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Abstract

The volume of shells, a prominent form of marine waste, is steadily increasing each year. However, a significant portion of these shells is

either discarded or left near coastlines, posing environmental and social concerns. Utilizing shells as a substitute for traditional aggregates
presents a potential solution, especially considering the diminishing availability of natural aggregates. This approach could effectively reduce
transportation logistics costs, thereby promoting resource recycling. In this study, we explore the feasibility of employing wasted shell

aggregates in 3D concrete printing technology for marine structures. Despite the advantages, it is observed that 3D printing concrete with
wasted shells as aggregates results in lower strength compared to ordinary concrete, attributed to pores at the interface of shells and cement

paste. Microstructure characterization becomes essential for evaluating mechanical properties. We conduct an analysis of the mechanical
properties and microstructure of 3D printing concrete specimens incorporating wasted shells. Additionally, a mix design is proposed, taking
into account flowability, extrudability, and buildability. To assess mechanical properties, compression and bonding strength specimens are

fabricated using a 3D printer, and subsequent strength tests are conducted. Microstructure characteristics are analyzed through scanning
electron microscope tests, providing high-resolution images. A histogram-based segmentation method is applied to segment pores, and

porosity is compared based on the type of wasted shell. Pore characteristics are quantified using a probability function, establishing a

correlation between the mechanical properties and microstructure characteristics of the specimens according to the type of wasted shell.
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A B A o
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9)5}ko] A1 Zﬂ }64 U]ﬁ(scannmg electron microscope, SEM)
2193 ST}, SEM 230l AR5l = = 7}2] A2 electron)
Z =4 3 ARE Z2F3 Q1= o|x}A R (secondary electron,
SES 245101 #9019 el Fol ol 9
ot} A= 2 FAet T i 24| whet of
2 ﬁ/5114_L(grayscale)7 1S 7HA| = SbAr A 2 (back scattered
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EA BXA o AT AL QT Gao ef al., 2013; Lyu et al., 2019,
Wu et al., 2018).
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mm H5Hick Al Ho] e w7 YES 2eje] Ae 9
o Apgato] 13} mha) 2 e ¥, 20} Baj e | = 1 29
R A2 Ajgsto] sizke] Q17 2717} H e 2mmolsl7}
E5 uhfstel o, 600pum(NO. 30) A& AH&-5Fe] 0.6mmo]
atel w2 A2 A2 AAFsl A CHFig. 1).

223D ZE Y43 23 E WA A

3D =Yy I8 E uighS AAA] el E(filament) 7}

L7NA) ka1 AEA 0 7 8w 517] €3t -G-E A (flowability)

o e e
1l =2 X (extrudability)} 3D THE 2 T EE £ 5=
oA EeEo] B EXA| i A AY ¢ e,

K glolof(layer) o] FAE AL 4= = 25 (builability)©]
T2 %] o] oF SFCHChen er al., 2018). T 7 F-ZA) = 3D Tl
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(b) Cruchsed shell aggregate

(a) Raw shell

Fig. 1 Example of shell aggregate
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2] FAFS 9late] IAS 7R (superplasticizer, SP)E &<

2 3}¢l e, Z5A2)(working distance, WD)+= A|H $1H o]
A #ll = Ade7kR| o] A=) 2 Al 2 ol & AL2ske] oF 1lmm
al, SR AR RS 0]-8-]F BSE == SEM ©]

3+ a1, 7] A A|(air-entraining admixtures, AE)S A8-5F H|A 25 £4517] 918 Kim -5(2022a) 0| 4 At 3]
of F4| gFe A E 9] A (workability) T} AL B4 SELR(histogram) 7] e S AESk 54 2
A Zt} 3D =AY 232 E o] &S Frbly| §late] o] 2lE A3kt SEM oju| X[ oA ¢F 0.915mm= B4 F
€] A2 =2 A(Methyl cellulose; Lee, 1999)S 27 A|(thickener) (region of interest, ROl A A o}aL 2| 2 B2 5 570 A+
2 AFg5lo] A= A A el E 7L AASE FHARS 07 . 3Z(gaussian curve)Z A He-S oF & A HA L T HA|
sheA 2ol w2 sholck 3D Zele ma s gAY A FTFRE A9 RS 3T 2219 dAithreshold) 2
Z9%F §5A, 84 U ASAAS ug o R e A A17g8kIchFig. 2). Ut o2 =, wuf e Eaet
#5191t Table 1). 3|z} AJHof| thste] 3= 4 2elE Xt eH, £eH &
=2 Fig. 30 424 o &2 Uehfiglch
Table 1 Mix design (W/B: Water/Binder ratio, W: Water, C: Cement, F: Fly ash, SF: Silica Fume S: Fine aggregate,
SA: Shell fine aggregate, SP: Superplasticizer, AE: Air-entraining agent, T: Thickener)
W/B Amount of mixed materials (all quantities in grams)
Sample 0
(%) W C F SF S/SA Sp AE T
3D printing 30 300 700 200 100 700/300 20 5.68 53
concrete
| D=0.915 mm . X 10°

Pores

100

Original image

150

Grayscale

Histogram

200 250

Segmented pores

Fig. 2 Process of histogram-based segmentation (D: image side length)
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Oyster sheII

Cockle shell

Murex shell

Fig. 3 Segmentation result

2438

42 W TR E4
Sz A E5ol T B HE B4 vmel] $I5t

o] Z-&3%F49l lineal-path functiong &-g3to EA31%ch
(Han et al., 2018; Torquato and Haslach Jr, 2002). Lineal-path
function A2t SE3H & shUR vlAl R 2R 9] A&
3 UEhH vlAlG2 S 7| AA de ] SIS &
&1*8]—7] 25}t ARE-E] o £t} Lineal-path function2 A 0| 7191
o= UWI?Z\— °f‘°ﬂ°ﬂ AR W, A& DA 7}
s 7P?<l ol 223 o] = BE Sfn|RIt Fig. 404 2
L,(r) & L, (r) &= A 2% ﬂ 7V 242t 2% a, bl 1XI8kaL UAIE,

L(r)= ABo] oF Zul AF po]] 90T 2 lineal-path function

E

o] 7]oJ3}#] 9=t} Lineal-path function-2 o}-gf e} -2 =3t
S Zher)
limZ; ()= ¢;, limZ; (r)=0. 0
r—0 r—>co

A7IA ¢,= 2 12] Fuju]oltt.
AEo] Zol(r) 7007 Tt L, (r)
4?:5,6}:4 ro] itz 2 trﬂ Li(r)&00=

Phase a

Fig. 4 Examples of lines contribution to lineal-path function, L(r)
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5 AL Table 19] 4|43k 1] & AHg 5] BS- 1881(BSL,
1983) A of] w2} 50mm x 50mm x 50mm 7| 2 &35}t
59 2L Fig 504 AAT )= Zo] &3 olo] L Bt
BlEo] )3 a2 Fol7] §1stel Wzol 7he] Seistel Al
o

ok fARE A S Bolk AL B ow, of
A

B = EEA
A 515 Ajstelo] WA oo 3G S-S H| S8 A 4 3D HEE XRAH ZI2|E 0lMTE 24
ol A 7=} Aa) T, ol A Aak] 9151 A
H o] A5 0.05mm O = FHF A THEofoF 5k 2 A 413D ZHY LS TIAYE I3 X 54 24
o] A= ASTM C 617(ASTM, 2015) Aol ule} A|gE =
© 318.5}0] 793 (capping) 2 XA ch 2 A Sl whE =/ o nlAl AR ) RIS
A7k 22 o] E 2ol w2 Papml e 7ko] Halt = st HA317] Y5t 3= EAS EA35I9 ) SEM o|n|RE2.3
317] ©1510] Wolfs 5(2019)0]| 4] A oFst HFAl-S v} o & Fig, Aol A Aljkgt WA o7 = A 2elE dstalon, szt
5(a)o]) LFEFW Z10] upak mjEl © 2 ul A 23}0] 40mm x 40mm Z7o| W2 FFE-L Table 30| YelY ik Zujzt 2|3k A]
«40mm7| 2 FASGTE AW AN T8 opyety L) o e 1052 65% 28%S FSES 7
1, NEN-EN 12390-6(EN, 2009) 7| Zo]| u}e} 827} % A& Eaehufjz} 2|2k A E I v W EhE v w2 S eES 7=
(splitting testy & B3 Wl 7ho] HAwS 2galgiry, A ot
7+ 9| 7Fo] F-=90] A 4A]-S LEl = lineal-path function
323D Z Y A YLF T8 E BA BA Fig. 60l AJAsF3lct EE}TE &8l 359 A5
2zbet apetn) g [, = 4 7FSet 2= Table 40 LER it
PS5 E W F2PE A2 ZF AJHE 2 34 3 E 9l 2 ZHE 2|8 Al x, y& B /D = 0.2(D: v]AlAE
on, PYatgto 2 AE A5t Table 2). EaehE 2|2k ojulx] gl dol)FFol|A Ao Iufuljzt x| gk AlsHS
S APHE =T 7 = A vgkew, Zuz 2|2k AlE 0.11 Eae} oz 2|3k A|H-2-0.04 FLof| A = sh= AL 5
O] Y7 == 26 MPaz W, a7t 2| ¢} AlsH H o} 7} QN = ek s AHO A y&2] 3=2] A& o] A UEt
7+19.3%, 32.5% WA Yebeh 43 =3 24 A=A = ok won, 390 d&gdo] 245 e E 1Ho] £2F U of =
A FEE FFE0] B 2924HY] B A= wwol Tt BEE AR TS T AS Y AUk
Fig. 30| UEt} Qli= SEM ofu| x|o| 4] ZafjZt-S X &3t A
0 30 HoflAl F2tstaL 71 F4 7= rlAlRE gelskela,
a0 a0 td FE2E 7 e 294 e 2 Qlsto] szt ZA oA =
E 30] Eso o] ZEEH, W} AJHE & Afolof v F=50] EA
ggzo- g’zo sh= A& B8k th(Fig. 7(a)). o1& &3l =9 2He] &3
) 104 ) 10
¢ Table 3 Porosity of each 3D printing concrete sample
°% 1o “zI'?dth [iom] % so o 10 lel?dth [le;"om] a0 50 Samples Porosity [%]
(a) Longitudinal direction (b) Transverse direction Oyster shell 16.5
Fig.5 Extrusion path (Note: arrow: starting point, dot: end point) Cockle shell 65
Murex shell 2.8

Table 2 Mechanical properties of each 3D printing concrete sample

- - Table 4 [, of each 3D printing concrete sample
Samples Compressive strength Bonding
P [MPa] strength [MPa] Samples X-axis Y-axis
Oyster shell 26.0 1.0 Oyster shell 0.0126 0.0176
Cockle shell 322 1.3 Cockle shell 0.0068 0.0089
Murex shell 38.5 1.4 Murex shell 0.0057 0.0071
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szt AR A E BT 3D 2T A 1est #a 0] ofshd A 7t
0.2 T T T T T 0.2 T
Opyster shell Opyster shell
Cockle shell Cockle shell
E 0.15 Murex shell | | E 0.15 Murex shell | |
] e
Q Q
=) =]
2 =
= 01 = 01
< )
2 &
E g
= =
5 0.0 5005
O 1 L 4 1 0 1 1 L 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
/D r/D
x-axis y-axis

Fig. 6 Lineal-path function of 3D printing concrete (r: line length, D: image side length)

Cockle

shell '> Pores’ -

(a) Oyster shell (b) Cockle shell (c) Murex shell

Fig. 7 SEM images between shell aggregate and cement paste
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e W), W), Bzt 0% S ektou] 227
EO AL FAHA UrERE T v w2 21e Al o] :=E2 2022 % FOFSALE A 0 & okt
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= o

(a) Oyster shell

(b) Cockle shell

(c) Murex shell

Fig. 7 SEM images between shell aggregate and cement paste
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