych
warstw, na wlasciwos$ci wytrzymato§ciowe oraz przeanalizowano anizotropi¢ materiatu.
Roéwnolegle opracowano geometri¢ prefabrykatéw S$ciennych i1 dokonano oceny ich
parametréw termoizolacyjnych. Badania zrealizowane w etapie I1I potwierdzity mozliwos¢
modyfikacji skladu mieszanki poprzez zastosowanie surowcoOw odpadowych jako
czg$ciowych zamiennikow spoiwa i/lub kruszywa drobnego. Uzyskane wyniki poréwnano
z materiatem referencyjnym, co umozliwito oceng¢ wplywu modyfikacji na whasciwosci
uzytkowe oraz identyfikacje potencjalnych korzysci $rodowiskowych zwigzanych

z zagospodarowaniem odpadow.

Zrealizowane badania oraz analiza wynikow umozliwity sformutowanie

nastepujacych wnioskow:



Opracowano mieszanke bazowg na cemencie portlandzkim, stanowigcg punkt
wyjscia do dalszych badan nad wlasciwosciami elementéw drukowanych oraz do

modyfikacji materiatowych z udziatem surowcéw wtornych.

Czynniki takie jak predko$¢ druku, s$rednica dyszy oraz obecnos¢ widkien
w mieszance wplywaja na wydajnos¢ ekstruzji powodujac odchylenia od wartosci
zadanej w zakresie 5-28% 1 wymagaja zastosowania wspotczynnikow korekcyjnych

w celu zapewnienia powtarzalnych rezultatow.

Druk 3DCP prowadzi do obnizenia parametrow mechanicznych probek o 70-75%
w poréwnaniu z probkami formowanymi konwencjonalnie, co wynika z warstwowe;j
struktury oraz ostabionych polaczen migdzywarstwowych. Zjawisko to nalezy
uwzglednia¢ przy projektowaniu elementow konstrukcyjnych wykonywanych ta

technologia.

Warstwowy charakter procesu 3DCP powoduje anizotropi¢ wtasciwosci
mechanicznych, szczegdlnie w zakresie wytrzymalo$ci na zginanie, gdzie probka
badana w kierunku rownoleglym do uktadania warstw byta o okoto 60% stabsza niz

w wariancie badanym prostopadle.

Czas przerwy pomiedzy nakladaniem kolejnych warstw, zalezny od wielkosci
elementu 1 predkosci druku, istotnie wplywa na wlasciwosci mechaniczne
prefabrykatow, prowadzac do ich ostabienia przy dtuzszych odstepach czasowych
nawet do 25%.

Mozliwosci  technologii 3DCP w zakresie projektowania 1 wytwarzania
wewngtrznych struktur przegrod budowlanych umozliwiajg uzyskanie wysokich
parametréw termoizolacyjnych na poziomie U= 0,183 W/m’K, co spetnia wytyczne
budowlane w zakresie efektywnosci energetycznej budynkow. Udzial materiatu
nosnego w objetosci przegrody moze by¢ kontrolowany i dostosowywany do

zakladanej funkcji konstrukcyjne;.

Modyfikacja mieszanki poprzez zastosowanie surowcoOw odpadowych pozwala na
zachowanie drukowalnosci, lecz prowadzi w wigkszosci do obnizenia parametrow
mechanicznych, zwtaszcza wytrzymatosci na zginanie, gdzie zarejestrowano spadek
do 60% wzgledem materialu bazowego. Kilka wariantéw materialowych
(z odpadowym szktem, gruzem i cegla) pozwolilo utrzymaé wytrzymalo$¢ na

$ciskanie na poziomie mieszanki bazowe;.



» Dodatek lekkich kruszyw umozliwia obnizenie przewodnosci cieplnej materialu do
okoto 70% warto$ci referencyjnej. Nalezy jednak podkresli¢, ze warianty
onajlepszych  wlasciwosciach  termoizolacyjnych  odznaczaty si¢ niska

wytrzymatoscig, co moze ograniczy¢ ich zastosowanie.

» Modyfikacje materialowe z uzyciem surowcow wtornych i lekkich kruszyw
pozwolily na redukcj¢ $ladu weglowego do 50%. Poziom redukcji jest jednak
powigzany ze spadkiem parametrow mechanicznych, co wymaga dostosowania

sktadu do planowanej funkcji elementu, no$nej badz izolacyjne;.

» Opracowane rozwigzania konstrukcyjne stanowiska do 3DCP wraz z kompatybilng
glowica drukujaca umozliwily wytwarzanie prefabrykatow Sciennych typu A 1 B
oraz przeprowadzenie badan zar6wno nad wpltywem technologii druku na ich

wlasciwosci, jak 1 nad skuteczno$cig modyfikacji materiatowych.

» Zdefiniowany zestaw parametrow procesu druku pozwala na stabilne i powtarzalne

prowadzenie procesu w warunkach dostgpnej infrastruktury badawcze;.

Pelny opis zastosowanych materialow, ich charakterystyki, metod badawczych,
wynikoéw wraz z dyskusja oraz przegladem literatury przedmiotu zawarto w zalgcznikach

[P1-P5]



7. Perspektywy przysztych badan

Plan dalszych badan zaktada kontynuacj¢ prac w obszarze rozwoju mieszanek
materiatlowych dedykowanych technologii 3DCP. Szczegdlny nacisk zostanie potozony na
standaryzacj¢ rozwigzan materiatlowych oraz zwigkszenie udziatu surowcoéw odpadowych
zarowno w frakcji kruszywowej, jak i - w kontrolowanym zakresie - w spoiwie. Glownym
celem tych dziatanh bedzie dalsza redukcja $ladu weglowego, przy jednoczesnym
zachowaniu okna drukowalno$ci 1 wymaganych parametréw uzytkowych materiatu.
Badania ukierunkowane beda na zapewnienie stabilno$ci procesu oraz minimalizacje
zmiennosci wynikajacej z niejednorodnosci strumieni odpaddw. Jednoczesnie podejmowane
prace beda miaty na celu wypehienie obecnych luk badawczych, obejmujacych brak
standardow w zakresie stosowalnosci technologii 3DCP oraz brak kompleksowych analiz
LCA odnoszacych si¢ zarowno do technologii, mieszanek, jak i samych elementow

drukowanych.

Istotnym kierunkiem badan bedzie ocena trwalosci dlugookresowej materiatow
cementowych z recyklingu wykorzystywanych w technologii 3DCP, w szczego6lnosci pod
katem odpornosci na cykliczne zamrazanie i rozmrazanie oraz przenikanie chlorkow.
Parametry te maja kluczowe znaczenie w kontek$cie potencjalnych zastosowan
konstrukcyjnych. Konieczne bedzie opracowanie strategii projektowania mieszanek
ukierunkowanych na ograniczenie porowato$ci otwarte] oraz popraw¢ Wwigzania
migdzywarstwowego, m.in. poprzez zastosowanie odpowiednich dodatkow mineralnych
(SCM) oraz optymalizacj¢ krzywych uziarnienia. Réwnolegle wskazane jest opracowanie
standardow umozliwiajacych weryfikacj¢ powyzszych wlasciwosci drukowanych
elementéw, np. na podstawie badan posrednich, takich jak oznaczanie nasigkliwosci czy

porowatos$ci otwarte;.

Plan dalszych prac badawczych obejmie walidacj¢ technologii w skali rzeczywistej
poprzez druk prefabrykatu §ciennego o zaprojektowanej geometrii wewngetrznej. Celem tych
dziatan bedzie kompleksowa ocena opracowanych rozwigzan na obiekcie referencyjnym,
obejmujaca: przygotowanie przebiegu $ciezek materialu no$nego i strategii wypetnienia,
kontrol¢ odchytek wymiarowych oraz czasu cyklu, a takze weryfikacj¢ kluczowych
parametrow uzytkowych elementu, takich jak no$nos¢, izolacyjno$¢ cieplna, szczelnose,
odporno$¢ ogniowa i akustyczna. Réwnolegle prowadzone beda badania nad drukiem
dwumaterialowym, w ktorym materiat nosny stanowitby obrys, a lekki materiat izolacyjny
pelitby funkcje wypelnienia. Wymaga to opracowania zaréwno odpowiedniej

infrastruktury sprze¢towej, jak i strategii prowadzenia procesu. Badania skoncentrujg si¢

m "



w szczegolnosci na adhezji migedzywarstwowej, ciggltosci na granicy dwoch materiatow,

kontroli skurczu oraz zapewnieniu zaktadanej termoizolacyjnosci.

Ostatni obszar planowanych prac dotyczy rozwoju technologii druku in-situ na placu
budowy. Jest to zagadnienie o charakterze dlugoterminowym, ktérego realizacja zaktada
opracowanie mobilnego zestawu mieszania i drukowania, wyposazonego w systemy
pozycjonowania oraz monitoringu procesu (kontrola ci$nienia, sity podawania, warunkow
srodowiskowych). Wizje takiej technologii przedstawia Rysunek 12. Niezbedne bedzie
takze opracowanie procedur BHP oraz systemow kontroli jakosci. Studium przypadku
w postaci wydruku segmentu $ciany lub elementu matej architektury w rzeczywistych
warunkach budowlanych pozwoli na poréwnanie czasu i kosztow realizacji z metodami
tradycyjnymi, a takze wumozliwi okreSlenie wymaganego poziomu dojrzatosci

technologicznej (ang. Technology Readiness Level, TRL) dla zastosowan przemystowych.

.

Rysunek 13 Wizja budownictwa z zastosowaniem technologii 3DCP.
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Abstract: In recent years, three-dimensional concrete printing (3DCP) has garnered significant
attention within the scientific community. The ongoing development and widespread adoption
of this technology in the near future will be nearly inevitable. However, to ensure the safe and
effective use of 3DCP in building construction, standardization of its processes is essential. A critical
component of this standardization involves guaranteeing the repeatability of element production,
regardless of variations in shape or material composition. Therefore, the present study focuses
on analyzing factors that influence extrusion efficiency, incorporating measurements of material
dispensing rates relative to input parameters. Based on the results, it was found that reducing the
printer nozzle size from 20 mm to 12 mm significantly decreases the extrusion efficiency, resulting in
a 15% reduction. The addition of polypropylene fibers to the concrete mixture has an even greater
impact, reducing extrusion efficiency by up to 28%. On the other hand, changing the mixture’s flow
from 150 mm to 130 mm had relatively minor effect, decreasing process efficiency by only 4.5%.
To achieve consistent repeatability in the 3DCP process, introducing corrective factors adjusted for
variations in input parameters appears to be a necessary step. The development and implementation
of such adjustments will be a critical aspect of future research efforts aimed at optimizing 3D concrete
printing technology.

Keywords: 3D concrete printing; extrusion; print parameters; Portland cement; fiber reinforcement

1. Introduction

In the last decade, significant advancements have been made in 3D concrete printing
(3DCP) technology [1-4]. This progress has driven the development of specialized construc-
tion materials, including shotcrete [5], geopolymer concrete [6], and ultra-high-performance
concrete (UHPC) [7]. Foamed concrete, or cellular lightweight concrete (CLC), has also
gained attention as a promising material due to its superior thermal insulation, acoustic
properties, and fire resistance [8-10]. The rapid advancement of 3D-printing technologies,
combined with the growing diversity of materials, appears to reflect market demands aimed
at mitigating excessive waste production and addressing skilled labor shortages [11,12].
Within the construction industry, 3D printing is increasingly valued for its environmental
benefits, which include design flexibility, automation, reduced waste, lower raw material
consumption, and decreased labor costs [13]. These advantages also contribute to sub-
stantial production cost savings by eliminating the need for formwork, minimizing labor
input, and shortening project timelines, thereby enhancing the competitiveness of modern
additive manufacturing technologies compared to traditional construction methods [14].
As a result, interest in 3D printing has extended beyond academic research into the indus-
trial sector, where it is perceived as a means to drive innovation and achieve a competitive
advantage over conventional solutions [11,15].

To establish 3D concrete printing (3DCP) technology as a key method for manufac-
turing building elements, standardization is essential [16,17]. Components produced via
3DCP must exhibit high repeatability and quality, with an absence of defects that could
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compromise structural integrity [18]. Consequently, scientific research often focuses on

the design and operation of print heads, with particular emphasis on the construction of

printing nozzles [19,20] and the functional optimization of print heads [21,22].

The complexity of 3DCP technology, which integrates principles from both mechanics
and materials engineering, necessitates extensive research, often involving numerical simu-
lations to deepen understanding of specific technical challenges [23-25]. Given the growing
diversity of materials employed in 3DCP, it is crucial to control all factors influencing the
printing process to ensure that modifications in materials or design changes in print-head
components do not degrade print quality.

Particular attention should be directed toward the potential use of waste materials
as raw materials for printable substances, as this may be essential for incorporating sus-
tainable development principles into construction [26]. Ensuring process repeatability in
such conditions is critical for the safety and durability of structures. If discontinuities
or interruptions occur during extrusion, structural defects may arise, reducing structural
strength. Such defects, even if imperceptible, can lead to the narrowing of the deposited
layer, weakening interlayer bonds and ultimately compromising the stability and durability
of the structure as a whole [27].

Considering the above factors, achieving optimal print-head performance and precise
parameter configuration is essential for high-quality 3D printing. Key aspects influencing
print quality include:

1.  Continuity of the printed path: The print head must ensure consistent material depo-
sition along the designated path, maintaining uniformity and stable flow dynamics,
which are crucial for achieving consistent layer formation;

2. Path stability (width and height): The shape of the printed path must remain stable
and precise, with controlled width and height throughout the printing process. This
stability is critical for maintaining the structural integrity of the printed element;

3. System ergonomics: The system design should promote ease of use, with user-friendly
features such as efficient pre-print setup and easy cleaning of components. These
ergonomic considerations contribute to a seamless operational experience;

4. Reliability of system design (uninterrupted process): The system should operate
continuously without interruptions, demonstrating robust performance and resilience
under typical operational conditions, which is critical for maintaining the reliability
of the printing process.

Each of these parameters contributes directly to the consistency, efficiency, and overall
success of the 3D-printing process, particularly in industrial applications where high
standards of structural quality and user accessibility are paramount.

This article presents the influence of the most frequently and easily modified 3D-
printing input factors on extrusion efficiency. Identifying these phenomena and determin-
ing their impact on the printing process is expected to enhance the quality and consistency
of conducted research and drive further technological advancements, thereby facilitating
the integration of this technology into the construction sector.

2. Materials and Methods

To achieve repeatability in 3D-printing processes, it is essential to verify all variables
influencing print quality. Beyond the material properties, these factors include the design
of individual components within the printing system (e.g., a mixing station aligned with
the idea developed as part of the “Implementation Doctorate” and tested in industrial
company conditions) as well as the processing parameters. Observed relationships will
enable the determination of corrective factors that enhance the repeatability of printed
components, thereby promoting broader adoption of this additive manufacturing method.

Performance tests of the print head were conducted in a laboratory equipped for
3D-printing technology testing.
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2.1. Materials

The print head performance tests were conducted using a standard mixture designed
for 3D concrete printing. This material demonstrates a flexural strength greater than
3.0 MPa and a compressive strength exceeding 18.0 MPa, compliant with the EN 13892-2
standard [28]. Beyond the necessary strength of the hardened material, it is also essential to
ensure appropriate parameters for the fresh material intended for printing. It must facilitate
proper extrusion through the print head, provide the necessary structural integrity to allow
the stacking of subsequent layers, and ensure adhesion between layers. Proper material
preparation is verified through a consistency test using a flow table, with a target flow
value of approximately 150 mm. The mixture used in the study is based on CEM I 52.5R
Portland cement and quartz sand (Table 1). To meet the required parameters described
above, the material was modified with activating agents (concrete admixtures accelerating
the setting), rheological additives (plasticizer), and fillers (limestone, microsilica).

Table 1. The mixture composition used for 3D-printing tests.

Component Content (%)
Portland cement CEM 1 52,5R 25.0
Quartz sand (0.1-1.0 mm) 65.0
Activating additives 2.0
Rheological additives 1.0
Mix fillers 7.0

The material was prepared from dry components. Preparation for testing involved
mixing water with the pre-prepared blend at a 1:5 w/w (weight-to-weight) ratio. A mixing
station aligned with the idea developed as part of the “Implementation Doctorate” was
used to blend the material. The prepared and tested material was used within 20 min.

2.2. Additives

The effect of fiber additives on extrusion stability was verified. The use of dispersed
reinforcement in cementitious composites is a technique that enhances flexural strength.
Additionally, the incorporation of fibers helps reduce cracking in printed components due
to shrinkage [29-32].

Polypropylene (PP) fibers serve as reinforcement in cement-based materials due to
their lightweight nature, reduced susceptibility to alkaline environments, and high resis-
tance to corrosion and deformation, resulting in composites with improved long-term
performance characteristics [33].

The length of fibers used in concrete has a significant impact on its mechanical and
rheological properties. Longer fibers more effectively bond larger areas of the material,
increasing its tensile and flexural strength. However, they are more challenging to dis-
tribute uniformly within the mixture, which can lead to fiber clustering and weaken the
structure. Additionally, longer fibers have a greater influence on the mixture’s rheology,
potentially reducing workability and thereby affecting the efficiency of pumping and ex-
trusion. The optimal fiber length depends on the specific application of the concrete and
the technical requirements of the project, necessitating a balance between strength and
workability [34,35].

In the experiment, polypropylene (PP) fibers with a diameter of 0.04 mm were used in
two lengths: 6 mm and 12 mm (Figure 1). These fiber sizes are standard for construction
applications involving prefabricated elements, making them widely available. They also
align with sizes studied by various research teams, with their effects on the properties of
3D-printed concrete components being well documented [34-38]. The fiber size selection
was additionally constrained by the printing infrastructure capabilities, as longer fibers
caused blockages in the extruder screw, impeding material flow. Testing these two fiber
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lengths aims to assess their impact on extrusion stability, which is a critical factor due to the
potential for fiber adhesion and clogging within the internal components of the extruder.

(b)

Figure 1. (a) Fiber sizes used in the test: 6 mm (left) and 12 mm (right); (b) general view of the fibers.

PP fibers, in the form of single filaments (Figure 1b), were added to the dry mate-
rial batch. The measured dry ingredients were initially intensively mixed using a glue
and mortar mixer to ensure uniform fiber distribution throughout the mass. Following
this, the material batch was mixed with water and subjected to consistency and extruder
performance tests.

2.3. Determination of Consistence of Fresh Mortar

To assess the consistency of the fresh material intended for evaluating the performance
of the printing nozzle, a flow table test was conducted in accordance with the EN 1015-3
standard [39]. The device was operated manually during these measurements (Figure 2).

Figure 2. View of the flow table test device according to the PN EN 1015-3 standard.
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The standardized cone was filled with the tested material, following compaction
guidelines by performing a two-stage compaction. The test begins after the cone is removed
and involves lifting the flow table 15 times using a handwheel.

Ensuring the appropriate consistency of the mixture is essential not only for the
continuity of the printing process but also for maintaining the shape of the produced
element. For the 3D-printing process, the target flow value is approximately 150 mm. This
flow ensures the proper operation of the device and preserves the intended shape of the
printed component.

2.4. Printing System

The tested printing system features a modular design that enhances the ergonomics of
printer operation. Its simple assembly facilitates rapid preparation for use and simplifies
the cleaning of components after printing is completed.

The print head consists of the following components:

1.  Tank: With a volume of 20 L, it provides a material buffer for printing, ensuring a con-
sistent supply throughout operations. Made of stainless steel, the tank is designed to
resist the corrosive effects of geopolymer additives, ensuring durability and longevity;

Drive shaft: This is responsible for transmitting torque from the motor to the extruder screw;

3. Mixer blades: An integrated mixer is essential for preventing the decomposition of
the material, ensuring a homogeneous consistency throughout the printing process.
The mixer operates in synergy with other components to maintain the mix’s quality,
providing a consistent and reliable output necessary for the structural integrity of the
printed object;

4. Quick clamp: This enables the rapid disassembly of the print head and its effective
cleaning;

5. Sleeve with screw: This assembly regulates the correct dosage of material during
printing. The sleeve, made of polyamide (PA6), is a replaceable component. The
screw, constructed from stainless steel, is integral to the pumping and dosing system
of the 3D printer, capable of handling concrete mixes. Designed for easy cleanup and
resistance to corrosive substances, the screw features an L/D (length/diameter) ratio
of 3.5, which was optimized based on results from previous tests, to ensure efficient
dosing of reinforced materials while maintaining compatibility with foamed mixes;

6. Nozzle: Constructed from wear-resistant materials, the nozzle ensures long service life,
even under the abrasive conditions associated with concrete and geopolymer mixes.
Designed to be cost-effective, it allows for easy replacement, reducing downtime
during maintenance. The manufacturing process is streamlined for ease of production,
and the nozzle’s design facilitates simple cleaning, which is crucial when switching
between different mix types, such as foamed concrete and standard concrete;

7.  Motor: The motor is the extruder drive element;

8.  The diagram of the printing system used in the research, featuring a modular design
that enhances the ergonomics of printer operation, is presented in Figure 3. Figure 4
shows the laboratory 3D printer prepared for print-head performance tests, along
with a view of the internal components of the print head.

N
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Figure 3. Diagram of the printing system used in the research: (1) tank, (2) drive shaft, (3) mixer
blades, (4) quick clamp, (5) sleeve with screw, (6) nozzle, (7) motor.

(b)

Figure 4. (a) The laboratory 3D printer prepared for print-head performance testing; (b) the internal
components of the print head.
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2.5. Nozzles

The nozzle is the final executing component of the 3D printer, responsible for shaping
the extruded material into its final form. This element determines the form and width
of the extruded path. To ensure consistency in fabricated components, it is crucial that
nozzle changes—often required based on specific tasks—do not compromise the quality
of printed geometries.

To verify this, two nozzle sizes were tested: a 12 mm diameter nozzle (D12) and
a 20 mm diameter nozzle (D20) (Figure 5).

__ 10 11
‘|.||'||||'I|| il

Figure 5. View of the nozzles with diameters used in the tests: 12 mm (left) and 20 mm (right).

2.6. Methods

The performance of the tested print head was evaluated by measuring the extruded
mass of material over time. A laboratory 3D printer and a precision laboratory scale with
an accuracy of 0.1 g and a maximum allowable weighing capacity of 20 kg were used for
this purpose.

Each measurement trial was preceded by thorough cleaning and preparation of the
testing environment. The protocol for each test involved the following steps:

1.  Preparation and weighing of dry components: The dry materials were prepared and
weighed accurately;

2. Measurement of water volume: The required amount of water was measured separately;

3.  Mixing of the material: The components were mixed using a laboratory mixer for
5 min at 120 RPM;

4. Consistency verification: The material’s consistency was checked using a flow table test;

5. Loading the material into the printhead: The prepared material was loaded into the
print head;

6.  Pre-print extrusion: A pre-print extrusion was conducted to fill the system with material;

7. Measurement of extruded material mass: The mass of extruded material was mea-
sured every 20 s.

For each test, a batch of material weighing 12 kg was prepared, except for tests
involving polypropylene fibers (PP), where the material batch was limited to 6 kg. The
prepared material was used within 20 min to ensure that any changes in consistency did
not influence the measurements.

3. Results
3.1. Extrusion Efficiency Dependence on Extruder Rotational Speed

A comparative test on extrusion efficiency as a function of extruder rotational speed
was conducted at three distinct speeds: 37.3 RPM, 32.8 RPM, and 30.0 RPM. For all mea-
surements in this series, a material consistency of 150 mm was maintained, and a 20 mm
diameter nozzle was used.
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Based on the results, it can be concluded that material extrusion through the print
head does not proceed entirely linearly, as evidenced in the graph illustrating the increase
in extruded mass (Figure 6). A notable point is observed where the amount of material in
the reservoir becomes too low to sustain effective extrusion, resulting in a flattening of the
graph in the final phase of the test. This is even more apparent in Figure 7, where a sharp
reduction in extrusion efficiency is observed. In this and subsequent measurement series, it
can be noted that extrusion efficiency decreases almost from the beginning of the test as the
material level in the reservoir diminishes. However, a sharp reduction in extrusion occurs
when there is less than 4 kg of material in the reservoir.

10.000
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g 6000
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e 37.3RPM s 32.8RPM e 30.0RPM
—— AVG. 37.3RPM ——AVG. 32.8 RPM —— AVG. 30.0 RPM

Figure 6. Graphic depictions of printhead performance as a function of set extruder speed.
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Figure 7. Graphic depictions of printhead efficiency as a function of mass of material left in tank.

It is also noteworthy that the extrusion rate does not change perfectly proportionally
with adjustments in rotational speed. At 32.8 RPM, the extrusion efficiency is approximately
3.5% lower than expected, while at 30.0 RPM, the efficiency drops by up to 10.5% (Table 2).
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Table 2. Dependence of rotational speed on printhead efficiency.

Rotating speed (RPM) 37.3 32.8 30
Rate of rotating speed 100.00% 87.94% 80.43%
Printhead efficiency (g/s) 12.11 10.28 8.71
Rate of printhead efficiency 100.00% 84.89% 71.92%

3.2. Extrusion Efficiency Dependence on Mixture Consistency

The subsequent test focused on evaluating the impact of material consistency on
extrusion efficiency. To this end, trials were conducted using two materials with different
consistencies, 150 mm and 130 mm, measured by a flow table (Figure 8).

@ (b)

Figure 8. Material tested on flow table according to the PN EN 1015-3; (a) sample of 150 mm;
(b) sample of 130 mm.

As expected, the results indicate a reduction in extrusion efficiency for the more
viscous material (Figure 9). The sample with a flow of 130 mm was extruded at an average
rate of 11.57 g /s, which is approximately 4.5% lower than the extrusion rate for the material
with standard consistency. Similar to the previous test, irregular extrusion and a systematic
decrease in efficiency were observed as the amount of material in the reservoir decreased
(Figure 10). In this case, the less fluid consistency may have contributed to a 6% reduction
in the utilized feedstock material.

10.000 ;
8000 |
6000 |
4000 |

2000 |

Mass of excruded material (g)

0 200 400 600 300 1000
Time (s)

e FLOWVALUE - 150MM e FLOW VALUE - 130MM

—AVG. FLOW 150MM — AVG. FLOW 130MM

Figure 9. Graphic depictions of printhead performance as a function of input material consistency.
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Figure 10. Graphic depictions of printhead efficiency as a function of mass of material left in tank.

3.3. Extrusion Efficiency Dependence on Nozzle Size

The influence of nozzle size on extrusion was examined by testing two nozzle diam-
eters: 12 mm and 20 mm. These tests were conducted at two extreme rotational speeds:
37.3 RPM and 30.0 RPM, with a mixture consistency of approximately 150 mm maintained
across all tests (Figure 11).
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Figure 11. Graphic depictions of printhead efficiency depending on nozzle size.

A significant reduction in extrusion efficiency was observed as a result of decreasing
the nozzle size. At 37.3 RPM, reducing the nozzle size resulted in a 14.3% decrease in
extrusion rate, while at 30.0 RPM, the decrease reached 17.9%.

This finding is particularly important, as the nozzle size may frequently vary depend-
ing on the dimensions of the printed object. Observations suggest that a smaller nozzle
restricts material flow, thereby reducing extrusion efficiency. To achieve consistent parame-
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ters for printed elements, it is essential to introduce extrusion coefficients that compensate
for this observed effect.

Additionally, based on the graph in Figure 12, it can be observed that the amount of
material inside the reservoir has a greater impact on 20 mm nozzles than on smaller ones,
regardless of rotational speed. Extrusion efficiency was less constrained for the 12 mm
nozzle during the final phase of the test. Again, the end of extrusion is evident, occurring
when less than 4 kg of material remains in the reservoir. In this regard, the 20 mm nozzles
performed slightly better, allowing approximately 2.5% more material to be extruded
compared to the smaller diameter nozzles.

14.00
12.00

10.00

8.00

6.00

4.00

al)
'/
J
=
[ 5]
=
L%
=
5
e
’;.—1
=¥

2.00

0.00
12.000 10.000 8000 6000 4000 2000 0

Mass of material left in tank (g)

—#— NOZZLE D20 /37.3RPM =t NOZZLE D20/ 30.0 RPM =@ NOZZLE D12 /37.3RPM == NOZZLE D12/ 30.0 RF
Figure 12. Graphic depictions of printhead efficiency as a function of mass of material left in tank.

3.4. Extrusion Efficiency Dependence on Reinforcing Fiber Addition

Incorporating fibers into cement-based material offers several advantages in 3D print-
ing. In addition to enhancing flexural strength, fibers reduce the risk of shrinkage-induced
cracking. Therefore, it is crucial to assess their impact on the performance of the printing
system. In this study, tests were conducted using a material containing polypropylene (PP)
fibers in two lengths: 6 mm and 12 mm. The fibers were added during the mixing stage at a
concentration of 0.04% by weight. The addition of fibers to the material occurred before the
start of the test—the fibers were thoroughly mixed with the dry components of the mixture
to ensure their uniform distribution within the tested material.

Measurements were taken with two nozzle diameters, 20 mm and 12 mm, and the
extruder rotational speed was set at 37.3 RPM, as shown in Figures 13 and 14, respectively.
The material consistency corresponded to a flow table measurement of 150 mm.

The presence of fibers noticeably reduces extrusion efficiency. For the 20 mm nozzle,
adding fibers decreased the extrusion rate by 8.8 to 12.6% compared to fiber-free material.
For the 12 mm nozzle, the efficiency loss was more pronounced, ranging from 18 to 28%.
This reduction occurs due to the altered material structure; adding fibers increases material
cohesion, thereby restricting pumpability.

In both cases, material with longer fibers caused more significant changes in extrusion
performance. Additionally, the 12 mm nozzle exhibited notably higher resistance, likely
due to its geometry, which makes extruding fiber-laden material more challenging.

Figure 15 presents the changes in extrusion performance associated with nozzle size
and fiber addition. Notably, 12 mm fibers more severely restrict extrusion with the 12 mm
nozzle, suggesting proximity to the maximum fiber length suitable for this configuration.
Using longer fibers may risk clogging the system.
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Figure 13. Graphic depictions of printhead efficiency depending on the reinforcement fibers used—
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Figure 14. Graphic depictions of printhead efficiency depending on the reinforcement fibers used—

nozzle diameter 12 mm.

Figure 16 confirms a significant reduction in extrusion resulting from both the use of a
smaller nozzle and the incorporation of PP fibers. The graph also highlights considerable
irregularities in extrusion, which in this case are more pronounced for tests conducted with
the 12 mm nozzle, where greater fluctuations in printhead efficiency are observed.

An interesting aspect is the rate of feedstock utilization within the print head, as well
as the minimum material quantity required to initiate printing. The rate of feedstock used
represents the efficiency of material usage in relation to the initial material input (Figure 17).
Observations reveal a relatively low utilization rate, averaging approximately 68% across
all tests. Based on this information and the graphs showing printhead efficiency relative to
the amount of material inside the reservoir, it can be concluded that approximately 4 kg of
material in the reservoir is necessary for the proper operation of the printhead.



Appl. Sci. 2024, 14, 11866

13 of 17

6000

5000

4000

3000

2000

1000

Mass of excruded material (g)

0
0 50 100 150 200 250 300 350 400 450 500
Time (s)
. NOZZLE D20/ FIBERS 12MM . NOZZLE D12/ FIBERS 6MM . NOZZLE D12/ FIBERS 12MM

AVG. D20 MM e AVG. D12/FIBERSEMM e AVG. D12/ FIBERS 12MM
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Figure 16. Graphic depictions of printhead efficiency as a function of mass of material left in tank
depending on the reinforcement fibers used—comparison of 6 mm and 12 mm fibers and 12 mm and

20 mm nozzle sizes.

The highest feedstock utilization rates within the print head were observed in tests
conducted with the base mix and a 20 mm nozzle. In the results from the first test on
rotational speed, the lowest performance was recorded at the lowest speed. A similar trend
was noted in the test with the smaller nozzle, where lower rotational speeds also resulted
in reduced feedstock utilization rates. Across the entire set of results, it was evident that the
lowest rates were associated with factors related to mixture consistency and the inclusion
of PP fibers. In the case of fibers, their length did not have a definitive impact on the
utilization rate. However, it should be noted that the extrusion of fiber-reinforced material
was more efficient when using a larger nozzle diameter, which generates less resistance to
the extruded material.
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Table 3. The feedstock utilization depending on mixture composition and printing settings.

Test No. 1 2 3 4 5 6 7 8 9 10
Nozzle size D20 D20 D20 D20 D12 D12 D20 D20 D12 D12
Rotating speed
(REM) 373 32.8 30 373 373 30 37.3 373 373 373
.. . PP fiber PP fiber PP fiber PP fiber
Additions to mix - - - - - -
6 mm 12 mm 6 mm 12 mm
Fresh material flow 5 150 150 130 150 150 150 150 150 150
(mm)
Mass of input 12,000 12,000 12,000 12,000 12,000 12,000 6000 6000 6000 6000
material (g)
Mass of extruded 8948 9800 8249 7967 8751 8531 3852 3793 3364 3600
material (g)
Rate of feedstock ) opo g1 6700 6874%  6639% 7293% 71.09%  6420%  63.22%  56.07%  60.00%

used

100.00%

_. 80.00%
S
£
2 60.00%
17
=l
]
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«  40.00%
g
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Test no.

Figure 17. Graphic depictions of the rate of feedstock used; numbering according to Table 3.

4. Conclusions

This article examines issues related to 3D concrete printing technology, with a particu-
lar focus on the print head. As a crucial component of the entire system, the print head plays
an essential role in maintaining stable and precise control of the cement mixture during the
printing process. The conducted research allowed us to analyze the influence of factors such
as nozzle size, extruder rotational speed, and fiber addition on the extruder’s performance.
Based on the tests performed, these results were found for the tested printer system:

e Linear extrusion efficiency: Extrusion efficiency during the tests was not stable and
had more or fewer fluctuations but followed an approximately linear pattern as long
as the material reservoir contained more than 4 kg. This minimum level is essential
for proper material dispensing by the print head, likely due to the pressure exerted by
the column of material within the reservoir;

e  Non-proportionality to rotational speed: Extrusion performance does not increase
proportionally with extruder rotational speed. Differences between theoretical (ex-
pected) extrusion efficiency and actual efficiency can reach up to 10.6%. This may
be due to the fact that a higher rotational speed more effectively mixes the material
inside the tank, ensuring the complete filling of the extruder screw, which translates to
efficient extrusion;
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e  Lower sensitivity to material consistency: The print head demonstrated a relatively low
sensitivity to changes in the mix consistency. For example, reducing the mixture’s flow
from 150 mm to 130 mm resulted in only a 4.5% decrease in extrusion efficiency. In the
case of a less fluid consistency, a low feedstock utilization ratio was observed, which
may result from the intensified deposition of material on the internal components of
the print head;

e  Significant impact of nozzle size: Reducing the nozzle size from 20 mm (D20) to 12 mm
(D12) significantly affected extrusion efficiency, with flow rate reductions reaching
around 15%. Given the frequency of nozzle changes, this finding underscores the
necessity of incorporating correction factors to maintain consistent extrusion rates and
repeatable properties in the printed element;

e  Effect of polypropylene fibers on extrusion: The addition of polypropylene fibers to the
cement mixture restricts extrusion efficiency. With a D20 nozzle, fiber incorporation
decreased efficiency by 8.8 to 12.6% compared to fiber-free material. For the D12
nozzle, efficiency loss was more pronounced, ranging from 18 to 28%. This reduction
is attributed to the increased viscosity of the fiber-enriched material, which limits
its pumpability;

e Limitations in feedstock utilization: The print head’s feedstock utilization is limited,
with only approximately 68% of a 12 kg batch effectively used. This result suggests
that around 4 kg of material is required to fill the print-head system adequately;

e Additionally, the results obtained in all tests confirm a significant dependence of
extrusion efficiency on the amount of material inside the printhead’s tank. A clear
drop in extrusion performance was noted as the material quantity in the tank decreased.
This could be due to the material generating a certain pressure at the bottom of the
chamber, thereby improving the filling of the extruder screw and positively impacting
extrusion levels. As the material quantity diminishes, the pressure decreases, limiting
the extrusion process. To ensure stable extrusion at a consistent level, maintaining a
steady amount of material in the chamber may be necessary.

The findings from this study are expected to enhance the repeatability of 3D-printed
concrete elements. To enable the printing of components with varied materials and geome-
tries, appropriate extrusion correction factors will need to be defined and implemented.
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Abstract

Three-dimensional concrete printing (3DCP) is an emerging additive manufacturing tech-
nology with increasing application potential in the construction industry, offering ad-
vantages such as reduced labor requirements, shortened construction time, and material
efficiency. However, structural integrity remains a challenge, particularly due to weak
interlayer bonding resulting from the layered manufacturing process. This study investi-
gates the mechanical performance and anisotropy of 3D-printed mineral-based composites
with respect to the time interval between successive layers. Specimens were printed with
varying interlayer intervals (0, 25, and 50 min) and tested in different loading directions.
Flexural, compressive, and tensile strengths (direct and splitting methods) were measured
both parallel and perpendicular to the layer orientation. Results showed a clear degrada-
tion in mechanical properties with increasing interlayer time, particularly in the direction
perpendicular to the layers. Flexural strength decreased by over 25% and direct tensile
strength by up to 40% with a 25 min interval. Compressive strength also declined, though
less dramatically. Compared to cast specimens, printed elements showed 3—4 times lower
compressive strength, highlighting the significant impact of interlayer cohesion. This study
confirms that both the time between layers and the loading direction strongly influence
mechanical behavior, underlining the anisotropic nature of 3DCP elements and the need
for process optimization to ensure structural reliability.

Keywords: additive manufacturing; anisotropy of mechanical properties; building materials;
3D printing; interlayer bond strength; print parameters

1. Introduction

Three-dimensional concrete printing (3DCP) is an example of additive manufactur-
ing (AM) technology, based on the layer-by-layer deposition of material to form three-
dimensional elements. Its potential for production automation is increasingly applied
across various technical sectors, including construction, where it is used for manufacturing
prefabricated elements as well as building components directly on-site [1-4]. The rapid
growth of the global construction industry brings new challenges that drive the develop-
ment of 3D printing technologies. The application of this technology contributes to shorter
construction times and reduces the need for manual labor [5]. It also enables the realization
of structures that would be impossible or economically unfeasible to execute using con-
ventional construction methods [6]. Equally important is the opportunity for sustainable
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construction through the implementation of resource-efficient technologies that still ensure
high material and structural quality. Three-dimensional printing supports this goal by
facilitating the practical use of composite cements and geopolymer materials, which help
reduce reliance on energy-intensive Portland cement [7-9]. Moreover, 3D printers allow for
the use of extrusion-based forming techniques for the faster and automated construction of
objects, including those with complex geometries, while minimizing material usage and
labor demands [10-12].

The use of this method for producing building elements presents numerous challenges.
A fundamental issue is the selection of a material with appropriate rheological properties
in the fresh state and adequate mechanical performance after setting. To achieve this, the
use of suitable admixtures for setting time control and plasticization is essential [13-15].
Mixture design is based on an experimental approach, taking into account parameters such
as workability, pumpability, open time, and extrudability. Proper flowability is critical
for the extrusion process while maintaining the geometric stability of successive layers.
Excessive fluidity may lead to the buckling or collapse of the structure, whereas an overly
stiff mixture reduces interlayer adhesion. Rheology is therefore one of the key factors
determining the success of the printing process [1,16-18].

Process parameters are equally important, as they directly affect extrusion stability
and, consequently, print quality [19]. In order for 3DCP technology to be applied in
the production of structural elements, standardization is required [20,21]. Components
produced through 3D printing must demonstrate high repeatability, quality, and the absence
of defects that could compromise structural integrity [22]. Another critical issue is the bond
between consecutively deposited layers, which often represents the weakest point in the
printed element [23].

Several factors influence the interlayer bond strength in 3D-printed structures made
from mineral-based materials. One such factor is the cross-sectional shape of the printed
path. To achieve optimal interlayer bonding, it is recommended to aim for a rectangular
cross-section, as it provides the largest contact surface for transferring forces between layers
(Figure 1). Another factor affecting layer cohesion is the nozzle offset distance. As this
distance increases, the interlayer bond strength decreases, and more voids tend to form
between layers, further weakening the connection [24-26].

Figure 1. The geometry of printouts and the interlayer bond: (a) with round edge; (b) rectangular
cross-section. Green lines indicate the extent of the interlayer bond in the presented 3D printed specimens.

The time interval between the deposition of successive layers also plays a critical role.
A longer delay, particularly when using fast-setting mixtures, may result in the formation
of numerous voids, significantly reducing the structural integrity of the print. These voids
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are more prevalent in structures where the time gap between layers is extended. This is
primarily due to surface moisture loss (cold joint), which occurs as the interval increases,
leading to a reduction in bond strength (Figure 2) [23,27-30]. The interlayer time interval is
determined by both the geometry of the printed object and the printing speed. For small
prefabricated elements, the interval may be limited to a few minutes. However, when
printing larger building components with significant surface areas, the time between layers
can extend to approximately one hour. In such cases, it may be necessary to divide the
geometry of the printed element to avoid excessive delays between layer deposition, which

could compromise the structural integrity of the printed object.

Figure 2. (a) Structure of 3D-printed concrete elements; (b) defects in the interlayer bond. Red arrows
highlight discontinuities at the interlayer interfaces.

Research teams working in this area have applied various time intervals in their
experimental studies. Pan et al. introduced layer deposition intervals of 20 s, 15, 30,
45, and 60 min, with results clearly indicating a reduction in interlayer bond strength as
measured by direct tensile testing [31]. Similar outcomes were reported by Chen et al.
and Tay et al., who applied time intervals of 20 s, 1, and 10 min, and 1, 5, 10, and 20 min,
respectively [28,32].

Hardened 3D-printed material exhibits anisotropic behavior, meaning that its proper-
ties vary depending on the direction of observation. In the case of 3D-printed structures
produced using additive manufacturing technologies, anisotropy results from the layer-by-
layer nature of the printing process.

Anisotropy is considered one of the main drawbacks of structures fabricated via 3D
printing, which necessitates thorough investigation of their mechanical properties [25,27,30].
Researchers adopt various approaches to material testing. The most commonly conducted
strength tests on 3D-printed specimens include tensile testing, although compressive
strength and three-point bending tests are also widely performed [28,29,31,33,34].

Three-dimensional concrete printing technology is a rapidly evolving field entering
the construction sector. The diversity of printing techniques and process parameters offers
vast potential, particularly in the individualized fabrication of structural elements, yet it
also presents numerous challenges in terms of standardization and market implementation.
Despite the numerous studies cited earlier, there is still no standardized method or clear
guidelines for assessing the quality of 3D-printed elements, highlighting the need for
a reliable testing procedure to evaluate the adhesion quality between layers in printed
materials. This is likely due to the relatively short time that 3D printing has been in
use, especially within the construction industry. However, the standardization of quality
verification methods is essential for the full-scale adoption of 3D printing in construction.
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The aim of this study was to compare various mechanical testing methods for elements
printed in different orientations, with a focus on evaluating interlayer bond quality under
conditions simulating large-scale printing. The conducted review of testing procedures
revealed several viable approaches.

2. Materials and Methods

One of the key challenges in 3D printing technology is ensuring sufficient interlayer
bond strength, which significantly determines the mechanical performance of the final
structures. Due to the characteristic layer-by-layer deposition of material, mechanical
properties exhibit pronounced anisotropy—they are highly dependent on the orientation
relative to the build axis. Particularly critical are the interfaces between layers, where
so-called cold joints often form, serving as potential points of damage initiation.

As a result, the measurement of interlayer adhesion strength and in-depth analysis of
the mechanisms governing the formation and degradation of these bonds represent a major
research direction in the study of anisotropy in printed structures. A review of the literature
confirms that process parameters, such as the time gap between layer depositions, nozzle
speed, and nozzle height, have a significant impact on the strength of interlayer bonds in
3D-printed elements [35-37]. The standardization of testing methods and the development
of predictive models relating process parameters to bond quality are essential for further
industrialization of the technology. Understanding these phenomena is crucial not only
for improving structural integrity but also for minimizing the directional variability of
mechanical properties [38,39].

As a reference for introducing time intervals between the layers of printed specimens,
an estimation was made based on the 3D printing process of a building with a usable floor
area of approximately 80 m? (Figure 3). Based on the parameters of the available printing
equipment, the maximum printing speeds for 20 mm and 40 mm nozzles were determined
to be 100 mm /s and 50 mm/'s, respectively.

Figure 3. Schematic outline of building walls for estimating the time interval between layers.

Assuming the use of a 40 mm nozzle for printing a single perimeter contour of the
walls with standard infill providing structural stability, the path length for one layer is
approximately 150 m. With a printing speed of 50 mm/s, the estimated time to complete a
single layer is about 50 min, which defines the maximum allowable time interval between
successive layers of deposited material. The reference sample was printed without any
time gap between layers, while an intermediate variant was printed with a 25 min interval
between successive layers.
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2.1. Methods

Due to the absence of standardized testing methods specifically dedicated to 3D-
printed concrete specimens for determining mechanical properties and interlayer bond
quality, experimental procedures are typically based on standards developed for cast
concrete. The methods proposed by researchers for evaluating the strength parameters of
printed structures include compressive strength, direct tensile strength, splitting tensile
strength, and three-point bending.

As part of the experimental program, a series of tests were performed on specimens
produced using 3D printing technology (Figure 4).

In;

Adhesive
layer

(a) (c) (e)

Leveling layer

£ of cement mortar

r

-I=l-

(b) (d) (£)
Figure 4. Schemes of strength test for 3D prints: (a) three-point bending test, perpendicular
to the layer—interface plane; (b) three-point bending test, parallel to the layer—interface plane;
(c) compressive strength test, perpendicular to the layer—interface plane; (d) compressive strength test,
parallel to the layer-interface plane; (e) direct tensile test; (f) splitting tensile strength test. F indicates
the direction and sense of the forces acting on the specimens during the respective strength tests.

The scope of the investigation included the determination of the following:

2.1.1. Flexural Strength

e  Perpendicular to the layer orientation:

A three-point bending test was conducted on the specimens to determine their flexural
strength. The procedure was carried out using a testing machine equipped with appropriate
tooling. The load was applied at a constant rate of 50 N /s until the specimen failed.

The following formula was used to calculate the flexural strength:

Mgmax
Omax, B=—yr— M
max, Wg
Frax-a
Mgmax = =7 @)
bh?

where
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Omax,s—Mmaximum bending stress, (MPa);
Mg,max—maximum bending moment, (Nm);
W¢ —section modulus for bending, (m3);
Fingx —maximum failure load, (kN);
a—span between supports, (m);

b—width of the cross-section, (m);
h—height of the cross-section, (m).

e  Parallel to the layer orientation:

The second variant of the flexural strength test involved measuring this parameter
with the printed layers oriented parallel to the direction of the applied force. To ensure
a flat and even surface, the lateral irregularities of the specimens—caused by the layer
deposition process—were filled with leveling mortar. The mortar was applied one day
before testing. This approach allowed the test to be conducted properly without increasing
the strength of the specimens, as the mortar had not yet developed its full mechanical
properties. To determine the flexural strength, the same Equations (1)—(3) were used as in
the test of specimens oriented perpendicular to the layers.

2.1.2. Compressive Strength

e  Perpendicular to the layer orientation:

During the compressive strength tests, the load was applied to the specimen at a rate
of 500 N/s until failure occurred. The head of the testing machine includes a swivel joint,
allowing it to compensate for any minor misalignments or non-parallel surfaces.

The following Equation (4) was used to calculate the compressive strength; for the
surface area, the minimum cross-section was determined for the narrowest cross-section:

F
Omax,C= % (4)

where

Omax,c—Maximum stress in compression, compressive strength, (MPa);
Fnax—Tload at failure, (N);
S—minimum cross-section determined for the narrowest cross-section, (mmZ).

e  Parallel to the layer orientation:

The second variant of the compressive strength test involved measuring specimens
with the printed layers oriented parallel to the direction of the applied force. As in the
flexural strength specimens, mortar was used to level the lateral surfaces of the samples.
To determine the compressive strength, the same Equation (4) was used as in the test of
specimens oriented perpendicular to the layers.

2.1.3. Direct Tensile Strength

The tensile strength test was conducted on 3D-printed specimens. To determine the
tensile strength, the direct tensile method was applied, in which the applied force acts
perpendicular to the printed layers. Steel end caps with a diameter of 5 cm were bonded to
the ground surfaces of the specimens using a two-component adhesive (POXIPOL). The
diagram of the test with bonded surfaces is shown in Figure 4e.

The load was applied at a rate of 100 N/s until failure occurred. Hinged joints in the
upper and lower grips ensured uniform load distribution and minimized undesired stress
concentrations. This testing methodology allows for determining the maximum tensile
stresses the material can withstand under a static direct tensile load. At the same time, it
provides insight into the adhesion between printed layers under direct tensile conditions.
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The following Equation (5) was used to calculate the direct tensile strength; for the
surface area, the minimum cross-section was determined for the narrowest cross-section:

F
Omax, D= % )

where

Omax,p—Maximum stress in compression, compressive strength, (MPa);
Fnax—Tload at failure, (N);
S—minimum cross-section determined for the narrowest cross-section, (mm2).

2.1.4. Splitting Tensile Strength

The splitting tensile strength test was conducted on 3D-printed specimens. After
appropriate preparation, the specimens were placed in the testing machine and loaded
using cylindrical bearing strips (Figure 4f). The load was applied at a rate of 50 N /s until
failure occurred.

This method was adopted from the concrete splitting tensile strength test for prisms
(Brazilian method) [40]. The following formula was used to calculate the splitting strength:

(6)

where

Omax,s—Maximum stress in splitting, splitting tensile strength, (MPa);
Fnaxy—maximum load, (N);

d—sample width, (mm);

L—sample length, (mm).

To establish a reference level for flexural and compressive strength (tests conducted
according to the procedure illustrated in Figure 4), measurements were conducted on cast
specimens made from the same material used in the 3D printing process, from which
the printed samples were also produced. To determine the flexural strength values,
Equations (1)-(3) were used, while Equation (4) was applied for compressive strength.

In addition to strength testing, the material used was subjected to shrinkage ver-
ification during the setting and early curing stages. For this purpose, specimens with
dimensions of 40 mm x 40 mm x 1000 mm were printed. The measurements were carried
out using a device (Figure 5) equipped with two laser sensors that recorded the change in
distance (S), thereby indicating the change in the specimen’s length.

To verify the influence of the time interval between successive printed layers on the
anisotropy of mechanical properties and the quality of interlayer bonding, a Portland
cement-based material was used. This material was selected for its suitable pumpability,
buildability, and open time, tailored to the available printing system. In addition to
material characteristics, other influencing factors include the design of individual system
components—such as the mixing station, which was developed within the framework of an
“Implementation Doctorate” and tested under industrial conditions in partner companies—
as well as processing parameters.

Material specimens for testing were produced using both 3D concrete printing
(BDCP) and conventional casting methods (in accordance with EN 196-1 [41]), allow-
ing for the assessment of the printing process’s impact on the final properties of the
elements. All specimens were prepared in a laboratory environment equipped for testing
3D printing technologies.
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Planetary mortar mixer with a capacity of 20 L was used to prepare the test material,
and the detailed mixing procedure is illustrated in Figure 6. Initially, dry and liquid compo-
nents were mixed separately in individual containers for 3 min and 30 s, respectively. The
dry components were then added to the liquid mixture and mixed for an additional 5 min
until a homogeneous material was obtained. The prepared mixture was simultaneously
poured into molds and placed into the print head.

—

(b)
Figure 5. Shrinkage test of 3D-printed materials: (a) testing stand for a shrinkage test; (b) the
test scheme.

Dry materials

PRINTING

- curing process
28 days
MIX 5 min

CASTING OF
REFERENCE
SPECIMENS

Dry + liquid ¢
components
o Curing process -7’
] 28 days \
PREPARATION

MIX 3 min

Water and liquid
admixture
TESTING

MIX 30 s

Figure 6. Schematic of the specimen preparation procedure for mechanical testing.
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After 24 h, the cast specimens were demolded, and the printed samples were trans-
ferred from the printing platform to a curing chamber. Following a 28-day curing period un-
der controlled conditions of 22 £ 2 °C, the printed specimens were trimmed to the required
dimensions. Subsequently, all samples were subjected to mechanical strength testing.

2.2. Materials

The specimens for testing interlayer cohesion were produced using a Portland cement-
based material, which served as the base composition derived from prior 3D printing trials.

The sample was prepared using a base mix, the composition of which is presented in
Table 1. The formulation should ensure not only the achievement of the required design
strength but also appropriate rheological and processing properties, which are critical in
3D printing technology. In its fresh state, the mixture must exhibit the ability for stable
and continuous extrusion through the print head, without the clogging or segregation
of components, while also maintaining the intended geometry after layer deposition. At
the same time, the material should possess sufficient structural integrity to allow for the
stacking of successive layers without deformation or collapse. Strong interlayer adhesion
is also of key importance, as it is essential to ensure structural uniformity and proper load
transfer within the printed element.

Table 1. The mixture composition of reference mix used for 3D printing tests [19].

Component Content (%)
Portland cement CEM I 52,5R 25.0
Quartz sand (0.1-1.0 mm) 65.0
Activating additives 2.0
Rheological additives 1.0
Mix fillers 7.0

To meet these requirements, the mix was modified by incorporating a range of ad-
ditives and admixtures. The composition included agents that accelerate early concrete
setting (accelerators), aimed at shortening the time required to reach initial strength and
increasing the stabilization speed of successive layers. Rheological additives, such as plasti-
cizers, were also used to improve the workability of the mix while maintaining appropriate
viscosity and structural stability. Mineral fillers, including ground limestone and microsil-
ica, were introduced to modify the cement matrix structure, both by enhancing cohesion
and increasing the specific surface area, which contributes to improved control over the
setting and hardening processes.

2.3. Mixture Preparation and Consistency Verification

A laboratory 3D printer and a precision laboratory scale (accuracy of 0.1 g and maxi-
mum capacity of 20 kg) were used to prepare the test mixtures. The dry components were
first weighed and thoroughly mixed. Water was then added using a 1:5 w/w (weight-to-
weight) ratio, and the mixing was performed with a laboratory planetary mixer under
constant conditions: 5 min of mixing at 150 RPM. The resulting mixtures were subjected to
consistency testing prior to printing.

To evaluate the consistency of the fresh material intended for printing, a flow table
test was conducted in accordance with EN 1015-3 [42]. The device was operated manually
(Figure 7). The standard cone was filled with the test material following a two-stage
compaction procedure. The test commenced upon removal of the cone and consisted of
lifting the flow table 15 times using a handwheel.
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(b)

Figure 7. (a) View of the flow table test device according to the PN EN 1015-3 standard; (b) material
sample at consistency test.

Proper consistency is essential not only for maintaining continuous material flow
during printing but also for preserving the intended shape of the printed element [9,19,43].
The 3D printing device used in this study is equipped with a screw-based extruder capable
of processing materials with a consistency range of 120-200 mm, as defined by EN 1015-3.
This range ensures proper extrusion performance and shape retention of the printed object.

In all tests conducted within the framework of this study, fixed proportions of dry
components to water were used, resulting in a flow diameter of 165 mm. This is a desirable
value, ensuring stable extrusion and sufficient structural integrity of the material after
printing. Any change in the consistency of the mix directly affects the extrusion efficiency
and may influence the geometry and quality of the printed components [19]. The rheological
properties of the tested mix are illustrated in Figure 8, which presents the change in flow
diameter over time from the moment of mixing. A comparison was made between mixtures
left at rest and those subjected to continuous mixing.
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Figure 8. Variation in material flow over time depending on continuous mixing.

The material, when continuously mixed, maintains a stable consistency over an ex-
tended period, limiting the risk of reduced extrusion efficiency, nozzle blockage, and thus
deformation or deterioration of the print quality. The initial increase in flow diameter may
be attributed to the thorough distribution of components during the first minute of mixing.
The subsequent mild decline in flow indicates a gradual onset of setting processes, yet
without a sudden loss of workability. In contrast, the material not subjected to re-mixing
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(e.g., after extrusion) shows a significant drop in flow diameter within the first minute after
mixing is stopped. This loss of workability hinders proper material shaping and may lead
to discontinuities, lack of interlayer adhesion, or heterogeneity in the interfacial zones. On
the other hand, this behavior is also considered desirable, as it positively contributes to the
stability of printed elements and their capacity to bear the load of subsequent layers.

2.4. Printing

Printed specimens were produced using a laboratory testing setup consisting of a 3D
printer with a build volume of 1200 mm x 550 mm x 400 mm. The printer is equipped
with a print head that includes a 20 L hopper with an integrated mixer and a screw-based
extruder (Figure 9).

(b)

Figure 9. Laboratory setup for 3D concrete printing: (a) printer with printhead; (b) interior of the
printhead with mixer and extruder.

To investigate the influence of the time interval on the quality of interlayer bonding in
printed elements, specimens were prepared in the following three variants (Figure 10):
e  Variant 0—no significant time gap between the deposition of successive layers;

e  Variant 25—25 min interval between successive layers;
e  Variant 50—50 min interval between successive layers.

(b)

Figure 10. Sample printing: (a) printed specimen on a base for material shrinkage testing; (b) printed

specimens for strength testing.
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2.5. Preparation

After printing, the specimens were subjected to a curing process. In accordance with
standards for cement-based materials, the curing period was set at 28 days, after which the
specimens reached their final strength.

Material preparation also included trimming the elements to the required dimensions
in a consistent manner for each specimen. A table saw was used for this purpose.

The final step in specimen preparation involved ensuring a smooth and flat surface
on which the load would act during testing. A grinding stone was used for this purpose,
providing a simple and effective means of achieving the required surface quality. For
specimens tested parallel to the layer orientation, a thin leveling layer of cement mortar
was applied in a 1:4 w/c (water-to-cement) ratio (Figure 11). This leveling layer was applied
one day prior to testing to ensure that the added material would not affect the measurement
results of the base material.
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Figure 11. Printed specimens prepared for testing.

The tests were carried out on specimens cut from a larger printed element and trimmed
to dimensions of approximately 40 mm x 40 mm x 40 mm. For the flexural strength
tests, specimens measuring 40 mm x 40 mm x 160 mm were prepared. The cutting
was performed in such a way that each specimen included four layers of the printed
material. Surface grinding was applied to ensure flatness and uniform load distribution
across the entire surface of the specimen. Each mechanical test was conducted on a set of
six specimens.

2.6. Reference Samples

As a control test, measurements were performed on specimens produced using the
casting method. Three-part molds were used to fabricate the samples, allowing for the
preparation of three specimens with dimensions of 40 mm x 40 mm x 160 mm (Figure 12).

As part of the control testing on cast specimens, the same material was used, and
identical proportions of dry components to water were applied as in the 3D printing process.
The material was cast into three-part molds intended for the preparation of test specimens
in accordance with EN 196-1 standards.

After casting, the specimens were covered and subjected to a curing process for a
period of 28 days. Following curing, the material was tested for flexural strength, followed
by compressive strength testing.

The printed elements were evaluated in terms of density using the hydrostatic weigh-
ing method. This technique enables the determination of the density of objects with complex
geometry through simple measurement tools, based on Archimedes’ principle.

The average density of cast specimens was 1969 kg/m?>. For the specimens produced
using 3D printing technology, an average density of 1919 kg/m? was obtained, which is
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approximately 2.5% lower than that of the reference cast samples. No significant differences
in density were observed between the individual variants of the printed specimens.

The lower density of the printed samples may be attributed to the presence of microp-
ores and interlayer gaps resulting from the layer-by-layer deposition of material without
additional mechanical compaction. This finding is consistent with trends reported in the
literature, indicating that additively manufactured components tend to exhibit slightly
higher porosity compared to their conventionally cast counterparts.

(@) o (b)

Figure 12. Preparation of specimens using the casting method: (a) three-part molds compliant with
EN 196-1 standards; (b) mold filled with material.

2.7. Testing

The tests were carried out using a ZwickRoell 50 kN testing machine (ZwickRoell
GmbH & Co. KG, Ulm, Germany), which enables the performance of compression, tension,
shear, and splitting tests.

The testing machine was equipped with the necessary tools designed for conducting
the respective tests and operated using testXpert III software (version 1.2).

3. Results and Discussion
3.1. Bending Test

The flexural strength test was conducted using cylindrical supports along with a
testing apparatus capable of adjusting to the inclination angle of the specimen surfaces
(Figure 13). The printed specimens tested perpendicular to the layer orientation, as well
as the cast specimens, consistently fractured at the point of load application, precisely
between the two supports (Figure 13a,c). In contrast, for the printed specimens tested
parallel to the layers, the fracture frequently occurred slightly offset from the point of force
application (Figure 13b).

Analyzing the results of the three-point bending tests on specimens loaded perpen-
dicular to the printed layers (Figure 14 and Supplementary Materials Tables 51-53), it can
be observed that increasing the time interval between layers from 0 to 50 min leads to a
noticeable decrease in flexural strength. The average stress values drop from approximately
4.8 MPa to around 3.5 MPa. The extended time gap between layer depositions weakens the
interlayer bond, thereby reducing structural integrity. As the layers do not fully integrate,
the vertical cohesion of the structure is compromised.
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(b) (c)

Figure 13. The failure mode of 3D-printed materials after the bending test: (a) perpendicular to the
layer; (b) parallel to the layer; (c) mold cast specimens.
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Figure 14. Flexural strength of 3D-printed concrete specimens depending on the applied time interval
between successive printed layers.

The flexural strength in the direction parallel to the printed layers remains nearly
constant regardless of the time interval between layer depositions, with average values
ranging between 2.2 and 2.5 MPa. In this orientation, the strength primarily depends on
the properties of the concrete mixture itself and the extrusion process, while the time gap
between layers, and thus the quality of interlayer adhesion, has a less significant impact.

Referring to the results of the cast specimens, which showed an average flexural
strength of 4.34 MPa, it can be concluded that the printing process had only a minor effect
on the structural strength when tested perpendicular to the layers. In fact, the printed
specimens without a time interval exhibited values up to 10% higher, which is a surprising
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result. This may be attributed to insufficient compaction in the cast samples or inaccuracies
in the printed specimen dimensions caused by uneven side surfaces.

However, the anisotropy in flexural strength is clearly confirmed by the results of
printed specimens tested parallel to the layers, where values were approximately 60%
lower compared to both the cast specimens and those printed and tested perpendicular to
the layers.

3.2. Compressive Test

Compressive strength was determined by placing the specimens between two steel
platens and applying a load (Figure 15). The 3D-printed specimens tested perpendicular to
the layer orientation exhibited relatively random failure patterns, with cracks propagating
in various directions across the specimen surface (Figure 15a). The printed specimens tested
parallel to the layers predominantly failed along the interlayer interfaces (Figure 15b). In
contrast, the cast specimens displayed a typical failure mode for this type of test, character-
ized by the formation of compression cones (Figure 15c).

(b) ©

Figure 15. The failure mode of 3D-printed materials after the compressive test: (a) perpendicular to
the layer; (b) parallel to the layer; (c) mold cast specimens.

The compressive strength of the tested material in the direction perpendicular to
the layers ranged from 7.65 to 9.24 MPa, with the highest average strength observed in
specimens printed without a time interval between layers. Similarly, the compressive
strength in the direction parallel to the layers ranged from 8.36 to 9.31 MPa, and again,
the highest value of 9.31 MPa was recorded for specimens printed without a time interval.
Based on the results obtained in this study, a clear advantage in the strength of cast
specimens can be observed. This may be attributed to significantly better compaction
of the material during the casting process compared to 3D printing. Additionally, the
printed specimens exhibit numerous constrictions, which contribute to the weakening of
the overall structure. Compressive strength also shows a decreasing trend with increasing
time intervals between successive printed layers (Figure 16 and Supplementary Materials
Tables 54-56). In this type of test, both perpendicular and parallel specimens exhibited a
comparable reduction in strength when a 50 min interval was introduced—approximately
17% and 10%, respectively. It is worth noting that, similar to the flexural strength tests,
specimens tested parallel to the layers demonstrated less sensitivity to extended time gaps.
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In this case, however, they achieved slightly higher compressive strength values compared
to the specimens tested perpendicular to the layers.
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Figure 16. Compressive strength of 3D-printed concrete specimens depending on the applied time
interval between successive printed layers.

In the case of compressive strength testing, the printing process had a significant
impact on the results, as the cast specimens achieved values three to four times higher than
those of the printed ones. This is characteristic of 3D concrete printing technology, where
the lack of full structural cohesion, the presence of pores, and weakened interlayer zones
reduce the material’s load-bearing capacity.

3.3. Direct Tensile Strength and Splitting Test

The direct tensile tests (Figure 17a) and the splitting tests (Figure 17b) proceeded as
expected, with specimen failure occurring along the printed layer interface, i.e., the weakest
zone of the specimen, where cross-sectional narrowing and deformations resulting from
interlayer bonding are present.

The tensile strength of the tested material ranged from 0.35 to 1.49 MPa. The highest
average strength was achieved by the specimens printed without a time interval between
layers, at 1.31 MPa. Notably, among the specimens produced with time intervals, those
with a 50 min gap performed better. This may be attributed to slight differences in the
cross-sectional area of the samples; in the case of specimens printed with shorter intervals,
the cross-section was significantly smaller due to printing parameter inconsistencies.

The obtained tensile strength results indicate a high degree of variability in this
property. The standard deviation was 0.38 MPa for the specimens with a 25 min interval
and 0.32 MPa for those with a 50 min interval. Failure consistently occurred at the interlayer
interface, where the cross-sectional area of the specimen was smallest.

As with the previous tests, the highest strength was observed in the specimens printed
without a time interval between layers. The average splitting tensile strength of the material
was 1.26 MPa. The results showed considerable variation—when measured along the
direction of the printed layers, the standard deviation was 0.27 MPa. All tested specimens
failed at the interlayer interfaces, as shown in the photograph in Figure 17b.

Tensile strength, measured using the direct method in the direction perpendicular
to the layers, clearly highlights the weakness of the interlayer bonds. Extending the time
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interval between successive layers leads to a reduction in adhesion, resulting in a significant
decrease in strength (Figure 18, and Supplementary Materials Tables S7 and S8). The mini-
mum strength—41% lower than the baseline (no time gap)—was recorded for the 25 min
interval, which may correspond to a critical point of adhesion loss due to the previous
layer’s surface becoming too dry before the next layer was applied. Additionally, the high
sensitivity of the direct tensile test method to defects and cross-sectional irregularities in
printed structures contributes to the observed strength reduction. This sensitivity is further
confirmed by the large variability in the test results.

(b)

Figure 17. The failure mode of 3D-printed materials after: (a) direct tensile test; (b) splitting test.
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Figure 18. Tensile strength of 3D-printed concrete specimens depending on the applied time interval

between successive printed layers: (a) direct tensile method; (b) splitting method.
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In the case of the splitting tensile test, the average strength decreased over time,
from a baseline value of approximately 1.26 MPa at 0 min to about 1.01 MPa at 50 min,
representing a reduction of around 20%. The strength decline was moderate and more
uniform compared to the direct tensile test.

3.4. Shrinkage

As part of the conducted tests, the shrinkage behavior of the printing mate-
rial was also evaluated. For this purpose, a printed specimen with dimensions of
1000 mm x 40 mm x 40 mm was prepared and placed on a low-friction base. Dimen-
sional changes resulting from shrinkage were recorded by two oppositely positioned laser
sensors. The recorded shrinkage over time is presented in Figure 19.

—____.-AJJ I i, S

Time (1) Time (1}

Tect B, 1 et Tt B, 2 e Tt 0. | ot Tt iy, 2

Figure 19. Evolution of total shrinkage over time for 3D-printed samples, with a detailed view of the
first 8 h after printing.

The observed total shrinkage reached unusually high values for a material based
on Portland cement [44,45]. This significant volumetric change may be attributed to the
rapid setting of the material, accompanied by considerable heat generation. Additionally,
shrinkage tends to intensify under conditions that promote moisture loss. The average air
temperature and relative humidity during testing were 22.6 °C and 42% for Test 1, and
22.7 °C and 41.2% for Test 2.

A particularly rapid shrinkage rate was observed during the early setting and curing
phase, especially within the first 6 h after printing. Within just the first hour, shrinkage
values of approximately 1500-2000 pm/m were recorded, which may negatively affect the
quality of interlayer bonding when longer time intervals between printed layers are used.

Based on the results from all tests conducted to evaluate anisotropy and interlayer
cohesion in printed specimens, it can be observed that, in most cases, the highest strength
values were recorded for specimens printed without any time interval between layers
(Figure 20). This confirms the correlation between the time gap during printing and the
quality of interlayer bonding.

The obtained results are fully consistent with the findings reported by other researchers
in the field. Babafemi et al. [39] and Miah et al. [46] demonstrated a clear dependency
between interlayer bond strength and the time interval between layer depositions in 3D
concrete printing. Their studies confirmed that prolonged delays lead to reduced cohe-
sion between successive layers, thereby diminishing the overall interlayer bond strength.
Similarly, Moelich, Kruger, and Combrinck [47] introduced the concept of Maximum Op-
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erational Time (MOT), defined as the maximum allowable interval that ensures sufficient
interlayer adhesion. Their findings indicated that exceeding this time threshold results
in a weakened interlayer interface, which aligns well with the trends observed in the
present study. Ghosh et al. [48] further reported a notable decrease in flexural strength
with increasing time intervals of 30 and 60 min, which they attributed to the loss of mix
fluidity retention over time. The most recent comprehensive review by Mishra et al. [49]
concluded that extended interlayer pauses contribute to increased porosity, degraded in-
terfacial microstructure, and reduced flexural performance. However, the incorporation
of admixtures such as fibers or hydration retarders was found to mitigate these adverse
effects to a certain extent. For instance, Pan and Jiang [31] demonstrated that the use of
a fluidity-retaining polycarboxylate-based superplasticizer (FR PC) effectively mitigates
the reduction in interlayer bond strength associated with extended time intervals between
successive layer depositions, specifically within the range of 20 s to 30 min. This finding
confirms that both the time interval between layer applications and the composition of the
concrete mix are critical parameters for controlling the quality and integrity of the interlayer
bond in 3D concrete printing.

The diagram in Figure 21 highlights the anisotropic nature of 3D-printed concrete
specimens, where strength measured perpendicular to the layers is highly dependent on
the time interval between successive layers. This indicates a degradation of interlayer
bonding over time. In contrast, parallel testing directions are less sensitive, as they rely
more on the continuity of the material rather than on adhesion between layers. Flexural
strength exhibits the most pronounced anisotropy, making it a critical indicator for assessing
structural cohesion in practical applications of 3D concrete printing (3DCP).

Splitiing strength

Direct tensile strength

Compressive strength

Compressive strength-perpendicular to the layer

Compressive strength-parallel to the layer

Flexual strength

Flexual strength-parallel to the layer

Flexual strength-perpendicular to the layer

\I II LU |}
I I
—

0.

o
[
o

4.0 6.0 8.0 10.0 340 36.0
Stress (MPa)

Mold cast specimens 0 m25 m50

Time betweenlayers (min)

Figure 20. Summary of the tests conducted to determine the mechanical properties of the

printed specimens.
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Figure 21. Summary of the tests conducted to determine the mechanical properties of the printed
specimens, with color-coded assignment corresponding to the testing direction.

When comparing the test results of printed and cast specimens, a significant difference
in compressive strength is evident. In the case of cast samples, the strength is approximately
3—4 times higher than that of the printed ones. This further confirms the influence of both
the quality of the interlayer bonding, which can weaken the printed element, and the
accuracy of the cross-sectional geometry. Numerous constrictions observed in printed
specimens may negatively affect their load-bearing capacity.

When analyzing the impact of time intervals between successive layers on the mechan-
ical performance of printed elements, it is also important to consider the effect of material
shrinkage. As the material sets and cures over time, shrinkage occurs, altering the geometry
of the printed structure. The conducted tests showed that a time gap of approximately 1 h
can reduce the length of a 1 m specimen by as much as 2 mm. Such delays between layers
can result in cumulative layer misalignment, which may, in turn, compromise the stability
and strength of the final structure.

Structural analysis was carried out on the printed specimens subjected to flexural
testing in the direction parallel to the printed layers. The obtained cross-sections are
presented in Figure 22. Internal pores observed within the structure are marked with a blue
indicator, while visible material discontinuities at the interlayer boundaries are marked
with a red indicator.

Visual analysis of the internal structure of the printed specimens, presented in Figure 22,
reveals a clear influence of the time interval between layers on the integrity of the material.
Specimens printed without a delay exhibit a relatively compact and continuous structure,
with few visible pores (indicated by blue arrows) and no major discontinuities along the
interlayer zones. Introducing a 25 min interval results in a greater number of internal
pores and the emergence of weak bonding areas at the interfaces. In the case of a 50 min
delay, both the quantity and size of interlayer discontinuities increase significantly, as
indicated by the presence of red arrows pointing to cracks and separations at the layer
boundaries. This progressive deterioration of the interfacial regions correlates with the
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observed reduction in compressive strength and confirms that prolonged pauses between
layers adversely affect interlayer adhesion and overall structural integrity. These findings
underscore the importance of maintaining continuous material deposition in 3D concrete

printing processes.

Figure 22. Internal structure of printed specimens: (a) without a time interval; (b) with a 25 min
interval; (c) with a 50 min interval between layers. Cross-sections obtained after compressive strength
testing in the direction parallel to the printed layers. Blue arrows on the upper cross-sections of
each series indicate the presence of pores, while red arrows on the lower cross-sections highlight
discontinuities at the interlayer interfaces.
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4. Conclusions

Three-dimensional concrete printing technology is a rapidly evolving field of materials
and mechanical engineering, gaining increasing application within the construction industry.
This article presents an overview of the current state of knowledge regarding the mechanical
properties of mineral-based materials used in 3D printing for structural purposes.

The primary objective of the research was to evaluate the impact of time intervals
between the deposition of successive layers on the mechanical properties and anisotropy
of printed elements. Printing process parameters have a direct influence on the quality
of interlayer bonding, which plays a crucial role in the load-bearing capacity of elements
produced using 3D concrete printing (3DCP), as interlayer connections often constitute the
weakest zones within the material structure.

To comprehensively assess the mechanical behavior of printed specimens, tests were
conducted to determine flexural, compressive, and tensile strength using both direct tensile
and splitting methods. Based on the obtained results, the following conclusions were drawn:

e  Extending the time interval between layers in 3D concrete printing (3DCP) has a nega-
tive effect on flexural strength in the direction perpendicular to the layers. A 50 min
interval between successive layers resulted in a 25% reduction in strength compared
to samples printed without interruption due to weakened interlayer bonding. In
contrast, time gaps had no significant impact on strength in the parallel direction;
however, the testing orientation itself led to a 60% reduction in strength compared to
both perpendicular and cast specimens.

e Increasing the time interval between layers also caused a decrease in compressive
strength in both directions—perpendicular and parallel to the printed layers. This
effect was more pronounced in the perpendicular orientation, underscoring the impor-
tance of maintaining continuous layer deposition in 3DCP technology.

e  Despite the use of the same material, the forming method significantly influenced the
final strength of the concrete. Printed samples (3DCP) achieved only about 25-30%
of the compressive strength of cast specimens. However, the flexural strength of cast
specimens was comparable to that of printed specimens tested perpendicular to the
layers. Nevertheless, further work is needed to improve interlayer adhesion and to
optimize 3D printing parameters.

e Direct tensile testing proved more sensitive to the quality of interlayer bonding, high-
lighting the most critical weaknesses in 3DCP structures. In contrast, splitting tensile
tests primarily reflect the general material properties and microstructure, and are some-
what less influenced by printing parameters. In both methods, extended interlayer
time intervals negatively impacted tensile strength, though to varying degrees.

e  Compressive and flexural strength measured perpendicular to the layers showed a
strong dependency on the time interval between layers, indicating degradation of
interlayer bonding. Strength in the parallel direction was less affected, as it depends
more on material continuity than on adhesion. Flexural strength was found to be the
most anisotropic parameter.

e  Structural analysis of the cross-sections showed that extending the time interval between
layers results in an increased number of pores and the formation of discontinuities at the
interlayer interfaces. The observed defects indicate a weakening of interlayer adhesion
and a deterioration of the structural cohesion of the printed material.

e In cases where extended time intervals between layers are unavoidable, particular
attention should be paid to the shrinkage behavior of the printing material. Significant
volumetric changes during setting and early curing may lead to geometric distortions
and, consequently, to the reduced stability and strength of 3D-printed structures.
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In the context of materials engineering and 3D concrete construction, optimizing
the time interval between layer depositions is critical to ensuring structural quality and
safety. The interlayer time gap is a key design parameter in 3D-printed concrete structures
and should be minimized, particularly when high strength is required in the direction
perpendicular to the printed layers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma18163845/s1, Table S1: The results of the flexural strength
perpendicular to the layer-interface plane. Table S2: The results of the flexural strength parallel to the
layer-interface plane. Table S3: The results of the flexural strength of mold cast specimens. Table S4: The
results of the compressive strength of 3D-printed materials, perpendicular to the layer. Table S5: The
results of the compressive strength of 3D-printed materials, parallel to the layer. Table S6: The results of
the compressive strength of mold cast specimens. Table S7: The results of the direct tensile strength of
3D printed specimens. Table S8: The results of the splitting strength of 3D printed specimens.
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Supplementary Materials

Table S1. The results of the flexural strength perpendicular to the layer—interface plane.

Time Be- No Height Width Support Span  Fmax omaxp Average
tween Layers h b a
(min) - (mm) (mm) (mm) (N) (MPa) (MPa)

1 41.7 26.5 1540 5.01
2 422 25.1 1130 3.79

0 3 41.1 28.0 100 1800 5.71 476
4 42.7 242 1370 4.66
5 41.6 27.0 1560 5.01
6 41.8 26.6 1360 4.39
1 37.0 36.0 1410 4.29
2 35.5 37.5 1240 3.94
3 36.6 36.5 1470 4.51

2 4 34.5 36.8 100 1340 4.60 439
5 36.0 36.7 1190 3.75
6 37.0 34.5 1660 5.27
1 41.0 29.6 1190 3.59
2 36.8 33.8 1020 3.35
3 41.7 32,5 1320 3.50

50 4 40.3 30.8 100 1040 3.12 356
5 39.0 31.5 1390 4.35
6 36.5 33.3 1020 3.45

Table S2. The results of the flexural strength parallel to the layer—interface plane.
Time Be- No Height Width Support Span  Fmax omaxB Average
tween Layers h b a
(min) - (mm) (mm) (mm) (N) (MPa) (MPa)

1 35.2 42.6 889 2.53
2 35.6 41.1 922 2.66
3 35.9 40.9 808 2.30

0 4 35.6 41.4 100 826 2.36 255
5 35.5 41.4 1030 297
6 36.0 40.6 872 2.49
1 35.1 47.7 967 2.48
2 35.5 45.6 969 2.54

25 3 35.5 45.0 100 857 2.27 2.23
4 33.4 47.0 804 2.30
5 35.0 47.5 600 1.55
1 33.6 41.3 779 251
2 32.7 40.3 761 2.66
3 35.1 41.2 843 2.50

50 4 36.4 46.3 100 1130 2.77 255
5 35.3 45.5 980 2.60
6 35.2 46.9 867 2.24




Table S3. The results of the flexural strength of mold cast specimens.

No Height Width  Support Span  Fmax Omax,B Average
h b a

- (mm) (mm) (mm) (N) (MPa) (MPa)
1 40.0 40.0 2060 4.83

2 40.0 40.0 2190 5.13

3 40.0 40.0 1530 3.59

4 40.0 40.0 100 1710 4.01 434

5 40.0 40.0 1820 4.27

6 40.0 40.0 1800 4.22

Table S4. The results of the compressive strength of 3D-printed materials, perpendicular to the

layer.
Time Between No  Cross-Section Fnax OmaxC Average
Layers B
(min) - (mm?) (N) (MPa) (MPa)

1 1196.3 9450 7.90
2 1076.1 10,600 9.85

0 3 1168.5 11,900 10.18 9.04
4 962.5 10,800 11.22
5 1040.0 8720 8.38
6 1147.0 9080 7.92
1 1125.8 8600 7.64
2 1139.5 9700 8.51
3 1104.6 8260 7.48

25 4 982.3 8040 8.18 8.15
5 1078.7 8750 8.11
6 994.5 8900 8.95
1 1194.8 8390 7.02
2 1191.0 9550 8.02

50 3 1136.3 9600 8.45 7.65
4 1052.1 7970 7.58
5 1100.8 7920 7.19

Table S5. The results of the compressive strength of 3D-printed materials, parallel to the layer.

Time Between No Cross-Section Fmax Omax,C Average
Layers S
(min) - (mm?) (N) (MPa) (MPa)
1 15,700 9.81
2 14,700 9.19
0 3 1600.0* 12,600 7.88 9.31
4 15,700 9.81
5 13,700 8.56
6 17,000 10.63
1 14,900 9.31
2 14,600 9.13
25 3 1600.0* 13,300 8.31 8.95
4 12,900 8.06
5 14,000 8.75
6 16,200 10.13




1 12,300 7.69
2 12,900 8.06
50 3 . 15,200 9.50
4 1600.0 14,400 9.00 8.36
5 12,600 7.88
6 12,900 8.06

* Pressure surface according to the dimensions of the testing machine tool- 40 x 40 mm?

Table S6. The results of the compressive strength of mold cast specimens.

No Cross-Section Fmax OmaxC Average
S
- (mm?) (N) (MPa) (MPa)
1 59,600 37.25
2 63,300 39.56
3 59,900 37.44
4 63,000 39.38
5 58,600 36.63
6 . 62,300 38.94
. 1600.0 53,300 3331 35.77
8 53,600 33.50
9 51,600 32.25
10 52,700 32.94
11 54,100 33.81
12 54,800 34.25

* Pressure surface according to the dimensions of the testing machine tool - 40 x 40 mm?

Table S7. The results of the direct tensile strength of 3D printed specimens.

Time Be- No Cross-Section ~ Fmax OmaxD Average
tween Layers S
(min) - (mm) (N) (MPa) (MPa)

1 1070.65 1370.0 1.28
2 1196.25 1720.0 1.44
3 1177.2 1680.0 1.43

0 4 1292.1 1930.0 1.49 131
5 1291.95 1430.0 1.11
6 1196.01 1330.0 1.11
1 1169.1 412.0 0.35
2 959.14 595.0 0.62
3 9222 699.0 0.76

25 4 1046.4 480.0 0.46 077
5 1166.79 1590.0 1.36
6 1280.3 1350.0 1.05
1 1220.9 1420.0 1.16
2 1307.9 1870.0 1.43
3 1328.4 1170.0 0.88

50 4 1152.58 736.0 0.64 096
5 1281.28 781.0 0.61
6 1360.8 1400.0 1.03




Table S8. The results of the splitting strength of 3D printed specimens.

Time Be- No Length Width Fmax Omaxs Average
tween Layers L d
(min) - (mm) (mm) (N) (MPa) (MPa)
1 44.0 29.5 2770.0 1.36
2 43.9 30.5 3050.0 1.45
0 3 43.9 30.4 2960.0 1.41 1.26
4 43.8 29.5 2110.0 1.04
5 43.8 29.9 2000.0 0.97
6 43.8 30.0 2800.0 1.36
1 43.9 26.5 1250.0 0.68
2 43.9 29.5 2620.0 1.29
3 43.4 27.0 2390.0 1.30
25 4 43.2 30.8 2610.0 1.25 107
5 43.8 22.0 1080.0 0.71
6 42.6 29.5 2300.0 1.17
1 42.5 27.0 1490.0 0.83
2 41.8 32.8 2450.0 1.14
3 42.5 28.2 1450.0 0.77
50 4 42.0 33.6 3290.0 1.48 101
5 43.0 28.9 2170.0 1.11
6 42.4 25.0 1190.0 0.71
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Abstract: The intensive development of 3D Concrete Printing (3DCP) technology causes constantly
increased its share in the construction sector. However, in order to produce products with controlled
properties, optimization of the technological process is still required. Automation of production based
on additive manufacturing methods streamlines the process by comprehensively manufacturing
building components that meet, among others, strength, visual, and insulation requirements. More-
over, the possibility of using computer simulations to assess the properties of the designed elements
allows for a multitude of analyzed versions of the constructed partitions, which can be verified at
the design stage. Thanks to such an opportunity, the process of designing building elements can be
significantly improved. The article presents results related to the assessment of the level of thermal
insulation of products that can be produced by additive technology, depending on the applied spatial
geometry of the vertical partition and the amount and type of materials used. Eight original solutions
of in-fill pattern were designed, for which both Finite Element Method (FEM) computer simulations
of thermal conductivity and experimental measurements of thermal conductivity of samples were
performed. On the basis of the obtained results, both the correctness of the simulation results for the
various analyzed materials and their consistency with the practical results were found. Depending
on the investigated geometry, for samples of the same dimensions and using the same material,
the differences in the U-factor obtained by FEM analysis amounted to 61%. The best solution from
the investigated spatial geometries of the vertical partitions has been indicated. The U parameter
in the variant with the best thermal insulation was 0.183 W/m2K, which meets the requirements
of Polish construction law. The issues discussed in this work can be the basis for the selection of
the best solution possible for practical use during the production of building walls using the 3DCP
method fulfilling the guidelines of applicable standards. Furthermore, they can be used as a tool
for optimizing geometry in terms of energy savings and reducing waste production by both engi-
neers developing 3DCP technologies and architects using innovative techniques for manufacturing
building structures.

Keywords: 3D concrete printing; thermal conductivity; numerical simulation; geometry

1. Introduction

Three-dimensional printing technology is now a widely known additive manufactur-
ing method of elements from many different materials. The constantly growing range of
applications, easier access, and thus greater interest in this technique allowed for its huge
development in recent years. Currently, the most widespread is printing from polymers and
metals, which enables the production of elements of almost any shape. In many industrial
plants, this technology is a supplement to conventional machining techniques [1,2]. Its
new field of application is the medical or space industries. Chen et al. present promising
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results in the development of tissue printing technology; however, the complicated and
lengthy process of testing and approval for use means that this technique still remains
in the realm of prototypes [3]. The possibilities of 3D printing are also increasingly used
in the construction sector known as 3DCP. Its intensive development in recent years is,
among others, a response to the market demand, which are problems with excessive waste
production and the lack of qualified workers [4-6]. In the construction industry, 3D printing
technology is perceived as environmentally friendly due to the freedom of design, automa-
tion, less waste generation, lower consumption of raw materials, and lower labor costs [7].
These benefits also include the reduction in production costs resulting from the elimination
of formwork and the reduction in workload, thus shortening the duration of projects,
which translates into an increase in the competitiveness of modern additive technologies
in relation to traditional methods of manufacturing building elements [8]. This makes the
interest in this technology not only related to the research area but also to the industrial
sector as a technology that allows the implementation of innovation and competitiveness
of solutions in relation to competition [4,9,10]. An additional advantage of this technology
may be solutions that allow the construction of building partitions with individual geom-
etry and from materials ensuring both mechanical strength and high thermal insulation
parameters. In the construction industry, Portland cement is still the most commonly
used material in the world, which is characterized by resistance to fire, rust, and decay,
as well as flexibility in forming and shaping [11-14]. The intensive use of this material
has been discussed by many researchers on its impact on the natural environment in the
last decades because the production of cement has a negative impact on the environment
through the use of large amounts of raw materials and high energy requirements [15,16].
These factors translate into a large amount of carbon dioxide released into the atmosphere,
and thus global warming [12,13,17]. Therefore, it is necessary to reduce the amount of
Portland cement used in the construction sector, which can be achieved by developing
new alternative materials, e.g., geopolymer binders, or by producing building elements
based on geometries that require less material and reduce the generation of waste. The
3DCP method gives almost endless possibilities in terms of the geometry of the created
elements. Its principle of operation consists in transforming a 3D solid saved in a digital
file into a physical spatial structure [18,19]. Based on these features of the technology, it
is possible to develop optimal geometries of vertical partitions of buildings, which, apart
from lower demand for building material, will meet the requirements of both construction
and thermal insulation layers [20,21]. Obtaining a thermal partition of the building with
appropriate properties is necessary both for economic reasons, by reducing the costs of
heating and cooling utility rooms, and for environmental reasons, in order to minimize
energy losses. Moreover, actions aimed at improving the thermal insulation of building
partitions and reducing the overall energy consumption for heating are required in accor-
dance with the objective of the European Energy Efficiency Directive, which is the climate
neutrality of buildings by 2050 [22]. According to the latest construction requirements for
the thermal protection of buildings in Poland (WT 2021), the maximum value of the heat
transfer coefficient Uc(max) for vertical partitions is 0.20 W/ (m2K) [23]. Such requirements
mean that each new building must be carefully protected against loss of thermal energy
through all external partitions. In order to achieve such a level of thermal protection, it is
necessary to use an appropriate thickness of insulating materials, which are traditionally
installed as an additional layer on external walls [22]. Such solutions, however, generate
a significant amount of waste and require a lot of work by qualified employees [21]. In
addition, when insulating vertical partitions with an external insulating layer, the outline
of the building itself increases significantly, which also often causes problems and is not
possible in all places. Using the possibility of 3D printing to produce a vertical partition
having both the parameters of the load-bearing wall and the insulation layer would allow
for a significant reduction in the amount of work, the amount of waste, and thus the costs
of building production [24]. However, the production of vertical partition of a building
using 3DCP requires its prior full modeling. During this operation, it is necessary to take
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into account not only its external dimensions but also the internal structure of the filling,
so as to ensure adequate stability during the printing process, the required load capacity
of the structure, and the assumed thermal insulation [5,25]. In addition to the advantages
of creating arbitrary geometries with internal voids and using different materials during
detail printing, the capabilities of 3DCP technology can also positively affect a wide variety
of building features [26,27]. This is being studied in detail by researchers, who are testing
the parts produced with this technology from many different aspects. Prasittisopin et al.
verified the thermal and acoustic insulation properties in walls printed from material with
different compressive strengths and textures of the printed panels. They showed that blends
with lower compressive strength, which have more pores, insulate better. Similarly, wall
structures having more pores or air voids show better thermal insulation [28]. Advanced
numerical analyses, on the other hand, were carried out by Suntharalingam et al. which
determined the level of fire performance of printed walls, depending on the wall structure
as well as the insulation used [29]. Intensive work on the development of 3DCP is also
underway in terms of reducing the materials and energy consumed in the printing process,
which undoubtedly benefits the environment [30,31].

The article presents the results of a comparison of computer simulations and experi-
mental measurements related to 3DCP printing of vertical partitions made of a combination
of concrete and insulating material, so that, in contrast to conventional construction, the
Umax parameter of the partition was reduced without increasing the outline of the building.

2. Materials and Methods

In order to achieve the best possible results of partition insulation, it is necessary
to use such an internal geometry that will maximize its thermal resistance. Insulating
materials such as foams or wools, whose low thermal conductivity reduces energy losses,
are perfect for this purpose. However, the partitions of buildings are also to ensure
adequate load-bearing capacity, for which it is necessary to use solid materials such as
concrete, whose insulating properties are much weaker. Therefore, it is important to
prepare the internal geometry of the partition in a way that maximizes the energy flow
path through the solid material of the partition. Such a solution will also reduce thermal
bridges in places where the internal and external surface of the partition is connected
to a well-conductive material. The presence of such connectors is, in turn, determined
mainly by the technological requirements of 3DCP, but also by the need to close the space
inside the partition before filling it with insulating material in order to ensure adequate
load-bearing capacity of the partition produced [5]. At this point, it should also be men-
tioned that the performance of the partition is also influenced by the surface itself, which
in the vast majority of 3DCP printing cases has a characteristic texture in the form of
high roughness and fine grooves between layers, which is particularly evident in 3DCP
analysis based on architectural perspective [32,33]. However, this is not a rule because
there are solutions on the market in which the print head is constructed in such a way
as to smooth the lines of the applied material, getting rid of the above imperfections [34].
During the implementation of these studies, it was decided to omit the aspect of wall
roughness and rendering the texture of layering. Based on the above assumptions and
additionally taking into account the reduction in production costs and minimization of
waste, the evaluation of thermal insulation parameters was carried out using a computer
FEM simulation for eight original concepts of partition geometry. The numerical simu-
lation was carried out in the SolidWorks 2022 program with the use of the Simulation
module, which enables calculations of heat transport in a given system. Each concept
was created taking into account the technological possibilities of 3DCP printing. The base
element was a prepared architectural 3D model of the partition with overall dimensions:
1000 mm x 700 mm x 430 mm. This model also contained information about the com-
ponent materials, which included normal strength concrete as a load-bearing part and
polyurethane (PUR) foam as a filling and thermal insulation of the partition. The simulation
module required supplementing the data on the boundary conditions of the performed
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analysis and the method of performing the calculations. Verification of the numerical
results was carried out on a reduced scale using the HFM 446 Lambda Eco-Line heat flow
meter by Netzsch, on samples with dimensions of 200 mm x 200 mm X 50 mm. Such a
small thickness of the sample made it impossible to produce it using the 3DCP method.
The minimum possible nozzle size in 3DCP technology is usually larger than 20 mm, as
it depends on the material used and its aggregate fraction components. Therefore, all the
tested variants of the geometry were rescaled while maintaining all proportions. To make
samples on a smaller scale, the Fused Deposition Modeling (FDM) 3D printing method
was used, which allowed to obtain the required properties. Due to the verification of only
the geometry of the partition, the impact of the printing method on the obtained results
was considered negligible. The numerical determination of thermal conductivity levels in
all geometry variants was based on prepared architectural 3D models and material data. In
the simulations, normal strength concrete was the material for the construction of printed
building elements. The printed geometries were to meet the requirements of transferring
compressive stresses generated by the weight of the entire building and to give the final
shape to the resulting elements. The voids created inside the partition were filled with an
insulating material —PUR foam, in order to improve the thermal insulation properties of
the designed partitions. Table 1 shows the properties of the materials used in the computer
simulation. The calculations were also supplemented with an analysis of the configuration,
in which the carrier material was polylactic acid (PLA) used in the verification process.

Table 1. Properties of materials used in an investigation of the concept of partition insulation

geometry.

Material Property Normal Strength Concrete PUR Foam PLA Units

Elastic Modulus 32,000 2200 2950 N/mm?
Poisson’s Ratio 0.2 0.32 0.33 -

Shear Modulus 13,300 830 1200 N/mm?

Density 2460 16.02 1250 kg/m?3
Tensile Strength 3 0.79 45 N/mm?
Compressive Strength 25 0.64 60 N/mm?
Yield Strength - - 35 N/mm?

Thermal Expansion Coefficient 1072 6.5 x 1075 7 x 1072 K!

Thermal Conductivity A 0.5 0.027 0.13 W /(mK)
Specific Heat Capacity 750 1.2 1800 ]/ (kgK)

Models for testing on the HFM 446 Lambda Eco-Line heat flow meter were made
in FDM technology on the Bambu Lab X1 device. The main printing parameters were
presented in Table 2.

Table 2. FDM printing parameters.

Parameter Value Units
Nozzle diameter 0.6 mm
Layer Height 0.32 mm
Wall line count 6 N/A
Infill 100 %
Printing Temperature 210 C
Bed Temperature 60 C
Printing Speed 50 mm/s

The FEM thermal simulations were performed as a stationary heat flow (steady-state
conditions/heat transfer) through a segment of the designed vertical partition of the building.
In addition to preparing the 3D model, before starting the simulation, it was required
to define the assumptions and boundary conditions of the observed phenomenon. The
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considered case was described using the convection phenomenon (Convection Thermal
Load function—Simulation SW 2022 module), for which the following parameters were
set: external temperature (cold side) 273.15 K and external film coefficient 25 W/ (m?ZK)
(Figure 1a); internal temperature (hot side) 293.15 K and internal film coefficient 7.7 W/ (m?K)
(Figure 1b) [20,28,29]. The values of the coefficients depend, among others, on the type of
convection and the fluid in contact with the partition. Natural convection, which usually
occurs inside the rooms, has lower values than forced convection, operating from the outside
of the partition, where the wind forcing air movement intensifies the heat flow process.

b

Temperature
273.15K Temperature
) 293.15K

Figure 1. Model presenting the influence of temperature on the sample: (a) 273.15 K on the cold side
and (b) 293.15 K on the hot side.

In order to obtain repeatable and error-free results, high quality mesh was used, the
parameters of which for one of the geometries are listed in Table 3. The average aspect
ratio value was in the range of 1-3, while the maximum aspect ratio was less than 100. A
mesh of such quality allowed to obtain accurate and repeatable results of simulations of
processes related to heat transport through the partition [35].

Table 3. Mesh parameters for simulation processes.

Details Mesh Type Solid Mesh
Mesher used Blended curvature-based mesh
Jacobian points for high quality mesh 16 points
Max element size 38.0215 mm
Min element size 12.6737 mm
Mesh quality High
Total nodes 88,252
Total elements 48,751
Maximum aspect ratio 18.272
Percentage of elements with aspect ratio < 3 97
Percentage of elements with aspect ratio > 10 0.107

After the simulation, the average heat flow through the entire surface of the wall was
determined, which was used for further calculations. The obtained result was divided by
the difference of the set temperatures, thanks to which the coefficient of thermal conduc-
tivity U was obtained, according to the Equation (1). In all measurements, a temperature
difference of 20 K was assumed.

_ Hfave w
U==x1" (m) @)

Hf syg—average heat flow (W/ m?)
AT—temperature difference (K).
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3. Results and Discussion

Nowadays, generally, the created structures have fillings where the opposite walls of
the partition were connected with each other with perpendicular lines [20]. This solution
adversely affects the 3D printing technology as well as the thermal insulation of the wall,
due to the minimization of the length of the thermal bridge between the hot (internal)
and cold (external) sides. Therefore, in the presented solutions, the geometrical concept
of the partition was designed in such a way as to extend the connectors between the
internal and external surfaces of the partition as much as possible. These elements are
structurally necessary because they are designed to increase the load capacity and stiffness
of the product. On the other hand, extending these sections can significantly reduce
the occurrence of thermal bridges resulting from intensive heat conduction through the
carrier material, which has low insulating properties. Table 4 presents the eight author’s
concepts of the geometry of the vertical partition. Each of the analyzed solutions was
characterized by the same overall dimensions (1000 mm x 700 mm x 430 mm) and the
same path thickness of 30 mm. The visualizations were supplemented with information on
the volumetric share of the load-bearing material in the analyzed samples.

Table 4. Visualization of variants of the analyzed geometries of the vertical partition with information
on the volume fraction of the load-bearing material.

Samples Designation

Volume Fraction of
Load-Bearing Material
in the Sample

Cross-Section, Parallel

Projection Cross-Section to Wall Surface

Variant 1

Variant 2

Variant 3

35%

34%

35%
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Table 4. Cont.

Volume Fraction of
Load-Bearing Material
in the Sample

Cross-Section, Parallel

Samples Designation Projection Cross-Section to Wall Surface

Variant 4 . I 34%
Variant 5 . I 39%
Variant 6 . l 33%
Variant 7 . I 43%
Variant 8 . I 43%

In the first concept, the reinforcement printed between the external and internal sides
of the partition takes the shape of a triangle, which is filled with insulating material. These
fasteners are set at an angle of 65 degrees to the external surfaces. In the second concept,
the geometry of the printed reinforcement adopts a shape similar to that of concept 1, while
roundings have been additionally used to optimize the movement of the printing head
and increase the length of joining the extreme surfaces. The reinforcement path has been
tangentially connected to the path of the outer surfaces. The third and fourth concepts
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correspond, respectively, to the first and second variants in terms of cross-section. In a
section parallel to the outer surface, however, the partitions change their arrangement at
an angle of 70 degrees to the base. Such geometry is made by shifting each of the layers
of the printed reinforcement perpendicularly to the direction of component growth. A
visualization of the differences between these geometries was presented in Table 2 in the
column “cross-section parallel to the external surface of the partition” for variants 3 and 4.
The fifth concept consists of a strongly corrugated filling, which was created on the basis of
externally tangential circles with a diameter of 200 mm. The intention of this concept was to
maximize the length of the heat flow path through the carrier material. In concept 6, from
the inside of the building, a rectangular filling was designed to cover 30% of the width of
the partition, and the reinforcement structure from the outside takes the shape of a triangle.
Concepts 7 and 8 consist of two equal-sized chambers, each with a triangular geometry.
However, in concept 7 the triangles are arrayed and in concept 8 they are mirrored.

Due to the fact that the process of producing partitions in the 3DCP technology will
take place in a vertical orientation, the FDM models were printed in a similar way (Figure 2).

Figure 2. Orientation of the building partition during printing in FDM technology—preview of the
program for preparing the printing process.

Examples of samples calibrated and printed with PLA are shown in Figure 3. The
printed samples were filled with an insulating material, i.e., expanded PUR foam. The
effect of the produced samples was shown in Figure 3.
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Figure 3. View of variants of partitions printed in FDM printing technology from PLA (left) and
samples ready for testing after filling with insulating material —PUR foam (right).

3.1. Thermal Simulation Analysis

FEM computer thermal simulation allowed to obtain the distribution of heat flow val-
ues in the space of the analyzed sample. The analyses were performed with the assumption
that the load-bearing material was concrete (Figure 4) or PLA (Figure 5). If a point or space
of the obtained simulation was closer to red, it meant a greater heat flow (energy loss) in
this place of the sample. On the other hand, if the color was closer to navy blue, the less
heat flow occurred, which means more effective insulation.

Based on the obtained simulation results, it was possible to visualize and indicate
the exact locations of thermal bridges. PUR foam, as an insulating material, resists the
flow of heat in a very effective way. Therefore, in the developed variants of the partition
geometry, it was crucial to make the most of its advantages and to reduce the occurrence of
thermal bridges as much as possible. Due to this, it was important to obtain the longest heat
flow path through the carrier material. For each simulated concept, the average heat flow
through the outer and inner sides of the partition was determined, and then the arithmetic
mean was calculated from them. The results of the calculations were summarized and
presented in Table 5.

Table 5. Values of heat flow depending on the geometry of the tested partitions and the type of carrier

material.
Concrete PLA
Thermal Thermal
. Avg. Heat F1 Avg. Heat F1
Variant No. Vng eat Hux Transmittance of Wall Vng eat Hux Transmittance of Wall
AVG, C AVG, P

J Systems U p Systems Up

2 2
1 6.289 0.3145 2.451 0.1225
2 5.666 0.2833 2.370 0.1185
3 6.398 0.3199 2.492 0.1246
4 5.794 0.2897 2431 0.1215
5 6.830 0.3415 2.639 0.1320
6 3.654 0.1827 2.096 0.1048
7 4.768 0.2384 2.321 0.1161
8 4.962 0.2481 2.354 0.1177
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Variant 1 Variant 2

Variant 3 Variant 4
HFl ux,N ( W/m’ )

3.500 =« 10

l 3.151 = 10!

_ 2.801 = 10!

2452 % 10!
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Variant 5 Variant 6 1.753 = 10!
| 1.404 = 10

. 1.055 = 10

7.056 = 10°

3.563 = 10°

6.969 ~ 10~

Variant 7 Variant 8

Figure 4. Results of thermal simulation of heat flow for individual variants of the tested samples,

assuming that the load-bearing material was concrete.
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Variant 1 Variant 2

Variant 3 Variant 4 )
Hepye,y (W/m?)

1.200 = 10*

1.090 < 10

_9.801 = 10°

| 8.702 x 10°

7.602 = 10°

Variant 5 Variant 6 6.503 = 10°
B 5.404 < 10°

4.304 < 10°

3.205 = 10°
2.106 = 10°
1.006 = 10°
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Figure 5. Results of thermal simulation of heat flow for individual variants of the tested samples,

assuming that the load-bearing material was PLA.

On the basis of the obtained results, a significant difference in the heat flow, and thus
also in the U-value, was found between the two analyzed material configurations. This
effect was the result of a significant difference in the thermal insulation properties of both
load-bearing materials, where the thermal conductivity coefficient for PLA is more than 70%
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lower than for concrete. Ignoring this factor and focusing on the comparison and analysis
of individual partition geometry variants, a visible and repeatable hierarchy of the analyzed
solutions was found. Among the tested samples, the lowest heat transfer coefficient was
obtained by concept no. 6, with the result of UC 0.1827 W/m?K for concrete and UP
0.1048 W/m?K in the configuration with PLA. The wall with a triangular filling with an
additional narrow space filled with insulating material was certainly distinguished by the
elimination of the connectors of the internal and external surface of the partition in part of
the cross-section. Their absence limited the formation of thermal bridges, and thus limited
losses. The essence of these loss sources was evident in the U-factor of the best variant,
which was, respectively, 23% and 10% lower for concrete and PLA compared to the second-
best result. Variant 6 was a geometric solution that most closely resembles the combination
of a hollow brick and a layer of polystyrene known from conventional construction, with
the advantage that in 3D printing technology, free spaces in the load-bearing zone can
be insulated as part of one automatic process. Analyzing further simulation results, the
second-best geometrical concept in terms of thermal insulation was variant number 7,
in which two rows of ribs with an extended distance between the extreme surfaces of
the partition were used. The U-value for this variant was UC 0.2384 W/m?K and UP
0.1161 W/m?K, for concrete and PLA, respectively. These results are, respectively, 4 and
1.5% lower than concept no. 8, which also had two rows of ribs but had a shorter distance
between the extreme surfaces—the difference was shown in Figure 6. The next results were
for the pair of concepts 2 and 4. They were similar to each other in terms of the geometry
of the cross-section, while in variant 4, an additional inclination of the walls along the
increment of the partition was also used. This solution turned out to have a negative impact
on the level of insulation. A similar situation occurred in the case of variants 1 and 3. In the
conducted study, the lowest insulation parameters were obtained by variant no. 5, which
obtained an almost twice as high coefficient in the variant with concrete and an almost 30%
worse result in the PLA configuration.

Figure 6. The distance along the load-bearing material between the inner and outer surface of the
partition for variants 7 and 8. The orange line represents the shortest distance through the in-fill
patterns.

3.2. Micro-Scale Wall Testing

The results of thermal resistance for all analyzed variants of the samples and the heat
transfer coefficient U calculated on this basis (Equations (2) and (3)) were presented in
Table 6. As in the case of simulation results, also in the verification test, the best results
in terms of thermal insulation were obtained by samples designated as variant no. 6 and
no. 7. The values of the U coefficient of these partitions reached high values, i.e., 0.899 and
1.038 W/m?K, respectively. However, the analyzed samples were only 50 mm thick, and
this has a direct impact on the thermal resistance and thus the U parameter. Therefore, the
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achievable U parameter was also estimated for a partition with a thickness of 430 mm, i.e.,
equal to that assumed in the computer simulation.

RS
-t (o

where:

R—thermal resistance (m?K/W),
d—thickness of the wall (m),
A—thermal conductivity (W/mK).

Considering that the target wall will be much thicker, the U-value will oscillate around
0.10-0.14 W/m?K. It should be noted that such coefficient values, although they prove a
high degree of thermal insulation, will not be able to be obtained in the final implemen-
tations, due to the PLA material used. However, these results can be used to verify the
simulation.

Table 6. Thermal resistance, thermal conductivity, and thermal transmittance of samples depending
on the tested variant of partition geometry.

Thermal Transmittance of

Versi Thermal Resistance R Thermal Conductivity "l'"hermal Wall Systems Ut (Wall
ersion No. 2 Transmittance of Wall .
(m“K/W) A (W/mK) Systems Uy (W/m2K) Thickness 430 mm)
y T (W/m2K)

1 0.8578 0.0584 1.168 0.1358

2 0.9050 0.0555 1.109 0.1290

3 0.8593 0.0586 1.171 0.1362

4 0.8915 0.0563 1.126 0.1309

5 0.8642 0.0579 1.158 0.1347

6 1.1391 0.0449 0.899 0.1045

7 0.9636 0.0519 1.038 0.1207

8 0.8671 0.0579 1.158 0.1347

In order to compare the results obtained from the simulation with the experimental
data, the values of the U parameter were summarized and presented in Figure 7. On the
basis of the analysis of the obtained results, it was generally found that the simulations
were consistent with the measurements and that the sequence of individual variants was
maintained in terms of their thermal insulation properties.

The results of the thermal measurements carried out also showed some differences in
relation to computer calculations. The position of the result of variant no. 5 and variant no.
8 changed significantly, while the sequence of variants showing the best thermal insulation
results was maintained (Table 7). The order in variants 1-4 was similarly maintained, where
the effect of no increase in the thermal insulation of the samples was confirmed with the
introduction of the inclination along their increment during printing.

Based on the results of the heat transfer coefficient through the proposed variants of
partitions, a significant difference in its value was found depending on the geometry of
the sample. The trends of the tested geometries were maintained regardless of the type of
material used (Figure 8). Moreover, a decrease in the U-factor was observed for variant
no. 7 and no. 8, despite the higher share of the load-bearing material necessary to make
these geometries.
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Figure 7. Comparison of computer simulation results and recorded results from thermal measure-
ments, depending on the tested variant of the sample geometry, for the load-bearing material PLA.
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Figure 8. Heat transfer coefficient (measured or determined on the basis of simulation) depending on
the type and volumetric share of the load-bearing material and the geometry of the analyzed partition.
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Table 7. Comparison of U-factor order recorded from the thermal measurements and obtained from
computer simulation depending on the tested variant of the sample geometry, and the load-bearing
materials. The green color represents the best results in each category, while the more red the shade,
the weaker the results in each category.

Variant No. Simulation Concrete Simulation PLA Test PLA
Variant 1 6 6 7
Variant 2 4 4 3
Variant 3 7 7 8
Variant 4 5 5 4
Variant 5 8 8 5
Variant 6 1 1 1
Variant 7 2 2 2
Variant 8 3 3 6

4. Conclusions

The internal geometries of the walls described in this article have a high potential for
use in the construction industry for the production of building partitions. The properties
of 3D printing technology and the vast possibilities it offers in terms of customization
suggest it can be used for the automatic production of walls with parameters that meet the
requirements of construction standards.

The results of the study clearly indicate that the internal geometry of the partition has
an impact on thermal insulation. The geometrical concept of the investigated partitions
was designed in such a way as to extend the connections between the internal and external
surfaces of the partition to maximalize the length of the thermal bridge and therefore
improve the thermal insulation of the wall. During the computer simulation, eight samples
made of the same materials (concrete + PUR foam) and with the same external dimensions
(1000 x 700 x 430 mm) with the difference in the in-fill pattern were analyzed. Scaled
samples, made of PLA as a load-bearing material + PUR foam as insulation, were used for
the experiment. The results showed a difference of 61% between the specimen with the
highest and the lowest value of the heat transfer coefficient U for the simulation and 23%
for the values achieved during the investigation.

Experimental verification of simulation studies confirmed the potential of the consid-
ered variants of partitions, marked with numbers 6 and 7, in terms of thermal insulation.
The heat transfer coefficient U for variant number 6, where concrete was used as the load-
bearing material, was 0.183 W/m?K. The geometry of such partition meets the construction
requirements for thermal insulation, the limit value of which is 0.2 W/m?K.

The obtained results also confirm the correctness of using simulation as a tool for
initial analysis and narrowing down the number of tested variants of samples in subsequent
iterations of research.

The continuation of the results presented in this work will be the analysis of a selected
variant of the partition geometry in full scale, made by 3DCP from materials adapted
to the production of building elements. In addition, an important issue will also be the
development of research on the simulation and verification of building structures in terms
of mechanical strength, which is very important in the construction sector. Obtaining an
advanced tool for the initial and comprehensive computer analysis of building elements will
translate into the possibility of verifying complex versions of such elements at the design
stage, and this will strengthen the competitiveness and potential of 3DCP technology.
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Abstract

Three-dimensional concrete printing (3DCP) is advancing rapidly, yet its sustainable adop-
tion requires alignment with circular-economy principles. This study evaluates the sub-
stitution of natural aggregates with recycled constituents, 3DCP waste, brick debris, glass
cullet, mixed rubble, fly ash, and slag, and the use of lightweight fillers (expanded per-
lite, lightweight expanded clay aggregate (LECA), and expanded polystyrene (EPS)) to
reduce density and improve insulation. Key properties, such as particle-size distribution,
printability, mechanical performance, thermal conductivity, and water absorption, were
determined. Results indicate that grading strongly affected mixture behavior. Narrow
distributions (fly ash, milled 3DCP waste) enhanced extrudability, while broader gradings
(glass, rubble, slag) increased water demand and extrusion risks. Despite these differ-
ences, all systems remained within the printable window: flow spread decreased with
most recycled additions (lowest for brick) and increased with glass. Mechanical responses
were composition-dependent. Flexural strength typically decreased. Compressive strength
benefited from broader gradings, with replacement levels up to ~6% enhancing strength
due to improved packing. Loading anisotropy typical of 3DCP was observed, with per-
pendicular compressive strength reaching up to 13% higher values than parallel loading.
Lightweight fillers significantly reduced thermal conductivity. LECA provided the best
compromise between strength and insulation, perlite showed intermediate behavior, and
EPS achieved the lowest thermal conductivity but induced significant strength penalties
due to weak matrix-EPS interfaces. Water absorption decreased in recycled-aggregate
mixes, whereas lightweight systems, particularly with perlite, retained higher uptake.
The results demonstrate that non-reactive recycled aggregates and lightweight insulating
fillers can be successfully integrated into extrusion-based 3DCP without compromising
printability.

Keywords: 3D concrete printing (3DCP); recycled aggregates; lightweight additives; insu-
lating additives; sustainable construction; circular economy; carbon footprint; thermal con-
ductivity

1. Introduction

The construction sector is an energy-intensive and emissions-intensive branch of
industry, within which the cement industry remains the key contributor. Emission sources
in this sector are distributed as follows: approximately 60% of total emissions are process
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emissions resulting from limestone calcination (thermal decomposition of CaCOj3 to CaO,
inevitably accompanied by CO, release) [1]. The remaining 40% originates mainly from
fuel combustion required to achieve kiln operating temperatures. In addition, indirect
emissions associated with electricity consumption account for about 6% of total CO, output;
consequently, fuel combustion contributes ~34% and electricity ~6% of total emissions [2—4].

Recent analyses indicate that in 2023, the environmental footprint of the EU-27 cement
sector was characterized by a production volume of 161.1 Mt and a consumption level of
150.8 Mt (=336 kg per capita), in comparison to a global output of approximately 4.03 Gt [5].
In extra-EU trade, cement and clinker imports to the Union totaled 9.3 Mt, with Turkey
(35.8%), Algeria (19.2%), and Ukraine (12.6%) representing the principal sources [6]. Current
emission-intensity indicators for the EU-27 (direct emissions: fuel + process; excluding
electricity) indicate ~0.58 t CO, per t of cement products (2022) and ~0.81-0.84 t CO; per t
of clinker (2022) [5]. Applying these intensities to 2023 production yields on the order of
~93.9 Mt CO, (161.1 Mt x 0.583 t CO,/t) for cement and ~99-103 Mt CO, attributable to
the clinker share in that cement, under a conservative assumption of a clinker-to-cement
ratio of 0.758 (EU average, 2022; without adjusting for clinker trade) [7,8].

In response to these conditions and regulatory pressure, the cement industry in-
creasingly substitutes conventional raw materials—primarily limestone—with secondary
materials derived from industrial and post-consumer waste streams. These inputs supply
the requisite oxides (CaO, 5i0,, Al;O3, Fe;03) and include, among others, fly ash (FA) from
alternative-fuel combustion, metallurgical slags, dewatered sewage sludge, fine recycled
aggregates from crushed concrete, and selected fractions of construction and demolition
waste (CDW) [9-11]. A key advantage is their often pre-decarbonated nature, which can
substantially reduce process-related CO, emissions during clinker manufacture.

Within the circular-economy paradigm, interest is growing not only in valorizing
industrial by-products but also in incorporating CDW fractions into formulations intended
for three-dimensional concrete printing (3D concrete printing, 3DCP). Recycled compo-
nents in this group include, inter alia, recycled fine aggregate (RFA), ground brick waste
(GBW), recycled concrete aggregate (RCA), and recycled clay brick waste (RCBW). Numer-
ous studies have demonstrated their applicability as partial or complete substitutes for
natural aggregates [12]. With appropriate preparation, comprising crushing, screening, and,
where necessary, surface modification, demolition-derived fractions can replace aggregates
without compromising the key mechanical and rheological parameters required in additive
manufacturing systems [13]. In practice, successful implementation requires not only feed-
stock preparation but also control of fines content, cleanliness (removal of contaminants and
adhered mortar), and shaping of the grading curve to limit segregation and ensure stable
layer-by-layer deposition [13]. GBW deserves particular attention because it combines a
filler effect with pozzolanic activity; this material can support strength development and
durability of printed elements while diverting waste from landfills [12].

The importance of microstructure and particle geometry in 3DCP mix design has
been emphasized by Ivanova and Mechtcherine: particle-size distribution, specific surface
area, and grain morphology significantly govern yield stress, extrudability, and interlayer
stability—parameters that determine the success of layer-by-layer deposition. This high-
lights the necessity of precise adjustment of particle texture and morphology, e.g., surface
roughness, which generally enhances thixotropy and improves shape retention upon nozzle
extrusion. On the other hand, an excess of very fine fractions increases water demand and
the risk of blockages within the feed and delivery system [14,15]. Accordingly, a printable
mix design must balance fresh-state properties with a controlled rate of structural build-up
over time.
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Further experimental studies showed that incorporating RCA into fresh mixtures leads
to time-dependent improvements in rheology. The yield stress of RCA-bearing mixtures
increased exponentially, whereas the shear modulus rose linearly during the first 15 min
after mixing. Notably, buildability, the ability of a mixture to maintain geometric stability
during multi-layer printing, increased proportionally with RCA content. The observed
trend can be attributed to RCA-induced modification of the water-binder equilibrium
and accelerated structural build-up (SBU), which improves post-deposition filament sta-
bility. However, it also necessitates tighter control of superplasticizer dosage and mixing
parameters to maintain extrusion continuity and avoid excessive flow resistance [16,17].
Moreover, partial replacement (30 wt%) of ordinary Portland cement (OPC) with recycled
fines (<75 um) sourced from RFA and RCBW has yielded cement pastes with rheological
and mechanical properties suitable for additive manufacturing applications [18]. Incorpo-
ration of RFA into mortars significantly enhanced buildability: all tested mixes achieved
100% vertical stability, surpassing their cement-paste counterparts (96-98%). In contrast,
mixtures containing RCBW exhibited elevated water demand, reflected by a higher liquid-
to-solid (L/S) ratio of 0.42; this effect was attributed to the high porosity and absorptivity
of brick-derived wastes.

As highlighted by Robayo-Salazar et al. [19], achieving an optimal balance between
workability and buildability remains a central challenge in 3DCP mix design. A higher
L/S increases flowability and facilitates extrusion but degrades the dimensional stability
of deposited layers; a lower L/S favors shape retention and interlayer cohesion yet limits
flow, potentially disrupting process continuity. Rheological analyses have shown that
adding GBW markedly increases the apparent viscosity of fresh mixtures—particularly
under static conditions—by reducing free water and increasing interparticle friction, while
simultaneously raising yield stress. As a result, resistance to deformation and the geomet-
ric stability of extruded layers increase, which is critical in 3DCP applications where the
material must retain its form without formwork. It has been demonstrated that increasing
the GBW content delays both the initial and final setting; for instance, a 10% GBW substitu-
tion extended the setting time by approximately 10 min. Importantly, the same mixture
achieved the highest 28-day compressive strength, registering a 12.4% increase relative to
the control mix when tested perpendicular to the printed layers [20]. In another study [21]
mixtures with recycled brick aggregate (RBA) attained compressive strengths of 23.75 MPa
(parallel to layer depositions, D1) and 29.06 MPa (perpendicular to layer depositions, D3),
representing decreases of ~14% and ~20%, respectively, relative to a conventional reference
material for 3DCP. The achieved D1/D3 ratio of 0.82 indicated anisotropic behavior and
weakened interlayer bonding, a typical limitation of layer-to-layer processes resulting from
suboptimal cohesion at the layer interfaces. Despite the observed reduction in mechanical
parameters, these results confirm the technical feasibility of incorporating ceramic recy-
clates into 3DCP mixtures. Further advances, through optimization of aggregate properties,
grading classification, surface modifications, or tailored admixture systems, may broaden
the application window for recycled components in additive construction while mitigating
trade-offs in structural performance.

Complementing the strategy of using non-reactive additions are lightweight, insu-
lating fractions in 3D-printable mixes, such as expanded perlite, lightweight expanded
clay aggregate (LECA), and EPS beads. Their inclusion reduces bulk density and thermal
conductivity, improving the thermal performance of building envelopes while maintaining
extrudability [22-24]. In practice, this necessitates control of particle grading and morphol-
ogy to mitigate segregation during extrusion, pre-wetting of porous lightweight aggregates
to stabilize rheology, reduce water uptake, and provide an additional “internal curing”
effect, as well as compensation for strength reductions through optimization of the liquid-
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to-solid ratio, polycarboxylate ether (PCE) dosage, and fiber reinforcement [25,26]. As a
spherical low-density filler, EPS can substantially lower thermal conductivity and density
but, in the presence of insufficient matrix cohesion, may increase the risk of impaired
interlayer bonding. Perlite and LECA typically improve buildability by raising apparent
viscosity, yet they increase water absorption, which must be considered in admixture
selection and curing. Consequently, properly engineered hybrid ‘structural-insulating’
mixtures can simultaneously satisfy printability requirements, extrudability, and shape
stability, while enhancing the thermal performance of the wall [22-24].

Therefore, the present study investigates the physicochemical and performance-related
properties of locally sourced waste materials and evaluates their possible applicability in
3DCP formulations. Mechanical properties, water absorption, and thermal conductivity of
3D-printed composites were determined. Particular focus was placed on potential recycled
material use as non-reactive additions, both to stabilize the printing process and rheology,
and to mitigate environmental impacts by reducing the consumption of natural aggregates
and the landfilling of waste.

2. Materials and Methods
2.1. Materials

The reference mix was based on CEM I 52.5R Portland cement. The recipe was derived
from the authors’ earlier work on 3DCP. Beyond meeting structural requirements, the mix
needs to be designed to deliver the fresh-state properties essential for 3DCP: stable, con-
tinuous extrusion without clogging or segregation; dimensional stability after deposition
(shape retention/buildability) sufficient to support subsequent layers without deforma-
tion or collapse; and high interlayer bond strength to ensure structural integrity and load
transfer in the printed element. To meet these criteria, the composition was modified with
a set of mineral additions and chemical admixtures. A set accelerator was used to shorten
the time to early strength and stabilize freshly deposited layers. Rheology-controlling
admixtures included a high-range water-reducing admixture (superplasticizer) and a
viscosity-modifying agent (VMA) to balance flow with cohesion. Mineral fillers—most
notably limestone powder and silica fume—were incorporated to tailor the cementitious
matrix, increasing cohesion and effective surface area and thereby facilitating control over
setting and hardening. The reference mix and all recycled additives were listed in Table 1.

Table 1. Composition and sample designation of the investigated mixtures incorporating recycled

additives.
Base Components Recycled Components
Specimens Cement Quartz o, 3D-Printed Mixed .
Designation CEM I Sand Additions Waste Glass Waste Brick FA GGBFS
(%)
T2-1 25 65 10 - - - - - -
T2-2 25 45 10 20 - - - - -
T2-3 25 45 10 - 20 - - - -
T2-4 25 45 10 - - 20 - - -
T2-5 25 45 10 - - - 20 - -
T2-6 25 45 10 - - - - 20 -
T2-7 25 45 10 - - - - - 20
T2-8 25 25 10 40 - - - - -
T2-9 25 25 10 - 40 - - - -
T2-10 25 25 10 - - 40 - - -
T2-11 25 25 10 - - - 40 - -
T2-12 25 25 10 - - - - 40 -
T2-13 25 25 10 - - - - - 40
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2.1.1. Origin and Processing of Recycled Feedstocks

Secondary constituents were sourced from typical construction and demolition (C&D)
contexts, where substantial waste streams arise. While part of this material can be reused
on-site, most requires logistics and processing to enable circular use. The re-use of 3DCP
base material (printing waste) was taken into consideration. Due to its relative homogeneity
and the absence of embedded steel reinforcement in current 3DCP practice, such waste
can be readily reprocessed, which constitutes a significant advantage in terms of material
circularity. Additional C&D fractions included mixed rubble, brick waste, and glass cullet.
Mixed rubble is prevalent after full demolitions as well as partial renovations; effective
reuse requires removal of rebar, wiring, plumbing elements, and other contaminants. Brick
waste is more typical of low-rise and older residential construction, while glass waste
originates from windows and glazing. Industrial by-products from the energy sector were
also assessed, namely fly ash (FA) and ground granulated blast-furnace slag (GGBFS). The
FA used originated from PGE Combined Heat and Power Plant (Krakéw, Poland), and the
slag from the Bogdanka power plant (Poland). All secondary additives were subjected to
reprocessing, which involved crushing in a ball mill (Pulverisette 6, Fritsch GmbH, Idar-
Oberstein, Germany) followed by sieving through a 4 mm mesh. Fly ash, collected as a fine
powder, did not require crushing. To reduce density and improve thermal performance,
three lightweight insulating fillers were used: expanded perlite (<2 mm), fine lightweight
expanded clay aggregate (LECA, <4 mm), and EPS beads (3—4 mm).

2.1.2. Mix Compositions

The recycled constituents described above were incorporated at two replacement
levels—20% and 40% by mass of the standard aggregate in the reference mix. For
lightweight insulating fillers, three dosage levels were prepared to achieve progressively
lower fresh densities; the highest dosage corresponded to the printability threshold for the
equipment used. The full set of formulations investigated in this study is summarized in
Table 1.

An additional set of formulations (Table 2) was developed by incorporating lightweight
insulating fillers into the reference mixture, aiming to reduce the fresh density and partially
replace the energy- and carbon-intensive reference material. These low-density mixtures
are primarily intended for non-load-bearing applications (e.g., partition walls). Owing to
their enhanced thermal performance, they may also be employed as infill in load-bearing
wall systems, thereby providing an additional degree of thermal insulation.

Table 2. Composition and sample designation of the investigated mixtures with insulation additives.

Base Components Low-Density Insulating Fillers
Specimens Cement . Expanded Expanded
Designation CEMI Quartz Sand Additions Perlite Clay (LECA) EPS
(%)
T3-1 24.58 64.58 9.58 1.25 - -
T3-2 2417 64.17 9.17 25 - -
T3-3 23.75 63.75 8.75 3.75 - -
13-4 23.42 63.42 8.42 - 4.75 -
T3-5 21.83 61.83 6.83 - 9.5 -
T3-6 19.47 59.47 4.47 - 16.6 -
13-7 24.92 64.92 9.92 - - 0.25
T3-8 24.83 64.83 9.83 - - 0.5
T3-9 24.75 64.75 9.75 - - 0.75
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2.2. Methods
2.2.1. Particle Size Analysis

Particle size is critical to both rheology and processability in 3DCP. Grading, particle
shape, and surface texture govern water demand as well as pumpability, extrudability, and
buildability. Particle size distributions of the recycled fractions were measured using a
laser-diffraction analyzer (Anton Paar PSA 1190D; Anton Paar GmbH, Graz, Austria) in
accordance with ISO 13320:2020 [27]. Measurements were performed with wet dispersion
in deionized water; sample preparation followed ISO 14887:2000 (Dispersing procedures
for powders in liquids) [28]. The instrument’s built-in ultrasonic dispersion module was
operated continuously to suppress agglomeration and maintain a stable, homogeneous sus-
pension. The measurable size range was 0.5-3500 um. All measurements were performed
in triplicate to ensure repeatability and data reliability. Data acquisition and analysis were
carried out using the manufacturer’s Kalliope software (version 2.22.1).

2.2.2. Mixture Preparation

Figure 1 outlines the workflow for recycled-feedstock reprocessing and mixture prepa-
ration. Recycled constituents were ground /milled for 6 h in a custom-built ball mill (charge
volume ~ 10 L) (Figure 1; Step 1). Following milling, the materials were sieved through a
4 mm sieve (Figure 1; Step 2), corresponding to the maximum particle size permitted by the
laboratory-scale 3D printers used in this study, as constrained by screw and pump-based
material transport mechanisms. Batching was performed on a precision laboratory scale
(£0.1 g, capacity 20 kg). Mixing was carried out in a 20 L planetary mortar mixer (GEOLAB,
Warsaw, Poland) following the protocol illustrated in Figure 1: dry (Figure 1; Step 3A)
and liquid (Figure 1; Step 3B) constituents were premixed separately for 3 min and 30 s,
respectively; the dry blend was then added to the liquid phase and mixed for an additional
5 min until a homogeneous mixture was obtained (Figure 1; Step 4). Prior to specimen
fabrication, mixture consistency was verified by a flow-table test. Following consistency
verification, specimens were printed using the 3D printer (Figure 1; Step 5). After 28 days of
curing at 22 & 2 °C, the printed elements were trimmed to the target dimensions (Figure 1;
Step 6) and prepared for testing (Figure 1; Step 7).

2.2.3. Consistency Verification

Fresh-state consistency was assessed using the EN 1015-3 flow table test [29] (hand-
operated apparatus; Figure 2). The standard truncated-cone mold was filled using a two-
stage compaction procedure. After lifting the mold, the table was dropped 15 times. This
method provides a small-sample indicator of printability by reflecting both extrudability
and shape retention.
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[1]MILLING

[2]SIEVING OF w

AGGREGATES *.*°.*

Dry materials -

Water and liquid
admixture Recycled components
Specimens T2-1 - T2-13
&
[3B]MIX 305

%ry + liquid

components

[4] MIX 5 min

Low-density insulating fillers

flow table Specimens T3-1 - T3-9
test

[5]PRINTING

S

curing process
28 days

[6]PREPARATION

[Z]TESTING

Figure 1. Schematic of the specimen preparation procedure for testing, covering steps 1 to 7.
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Figure 2. (a) View of the flow table test device according to the PN EN 1015-3 standard [29];
(b) material sample T2-9 at consistency test; (c) material sample T2-11 at consistency test.

Proper consistency is essential for maintaining continuous material flow during print-
ing and preserving the geometry of the printed element [30-32]. The screw-type extruder
used in this study can process materials with an EN 1015-3 [29] flow spread of 120-200 mm,
a range that ensures stable extrusion and adequate shape stability. In mixtures with recycled
additions, a constant solid-to-water mass ratio (S/W) of 5:1 (w/w), equivalently, W/S = 0.20,
yielded a reference flow spread of ~165 mm for specimen T2-1. This value provided stable
extrusion and sufficient structural integrity after deposition. Other recycled mixes showed
minor variations in flow spread that did not preclude printing; nonetheless, any deviation
in consistency directly affects extrusion efficiency and may influence the geometry and
surface quality of printed elements [31]. In mixtures containing lightweight insulating
fillers, the S/W ratio was adjusted to account for the substantial change in mixture volume,
which also affected consistency. At excessive dosages, reduced extrudability can become a
limiting factor for printability.

2.2.4. Printing and Preparation

Specimens were produced on a laboratory 3DCP setup with a build volume of 1200 x
550 x 400 mm. The printer was equipped with a print head comprising a 20 L hopper with
an integrated mixer and a screw-type extruder (Figure 3).

Figure 3. Cont.
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o e e (,d)

Figure 3. Laboratory setup for 3D concrete printing: (a) printer with printhead; (b) interior of
the printhead with mixer and extruder; (c,d) example 3D-printed specimens with low-density
components.

Following printing, the specimens were cured for 28 days under laboratory air-dry
conditions, 23 °C and 40% RH, in accordance with practice for cementitious materials, to
ensure adequate strength development.

2.2.5. Flexural and Compressive Strength of 3DCP Samples

Because no dedicated standards exist for determining the mechanical properties of 3D-
printed cementitious elements, investigation procedures were adapted from tests developed
for cast materials.

A three-point bending test was conducted on the specimens to determine their flexural
strength. The load was applied at a constant rate of 50 N /s until the specimen failed.

The following formula was used to calculate the flexural strength:

Mgmux
Omax, B=—7 1
max Wg
FEax-a
Mgmax = ==, @)
bh?

where

Omax, B—maximum bending stress,(MPa);

Mg, maxy—maximum bending moment, (Nm);

W,—section modulus for bending, (m?);

Fnax—maximum failure load, (kN);

a—span between supports, (m);

b—width of the cross-section, (m);

h—height of the cross-section, (m).

Compressive strength tests in accordance with EN 196-1 [33] on an MTS Criterion 43
testing machine (MTS Systems, Eden Prairie, MN, USA), controlled with MTS TestSuite
1.0 software were performed by applying load to the specimens at a constant rate of
500 N/s until failure. Two testing configurations were investigated: (i) specimens with
printed layers oriented perpendicular to the loading direction, and (ii) specimens with
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layers oriented parallel to the loading direction. In both cases, compressive strength was
calculated using Equation (4):
Omax,C= % 4)
where
Omax,c—Maximum stress in compression, compressive strength,(MPa);
Fnax—Tload at failure, (N);

S—minimum cross-section determined for the narrowest cross-section, (mmz).

2.2.6. Water Absorption Test

Water absorption was measured in a dedicated tank fitted with a plastic spacer (ta-
ble) at the bottom to allow free water flow beneath the specimens. The water level was
maintained at 3 mm above the support surface to ensure continuous but minimal contact,
enabling controlled capillary uptake (Figure 4).

Specimen - vertical Specimen - horizontal

Tank

Water level

Specimens table
Figure 4. Schemes of water absorption test.

Additively manufactured specimens were tested in two orientations: (i) vertical, with
a 40mm x 40 mm face in contact with water; and (ii) horizontal, with a 40 mm x 160 mm
face in contact with water. The mass of each specimen was recorded at 1, 2, 4, 6, 12, 24, and
48 h from test start to quantify water uptake over time. In parallel, moisture ingress was
monitored using a FLIR E96 thermal imaging camera; thermograms were captured every
5 min up to 4 h to visualize the wetting front.

The water absorption coefficient was determined using the following equation:

o Amt
Fx AVt

where
A—water sorption coefficient, (kg/ (m2h1/2));
Ami—sample mass increase, (kg);
F—suction surface, (m?);
A+/t—time square root increase, (h!/2).

2.2.7. Thermal Conductivity

Thermal conductivity was measured with a FOX 314 heat-flow meter (LaserComp,
New Castle, DE, USA; serial no. 1043). The instrument operates under steady-state
conditions using heat-flux sensors and complies with:

e  ENISO 8301:1998 (guarded hot plate/heat-flow meter methods) [34].

e EN 12667:2002 (high/medium thermal resistance products; guarded hot plate/heat-
flow meter) [35].
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e ASTM C518-91 (heat-flow meter apparatus) [36].

The maximum size of the measured sample can be 305 mm x 305 mm x 100 mm. For
this study, plate-type specimens of 200 mm x 200 mm x 40 mm were 3D-printed. After
28 days of curing under controlled conditions, the prints were first cut to size to remove
edge artifacts. Next, the top and bottom faces were ground to obtain smooth, plane surfaces
as required. Each specimen was placed within an extruded polystyrene (XPS) frame to fill
the test chamber and act as lateral insulation around the measurement zone. The specimen

.___"_

Figure 5. Schematic of specimen preparation for thermal conductivity testing of the 3D-printed

preparation scheme is shown in Figure 5.

material.

Prior to testing, specimens were stored for 5 days under laboratory air-dry conditions
at 23 °C and 40% RH.

2.2.8. Microscopy Observation

Microscopic examination was performed using a Techrebal Banito B2920 digital mi-
croscope (Techrebal, Wilczyce, Poland) at 100 x magnification, integrated with a Techrebal
48 MP camera (Techrebal, Wilczyce, Poland) for image acquisition.

3. Results and Discussion
3.1. Particle Size Analysis

Table 3 presents the particle-size distributions of the recycled aggregates used as
additions. As is commonly known, particle size affects both water demand and hydration
kinetics and thereby the resulting mechanical performance of the material [18,37].

Table 3. Particle size distribution of recycled aggregate after milling and sieving used as an additive

to concrete mixtures.

Samples D1o Dsg Dy Mean Size Span
Designation (um) (um) (um) (um) (D9p-D10)/Ds
3D-Printed elem. 1.99 16.29 80.08 31.98 4.79
Glass 1.88 20.25 294.11 92.16 14.43
Mixed waste 1.67 16.35 273.68 85.81 16.64
Brick 1.31 15.89 173.35 29.76 10.83
Fly Ash (FA) 2.98 25.28 72.84 34.06 2.76
Slag (GGBES) 2.95 25.72 216.89 48.75 8.32

Across all variants, the median size D5y was in the range of 15-26 um. Among the
investigated materials, fly ash (FA) and ground 3D-printed waste exhibit the narrowest
distributions (smallest span) and lie predominantly in the fine (sub-63 um) range. By
contrast, glass cullet, mixed demolition rubble, and slag (GGBFS) display broader, coarser
distributions (span ~ 8.3-16.6) with substantial tails above 100 um. For these types of
materials, a more uniform grading would require longer milling and/or optimization
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of the ball charge (size and count) in the mill. The narrowest particle size distribution
was recorded for FA. From a printability standpoint, narrow distributions with low Dy,
e.g., FA, 3D-printed waste, generally reduce water demand and yield more reproducible
rheology [38], whereas broad, tail-heavy gradings (glass/mixed waste/GGBFS) tend to
increase water demand and impair homogeneity. In 3DCP this may limit extrudability and
raise the risk of nozzle clogging [39-41].

3.2. Mixture Consistency

Consistency is critical in 3DCP, as it controls both extrusion continuity and shape
stability of freshly deposited layers under the weight of subsequent layers. Flow-table
results for all investigated mixes are shown in Figure 6.

175 0.32
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Figure 6. Consistency and water-solids ratio (W/S) of mixtures depending on their composition.
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The reference mix (IT2-1) (no additions) achieved a flow spread of ~165 mm, a desir-
able level that provided stable extrusion and sufficient post-deposition integrity. Nearly all
recycled aggregates increased water demand relative to the reference mix, with the excep-
tion of glass (T2-3, T2-9), which produced a slightly higher spread (~170 mm). The largest
decrease in spread occurred with ground brick (values < 150 mm), attributable to higher
internal friction and water uptake associated with fine, angular brick fines [42—44]. FA and
ground 3D-printed waste produced spreads closest to the reference. These variations did
not materially disrupt printing; the only observable issue was a minor deformation in T2-9
(glass), linked to excess flowability and reduced layer stability, manifested as local settling
during layer deposition.

For the lightweight series (T3-1 to T3-9), the water content was adjusted because
the density change pushed consistency outside the printable window; spreads < 130 mm
proved insufficient for extrusion. The adjustments and resulting spreads are summarized
in Figure 6. The largest water increase was applied to the perlite mix (T3-3), raising W/S
from 0.20 to 0.25 and yielding a spread of ~155 mm.

3.3. Macro/Micro Observations of Specimens Cross-Sections

All printed specimens were examined macroscopically and by optical microscopy on
transverse sections. Macro images capture the distribution of coarse recycled constituents
(e.g., glass, brick), while micrographs resolve the matrix-aggregate interfaces. Representa-
tive views for the 3DCP materials with recycled additives are compiled in Figure 7.
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Figure 7. Representative view of cross-sections of specimens with recycled additives, left—macro
photograph; right—micro photograph of: (a) T2-1; (b) T2-2; (c) T2-8; (d) T2-3; (e) T2-9; (f) T2-4;
(g) T2-10; (h) T2-5; (i) T2-11; (j) T2-6; (k) T2-12; (1) T2-7; (m) T2-13.

The reference specimen (T2-1) exhibits a homogeneous matrix with a dense microstruc-
ture. Visible small voids, most likely caused by particle pull-out during surface preparation.
A similarly compact microstructure was observed for T2-6 (FA). At the higher FA dosage
(T2-12), local heterogeneities become apparent in the micrograph. Other mixtures reveal a
greater proportion of coarse particles (often >1 mm), most pronounced in the glass, brick,
and slag series, which was consistent with observations from the macro-scale images. In all
cases, the recycled constituents appear uniformly dispersed within the cementitious matrix.
No interfacial cracking or debonding was observed at the contacts between the matrix
and the coarse recycled grains. None of the recycled additions adversely affected print-
ability. The specimens exhibited no visible cracks, voids, or defects at the layer interfaces,
confirming appropriate printing parameters and adequate mixture consistency.

An analogous microstructural analysis was performed for the lightweight formulations
(Figure 8). Due to the strong color, texture contrast, and the volume fraction, the distribution
of each lightweight filler was easy to observe.
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Figure 8. Representative view of cross-sections of specimens with recycled additives, left—macro
photograph; right-micro photograph of: (a) T3-1; (b) T3-2; (c) T3-3; (d) T3-4; (e) T3-5; (f) T3-6; (g) T3-7;
(h) T3-8; (i) T3-9. Arrows indicate the presence of a lightweight insulating additive.

In the case of specimens with insulating additions, the contrast in color between the
additions and the reference material makes the effect of the addition content even more
apparent. The finest addition in this set is expanded perlite, which is clearly visible when
examining the macro images. The specimens produced with its inclusion, T3-1, T3-2,
and T3-3, were characterized by a uniform distribution of this addition within the base
matrix. The micrographs show perlite grains without sharply defined edges, which may
result from the tendency of this addition to break up and abrade [45]. For perlite, it was
important to add it in the final stage of mixing, yet early enough to distribute it uniformly
throughout the base matrix, while avoiding excessively long mixing that would cause
fragmentation [46,47].

LECA, in turn, exhibits rather clearly delineated particle edges; however, the internal
structure of the granule was typically open, allowing the base matrix to penetrate its
interior. Such cases are visible in the micrographs for specimens T3-5 and T3-6 (Figure 8e,f).
This ingress of the base matrix into the particle interior may reduce the effectiveness of
density reduction and limit the improvement in insulation. This is not a rule, however,
since for specimen T3-4 the microstructural analysis indicates pores remaining inside the
LECA grains.

The addition of granulated EPS was quite effective. At the highest content, the
granulate fills almost the entire cross-section of the specimen. The structure was generally
uniform, although there were locations where the EPS beads were in tight contact with
one another and locations where a thicker coating of base matrix was visible around the
bead. At lower dosages, the granulate was evenly dispersed. Microscopic analysis of the
EPS-modified variants nevertheless reveals cracking at the phase boundary between the
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base matrix and the bead. These microcracks (particularly visible in Figure 8i) form during
curing and result from the low adhesion of the granulate to the matrix. The hydrophobic,
smooth EPS surface hinders wetting and bond formation. The modulus/compliance
mismatch between the soft EPS and the matrix generates stress gradients at crack initiation
sites. Such interfaces were regarded as a weak link and may directly and adversely affect
the strength of elements printed with this material [48-50].

3.4. Water Absorption Test

Water absorption of the printed specimens as a function of mixture composition and
printing direction was determined. Capillary uptake began immediately upon samples’
contact with the water surface. Most specimens absorbed water up to approximately half
of their length. Horizontally oriented specimens appeared visibly wetter because their
contact area with water was substantially larger, leading to greater uptake. Gravimetric
mass tracking enabled calculation of the absorption coefficient. Figure 9 shows absorption-
versus-time curves for vertically oriented specimens with recycled aggregates, and Figure 10
shows the average absorption coefficients after the first 24 h of test.

2.5 —e—T12-11

—T2-6 —a—"T2-12

Absorption (kg/m?h'?)

Time (h)

Figure 9. Absorption coefficient of 3D-printed specimens in vertical orientation depending on their
composition.

Figure 9 allows comparison of sorptivity across all recycled-aggregate mixes tested
vertically. The most intense absorption occurred directly after test initiation: the 1 h average
coefficient ranged from ~2 to ~4 kg/m?-h!/2. Subsequent readings declined progressively,
falling to less than half by 12 h. Thereafter the rate diminished further and nearly ceased
by ~48 h, as visible in the full test record (Figure S1, Supplementary Materials).

Specimens with mixed rubble additions (T2-4 and T2-10) exhibited the lowest 24 h
average coefficients, 1.12 kg/ m?2-h'/2 (T2-4) and 1.25 kg/ m?2-h'/2 (T2-10). In this case, a
higher recycled-aggregate content increased absorption; conversely, for glass and fly ash
additions, higher dosages reduced absorption. The highest coefficients were observed
for fly ash and slag mixes. Their 24 h averages value (T2-6, T2-7, T2-12, T2-13) exceeded
2 kg/m?-h!/2, surpassing the reference material (T2-1). This is somewhat unexpected
given their particle-size distributions, especially FA, which showed the finest and most
uniform grading, factors that would typically limit absorption [51,52]. Analogous trends
were observed for horizontally tested specimens (Figures S2-54, Supplementary Materials),
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Initial state

albeit with slightly lower coefficients. This may relate to 3D printing’s layer-by-layer
interfaces, which generally present increased porosity and reduced adhesion compared to,
for example, cast monoliths. Such interfaces provide preferential fluid-migration pathways,
promoting faster and more intense water ingress [52]. Moreover, printed microstructures
are anisotropic: pores tend to align with the print direction, which facilitates capillary
uptake-particularly along the layer orientation [53].

Infrared thermography confirmed the gravimetric results, although with lower dis-
criminatory sensitivity, as the differences between specimens were less distinct (Figure 11).
Across all series, absorption levels appeared broadly similar; slightly higher early-stage
uptake was visible for T2-1 and T2-6 in the first comparison (Figure S5) and for T2-11 and
T2 -12 in the second (Figure S6, Supplementary Materials).

25
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Figure 10. Average absorption coefficient of 3D-printed specimens in vertical orientation depending

on their composition after 24 h of test.

T2-1 722 723 724 T2:5 T2

T2-7 T2:8 T2 7210 T2:41 7212

T241 T2-2 123

Figure 11. Images of the evolution of moisture propagation in samples numbered 1 to 12, recorded in
both visible and infrared light, as a function of time and depending on the composition of the tested

sample.

An analogous investigation was carried out for lightweight mixes that reduce fresh
density. These tests were performed only in the vertical orientation. Figure 12 presents
absorption-versus-time curves, and Figure 13 shows the average absorption coefficients
after 24 h of test.



Materials 2025, 18, 4387

18 of 27

Absorption (kg/m?h!2)

] 4 5 12 16
Time (h)

Figure 12. Absorption coefficient of 3D-printed specimens with low-density components in vertical
orientation depending on their composition.
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Figure 13. Average absorption coefficient of 3D-printed specimens with low-density components in
vertical orientation depending on their composition after 24 h of test.

A similar overall pattern was observed: initially intense uptake followed by atten-
uation, yet for low-density mixes, the curve was less steep, i.e., water uptake persisted
longer. This is evident in the late stage (Figure S7, Supplementary Materials), where after
48 h, the lightweight specimens were still absorbing, unlike the recycled-aggregate series.
The 24 h average coefficients were also considerably higher (nearly all >2 kg/m?2-h!/?)
than those for recycled-aggregate mixes. Each of the analyzed variants was characterized
by increased absorption compared to the reference sample (T2-1). The highest values
occurred with expanded perlite, especially at the largest dosage, achieving a 24 h average
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of 4.89 kg/m?-h!/2. This may be linked to the particle attrition noted in the microscopy
analysis for perlite, which can increase water uptake [46,47].

3.5. Bending Test

Three-point bending showed that nearly all modifications relative to the reference
mix decrease flexural strength (Figure 14). The sole exception was T2-4 (mixed rubble
addition), which exceeded the value of reference material and reached 5.72 MPa. A plausible
explanation of this phenomenon was local reinforcement due to residual fibers or other
inclusions. Among the remaining variants, specimens with crushed 3D-printed waste,
glass, fly ash, and slag (T2-2, T2-3, T2-6, T2-9, T2-13) clustered around 2-2.5 MPa, i.e., a little
over 50% of the reference. The lowest results were recorded when the brick additions (T2-5,
T2-11) were used. They reduced the flexural strength by approximately 60% compared to
the reference mixture.

T2-2/T2-8 T2-3/T2-9 T2-4/T2-10 T2-5/T2-11 T2-6/T2-12 T2-7/T2-13

[FIAVG (T2-2 - T2-7)
AVG (T2-8 - T2-13)

Figure 14. Flexural strength of 3D-printed concrete specimens depending on their composition.

Flexural strength of the lightweight series was analyzed in conjunction with the cor-
responding bulk density (Figure 15). The LECA mixes exhibited the smallest reductions
relative to the reference material, averaging approximately 3 MPa (=67% of the reference).
Notably, the intermediate LECA dosage (T3-5) reached the highest mean value (3.33 MPa),
albeit with considerable scatter. A similar trend was observed for the perlite mixes, where
the intermediate variant (T3-2) displayed the highest strength (2.3 MPa). The lowest flexural
strengths were recorded for the EPS mixes, averaging 0.99 MPa. Even the lowest-density
EPS mix (T3-7, 1412 kg/m>) was approximately 28% weaker than the corresponding perlite
mix T3-3 (1303 kg/m?3). This reduction in strength is consistent with the microstructural ob-
servations of matrix-EPS interfacial microcracking reported in Section 3.3, which contribute
to weakening of the printed elements.
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Figure 15. Flexural strength (bars) and density (line) of 3D-printed concrete specimens with insulation
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3.6. Compressive Test

Compressive strength results were presented in Figure 16. Moreover, Figure 17 shows
the averaged strength values for each material variant.
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Figure 16. Compressive strength of 3D-printed concrete specimens with recycled components,
depending on specimen orientation.

For the recycled-aggregate mixtures, anisotropy inherent to layer-wise fabrication was
observed. In the lower-replacement group (T2-2 to T2-7), loading perpendicular to the printed
layers resulted in compressive strengths approximately 4% higher than loading parallel to the
layers. In the higher-replacement group (T2-8 to T2-13), this difference increased to roughly
13%. The reference mix exhibited comparable strengths in both orientations, whereas the
largest orientation-dependent effects were recorded for T2-6 and T2-8.

In terms of absolute strength, specimens T2-9, T2-10, and T2-11 exceeded the reference
material, reaching 15.5-16.0 MPa. These mixtures incorporated aggregates with a broad particle-
size distribution, which, while slightly detrimental for flexural performance, appeared beneficial
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for compressive strength due to improved particle packing. Contrary to the flexural trends,
the higher-replacement group (T2-8 to T2-13) achieved, on average, approximately 6% higher
compressive strength than the lower-replacement group. The lowest compressive strengths

were observed in mixtures containing crushed 3D-printed waste.
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" s g = 3.
Compressive stress - 0. ¢, (MPa)

T2-1 T2-2/T2-§ T2-3/T2-9 T2-4/T2-10 T2-5/T2-11

Figure 17. Compressive strength of 3D-printed concrete specimens with recycled components.

For the lightweight series, the compressive tests revealed orientation-dependent trends
presented in Figure 18, with the corresponding average values summarized in Figure 19.
In these mixtures containing insulating fillers, the effect of printing orientation was more

dependent on the specific formulation.
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Figure 18. Compressive strength (bars) and density (line) of 3D-printed concrete specimens with

insulation components, depending on specimen orientation.
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Figure 19. Compressive strength (bars) and density (line) of 3D-printed concrete specimens with
recycled components.

Perlite specimens (T3-1 to T3-3) exhibited higher flexural strength when loaded parallel
to the printed layers, with increases of up to 40%. EPS mixes (T3-7 to T3-9) showed a similar
trend, albeit with a smaller difference of approximately 12%. In contrast, LECA specimens
demonstrated higher strength when loaded perpendicular to the printed layers, with an
average value of 9.9 MPa.

In terms of absolute values, the LECA mixes (T3-4 to T3-6) exhibited the highest
compressive strengths, averaging 9.41 MPa, in agreement with the flexural performance
trends. This behavior is consistent with density effects, as LECA reduced the bulk density
the least, by an average of 14.7% relative to the reference mix. In contrast, EPS, although
most effective in reducing density, resulted in the lowest compressive strengths, averaging
below 4 MPa, corresponding to approximately 23% of the reference material.

3.7. Thermal Conductivity and Density

Figure 20 shows the thermal conductivity A and density of all investigated samples.

Figure 20 reveals a clear dependency between density and thermal conductivity. As
mixture density decreases, thermal conductivity is reduced, although the magnitude of this
effect is strongly dependent on the type of lightweight addition. Expanded perlite (T3-1
to T3-3) reduced fresh density by 15-30% compared with the reference mix, resulting in a
marked decrease in conductivity of up to 48.4%, with a minimum value of 0.475 W/m-K
for T3-3. For perlite, the density—conductivity relationship is the least linear (R? = 0.75).
Lightweight expanded clay aggregate (LECA) exhibited the least pronounced response:
density reductions of 9-21% yielded a minimum conductivity of 0.535 W/m-K at the
highest dosage (T3-6), corresponding to a ~41% decrease relative to the reference. As
anticipated, EPS beads were the most effective, lowering density by 24-52% (down to
890 kg/m? for T3-9) and producing the lowest conductivity of 0.271 W/m-K, equivalent to
a ~71% reduction versus the reference. For both EPS and LECA, the conductivity—density
trend was close to linear (R? = 0.95 and R? = 0.97, respectively). These findings demonstrate
that all three lightweight additions improve thermal performance, with EPS providing the
strongest insulating effect, perlite delivering a substantial intermediate benefit, and LECA
offering a more moderate reduction in A, consistent with its smaller impact on density.
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Figure 20. Thermal conductivity (A, bars) and density (line) of 3D-printed specimens with lightweight
insulating additions.

However, when applying the multi-criteria analysis (Figure 21), it becomes apparent
that, despite thermal performance comparable to perlite, LECA attains substantially higher
compressive and flexural strengths (by nearly 50% in both metrics). The EPS-based mix,
while the most effective insulator, incurs the greatest losses in mechanical strength. Ac-
cordingly, its use would be confined to non-load-bearing applications or to insulating infill
layers that markedly enhance the thermal performance of building envelopes. In terms
of jointly maximizing mechanical properties and improving thermal insulation, LECA
emerges as an effective compromise.
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Figure 21. Thermal conductivity (A), flexural strength, and compressive strength as functions of
material density and the insulating additive used.

4. Conclusions

Three-dimensional concrete printing (3DCP) is developing rapidly; however, its imple-
mentation should be coupled with sustainability strategies consistent with circular-economy
principles. The present study assessed the feasibility of substituting natural aggregates with
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recycled constituents and incorporating lightweight insulating fillers to reduce density-and
thereby the embodied energy and carbon—of printable cementitious mixtures.

Recycled aggregates can effectively reduce natural-aggregate demand provided that
grading and surface quality are controlled. Narrow particle-size distributions (e.g., FA,
ground 3DCP waste) were favorable, whereas broad gradings (glass, mixed rubble, slag)
increased water demand and extrusion risks. Optimizing milling conditions and grading
curves is essential.

Printability remained within acceptable limits regardless of the composition of the
tested mixtures. Flow spread decreased slightly with most recycled additions (brick being
the lowest), while glass increased it. Printing stability was generally preserved.

Flexural strength tended to decrease with recycled constituents, though isolated
improvements were observed (e.g., rubble mix T2-4). Lower replacement levels generally
allowed for better results.

Compressive strength benefited from broader gradings in certain mixes and displayed
the anisotropy typical of 3DCP. Higher replacement levels yielded ~6% strength gains due
to improved packing, with perpendicular loading showing up to 13% higher values than
parallel loading.

Lightweight fillers improved thermal performance at the expense of mechanical
strength. LECA provided the most favorable compromise, perlite showed intermedi-
ate behavior, and EPS offered the strongest insulation but caused significant strength losses
due to weak matrix-EPS interfaces.

Water absorption decreased substantially in recycled-aggregate mixes after 48 h, while
lightweight mixes exhibited more persistent uptake, especially at high perlite dosages.

The obtained results demonstrate that non-reactive recycled constituents and lightweight
insulating fillers can be successfully employed in 3DCP to reduce environmental impact
while maintaining printability. Optimized particle-size distribution, orientation-aware struc-
tural design, and improved matrixfiller interfaces are key to achieving target performance,
particularly in EPS-modified systems.
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/ /www.mdpi.com/article/10.3390/ma18184387/s1. Figure S1. Absorption coefficient of 3D printed
specimens with recycled components in vertical positions—test 0—48 h.; Figure S2. Absorption
coefficient of 3D printed specimens with recycled components in horizontal positions.; Figure S3.
Absorption coefficient of 3D printed specimens with recycled components in horizontal positions—
test 048 h.; Figure S4. Average absorption coefficient from 24 h of 3D printed specimens with
recycled components in vertical positions.; Figure S5. Images of the evolution of moisture dispersion
in samples numbered 1 to 6, recorded in both visible and infrared light, as a function of time and
depending on the composition of the tested sample.; Figure S6. Images of the evolution of moisture
dispersion in samples numbered 7 to 12, recorded in both visible and infrared light, as a function of
time and depending on the composition of the tested sample.; Figure S7. Absorption coefficient of
3D printed specimens with insulation components in hori-zontal positions—test 0—48 h.; Table S1:
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Abbreviations

The following abbreviations are used in this manuscript:

3DCP 3D Concrete Printing

C&D Construction and demolition

CDW Construction and demolition waste
CEMI1 Portland cement, Type I

D50 Median particle size (50th percentile)
D90 90th percentile particle size

EN European Standard

EPS Expanded polystyrene

EU-27 European Union (27 Member States)
FA Fly ash

GBW Ground brick waste

GGBFS  Ground granulated blast-furnace slag

ISO International Organization for Standardization
LECA  Lightweight expanded clay aggregate

L/S Liquid-to-solid ratio (by mass)

OPC Ordinary Portland cement

PCE Polycarboxylate ether (superplasticizer)

PGE Polska Grupa Energetyczna (Polish Energy Group)
RBA Recycled brick aggregate

RCA Recycled concrete aggregate
RCBW  Recycled clay brick waste

RFA Recycled fine aggregate

RH Relative humidity

SBU Structural build-up

S/W Solids-to-water ratio (by mass)
VMA Viscosity-modifying agent
W/S Water-to-solids ratio (by mass)
XPS Extruded polystyrene
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Table S1. Summary one-way analysis of variance (ANOVA) of compressive strength results.

Specimens designation n Average Variance
T2-1 4 15.3 0.3
T2-2 4 121 16.1
T2-3 4 115 194
T2-4 4 135 10.3
T2-5 4 151 32.7
T2-6 4 12.2 14.5
T2-7 4 14.0 45.7
T2-8 4 11.9 15.8
T2-9 4 15.5 151

T2-10 4 15.6 11.6
T2-11 4 15.8 36.5
T2-12 4 12.3 11.0
T2-13 4 11.9 2.5

A one-way analysis of variance (ANOVA) conducted for thirteen groups (T2-1 — T2-13) did not reveal statistically
significant differences between the group means (F = 0.63, p = 0.80). The obtained results indicate that the observed

differences between groups were small compared to the within-group variability.



Pairwise comparisons between group T2-1 and the remaining groups (T2-2 — T2-13) were performed using a
two-sample t-test assuming equal variances.

Table S2. Two-sample t-tests (equal variances assumed) between T2-1 and other groups.

T2-1  Significance

T2-2 0.0844 ns
T2-3 0.0692 ns
T2-4 0.1565 ns
T2-5 0.4734 ns
T2-6 0.0777 ns
T2-7 0.3549 ns
T2-8 0.0732 ns
T2-9 0.4514 ns
T2-10 0.4286 ns
T2-11 0.4373 ns
T2-12 0.0655 ns (trend)
T2-13 0.0037 kK

ns — not significant; * p < 0.05; ** p <0.01, *** p <0.005

Significant differences were observed only for the comparison between T2-1 and T2-13 (p = 0.0037),
indicating that the mean value of T2-13 was statistically lower than that of T2-1. All other comparisons yielded
non-significant results (p > 0.05).
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Abstract

Rapid population growth and accelerating urbanization are intensifying the demand
for construction materials, particularly concrete, which is predominantly produced with
Portland cement and natural aggregates. This reliance imposes substantial environmental
burdens through resource depletion and greenhouse gas emissions. Within the framework
of sustainable construction, recycled aggregates and industrial by-products such as fly ash,
slags, crushed glass, and other secondary raw materials have emerged as viable substitutes
in concrete production. At the same time, three-dimensional concrete printing (3DCP) offers
opportunities to optimize material use and minimize waste, yet it requires tailored mix
designs with controlled rheological and mechanical performance. This review synthesizes
current knowledge on the use of recycled construction and demolition waste, industrial
by-products, and geopolymers in concrete mixtures for 3D printing applications. Particular
attention is given to pozzolanic activity, particle size effects, mechanical strength, rheology,
thermal conductivity, and fire resistance of recycled-based composites. The environmental
assessment is considered through life-cycle analysis (LCA), emphasizing carbon footprint
reduction strategies enabled by recycled constituents and low-clinker formulations. The
analysis demonstrates that recycled-based 3D printable concretes can maintain or enhance
structural performance while mix-level (cradle-to-gate, A1-A3) LCAs of printable mixes
report CO; reductions typically in the range of ~20-50% depending on clinker substitution
and recycled constituents—with up to ~48% for fine recycled aggregates when accompanied
by cement reduction and up to ~62% for mixes with recycled concrete powder, subject to
preserved printability. This work highlights both opportunities and challenges, outlining
pathways for advancing durable, energy-efficient, and environmentally responsible 3D-
printed construction materials.

Keywords: 3D concrete printing (3DCP); recycled construction materials; supplementary
cementitious materials (SCM); sustainable construction; circular economy; carbon footprint;
life cycle assessment (LCA)

1. Introduction

Rapid population growth and accelerating urbanization impose unprecedented de-
mands on the construction industry, particularly regarding the supply of aggregates and
concrete. Global aggregate consumption is projected to reach 50-55 billion tonnes by
2030 [1], exerting significant pressure on natural resources and the environment. Concrete,
the most widely produced construction material worldwide, accounts for approximately
70% of aggregate mixtures [2], with production largely dependent on Portland cement [3].
Substituting virgin constituents with recycled ones has emerged as a viable pathway to
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lower embodied impacts while maintaining performance, chiefly by reducing extraction
and transport burdens [4]. Concurrently, emerging technologies such as three-dimensional
concrete printing (3DCP) provide additional opportunities for sustainable construction.
3DCP facilitates precise material deposition and significantly reduces waste generation;
however, it requires the development of customized mix designs with optimized rheological
and mechanical characteristics [5,6]. At the same time, new challenges have emerged, par-
ticularly those related to the thermal conductivity of printed layers and their implications
for building thermal performance and occupant comfort. Recent advances demonstrate
that 3DCP can facilitate the fabrication of wall systems with optimized internal geome-
tries, allowing the integration of in-wall insulation and thereby enhancing the thermal
performance of buildings [7-9].

This review synthesizes current evidence on the use of recycled materials in 3D
concrete printing, highlighting how such approaches can reduce the environmental
footprint of construction through printable binders and mortars aligned with circular-
economy principles [10,11].

Environmental Issues

The built environment exerts large pressures on energy and material use, and EU policy
(e.g., EPBD) continues to lower operational energy demand in buildings [12]. As operational
loads decline, embodied impacts from materials become a major lever for mitigation at the
product (cradle-to-gate) stage. In concrete, these impacts are driven primarily by cement
production (clinker calcination), while aggregate extraction and processing contribute a
smaller—but non-negligible—share [11,13-17]. Figure 1 summarizes global demand trends
relevant to cement and aggregates, providing the macro context for material substitution.

At mix level, Portland cement typically dominates the embodied CO, of concrete
(~74-81%), with aggregates contributing ~ 13-20% [18-20]. Reducing the clinker factor via
supplementary cementitious materials and incorporating recycled constituents can there-
fore deliver meaningful, near-term reductions without sacrificing performance—especially
when mixes are tailored for process windows specific to 3D concrete printing (3DCP).
Figure 2 positions these material-level interventions within broader emission path-
ways, highlighting the importance of addressing product-stage impacts alongside op-
erational efficiency. This review concentrates on that intersection: the role of recycled
constituents in printable binders and mortars, their influence on fresh-state parame-
ters and hardened/thermal performance, and consistent LCA reporting for cradle-to-
gate assessments [13,20-23].

Despite rapid progress, evidence on recycled constituents for 3D concrete printing
remains fragmented. Reporting of rheological properties relevant to printability is of-
ten inconsistent, with varying metrics and protocols for parameters such as yield-stress
development, thixotropy, and open time. This lack of standardization complicates com-
parisons across studies. Similarly, links between mix design, interlayer bonding, and
anisotropy—and their consequences for durability, transport performance, and fire or
thermal resistance—are only partially established. Life-cycle assessments also show lim-
ited harmonization with respect to system boundaries, functional units, and the treat-
ment of printing-stage energy and waste, which obscures a clear understanding of net
environmental benefits. This review addresses these gaps by organizing rheology de-
scriptors around printable windows, relating recycled constituents to directional and
service performance of printed elements, and proposing a concise, 3DCP-specific LCA
reporting checklist [10,24,25].
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Figure 1. Global cement demand for building construction by region (2000-2020) and projec-
tions for 2025-2030 under the Net Zero Emissions (NZE) Scenario. The NZE Scenario (IEA) is
a 1.5 °C-consistent pathway that reaches net-zero energy-sector CO;, emissions by 2050; it assumes
strong material-efficiency measures, clinker substitution, recycling, and deployment of low-carbon ce-
ments, which lower demand relative to the Announced Pledges Scenario (APS). Dark-grey bars show
total demand in NZE; light-grey segments indicate savings relative to AP (ASEAN—Association of
Southeast Asian Nations) [26].
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Figure 2. Carbon emissions trends varied widely across regions. CO; total emissions and CO, per
capita emissions by region, 2000-2024: (a) CO, emissions, (b) emissions per capita [27-29].

2. Recycled Concrete Additives

This section focuses on supplementary cementitious materials (SCMs) and waste-
derived fine fractions relevant to 3D concrete printing (3DCP). Materials with pozzolanic or
latent-hydraulic activity—including fly ash, bottom ash (when finely ground), slags, silica
fume and metakaolin—can partially replace Portland cement with documented effects
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on rheology and strength development [30]. In 3DCP, mix design must satisfy process-
critical rheological criteria—extrudability, filament shape retention and adequate open
time—in addition to conventional mechanical targets [31]. Fine fractions of waste-derived
materials, such as recycled fine aggregates (RFAs) or powders produced from the crushing
of concrete, ceramics, or demolition bricks, play a particularly critical role in this regard.
These constituents can function not only as substitutes for natural aggregates and mineral
admixtures but also as modifiers of thixotropic behavior, thereby improving the printability
of fresh mixtures.

Waste-derived fines are particularly impactful in this context. Recycled fine aggregates
(RFAs) influence yield stress and open time, affecting pumpability and layer stability;
excessive replacement generally compromises green strength and directional strength,
even if buildability initially improves. By contrast, finely ground powders from crushed
concrete/ceramics/bricks can enhance particle packing and structural build-up, which is
advantageous for formwork-free printing where early stiffness governs print fidelity. The
integration of such additives within 3DCP—complementary to geometry/material savings
achievable by topology-optimized toolpaths—supports lower-clinker, resource-efficient
mixes, provided rheology is tuned to the process window [32].

The following subsections characterize each recycled constituent and quantify its
impact on fresh-state and hardened properties with respect to the specific performance
requirements of 3DCP.

2.1. Addition of Fly Ash and Coal Bottom Ash

Fly ash (FA) is generated in coal-fired power plants during the combustion of coal,
with substantial quantities historically stored in landfills, a practice associated with both
environmental and economic drawbacks [33,34]. The incorporation of FA and silica fume
(SF) as partial replacements for Portland cement reduces cement demand and thereby
lowers the production cost of autoclaved aerated concrete (AAC) [35,36] while simultane-
ously improving selected performance properties [30,37]. FA particles are collected from
flue gases by electrostatic precipitators, with particle size distribution depending on the
collection point within the system. Material captured from downstream sections (e.g., rear
hoppers) generally contains finer fractions. FA formation occurs when mineral impurities
in coal, such as clay, feldspar, quartz, and shale, melt under combustion and subsequently
solidify into spherical, glassy particles upon rapid cooling.

The properties of FA are influenced by several factors, including coal type, combustion
conditions, and collection methods. Class F FA, derived from bituminous coal, is rich
in silica, alumina, and iron but low in calcium, requiring activation with cement or lime.
Class C FA, produced from lignite or sub-bituminous coal, contains higher calcium levels,
facilitating accelerated strength development. Incorporating FA into concrete enhances
workability, reduces drying shrinkage, and contributes to strength development (Table 1)
while also providing a sustainable solution to the waste disposal problem. Due to its physi-
cal properties and availability, FA is also often used as a substitute for natural sand [38,39].
Chemically, FA typically contains silicon dioxide (5iO,), aluminum oxide (Al,O3), iron
oxide (Fe;O3), calcium oxide (CaO), and residual unburned carbon (approximately 90% of
the remaining organic fraction). Its mineral composition includes crystalline phases (quartz,
mullite, hematite) and amorphous glassy phases (silica glass) [40]. Owing to incomplete
combustion and rapid cooling, FA particles adopt a predominantly spherical morphol-
ogy [41,42]. A substantial fraction (65-90%) of FA particles are smaller than 0.01 mm, which,
combined with their spherical shape, improves rheology, reduces interparticle friction, and
facilitates a more homogeneous and easily pumpable mixture. For instance, Xu et al. [43]
demonstrated that FA, due to its spherical morphology, initially reduces viscosity and
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shear stress, thereby lowering yield stress and improving extrudability. When FA content
exceeds approximately 20%, the increased water demand reverses earlier improvements
and reduces flowability. This change in rheology directly affects printability: extrusion
length rose from 40 mm to 91 mm with higher FA contents, but excessive levels (>30-40%)
led to loss of layer stability and weaker interlayer bonding. Buildability was highest at
20% FA, with minimal deformation and preserved interlayer integrity, whereas higher
replacement levels compromised structural stability. At moderate additions (~10-15%),
FA improves rheology through a lubrication effect that lowers yield stress and viscosity;
however, at higher dosages (>20-25%), this advantage is offset by greater water demand,
resulting in reduced filament stability and print accuracy [44].

Recent studies highlight the potential of nano-fly ash (N-FA) in 3DCP. Taqa et al. [45]
demonstrated that incorporating 5-15% N-FA significantly enhanced workability, increas-
ing flow spread by up to 41.3%, reducing extrusion pressure, and improving print stability,
which allowed a greater number of layers to be deposited without deformation. In mix-
tures containing polyoxymethylene (POM) fibers [46], FA addition improved rheological
performance: at 20% FA, dynamic yield stress decreased by 21.69-32.89% depending on
fiber content (1.5-2.5%), while plastic viscosity decreased by 16.95-21.58%. These results
confirm the “ball-bearing lubrication” effect of FA, which facilitates paste flow, improves
fiber dispersion, and enhances overall workability. The most favorable balance between
printability and buildability was observed at 10-15% N-FA. At 5% N-FA, compressive
strength increased by 19.4% (printed specimens) and 25.9% (cast specimens), while flexural
strength improved by 46.1% and 33.4%, respectively. The maximum flexural strength gain
of 52.5% was recorded for 10% N-FA in printed mixtures [45]. Tseng et al. [47] found
that FA enhanced flowability due to the spherical morphology of its particles, reducing
interparticle friction and improving extrusion uniformity.

Other studies [48,49] further corroborate these findings, indicating that an FA content
of approximately 10% provides optimal improvements in rheological properties without
significant loss of mechanical performance. For example, mixtures with 10% FA achieved
flexural and compressive strengths of 18.5 MPa and 144.6 MPa, respectively, compared
to reference values of 17.9 MPa and 136.4 MPa [48]. Moreover, compressive strength at
10% FA was 37.5% higher than that of mixtures with 20% FA [49]. Collectively, these results
confirm that FA, particularly in nano-scale form, offers significant potential for improving
both fresh-state properties and hardened performance in 3D printable concretes.

Table 1. Properties of fly ash used in conventional and 3D printed concrete.

% Replacement . . . Compressive Specimens
FA Class in Cement Particles Size Density Strength (MPa) Type Reference
23.02 MPa, 19.73
F 10, 30, 50% - - MPa, and 19.25 MPa,  cast specimens [50]
respectively
F 50% <10 um 22¢g/ cm? cast specimens [51]
F 25, 50% ) 208 46 MPa anc} 36 MPa, 3D—p.r1nted [47]
respectively specimens
HFA (high- .
temperature fly 35% <400 pm 241¢g/ cm? 40 MPa 3D—p.r inted [52]
specimens
ash)
C 0%, 25%, 50% <100 pm - 29-40 MPa. 3D-printed [53]
specimens
Increase strength up .
< -
F 5,10, 15% slpm ~220g/cm3  to ~35 MPa after 28 3D-printed [45]
(nano-FA) specimens
days
C 100% - - 32.63-34.86 (28 days) 3D-printed [48]

specimens
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Coal bottom ash (CBA) is a by-product generated in conventional pulverized coal-fired
boilers, where the heavier particles settle at the bottom of the combustion chamber. It is
a porous, granular material with a dark coloration and a morphology resembling gravel
or coarse sand. After drying and grinding (ground coal bottom ash, GCBA), it exhibits
pronounced pozzolanic activity, which increases with particle fineness. In its dry state,
CBA consists primarily of silica, alumina, iron oxides, and calcium oxide and may contain
residual unburned carbon. The latter influences both the loss on ignition (LOI) and the
water demand of mixtures containing CBA. Compared to coal slag, CBA demonstrates
higher chemical reactivity, as it can react with calcium hydroxide generated during cement
hydration to form additional calcium silicate hydrate (C—S-H) phases. This secondary
hydration process enhances both the compressive strength and the impermeability of
concrete. The literature suggests that fine coal bottom ash (CBA) improves pozzolanic
reactivity and mechanical properties, but excessive fineness or high replacement levels can
negatively impact rheology, increasing water demand and reducing mix stability [54].

According to [55], fly ash (FA) and bottom ash (CBA) originating from the same coal-
fired power plant exhibit favorable compressive strength development and a chemical
composition conducive to capillary pore refinement through the formation of reactive
hydration products. This process leads to a modified pore size distribution, contributing
to improved durability performance. The principal differences between FA and CBA are
summarized in Table 2.

Table 2. Physical, chemical, and functional characteristics of fly ash vs. bottom ash [56].

Parameter Fly Ash (FA) Coal Bottom Ash (CBA)
Source Particles from flue gas transport Clmker-hkebl umps from boiler
ottom
Density (g/cm?) 2.18-2.32 2.20-2.40
Moisture content (%) 0.01-0.11 26.5-50.1
Median particle size (mm, d50) 0.01-0.03 0.42-2.19
Sand fraction (%) 3.5-7.5 39.8-56.9
Dust fraction (%) 77.6-90.2 5.3-18.0
SiO; (%) 51.1-64.4 52.0-64.9
AL O3 (%) 19.4-27.9 17.9-24.7
Fe; O3 (%) 3.5-8.0 4.9-9.6
CaO (%) 1.3-6.2 21-71
SO;3 (%) 0-2.1 0-1.3
pH 8.1-12.8 8.3-9.7
Loss on ignition (%) 0.9-2.1 -
Practical properties Imprgves workability, durability, Good permeabi@ity, water retention,
increases compactness mechanical stability

The utilization of coal bottom ash (CBA) in concrete technology has gained increasing
attention owing to its economic benefits and environmental advantages. Ganesan et al. [57]
evaluated CBA as a cost-effective fine aggregate replacement in combination with ultrafine
slag material (Alccofine) as a partial cement substitute. The optimal mixture, comprising
40% CBA and 15% Alccofine, resulted in the highest compressive strength. Similarly,
Chuang et al. [58] investigated the replacement of Portland cement with ground CBA
(GCBA) in conjunction with fly ash (FA) derived from the same power plant. Their findings
revealed that, at a water-to-binder ratio (W/B) of 0.5 and a 60% cement replacement by FA,
compressive strength increased markedly from 11.00 MPa (7 days) to 40.75 MPa (180 days),
demonstrating excellent long-term performance. For finely ground CBA (FGCBA), a 20% re-
placement level provided higher early (24.27 MPa) and final (44.10 MPa) strengths, while
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a 60% substitution achieved only modest improvements (9.49 to 33.02 MPa), indicating
reduced efficiency of FGCBA at elevated dosages.

The pozzolanic potential of GCBA has been confirmed in multiple studies. The degree
of grinding is critical: Oruji et al. [59] showed that GCBA with a median particle size of
D50 ~ 5 pm exhibits reactivity comparable to FA, while Guan et al. [60] demonstrated
that finer particles improve mortar strength. Excessive grinding, however, can impair
the rheological behavior of fresh mixes. Aydin [61] evaluated mortars with 25-70% CBA
replacement and found that balanced substitution levels ensured satisfactory strength
and durability. Similarly, Poudel et al. [62] reported optimal mechanical performance at
moderate GCBA contents (10-20%). At higher replacement levels, additional measures such
as nanomaterials or superplasticizers were required to maintain adequate properties. These
distinctions are critical in determining the practical applications of FA and CBA. Fly ash,
due to its high pozzolanic reactivity, is primarily employed as an active binder component
in concrete mixtures. By contrast, the porous structure of CBA enhances water retention,
but at high replacement levels it requires the addition of mix-modifying admixtures. The
fundamental difference between the two materials lies in their chemical reactivity, very high
for FA and moderate for GCBA, which dictates their suitability for specific applications.
From an environmental standpoint, both materials present significant potential: FA reduces
cement consumption and, consequently, CO, emissions, whereas GCBA can serve not only
as a cement substitute but also as a fine aggregate or a raw material for eco-friendly brick
production, offering a sustainable alternative to traditional fired clay products [63].

2.2. Addition of Ground Granulated Blast Furnace Slag

Partial replacement of cement with ground granulated blast-furnace slag (GGBFS)
represents one of the principal strategies for producing sustainable concrete, as it effectively
reduces the environmental footprint of construction materials. GGBFS, a by-product of the
steel industry, is widely recognized for its capacity to enhance concrete durability, improve
resistance to chemically aggressive environments, and lower CO, emissions. Substituting a
portion of Portland cement with GGBFS not only reduces the demand for natural resources
but also decreases the energy intensity of traditional cement production. As a result,
slag-modified concrete offers a combination of environmental, mechanical, and durability
benefits, making it a compelling alternative in sustainable construction practices.

GGBFS is produced during the manufacture of pig iron in blast furnaces (Figure 3). Af-
ter tapping, the molten slag is routed either to an air-cooling yard or to a water-granulation
trough. Slow air-cooling followed by aging, crushing and screening yields a largely crys-
talline air-cooled slag, typically used as road-base, coarse aggregate for concrete, or as
cement raw meal. In contrast, rapid quenching with pressurised water produces a glassy
granulated slag; when sieved it can serve as fine aggregate for concrete or asphalt, and
when dried and ground it becomes ground granulated blast-furnace slag (GGBFS)—a
latent-hydraulic and pozzolanic binder. Thus, the cooling route and point of collection
control the properties and the end use of the slag. Due to these physico-chemical char-
acteristics, GGBFS is extensively employed as a partial substitute for ordinary Portland
cement (OPC), providing environmental, economic, and technological advantages. Notably,
replacement of 50% OPC with GGBFS can reduce CO, emissions by up to 0.5 t per m?
of concrete [64].
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Figure 3. Production flow of the blast furnace slag [64].

The production process involves rapid cooling of molten slag through powerful water
jets, resulting in a fine-grained, glassy material composed of approximately 95% amorphous
phase. Following drying and grinding, GGBFS typically achieves a specific surface area
in the range of 4250-4700 cm? /g, exceeding that of OPC, and exhibits a specific gravity of
approximately 2.85-2.90 g/cm3, slightly lower than that of cement (~3.15 g/cm?) [65,66].

Chemically, ground granulated blast-furnace slag (GGBFES) consists predominantly
of CaO (30-50%), which governs its hydraulic activity; SiO, (28-38%), responsible for
pozzolanic reactivity; Al,O3 (8-24%) and MgO (1-18%), which influence binding reactions;
as well as trace quantities of Fe;O3, SO3, NayO, and K,O. The precise composition varies
depending on the slag source, fluxes, and furnace feedstock.

Scanning electron microscopy (SEM) analyses reveal that GGBFES particles are angular,
irregular in shape, and possess a rough texture with a relatively high surface area. This
morphology increases the paste demand to ensure adequate particle coating, potentially
affecting mix flowability. At the same time, the angular edges and rough surfaces improve
interfacial bonding within the cementitious matrix, thereby enhancing density and reduc-
ing permeability. Hydraulic activity is strongly dependent on basicity, expressed as the
CaO/SiO; ratio, with higher values correlating with greater reactivity. The hydration of
GGBFS is slower than that of ordinary Portland cement (OPC) and typically requires activa-
tion (e.g., through cement, lime, or alkalis). The main hydration product is calcium silicate
hydrate (C-S-H), which contributes to strength development and durability. Conflicting
reports on the optimum substitution level (30% vs. 40%) stem from differences in fineness,
Ca0/SiO; ratio, and chemical activation. Finer, more reactive slags sustain higher dosages
without early strength loss [67], whereas less reactive slags shift the optimum toward lower
replacements. Akhlaq et al. [68] noted that balanced workability and strength typically
occur in the 30-50% range, reinforcing the need for mechanistic evaluation of GGBFS in
3DCP rather than descriptive substitution ratios.

Partial replacement of OPC with GGBFS generally enhances workability up to substi-
tution levels of approximately 40%, owing to the filler effect and improved particle packing.
Beyond this threshold, workability tends to decline due to increased water demand and
higher paste requirements; superplasticizers are therefore recommended. Studies consis-
tently indicate that GGBFS replacement levels of 20-30% provide optimal improvements in
compressive strength at both 28 days and later ages (5690 days), driven by the combined
effects of pozzolanic reactions and gradual hydration. From a 3D concrete printing per-
spective, the angular morphology and high surface area of GGBFS directly affect rheology
at moderate replacements (~20-30%). They improve particle packing, filament cohesion,
and extrudability, but at higher levels (>40%) they elevate yield stress and plastic viscosity
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beyond the printable window, impairing flow and continuity [43,69]. The slower hydration
rate extends the open time, favoring extrusion, yet delays green strength development,
which can compromise buildability. At higher replacement levels (60-80%), compressive
strength typically decreases due to the dilution effect, i.e., a reduced fraction of reactive
cementitious components. GGBFS was found to primarily contribute to mix cohesion,
enhancing interlaminar stability and deformation resistance at higher exchange rates [47].
Furthermore, the incorporation of GGBFS in 3D-printed concrete introduces a pronounced
anisotropic behavior, where mechanical properties strongly depend on the loading di-
rection relative to the printing orientation. Shoueb [70] demonstrated that compressive
strengths of printed specimens were consistently lower than those of conventionally cast
counter-parts, with reductions ranging between 26-35% due to interlayer voids and lower
density of the printed filaments. Directional testing further revealed that compressive
strength in the X-direction was approximately 16% lower than in Y and Z, highlighting the
weaker bonding across filament interfaces. In flexural performance, specimens tested in the
Z-direction (perpendicular to layer planes) exhibited superior behavior: the modulus of
rupture was more than 42% higher and the fracture energy absorption capacity about 55%
greater compared to specimens tested in the Y-direction. This enhancement is attributed
to the increased interfacial area and compaction achieved by successive layering in the
vertical direction. Conversely, the Y-direction reflected the weakest interlayer bonding,
limiting tensile and flexural resistance.

Rahmat et al. [69] reported that ~30% GGBFS achieves the most favorable balance
between workability and strength, whereas higher replacement levels result in reduced
flowability and increased porosity. Shreyas [71] found that ~40% GGBEFS provides the
highest mechanical strength and workability in conventional concrete, but for 3D print-
ing applications, 30% substitution ensures superior production efficiency. The delayed
hydration kinetics of GGBFS introduce a dual effect in 3DCP, extended open time sup-
ports pumping and continuous extrusion, yet the slower development of green strength
compromises buildability and dimensional stability of early layers. Xu [43] observed that
GGBEFS addition extends the initial setting time from ~7.5 to ~9 min. At ~20% GGBES,
extrudability is significantly enhanced, with continuous filament lengths reaching 98 mm,
reflecting improved flowability and homogeneity. Conversely, at 40% replacement, paste
viscosity increases, filament length decreases, and print quality deteriorates. Buildability,
defined as the ability of successive printed layers to retain shape without deformation,
is maximized at ~20% GGBFS, whereas higher contents reduce geometric stability and
dimensional accuracy.

Beyond mechanical and rheological aspects, GGBFS markedly improves durability.
Its incorporation enhances resistance to acids, sulfates, carbonation, and chloride ion
penetration. The filler effect also reduces capillary porosity, leading to lower water ab-
sorption, improved freeze-thaw resistance, and increased concrete density. In 3D printing
applications, it functions as a rheology-modifying agent at optimal dosages, improving
extrudability, shape stability, and interlayer bonding. Mixtures incorporating combined
GGBES and fly ash (0-40%) have demonstrated an optimal balance between strength
and workability. At higher replacement levels, however, the use of chemical admixtures
becomes necessary to ensure adequate viscosity and formability.

2.3. Addition of Coal Slag

Coal slag (CS) is produced under high-temperature coal combustion conditions, typi-
cally in boilers with forced air systems or in fluidized bed furnaces. It forms in the lower
section of the combustion chamber, where it vitrifies as a result of rapid quenching with
pressurized water. The material occurs as hard, glassy granules—often brick-red when
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fully combusted or dark gray when partially combusted—containing approximately 50%
silica and significant amounts of alumina (Table 3) [72]. Depending on the cooling rate,
coal slag may have a porous or dense structure. It exhibits a bulk density in the range of
700-1800 kg/m3, high water absorption of up to 20%, and porosity reaching 60%. The
pronounced water absorption capacity of CS increases the static yield stress and accelerates
structural build-up, thereby reducing the open time and adversely affecting pumpability.
Furthermore, its inherent porosity intensifies internal friction, which results in elevated
viscosity and diminished flowability through the nozzle [73]. Conversely, the rough and
angular surface morphology enhances mechanical interlocking with the surrounding paste,
thereby promoting stronger interlayer adhesion and improving the structural stability
of the printed filaments [74]. Tao, Y. et al. demonstrated that, in 3D concrete printing,
increased surface roughness and mechanical interlocking enhance interlayer bond strength
and structural stability, with substrate roughness exerting a particularly significant effect
on bond performance [75].

Its suitability for construction applications depends on limiting the presence of un-
burned carbon, sulfates, iron sulfides, and other contaminants that may adversely affect
concrete performance [76]. Owing to its rough, irregular surface and favorable particle
shape, CS is mainly used as a coarse aggregate in concrete, particularly in high-performance
concrete (HPC), where it can improve paste—aggregate bond strength and reinforce the
interfacial transition zone (ITZ). While its chemical properties are relatively stable, CS
exhibits little pozzolanic reactivity; its role in concrete mixtures is primarily mechanical.

According to Smarzewski, the high porosity of CS promotes intensive absorption of
mixing water, and both porosity and water absorption increase with higher CS content.
In mixtures containing 30% CS, porosity and absorption increased by 11.3% compared to
the reference mix, while density decreased by 7.8% [77]. A reduction in particle density
decreases the self-weight of extruded mixtures, which can be advantageous for buildability.
However, the concomitant increase in water uptake elevates the static yield stress and
accelerates thixotropic structuration, thereby heightening the risk of pump or nozzle block-
age at higher replacement levels. Consequently, the incorporation of superplasticizers or
viscosity-modifying admixtures is commonly required to re-establish adequate flowability
and to ensure sufficient open time for successful printing [78]. Regulatory standards define
acceptable limits for loss on ignition, particle size distribution, foreign matter content, and
natural radioactivity [79]. In addition to concrete applications, coal slag can also be used
in geopolymers [80]. Moreover, in geopolymer systems, the reaction mechanisms and
setting kinetics are strongly governed by the Si/ Al ratio. Careful adjustment of CaO/Al,O3
and SiO,/Al,O3 proportions enables control over workability, early-age strength, and
durability, which is particularly relevant for 3D printing applications [81]. Khargerdi et al.
demonstrated that adding up to 10% CS by cement mass slightly increased compressive
strength, reduced water absorption, and improved durability [82]. The authors’ previous
studies have incorporated CS into foamed mixtures intended for 3D concrete printing.
Results indicated that mixes containing CS combined with rigid fibers—such as basalt
and glass fibers—achieved the highest flexural strengths of 4.14 MPa and 2.39 MPa, re-
spectively [83]. Furthermore, partial replacement of cement with CS contributes to CO,
emission reductions. For concrete with CS, raw material production accounts for up to 90%
of total emissions. At 30% CS content, the CO, emission per unit of compressive strength
(per MPa) was reduced by 0.13 kg compared to OPC concrete, making CS a favorable
material from a sustainable construction perspective [84].
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Table 3. Comparative analysis of coal slag oxide composition.

. Liu Rezayt Khargerdi Trinh Rudziewicz
Oxides et al. [85] ot al. [82] et al. [80] et al. [83] Ren etal. [84]
Na,O 0.58 1.21 0.43 - 1.78
MgO 2.06 1.65 1.40 1.20 1.47
AlLO3 22.19 22.84 242 31.94 15.93
SiO, 58.55 44.22 544 48.38 43.11
SO;3 0.33 2.72 - 3.41 0.62
SrO 0.23 - - 0.20
K,O 2.36 4.5 3.59 2.61 1.30
CaO 6.28 1.28 1.30 1.73 16.69
TiO, 1.13 1.72 0.78 1.71 -
P,0s 0.22 0.40 0.08 0.60 -
Cr,05 0.04 ; ) 0.03 ;
MnO 0.06 - 0.03 0.02 -
Fe,Os 5.66 195 ) 7.66 18.60

Compressive strength increased substantially with the addition of CS—after 28 days,
improvements ranged from 15.4% (10% CS) to 22.9% (30% CS) and after 730 days from
9.4% to 20.2%. Splitting tensile and flexural strengths also improved, with splitting tensile
strength increasing by 8-9% at 28 days and 2-3% at 730 days. Flexural strength gains were
particularly notable in early-age curing for mixtures with 10-20% CS [77].

2.4. Addition of Silica Fume

Silica fume (SF), a by-product generated primarily during metallurgical operations in
electric arc furnaces, is extensively employed as a supplementary cementitious material in
cement and concrete composites. Owing to its ultrafine particle size and high pozzolanic
reactivity, SF significantly enhances both the mechanical performance and durability of
cement-based materials. Its incorporation reduces matrix porosity, increases resistance to
chemical degradation, and improves freeze-thaw durability [86].

From a sustainability perspective, the partial substitution of ordinary Portland ce-
ment with SF contributes to reducing CO, emissions, thereby supporting the objectives
of sustainable construction practices. The combined action of its microfiller effect and
pozzolanic activity promotes refinement of the concrete microstructure, densification of the
interfacial transition zone (ITZ), and an overall extension of service life under aggressive
environmental conditions [87,88].

2.5. Waste Glass Powder

Ground waste glass (WGP) contains a high fraction of amorphous silica and, when
sufficiently fine, exhibits pozzolanic reactivity beneficial to printable binders. Particle
size is critical—the pozzolanic response becomes pronounced below ~300 um. Fine frac-
tions also provide a filler/packing effect, refining the microstructure and supporting
strength development [62,89-91].

At low replacement levels (~5-15%) and after extended curing (e.g., 56-90 days),
multiple studies report compressive-strength gains over reference mixes, attributed to
the combined pozzolanic and filler mechanisms [90-92]. With respect to durability and
microstructure, very fine glass particles (<75 um) tend to mitigate alkali-silica reaction
(ASR) and densify the ITZ by supplying nucleation sites for secondary C-S-H; by con-
trast, coarser or inert fractions can behave as flaws, weakening the ITZ and amplifying
anisotropy [93-96]. Consistent with these mechanisms, reducing particle size and optimiz-
ing gradation at a fixed replacement level systematically improves performance; for exam-
ple, at ~20% cement replacement, downsizing from ~74 pm to ~38 um increased 14-90-day



Materials 2025, 18, 4517

12 of 37

compressive strength, while tailored gradation improved interlayer adhesion and flexural
strength, particularly under bending perpendicular to the print direction [97-99].

From a process standpoint in 3DCP, small-moderate WGP dosages improve matrix
packing, can broaden the printability window, and stabilize buildability, whereas very high
replacements may shorten open time unless viscosity is retuned [100].

Cross-reference: The use of WGP (as an SCM) is discussed in the summary of process-
related effects and in the LCA context. In Section 2.6, recycled glass is treated solely
as aggregate.

2.6. Addition of Construction and Demolition Waste

Recycled materials obtained from construction and demolition waste (CDW)—notably
recycled coarse aggregate (RCA), recycled fine aggregate (RFA), crushed bricks, and waste
glass—are increasingly recognized as sustainable alternatives to natural aggregates in
concrete production. RCA, produced from crushed demolition concrete, is widely applied
as a substitute for natural coarse aggregates, yielding notable environmental benefits by
reducing landfill disposal and limiting the extraction of virgin resources. RFA, derived from
the finer fractions of crushed concrete, can partially replace natural sand; however, its use
is often associated with increased water absorption and reduced workability of fresh mixes.
Crushed bricks, predominantly sourced from demolition debris, are also incorporated into
concrete, primarily for non-structural applications due to their relatively lower strength and
higher porosity compared with natural aggregates. Waste glass, when properly processed
and sized, may serve as a fine aggregate in 3DCP. For binder-level use of ground waste
glass (WGP) and particle-size effects, see Section 2.5 (“Waste Glass Powder”).

Beyond RCA, RFA, bricks, and glass, CDW encompasses a wide spectrum of ad-
ditional materials with potential applications in concrete production, including wood,
gypsum, plastics, metals, and asphalt. CDW can be broadly classified according to its
origin, distinguishing between anthropogenic sources (e.g., construction, renovation, de-
molition activities) and natural disasters (e.g., earthquakes, floods, hurricanes, tsunamis).
Although not all CDW fractions are suitable for direct incorporation as primary concrete
constituents, several—once adequately processed—exhibit potential as supplementary
fillers or additives. For instance, finely ground reclaimed asphalt pavement has been
successfully incorporated into road and composite concretes, contributing to improved
durability in specific applications. Gypsum waste, while often considered a contaminant in
recycled concrete streams, has been investigated to a limited extent as a mineral additive.
Plastics such as shredded PVC and polyethylene waste have been explored as lightweight
aggregates or fibers to tailor rheological and mechanical properties, although challenges
remain regarding long-term durability and fire resistance. Metal waste is typically recy-
cled outside the concrete industry; in certain cases it has been employed as dispersed
reinforcement or as a component contributing to improved thermal conductivity.

Beyond the need to ensure appropriate grading of waste-derived feedstocks, a major
limitation is the risk of their inherent variability and potential contamination, and the
resulting impact on mechanical properties; these factors necessitate rigorous mix-design
strategies and strict quality-control measures. Sulfate-bearing gypsum residues, frequently
present in fine recycled aggregates, may trigger internal sulfate attack and expansion;
accordingly, standards cap water-soluble sulfate in aggregates (e.g., <0.2% by mass in EN
206 [101]), and best practice stresses selective demolition to avoid gypsum intrusion [102].
Adhered old mortar further elevates water absorption and porosity—often several-fold
relative to natural aggregate—thereby shifting mix water demand and degrading the ITZ,
which is consistently linked to strength penalties [103,104]. Impurities such as clay, gyp-
sum/plaster, asphalt, wood, or paint have been reported to depress compressive strength
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even at modest contents, underscoring the need for upstream separation and contamination
screening [105]. Moreover, limits on specific contaminants (e.g., bituminous/asphaltic con-
stituents < 10% by mass in EN 12620 guidance) should be combined with process controls
such as moisture and absorption management (pre-saturation) and batch-wise rheology
monitoring to maintain printable mixtures within the extrusion window [106,107].

Table 4 summarizes the mechanical properties of recycled aggregates used in three-
dimensional concrete printing (3DCP). The incorporation of recycled sand, recycled coarse
aggregate, waste glass, or plastics generally results in a reduction in compressive strength,
particularly at higher substitution levels of natural aggregates [108,109]. This decrease in
strength is primarily associated with the increased porosity of the matrix and the weaker
bond at the aggregate—cement interface. For instance, the smooth surface texture of re-
cycled glass particles may hinder effective bonding within the interfacial transition zone
(ITZ) [110]. Furthermore, the presence of adhered residual mortar on recycled concrete ag-
gregates can act as a structural weakness, negatively affecting both the mechanical integrity
and long-term durability of the composite [111]. These microstructural features directly
affect rheological parameters critical for extrusion. Increased porosity and adhered residual
mortar elevate the static and dynamic yield stress as well as the plastic viscosity, which
in turn shortens the open time and impairs pumpability and extrudability. For instance,
Cavalcante et al. [112] reported that replacing 50% of cement with recycled concrete powder
nearly tripled both static and dynamic yield stress compared with control mixes, moving
the values outside the optimal extrusion range (280-600 Pa). These rheological shifts result
in poor nozzle flow and reduced buildability unless compensated by superplasticizers
or supplementary cementitious materials. Complementary studies [113] confirmed that
partial replacement of Portland cement with recycled concrete powder (RCP) of up to
50% by mass produces similar trends in both rheological and mechanical behavior. In-
creases in static yield stress and thixotropic build-up were mainly attributed to physical
effects associated with hydration kinetics and particle packing. Despite these rheological
limitations, successful fabrication of a printed prototype with 50% cement replacement
was achieved, demonstrating the technical feasibility of such high substitution levels. The
deliberate adoption of this elevated ratio illustrates a more radical approach to reducing
the environmental impact of printable mixtures driven by their high cement content while
recognizing the inevitable trade-off in mechanical strength. Although the incorporation
of these unconventional CDW-derived constituents remains largely experimental, their
potential to support circular-economy strategies and reduce CO, emissions positions them
as a promising pathway toward more sustainable construction materials.

Table 4. Overview of Recycled Aggregate Behavior in 3DCP [114].

Replacement

Recyc.led Repla'ced Ratio F’artlcle Fresh Properties Mechanfcal References
Materials Materials [%] Size [mm] Properties
o
Slight reduction in
Increased compressive strength,
Recycled sand Natural sand 12.5-50 0.9 extrudability limited effect on [109]
anisotropy
Increased porosity,
Decreased reduced strength
Recycled sand Natural sand 50-100 3 workability with higher [115]
replacement rates
Decreased .
Recycled flowability; e\{;ei)izgzisﬂgrx?vvi\fci
concrete coarse Quarry stone 50-100 5-12 increased exp y [116]
. - time; shear modulus
aggregate buildability;

shorter open time grows linearly
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Table 4. Cont.
Replacement . .
Recycled Replaced Ratio Particle Fresh Properties Mechanical References
Materials Materials [%] Size [mm] P Properties
Recycled Decr.eas.e in strength
Nature coarse Increased with increased
concrete coarse 50-100 5-12 . o . [111]
aggregate buildability replacement ratio
aggregate and age
Fine recycled Compressive
aggregates Natural fine 25-100 ) Fresh consistency  strength (>50 MPa at [117]
(concrete & aggregate > 150 mm 28 days); acceptable
brick) for 3D printing
Recycled brick Natural Reduction in strength
aggregate aggregate 64 75 ) due to porous RBA [118]
Increased porosity,
Recycled glass Natural sand 50 0.796 - negative impact on [99]
flexural strength
Better flow Lower buildability
Recycled glass River sand 100 0.15-1.7 ) and mechanical [110]
properties .
properties
Higher Decrease in
Recycled plastic <1 mm/ flowability, lower compression and
eco-aggregate Natural sand 5-15% <5 mm thixotropy; flexural strength; [119]
(RESINS) poorer improved interlayer
buildability bond strength
Decreased
Polyethylene Decreased burlrllcelzaczg:i};;nd
terephthalate Natural sand 10-50 4 . o L [120]
buildability properties, improved
(PET)
freeze—thaw
resistance
Recycled plastic Increased
ywas tz Natural sand 5-15 5 flowability and Decreased strength [119]
porosity
Recycled crumb River sand 15 236 ) Amsgtropm [121]
rubber compressive strength
Waste tire Y Decreased
rubber Natural sand 25-100% 1-3 workability - [122]
Lower environmental
Waste tire impact and energy
rubber Natural sand 50 =3 ) effectiveness in 3D [123]
printing
Decreased
Rubber Natural sand 5-15 0.1-3 egtrudablhty, - [124]
aggregates improved
buildability
Mechanical
properties can be
Copper slag as . o ) Increased maintained at full
fine aggregate River sand up to 100% workability sand replacement [125]
(requires mix
optimization)
Mixtures fall Printable elements;
Steel slag as within the strength depends on
. & River sand up to 100% - printability steel slag [126]
fine aggregate : .
window; good aggregate-to-cement
buildability ratio (SA/C)

Recycled Concrete Aggregate (RCA) is a secondary raw material obtained through the

processing of construction and demolition waste, primarily originating from dismantled

concrete structures. By definition, RCA consists of natural aggregate particles partially
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coated with remnants of hardened cement paste (adhered mortar), which strongly influ-
ences its physical, mechanical, and durability-related properties. The production process
typically involves selective demolition, mechanical crushing—most often performed in
two stages—and subsequent separation of contaminants such as reinforcing steel, wood,
or plastics [127]. The processed aggregate is subsequently classified into coarse fractions
(5-32 mm) and fine fractions (<5 mm), the latter referred to as Recycled Fine Aggregate
(RFA), which is particularly relevant for 3D concrete printing (3DCP) due to pumping and
nozzle size constraints in printing systems [73,128]. The incorporation of fine recycled
concrete aggregates (FRCAs, <4 mm) into 3D-printable mortars has been shown to increase
static yield stress and plastic viscosity owing to their elevated surface area, porosity, and
residual adhered mortar. At a 50% replacement level, Sbardelotto et al. [129] observed
reduced flowability and shortened open time, accompanied by enhanced structural build-
up and interlayer stability. Consequently, FRCA can improve buildability but adversely
affect extrudability, necessitating higher dosages of superplasticizers to maintain adequate
nozzle flow.

Impact of RCA /FRCA on Extrusion-Relevant Rheology: Quantitative Benchmarks

For extrusion systems in 3DCP, it is useful to consider three operating “windows” of a
printable mixture: pumpability (low resistance to flow in the line), extrudability (governed
mainly by dynamic yield stress), and buildability (governed mainly by static yield stress).
Consolidated reviews and experimental studies report typical ranges: a pumpability zone
on the order of tens of Pa in the line (higher values promote blockages); an extrudability
window often ~0.1-0.5 kPa for dynamic yield stress (occasionally up to ~0.9 kPa); and
buildability requiring static yield stress ~ 500-600 Pa (with plastic viscosity ~2-10 Pa-s,
~8 Pa-s in representative studies) for stable layer-by-layer deposition; higher viscosities
and yield stress improve green load-bearing capacity but shorten open time and increase
required pump pressures [130,131].

Data for mixtures containing RCA /FRCA show a systematic increase in static and
dynamic yield stress and in plastic viscosity, as well as an accelerated structural build-
up, which improves buildability at the expense of extrudability and open time. For 20%
RCA, reports indicate dynamic yield stress ~ 944.5 Pa (t = 0 min) rising to ~ 1676.4 Pa
(t = 30 min)—outside the typical nozzle range for extrusion; these values were reduced
using a superplasticizer without increasing w/b (this also holds for FRCA) [123,124].
Introducing 25% and 50% FRCA increased static/dynamic yield stress and the rate of
structural build-up; in studies on mortars with recycled sand, buildability increased by
~33% and ~83%, respectively, while flowability decreased and open time shortened. Review
papers emphasize that keeping FRCA-bearing mixes within the ~0.1-0.5 kPa (dynamic)
range, occasionally up to ~0.9 kPa depending on system: superplasticizers (often with
tailored polymer architecture), which lower yield stress and plastic viscosity at constant
w/b; SCMs/particle packing, to counter the effects of porosity and specific surface area of
adhered mortar; and optionally rheology regulators (e.g., sodium gluconate) to slow the
growth of yield stress over time and extend open time. As operational targets for FRCA
mixtures, we recommend: Tp,dyn (t = 0) < 600 Pa, the time-dependent increase in dynamic
yield stress during printing kept within the capacity of the pump/system, and plastic
viscosity maintained at the lower end compatible with the required cross-section stability
of the filament [130-135].

RCA particles differ from natural aggregates (NAs) primarily in terms of bulk den-
sity, which typically ranges between 2.1-2.4 g/ cm?, compared to 2.5-2.7 g/ cm? for NAs,
a reduction of up to 17% [136]. Nevertheless, their rougher surface morphology may
improve mechanical interlocking with fresh paste, potentially benefiting interlayer bond
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strength in 3D-printed structures. Beyond the well-recognized weakening of the interfacial
transition zone (ITZ) due to adhered mortar or smooth glassy surfaces, the pore structure of
recycled aggregates also governs interlayer adhesion in 3DCP. Liu et al. [94] reported that
larger and irregular pores concentrated near the aggregate surface disrupt paste continuity
across layers, reducing local bonding and promoting microcracking at the interface. This
highlights that porosity is not only detrimental to bulk strength but also a decisive factor in
anisotropic behavior of 3D-printed elements, where weak interfaces become the primary
failure planes.

In response to these challenges, research efforts have increasingly shifted towards
RFA in 3DCP applications. Compressive strengths reported for RFA-based mixtures range
from 25 to 60 MPa [137,138]. Reddy et al. [32] demonstrated that the compressive strength
of 3D-printable concretes varies significantly with the level of RFA replacement. Simi-
larly, Khatib [139] reported that partial replacement of natural fine aggregate with RFA in
the range of 25-75% yields compressive strengths comparable to control mixes, whereas
complete replacement results in notable strength reduction. Strength losses associated
with increasing RFA contents have been observed consistently across all build directions
(X, Y, Z), with reductions ranging from 9.4-29.2% in X, 12.5-33.1% in Y, and 14.9-40.0%
in Z [140,141].

In addition to conventional RFA, other secondary materials with appropriate particle
size distributions have been investigated for 3DCP, including crushed waste brick and
recycled glass. Brick waste, predominantly derived from the demolition of masonry and
ceramic elements, typically ends up in landfills, contributing to land-use pressure and
environmental degradation [142]. Consequently, its reuse in 3D-printed concrete (3DPC)
has attracted considerable interest [143]. When crushed to fine fractions (<4 mm), waste
brick can function as RFA, while ceramic brick powder (CBP), obtained from finely ground
waste brick, has potential as a partial cementitious binder replacement.

Due to its porous structure, brick aggregate exhibits higher water absorption and lower
density relative to natural aggregates, which can adversely affect mechanical properties.
Nonetheless, brick aggregate demonstrates strong adhesive characteristics and favorable
thermal resistance. Experimental findings suggest that higher porosity may improve
high-temperature performance by facilitating vapor release and reducing internal stresses;
however, deterioration of interlayer bonding is reported at 600-800 °C [144]. At smaller
particle sizes (<2 mm), brick waste has in some cases improved compressive strength
compared to conventional concrete, by as much as 8.24% (28.90 MPa vs. 26.70 MPa),
while splitting tensile and flexural strengths were maintained or slightly enhanced up to
20% replacement, with maximum flexural strength reaching 6.97 MPa. Aboalella et al.
reported that replacing 50% of fine aggregate with crushed brick resulted in compressive
strength increases of 23% at 7 days, 28% at 28 days, and 19% at 56 days. The optimal
performance was observed when 50% of coarse aggregate was replaced with RCA and
50% of fine aggregate with crushed brick, yielding compressive, tensile, and flexural
strength increases of 32%, 28%, and 26%, respectively [145]. Conversely, Zheng et al.
demonstrated that complete replacement of natural aggregate with brick aggregate reduced
compressive strength by 11-12% at w/c = 0.55 and 13-17% at w/c = 0.35 after 28 and
56 days [146]. Their earlier work confirmed that brick aggregate mixtures exhibited high
printability and repeatability, attributed to optimized particle grading and porosity, which
improve structural stability during extrusion and ensure uniform flow [147]. Other studies
confirmed that printed elements incorporating brick aggregates displayed satisfactory
surface finish and dimensional accuracy, including the successful printing of a 390 mm-
high facade element. However, partial substitution levels remain critical: replacing 64%
of natural aggregate with brick aggregate reduced cube compressive strength by 25%
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(39.9 MPa vs. 53.1 MPa), interlayer tensile strength by 20% (1.37 MPa vs. 1.72 MPa), and
compressive strength in build directions D1 and D3 by 14% and 20%, respectively [118].

Ground brick powder (CBP) has been shown to exert a non-linear influence on com-
pressive strength: performance increases at replacement levels up to 10%, decreases at in-
termediate levels, and slightly increases again at higher dosages, with 10% identified as the
optimum. In 3DPC, incorporation of 10% CBP, combined with appropriate mix adjustments,
enhanced workability, compressive strength, and reduced structural anisotropy [148]. Both
crushed brick and CBP therefore represent promising options for 3DCP, offering favorable
rheology, good printability, and partial replacement of conventional raw materials. Their
use modifies mechanical performance, but, with optimized mix proportions, durable and
aesthetically appealing printed elements can be achieved while reducing environmental
impact. In the study [95] it was observed that appropriate processing (e.g., particle grada-
tion) of CBP combined with RFA results in a more homogeneous particle distribution and
improved crack control after exposure to elevated temperatures. This behavior directly
influences printing stability and mechanical performance. In this context, the interfacial
transition zone (ITZ) has been described as a privileged site for crack initiation, owing
to its higher local water-to-cement ratio and weaker microstructure compared to bulk
paste [149]. When coarser, porous, or chemically inert fractions are used, such as insuf-
ficiently reactive CBP or oversized glass particles, they tend to behave as flaws within
the ITZ, undermining cohesion and amplifying anisotropy under load. Conversely, finely
ground and reactive fractions densify the ITZ through additional C-S-H formation, thereby
improving interlayer bonding in 3D-printed concretes.

Similarly, recycled glass, when crushed to particle sizes comparable to natural sand
(<4 mm, often <0.3 mm), can serve as RFA. Binder-level effects of WGP are covered in
Section 2.5; here, recycled glass is discussed only as aggregate.

Ting et al. examined the rheological and mechanical performance of 3D-printed
cementitious materials incorporating recycled glass [110]. In their study, river sand was
fully replaced with a blend of glass particles, consisting of ~25% fine-to-medium fractions
(500-1700 um) and ~75% very fine fractions (150-710 pum). Their findings indicated that
glass addition facilitated the pumping and delivery of fresh mortar through the printing
nozzle. Flexural strength of glass-modified mixes followed trends similar to compressive
strength. Kim et al. investigated the replacement of fine aggregate with recycled glass at
levels ranging from 50% to 100% by volume. With a water-to-binder ratio of 0.45, flexural
strength decreased by 9% and 14% compared to the reference mix [150]. Conversely, other
studies reported flexural strength improvements of 25-33% when the bending direction
was perpendicular to the printing orientation, although decreases of 8-20% were observed
when tested parallel to the printing layers [99]. Likewise, Jiao et al. reported flexural
strength increases of 2%, 1%, 5%, and 1% at recycled glass replacement levels of 25%, 50%,
75%, and 100%, respectively [151]. Previous studies have demonstrated that the flexural
strength of printed layers varies with printing orientation, thereby confirming the critical
role of interlayer adhesion and microstructural integrity [152].

In contrast, Ting et al. found that compressive strength of glass-containing concrete
was approximately 50% lower than that of conventional sand-based concrete (16 MPa vs.
33 MPa), while flexural strength decreased by 30% (21 MPa vs. vs. 30 MPa) [110]. These
differences can largely be attributed to the weaker bond between recycled glass particles
and the cement matrix compared to that observed with river sand concrete [135,153].

Table 5 consolidates material-specific implications for 3D concrete printing (3DCP),
focusing strictly on process-relevant advantages and disadvantages (pumping, extrusion,
printability window, buildability, interlayer bonding).
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Table 5. Summary of recycled constituents and industrial by-products for 3D concrete printing
(BDCP): process-relevant advantages and disadvantages.

Material Advantages (3DCP) Disadvantages (3DCP) References
Lowers plastic viscosity and .
often reduces tp(dyn) — ngh dosages may delay
smoother pumping/extrusion; setting and reduce early
Fly ash (FA) o . e * green strength; buildability [154,155]
can stabilize buildability at . . :
. can drop without viscosity
moderate dosages; tends to control /admixtures
widen the printability window. ’
In alkali-activated
materials/geopolymers Activator sensitivity (Na/K,
(AAM/GP) systems: strong Si/Al, temperature) — risk
blasgzzﬁr?ziEZTguigg%FS) structural build-up (thixotropy) of too short printability [47,156]
& — high buildability; in cement ~ window or nozzle clogging
blends with FA: can keep if poorly tuned.
extrusion stable at lower GWP.
Strong increase of Ty(stat) and .
. . Excess dosage raises
early stiffness — improved o bili
buildability and filament shape viscosity — pumpabliity
Silica fume (SF) ; oo issues and potential nozzle [157,158]
retention; can mitigate blocking: . .
anisotropy via cleaner bead OF g, TEQTIIES precise
W /B and SP control.
geometry.
At small-moderate dosages: Very high replacements may
Recveled elass powder better matrix packing, longer shorten open time (in
y(W GI§ / GV\? G) printability window, and stable GP/AAM) and degrade [100]
buildability in printable filament quality without
mortars. viscosity tuning.
At modest levels can maintain Higher fractions increase
Recveled fine agorecate extrusion; with concurrent water/admixture demand,
y (RFA) 8818 cement reduction may keep may raise To(dyn) and [32,159]
buildability and extend shorten open time; green
printability by matrix tuning. strength often drops.
Rough angular surface may High absorption/roughness
Recveled brick acerecate enhance interlayer mechanical ~ — higher water demand and
y (RBA) 8818 interlock; feasible sand 1 19(dyn); can reduce [118]
replacement with controlled filament stability without
grading/moisture. paste adjustments.
Good extrudability at tuned wa tzl/g;derl;l?:tﬁreng?egons
Steel slag aggregate SA/C and W/C; rough texture . -
.. needed; buildability [126,160]
(SSA/SA) helps bead stability; synergy moderate without viscosit
with SF improves buildability. " y
modifiers.

Strength reduction and
Lighter mixes with damping; shorter open time if

can keep extrusion continuity untreated; viscosity T — [124,161]
after surface treatment and pumpability must be !
paste tuning.

Rubber aggregates (crumb
rubber, GWTR)

re-balanced; anisotropy may
intensify.
High sensitivity to activator
chemistry and curing

temperature — risk of too [156,162]
at low deformation; stable short printability or ’

extrusion when 1¢/viscosity sits ~ pumpability loss; requires
in the process window. tight process control.

High buildability with fast

structural build-up; early green
Geopolymers (AAM/GP strength enables layer stacking
based on FA /GGBFS)
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2.7. Long-Term Durability of 3D-Printed Concrete Mixes with Recycled Materials

In 3DCP, durability is governed not only by mix composition but also by anisotropy
and the quality of interlayer interfaces, which may act as preferential pathways for moisture
and ionic transport; the Y-direction is often the most vulnerable in terms of interlayer cohe-
sion, directly affecting freeze—thaw (F-T) resistance and chloride ingress [114]. Recycled
fine/coarse aggregates (RFAs/RCAs) tend to raise water absorption and matrix disconti-
nuity, while polymer recyclates (e.g., PETs) alter stiffness and fracture behaviour—both
effects amplifying the role of interfacial regions [109,115-117,120,121]. This aligns with a
recent review highlighting interlayer quality and mechanical anisotropy as key to structural
performance, alongside a synthesis of 3DPC environmental impacts [163].

Ground granulated blast-furnace slag (GGBES) densifies the microstructure (filler
action and additional C-S-H), lowers capillary porosity, and typically enhances both F-T
performance and resistance to chloride transport; in 3DCP, a practical dosage window is
~20-30% to balance tightness with buildability and the printing time window [69,71,73].
Silica fume (SF) further seals the ITZ and improves F-T—particularly valuable for mixes
with elevated absorption (e.g., with RFA) [86-88]. Fly ash (FA) contributes pozzolanically
and, in hybrid systems with GGBFS, reduces chloride migration/diffusion while helping
to retain printability [154-156]. PET can improve F-T at moderate contents, though often at
the expense of strength /buildability (Table 6) [120].

Recommended practice is to minimise open porosity through GGBFS (~20-30%) plus
SF (~5-10%)—optionally in hybrids with FA—together with particle packing and superplas-
ticizers (SPs) instead of increasing w/b. Control of viscosity, the build-up of yield stress (19),
and the open time is essential to limit microgaps at interfaces and maintain interlayer conti-
nuity, particularly at higher RFA /RCA replacements. Verification should report durability
with directional resolution: F-T after 56/100 cycles (mass loss and relative reductions in E
and fct/fc) and rapid chloride migration/diffusion tests—both distinguished by orientation
with respect to layers (X/Y/Z). Complementary measurements include water absorption,
sorptivity, open porosity and an anisotropy map [69,73,87,88,129,130,132,154,155].

Table 6. Effect of selected constituents on F-T and chloride transport.

Recycled . Typical Effect on
Constituent Typical Effect on F-T Chlorides 3DCP Process Levers Reference
TF-T . . e Balance against open
GGBIT)S (densification, | + m1grat101.1/d1ffu51on time; >40% often needs [69,71,73]
(20-30%) . (pore refinement)
porosity) SP
} porosity — reduced Tight
Silica fume (5-10%) 1 F-T; sealed ITZ p iny ress viscosity/extrusion [86-88]
& control; w/b and SP
neutral to T F-T | migration/diffusion GGBFS + FA hybrids;
Fly ash (FA) (indirect via (pozzolanic; in GGBFS manage rheology and [154-156]
densification) hybrids) open time
. sometimes 1 F-T no single trend Limit dosage; pair with
PET/other plastics at moderate contents (mix-dependent) SCMs (GGBFS/SF/FA) [120]
risk of | F-T (1 1 vulnerability to SE, parctilcrlienpailckmg,
RFA /RCA (25-50%) absorption, weaker ingress & . [94,109,115-117,133-135]
. . control tg and print
interfaces) (interlayer pathways) window

The literature-supported route to mitigating F-T damage and chloride ingress in
recycled 3DCP mixes is a low-porosity matrix built around GGBFS + SF (with optional FA
hybrids) and high-quality interlayer bonding. Key gaps remain: sparse F-T and chloride
data at high RFA /RCP contents, systematic directional durability testing (Y vs. Z), and
stronger links between T( kinetics and transport at interlayer interfaces.
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3. Calculation of the Benefits of Using Secondary Raw Materials

The environmental aspect of incorporating recycled raw materials into concrete mix-
tures, both for conventional construction and 3DCP technology, is of paramount importance.
To properly balance the mix composition while accounting for ecological impact, appropri-
ate standards and comparative parameters are required. The carbon footprint is a measure
of the total greenhouse gas emissions associated with a product or process, expressed
as carbon dioxide equivalents (kg CO,-eq). In practice, it corresponds to the GWP100
indicator (Global Warming Potential over a 100-year horizon), which aggregates the impact
of CO,, CHy, N;7O, and other gases into a single metric.

For construction products—including concrete—the carbon footprint is calculated
within the framework of life cycle assessment (LCA), a structured methodology for assess-
ing environmental impacts “from cradle to grave” or “from cradle to gate” [164-166].

LCA consists of four main steps: (1) goal and scope definition (system boundaries),
(2) life cycle inventory (LCI—compilation of all inputs/outputs: raw materials, energy,
emissions), (3) life cycle impact assessment (LCIA—conversion of flows into indicators such
as GWP), and (4) interpretation of results. Critical elements here are the system boundaries
and the functional or declared unit. In the case of concrete mixtures, the practical reference
unit is typically 1 m® of concrete with defined mechanical properties.

In the construction sector, life cycle modeling is conventionally divided into modules
A-D[164,167,168]:

e  Al-A3 (product stage): raw material acquisition, binder and admixture production,
mixture manufacturing (the so-called cradle-to-gate).

e  A4-A5 (construction): transportation to site and placement.

e B (use stage): service life of the element/structure (in concrete, carbonation is particu-
larly relevant—gradual CO, uptake by the material).

e  C (end-of-life): demolition, crushing, recovery, or landfilling.

e D (beyond system boundaries): credits/burdens from substitution of primary materi-
als due to recycling or energy recovery.

Modern reporting frameworks for construction products distinguish between car-
bon footprint components, e.g., GWP-fossil (from fossil fuels), GWP-biogenic (from bio-
genic carbon), GWP-LULUC (from land-use change), and GWP-total (sum). For com-
paring mixtures, results are most often expressed as GWP-total (kg CO,-eq/m?) for
the A1-A3 stage, and—where possible—the full A1-A3, C, D profile, depending on the
study’s scope [164,169].

In practice, the dominant emission sources in concrete mixtures are:

e  Production of cementitious binders, particularly process emissions from clinker decar-
bonation (calcination) and kiln fuel/energy use;

e Transportation of raw materials and fresh concrete;

e  Manufacturing (electricity and heat at batching plants);

e  End-of-life stage (crushing, sorting, transport, disposal).

Therefore, low-carbon mix design typically relies on: (i) reducing clinker content
through SCM substitution, (ii) replacing natural aggregates with recycled fractions,
(iii) optimizing logistics and energy use, and (iv) accounting for recycling credits (D)
and carbonation where methodologically justified. Complementing these standards, a
2024/2025 review integrates mechanical performance data of 3D-printed concretes with
life-cycle assessment findings, linking mix-design choices to environmental outcomes [163].

The methodology for calculating the carbon footprint and related indicators is stan-
dardized mainly through:
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e ISO 14040/14044—general principles and requirements for LCA (overall
framework) [167,168];

e IS0 21930:2017—rules for Environmental Product Declarations (EPDs) of construction
products (complementary to ISO 14025) [169];

e  EN15804:2012+A2:2019—European core PCR for all construction products: mandatory
modules A1-A3, C1-C4, D; expanded set of indicators, including the breakdown of
GWP into fossil, biogenic, LULUC, and total [164].

Based on these standards, various tools have been developed to support environmental
performance calculations. Among the most widely used is SimaPro [170], a comprehensive
LCA software with extensive databases (e.g., ecoinvent, Agrifootprint). An open-source
alternative is openLCA [171], also compatible with ecoinvent. In the construction sec-
tor, tools such as eToolLCD [172] or Tally (Revit plugin) [173] are frequently applied, as
they can be integrated with BIM. In addition, One Click LCA [174] offers both standard
LCA functionalities and an EPD generator for concrete, while the GCCA Industry EPD
Tool [175] provides a sector-specific calculator for aggregates, clinker, cement, concrete, and
precast elements.

For recycled concrete mixtures (e.g., with recycled aggregate, RCA or clinker
substitutes, SCM such as blast furnace slag or fly ash), four modeling decisions are
particularly important [164,169,176,177]:

e  Allocation and cut-off criteria: whether and how environmental burdens are assigned
to secondary raw materials entering the system (commonly counted from the “end-of-
waste” point).

e  Carbonation: inclusion of CO, uptake during service life (B1) and after crushing at
end-of-life (C3); critical for comparing scenarios.

e  Module D: accounting for substitution benefits (e.g., recycled aggregate replacing
natural aggregate in subsequent cycles).

e Data quality and representativeness: selecting appropriate datasets (e.g., regional
electricity mixes, cement production parameters, transport processes) consistent with
relevant PCR/EPD rules.

In the literature, the carbon footprint of concrete is usually reported as GWP100 per
1 m3, most commonly for the A1-A3 stage (“cradle-to-gate”), while more recent studies
also include carbonation and module D in line with EN 15804+A2/EN 16757. Reported
values for “reference” mixtures vary widely, e.g., ~348 kg CO,-eq/m? in production studies,
~323-332 kg CO,-eq/m? for “cement-only” mixes with natural aggregates, or reductions
from ~450 to ~250 kg with aggressive clinker substitution by SCM—clearly demonstrat-
ing the critical role of clinker content and system boundaries [165,166]. Table 7 presents
intervention-specific LCA results reported across different studies, Table 8 compiles rep-
resentative GWP values for conventional and blended concrete mix designs, and Table 9
specifically addresses waste-derived constituents in 3D-printed concrete. Collectively,
these tables provide a structured synthesis of current evidence, progressing from general
assessments to 3DCP-specific contexts.

For recycled aggregate concrete (RAC), the picture is less consistent: replacing nat-
ural aggregate alone rarely achieves reductions comparable to SCM substitution, but
it improves Al emissions (lower aggregate production footprint) and—in end-of-life
scenarios—increases CO, uptake through carbonation, which is increasingly accounted
for in B1/C3 and D in recent EPDs. Additionally, CO, curing technologies can further
reduce “cradle-to-gate” emissions by several to over ten percent, although literature
emphasizes the sensitivity of results to SCM/aggregate transport and uncertainties in
carbonation modeling [178-181].
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Table 7. Summary of studies (mixtures, methods, and GWP results).
Intervention/Mixture Scope & Method Tool/Database Result/Change Reference
“Reference” concrete 3
(production) Al1-A3, IPCC - ~348 kg COz-eq/m [165]
NAC “cement-only” vs. L NAC 323-332; —8-17%
125% FA (SCM) A1-A3,IPCC 2013 openLCA; ecoinvent at 25% FA [166]
“Low-clinker” mixes A1-A3 (various various tools ~450 — ~250 kg with [182]
(high SCM) LCAs) high SCM
lélgfagalli:;f A1-A3 (incl. bound (measurement + 221.26 (NA), 204.38 [179]
2" ’ .
NA/RCA/MCA CO, balance) inventory) (RCA), 210.05 (MCA)
. 4.9-16.4 kg COp/m3
Caf&iaifgg‘fgtﬁ?f Cfo(fle B1/C3 (uptake) - absorbed (30-100% [178]
y RCA; 50 years)
Rate ~1.59 mm-year 0.
Workflow for .
carbonation (EN 16757) B1 (k-values) digital model (per EN 16,757 for [183]
external exposure)
Higher FA /slag content
Effect of FA/slag Al-A3 B reduces GWP, but long [180]
transport transport distances may
offset gains
CO,-cured blocks . 292-454 kg / m3
(comparative) A1-A3 (variants) - (scenario-dependent) [184]
Recycled aggregate B —70.7% impact vs.
production Al (aggregates) natural aggregate [185]
Table 8. Comparative carbon footprint of different concrete mix designs (GWP100, cradle-to-gate, per
1md3).
Concrete Type/Mix . Typical GWP100 [kg Key Factors
Design Main Features CO;-eq/m?] Affecting Results References
High process
Conventional 100% clinker cement, emissions from
concrete (OPC only) natural aggregates ~320-450 clinker calcination; [186-189]
energy-intensive
Blended concrete 20-50% clinker Reduction depends
with SCM replaced by FA, ~250-330 on SCM level and [188,190,191]
GGBFS, SE MK transport distance
Lower Al emissions;
Recycled aggregate =~ RCA/RFA replacing carbonation in B
concrete (RAC) natural aggregates 300420 B1/C3; less impact [192-194]
vs. SCM
Synergistic effect;
Low—cark?on hybrid SCM + RCA ~220-300 pos§1b111ty of CO, [193,194]
mixes combined curing for further
reduction
Alkali-activated Ve.ry'low process
binders from emissions; strongly
Geopolymer concrete . . ~150-250 influenced by [195-197]
industrial
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Table 9. Carbon footprint reduction achieved by using waste-derived raw materials in mixes for 3D

concrete printing (3DCP), as reported in the literature.

Recycled Material

Modification/Role

GWP Effect (vs. the

Used in 3DCP Mix in the Mix LCA Type (Scope)  Reference Mix in the Key Notes Reference
Study)
Partial Higher GWP than Comparison is across
Mix-level LCA for ~ GGBFS within the P :
replacement of 3D-printed same study set: FA ~ 3DCP material
Fly ash (FA) bmderrﬁfnmable building; +37% vs. GGBFS; ¥a”larr‘it:tt;etf”t“esi [198]
©s . cradle-to-gate for equivalently ~393 kg ootp atse
(SCM/precursor in ; 3. was GGBFS; FA and
materials COye/m?® if GGBFS = .
geopolymers) 287 kg COpe/m’ WGP were higher
p)
Lowest GWP in the Authors recommend
Ground granulated Partial Mix-Jevel LCA assessedSS?t: ~287 kg GGBFS as the most
replacement of COse/m?; in the same effective low-carbon
blast-furnace slag . (cradle-to-gate) per . o . [198]
(GGBFS) cement in unit volume analysis FA ~37% option among
printable mixtures higher, WGP ~50% compared by-products
higher for 3DCP
. Material reports exist,
Coal slag (CS) Po.t ential . (.:lata gap for but no standardized
. SCM/fine fraction mix-level 3DCP - -
(boiler slag) in 3DCP LCA cradle-to-gate GWP
for printable mixes
Directionally reduces
Low-dosage SCM data gap for clinker content, but
Silica fume (SF) in printable mix-level 3DCP - mix-level 3DCP LCA [199]
mortars LCA with explicit GWP is
missing
o Strong sensitivity to
Up to 50% binder Mix-level LCA Up to ~=62% COzeivs. yield stress and
Recycled concrete . OPC reference (while : iy .
replacement in (cradle-to-gate); o printability window;
powder rintabl FU = 1 3 maintaining admixtur [112,113]
(RCP/RCBP) printabe - printability after . puare
paste/mortar paste/mortar theology tuning) adjustments required
8y & at high RCP contents
Up to ~—48% COse at
Fine recycled Replacement of vl f thehhlghest fRA lev'els. Effe?t largely dm./en'
regate (fRA) sand with Mix-level LCA for  with cement reduction; by clinker reduction;
asres . 3DCP ~—20% feasible at at >20% v/v monitor [159]
(from concomitant (cradle-to-gate) ~20% v/v without reen strength and
3DPC/CDW) binder reduction & - 8 rengt!
major performance printability window
loss
Environmental credit
. for GWIR (negative Total reduction
Partial GWP for the aggregate .
replacement of module under depends on allocation
Ground waste tire P . Mix-level LCA v ” for GWTR and rubber
sand; printable avoided burden”); [123]
rubber (GWTR) . (cradle-to-gate) . o content; cement
mixes compared additionally ~—9.5% . .
with casting GWP when printing remains the dominant
vs. casting the same GWP contributor
mix
Directionally
10-30% OPC data eap for beneficial via clinker
Waste glass replacement (SCM) mix-levgelP;D CP _ reduction; some [100]
powder (WGP) in printable LCA studies rank GGBFS <
mortars FA < WGP in GWP
(relative SCM ranking)

In summary, the assessment of the carbon footprint of concrete mixtures with recycled

materials requires a consistent life cycle perspective, clear methodological assumptions,
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lnad-bearing layer of
concrete blocks

adhesive mortar

thermal insulation
.., polystyrene (EFS)

reinforcing mesh

thin-layer plaster

and reliable datasets. The main levers for emission reduction remain clinker substitution
with SCMs and, to a lesser extent, aggregate recycling, both complemented by optimized
logistics and accounting for carbonation and end-of-life credits. Advanced LCA software
and standardized frameworks such as ISO 14040/44 and EN 15804 provide robust tools for
benchmarking environmental performance. As research shows, properly designed recycled
concrete mixtures can significantly reduce GWP while maintaining structural integrity;,
confirming their role as a key pathway toward sustainable and decarbonized construction.

4. Material Reuse in 3D-Printed Concrete: A Comparison with
Traditional Methods

In the context of construction and demolition waste (CDW), 3D-printed concrete
(3DCP) offers a comparatively cleaner and more traceable waste stream than conventional
multilayer wall systems. By design, many 3DCP envelopes minimize or eliminate auxil-
iary layers that complicate end-of-life processing—such as polymeric thermal insulation,
gypsum plasters, adhesives, glass/aramid meshes, or complex facade laminates—thereby
reducing contamination and facilitating selective demolition (Figure 4). The digital nature
of production (known mix designs, documented print paths, and layer counts) further
improves material provenance and homogeneity, which are decisive for high-quality sec-
ondary aggregates and for closed-loop strategies (e.g., re-introducing recycled concrete
aggregate, RCA, into new 3DCP mixes).

load-bearing material

Base material modificd
with a fpaming agent
or insulating fillers.

(@) (b)

Figure 4. Schematic cross-sections of insulated walls: (a) traditional multi-layer masonry (concrete
blocks with ETICS using EPS); (b) 3D concrete printing (3DCP) wall with load-bearing material and
base material modified with a foaming agent or insulating fillers.

Practical advantages of 3DCP waste over conventional CDW include:

e  Lower contaminant load—fewer gypsum, wood, plastics, and adhesive residues that
otherwise depress concrete strength when recycled [200];

e Simplified disassembly and shorter processing chains—often fewer steps before crush-
ing/screening, with reduced handling, storage, and time;
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e  Reduced metallic content—many 3DCP systems rely on geometry and localized re-
inforcement, limiting extensive steel meshes and hazardous resin-bonded mortars
common in ETICS or render systems;

e Logistics benefits—less bulky polymeric insulation (e.g., EPS) to transport and com-
pact; EPS’s very low bulk density makes long-haul transport particularly inefficient in
conventional retrofits and demolitions;

e  Higher traceability—digital fabrication enables accurate mass balances and targeted
reuse pathways;

e  Compeatibility with closed-loop reuse—on-site or local crushing/sieving can yield
RCA tailored to new 3DCP mixes, limiting primary aggregate demand.

Figure 4 contrasts two representative insulated wall assemblies: (a) a traditional
multi-layer masonry wall comprising a load-bearing course of concrete blocks with an
external thermal insulation composite system (ETICS) based on expanded polystyrene
(EPS), adhesive mortar, reinforcing mesh, and thin-layer plaster and (b) a 3D concrete
printing (3DCP) wall composed of printed load-bearing ribs and a base cementitious ma-
terial modified with a foaming agent or insulating fillers. This comparison highlights the
stark end-of-life contrast between conventional systems and 3DCP. In conventional walls,
effective recycling hinges on strict source separation: reinforcement meshes embedded
in adhesive mortars are often treated as hazardous and require specialized processing;
plastics are energy-intensive to produce and difficult to recover economically; laminated
or coated architectural glass, although technically recyclable, remains energy-demanding
and materially complex. Moreover, popular thermal insulants pose practical barriers:
EPS produces large volumes of low-density waste (transport-intensive), while mineral
wool—though recyclable in principle—depends on costly, infrastructure-limited routes
and currently low demolition volumes (mainly 1970s-1980s stock), which undermines
profitability. Meeting selective demolition and waste-purity requirements remains essen-
tial to avoid down-cycling in both cases, but it is intrinsically easier for the streamlined
3DCP assembly [200-202].

By contrast, 3DCP can reduce the number of processing stages from demolition to us-
able RCA—often bypassing the removal of adhesive layers, mesh detachment, or composite
fagade separation. This shortens the recycling chain (Figure 5), lowers equipment hours and
temporary storage needs, and can improve RCA quality by limiting fines contamination.
Figure 5 illustrates that the recycling chain of 3DCP waste is generally shorter and less
complex compared to conventional demolition materials. Due to the absence of sorting
processes for plastics, glass, or composite residues, 3DCP rubble can be directed straight
to crushing and screening, thereby minimizing handling steps and reducing potential
material losses. From an LCA perspective, this results in lower energy demand, reduced
requirements for transport and storage, and decreased CO, emissions associated with
processing. Consequently, 3DCP assemblies not only streamline logistical operations but
also enable higher-quality RCA recovery and foster more resilient closed-loop recycling
strategies. As highlighted by experimental evidence, even modest levels of contaminants
(e.g., lime plaster—7% vol., s0il—5%, wood—4%, gypsum—3%, asphalt—2%, vinyl-acetate
paints—0.2%) may reduce compressive strength by up to ~15% [200]. Mitigating such
inputs is inherently easier with the streamlined assemblies typical of 3DCP. In addition,
3DCP can offset upstream impacts through reduced material intensity and shorter execu-
tion times, decreasing vehicle movements and site energy demand. The primary structural
material—concrete—remains almost fully recyclable into secondary aggregates, enabling
loop-closing strategies whereby demolition waste from printed buildings is reprocessed
and redeployed in subsequent 3DCP projects. Advances in sustainable construction are
not limited to material substitution but also involve predictive optimization of engineering
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processes. Studies on tunneling thrust prediction using multi-channel data fusion [203]
illustrate how such computational techniques can reduce inefficiencies, a perspective that
aligns with the optimization of mix design strategies in 3DCP.

C&D Waste of 3D-printed C&D Waste of traditional
construction construction
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Figure 5. Recycling chain of CDW of 3D-printed and traditional construction.

5. Three-Dimensional Printing of Concrete with Recycled Materials as a
Tool for Sustainable Development and Decarbonization of Construction

3D printing technology using concrete mixtures incorporating recycled materials
represents one of the most promising directions for the development of sustainable con-
struction. Through the capability of fabricating structures layer by layer directly on-site,
while minimizing material losses and ensuring high execution precision, this technology
enables a significant reduction in the consumption of primary resources and carbon diox-
ide emissions. Laboratory studies have shown that the incorporation of secondary raw
materials—such as recycled aggregates, waste glass, fly ash, slags, or plastics—not only
does not compromise the quality of concrete mixtures used in 3D printing but may in fact
enhance their mechanical, rheological, and durability-related properties. It has also been
confirmed that the application of geopolymers derived from industrial by-products as
partial cement replacements reduces the material’s carbon footprint while simultaneously
maintaining or improving its thermal and chemical resistance.

Examples of market-available concrete mixtures incorporating secondary resources,
such as Rebetong or ercconcrete, demonstrate that high substitution levels—up to 75% by
volume—can be achieved without compromising the required performance parameters
(Table 10). At the same time, commercially available low-carbon cementitious solutions,
such as ECOPlanet 4B or Vertua Plus, exhibit a carbon footprint reduction of up to 50-66%,
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further reinforcing the potential of 3D printing as a technology supporting the decarboniza-
tion of the construction sector (Table 11). The application of fire-resistant cement-based
mixes enables fire resistance levels of up to 1000 °C [204]. Printed structures allow for
precise shaping of wall geometries with optimized thermal transmittance coefficients
(U-values), which—according to experimental results—can reach values not exceeding
0.15 W/m? K for external partitions [9,205,206]. This indicates that buildings produced by
this method are capable of meeting standards typical of energy-efficient housing, while
simultaneously reducing the consumption of construction materials by up to 20%. Impor-
tantly, the materials used for 3D printing can be sourced locally—from recycling centers,
demolition sites, or industrial production facilities—thus decreasing transportation needs
and further lowering CO; emissions. This sustainable approach to supply chains enhances
the resilience of the construction sector to raw material availability disruptions while also
supporting local economies and recycling industries. The use of locally available alternative
resources in concrete research (e.g., seawater and sea-sand in GFRP-steel composite tube
structures [207]) provides a valuable reference for 3D concrete printing (3DCP), which
likewise demands tailored mixtures with a reduced environmental footprint.

The observed development of concrete mixing technologies incorporating recycled
materials and their application in 3D printing aligns with European decarbonization strate-
gies and the circular economy model. Research confirms that, thanks to this technology,
it is possible to achieve CO, emission reductions of 40-66% compared with conventional
solutions, without compromising the quality and durability of the resulting structures.

Table 10. Commercially available concrete products incorporating recycled materials [208,209].

Material of Secondary
Trade Name Company Materials Raw Materials in 1 m? of Certificate
the Product (%)
Portlancl1 ce?;er;,e recycled Technical and Test
Rebetong C20/25 SKANSKA geregare, 75.5% Institute for
sand, fillers, chemical .
... Construction Prague
additives, water
r:corsllzgi ce;reler;’;e Technical and Test
Rebetong C25/30 SKANSKA ye oc aggresa 72.3% Institute for
sand, fillers, chemical .
o, Construction Prague
additives, water
mix of cement, finely ground
recycled brick, ceramics,
(ljior;gf’tei’ I}ﬁlcz(zisflih?l' Technical and Test
ercconcrete ERC-TECH ghtwelght artiticia from 40% to 100% Institute for

aggregate and/or char
and/or slag and/or
polystyrene and/or at least
one organic filler

Construction Prague

Table 11. Commercial cement-based products with reduced CO, emissions [210-212].

CO; Emission

Trade Name Company Materials Reduction (%) Certificate
pozzolanic cement, limestone
LL <0.20% of stone weight,
ECOPlanet 4B silica fly ash, up to 40% Buildine Research
(CEM1V/B (V) LAFARGE gypsum/REA-gypsum, and 20% recycled Insti tg te (ITB)
425 N—LH/NA) dusts from the production of material

Portland cement, chromium
(VI) reducer
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Table 11. Cont.
. CO; Emission e

Trade Name Company Materials Reduction (%) Certificate
Portland clinker, limestone,
silica fly ash, REA-gypsum, o Building Research

Vertua Plus CEMEX chromium(VI) up to 50% Institute (ITB)

reducer—iron(II) sulfate
EcoCrete Heidelberg Cement no data up to 66% no data

6. Conclusions

The conducted literature review clearly indicates that integrating recycled materials
into 3D concrete printing (3DCP) is a realistic and effective pathway to reduce environ-
mental impacts without compromising required performance. At the mix level (A1-A3),
reported embodied-carbon reductions typically range from ~20-50%, depending on the
extent of clinker substitution and the types of secondary constituents; values up to ~48%
have been noted when using fine recycled aggregates alongside cement reduction and up
to ~62% for mixes incorporating recycled concrete powder after tuning rheology while
maintaining printability. Low thermal transmittance of wall elements has also been demon-
strated (U < 0.15 W/m?2-K), together with ~20% material savings enabled by geometry
optimization in 3DCP. In addition, commercial low-carbon binder systems have been
reported with embodied-carbon reductions on the order of 40-66%. The growing avail-
ability of market solutions confirms active development work and technological readiness
for deployment.

Despite these advances, industrial-scale implementation requires targeted R&D.
First, unified, quantitative rheological protocols specific to 3DCP are needed (e.g., time-
dependent yield stress windows, thixotropy, and “open time”) to ensure result comparabil-
ity and enable controllable printability in mixes with recycled fractions. Second, methods
for testing interlayer bond strength and assessing anisotropy (i.e., load-bearing dependence
on print direction) must be developed and standardized for recycled-based mixes, and
the findings scaled to full-size elements. Third, long-term durability assessments under
real service conditions are necessary (carbonation across B1/C3 stages, frost resistance,
chloride ingress, fire resistance), accounting for variability of secondary raw materials and
QA /QC procedures across the supply chain. Fourth, LCA reporting for 3DCP should be
standardized (system boundaries, functional units, explicit accounting for the printing
process energy and potential module-D credits) to robustly evidence environmental gains
versus conventional technologies. Finally, scale-up studies for mix designs, aimed at achiev-
ing stable site-scale production under real field conditions (ambient variability, moisture
uptake tolerances of recyclates), are essential to mitigate process risk and ensure repeatable
quality of printed components.

Nevertheless, deploying recycled-based 3DCP is a clear step toward sustainable
development and, in the long term, aligns with the objectives of the European Green Deal
and global climate-neutrality strategies by 2050. The integration of secondary raw materials
into additive construction processes can become a cornerstone of the sector’s transition
toward a circular economy and a low-carbon built environment.
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