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Effect of Shrinkage Characteristics of Cement-Based Composites by Extrusion and
Lamination Process of Construction 3D Printing

Hojae Leel*, Won-Woo Kim', Eun-A Seo', Jae-Heum Moon'

Abstract: The purpose of this study is to evaluate the shrinkage characteristics of the cement-based composite for 3D printing construction, and to
evaluate the shrinkage before/after extrusion and after printing during the printing process. As a result of evaluating the compressive strength by curing

age of OPC-mix and printing-mix, similar trends were shown until 7 days of age, but the maximum shrinkage of 252 um/m was larger in the case
of OPC-mix compared to printing-mix. During the printing process, the compressive strength of the cementitious composite material after extrusion
was about 6.5 MPa lower than the material before extrusion until the 7th day of age, but the level of strength on the 28th day of age was similar. As
for the shrinkage characteristics, the result of shrinkage after printing showed greater shrinkage in the range of 220-260 um/m compared to the result

of shrinkage before extrusion.
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.M E

)

3D ZHH 7|&-2 A foke] A 8- o] gk e ik
S o) R Utk 9] 483D THUH V|2 IR AEY
Z(ME: Material Extrusion) W] 0.2 % Ao 2| = & FH}12
(AM: Additive Manufacturing)-S ©]-8-3}31 It} 2S4S o]
g3t AlFS dEH AR AFEEE Apis Corst
COBODY]| 2% ¥do] 9lom, #+2E =+ TU Eindhoven}
Tsinghua University 2] 2 =217} It} (Buswell et al., 2020). =
Wol = sh=74d7 ] A7 T3] Agtke] A 100 m” =0
3me HSUFES AFS ALV UTh

3D ZHES o] &3k Al g2 AFF S AMSSHA] &)
u) 2ol Thofdt gy F2EL AFEA EAT 5 e,

o] FQAFE AMEE = 23T ES}
Y¢S T AN EA BEJA 5= T A 285,
AN TS, AZ2TEHS S F50] BT, 5] #+4

o
o
¥
@
I
W

N~
I
vt
o

'S ed T w3 ZERAE], AYATY, AR}

237 EA T A ZEREA AT R AdAT

P A7 EATY AZEREAATER, AT

*Corresponding author: h.lee@kict.re.kr

Korea Institute of Civil Engineering and Building Technology, Dachwa-Dong,

Goyang-Si, Gyeonggi-Do, 10223, South Korea

B =Fo U3t o] 520219 1€ 3197HX) &8 2 BujFA I 20213 22
sl E2A7E AASEUT:

< FHEH 9 Fx2E2] 45| AstEthKwon etal., 2016).

dutd o 2 FTIB Ex AFR S o] 83l EPES T 48
o] A =T o] F AFY L A EE FAREE
WA Z7)0l] FHH S A BE WL 97| ZHE XTE
o] Qo AHHE 753 o] 5o] F5lA] ke
ZA)E F3kaL JTHKCS 142

012,2018). 13U HFFHE

Bt Algehe 79, 25 AR 97|87 g

EEH o] A 5o FE FHo] 7153lE T, o] = Fig. 1014

T ARl 27| FEFF STkt 7o Y o= o]ofzl
THJo et al., 2020; Moelich et al., 2020).

AT A8 A A5l 27" 7| =S sl T

A= =0 gk A7 201003 ) SHEEE Eks] o] F

M O X
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Fig. 2 3D Printing house in test-bed (KICT)

Table 1 Mix proportion
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Fig. 4 Specimens for shrinkage measurement (mold casted specimen
- left, printed specimen —right)(Lee et al., 2019a)
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Fig. 6 Compressive strength(OPC mix, Printing mix)
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A= A AGA =T T F=Zol By A ABE YF
Y ZTof AZFEt o, bE T AFAE A5 A =&
A FEHE ARE 9578 B0 A AgA ol 1, 3,
7, 28¢ A AEve 4= ANFA Y A, B ow
34.6,44.1,60.5, 85.4 MPa7 | & 5| ATk °L% d/\l@ﬂl«l i
SHEE A4 133 A /\] L3 vl Printing Bl &S
ol g3te] MH T A}
2 A oL 2807 % F7 =7k 15 MPa o) Zpo) 7}
ABEATE o= ThaFek H]lo] &’APJ% et gb g =112 2}
olof] 7]R1F AL Z ALRHL b= F AIFA Y| =A==
HHH O F 24.8, 40.7, 53.9, 83.6 MPa 7} A& H o] 1Y =}ol)
10 MPa 7Feg ZFo] A 7357128 Y2kl 1.8 MPa AFo] & 0]

EAEE A7 IR 21 1S 4 STk

=

= +==Z1} (series B)
FE 3 F UE VT AEE o] g3tod A=t &
ilg} "—1% A2k "l?ﬁiﬂ% o]-&3ty =43 =4 IE Fig.
18 270 A2 AR A o] AE
nE Xéﬂl }ocua pa el | Xﬂ’ﬁr?ﬂzﬂH A A= A
o W&} ME FARE A S iol A& BRIkt
AP A= Fig. 9914 & &= %0 ] dE TG T HS T
o] SHE FEE0| X*ZWE Z7sk=t dukx oz 7}
A 120-130 /avm H 9] Zpol & FAI8H FrASHA =
o] WA= Z 02 YEPTE Fig. 99 A¥-= Fig. 1000 2+

2 ]U-l

l.n_]N



0
——Before extrusion(1) ——Before extrusion(2)
=200 + — —After extrusion(1)  — — After extrusion(2)
----- After lamintion(1)  ----- After lamintion(2)
400
2
E
E L
= 600 -
=]
©2 L
-800 -
-1000 1
_12007‘..‘1“‘.=.“‘=....1“..
0 7 14 21 28 35
Duration (days)
Fig. 9 Shrinkage results in printing process
0
—Before extrusion
=200 — —After extrusion

----- After lamintion

Strain (pm/m)

-1000 +

-1200 [ S S S S

Duration (days)

Fig. 10 Shrinkage results in printing process (mean value)
28 P 2 yehd T Zol A B & FAsA 722

Fol FLTARE o] 83t 7
zlﬂ?‘fL AlgAe)l7] w5
T AT AR 1 o2 7

&3
[4)<}
g
a
=
2
R
fe
of _{}‘
EQ

offt ot OH

©
o
30
&
-
)
Zi
P
o&

z‘sﬂ@,% Q&) ApEE=E N—\:Hﬂo] Sz 2718
AT A A AT e nkel 2ol 7)Aol H HH 5&7&«1

7= Aol 7 2 Aol 7AYo H, o= A o] Tt

o
n {

kM
et
o ol

Table 2 Shrinkage result and increasing rate

Total shrinkage (tm/m) Increasing rate of shrinkage
Days Before  After After
extrusion extrusion lamination  B/A C/A C/B
(A) ®) ©
1 -384 -521 -651 1.36 1.70 1.25
7 -513 -628 =760 1.22 1.48 1.21
14 -653 -766 912 1.17 1.40 1.19

28 -821 -916 -1046 1.12 1.27 1.14

S5 JAH o7 st AEFS 1T ATk
Aol A= e A% A sk vla(C/A)st 25H
F=ol oF 179 B = = Uehd A3} vlwshd s 2
TR o)Ak A 7 28 A AFe] Aol M= oF 1.278) =71 EhY

THT7HS A7 E S e A0S = AT

1) OPC M|3HE 7 &l 3o 2 A Aste] Y5 =st 555
98 U W) v A, YA 791
7 el A ek o, A1 28%‘ = =g

2)

2
[

O} QHE 77} O 6.5 MPa WA LhEFEOL, 415
o= AR B 7t e S Selskec

79} 2 Fo0|F 552 W71 A3, 4 E A AR
9+ F A E7}120-130 vm FE0.
202 ek on, 2ZolF A
220-260 (m/m —/F%_}i Zo| o A=A o=

(A1)
m{%
o
Tt
Y

o
~J
g
Ni
B
3
A
]IO
i
ol
i

)
0
2L

[&

k)
N
o)

3)

lo 8
IP e
e
o o
in) i L
iz
> |0
ofs |'ﬂ.|
F

rr

o
N
iy
o

J. Korea Inst. Struct. Maint. Insp. 117



et RS2 A=A A5 8] 2F20~70% 59| the Korea Concrete Institute, 28(6), 22-26.

O vk 2 0 2 VehgTh 3. K]C§ 22}0 a12 (2018) ZAT|E ZFZAA, THBE FAL 713F
2] 1 Xy
Z oJFo] Ao Ee 39 A= Hoxe
47 ]_L A7) B-(Lee etal., 20193_)’ == 19% ﬂ% S1o 4. Jo, 1., Jo, B., Cho, W., & Kim, J.-H. (2020). Development of a 3D
AN@A e 755 SAHIYS W ASAPAT) =] ¢ Printer for Concrete Structures: Laboratory Testing of Cementitious
AAA Jei= Ao 2 JelygE A v wshd, v x] = Materials. International Journal of Concrete Structures and
_ Materials. 14. 13. 10.1186/s40069-019-0388-2.
= ARE BRIt} TJ2v ol 71EA H| 2LE
- E_‘A—EE]:; = = rj:).] | a :Lg]. 12t l-j 5. Moelich, G. M., Kruger, J., & Combrinck, R. (2020). Plastic
A =22 AVIE dS7IaEHE & 1/\121—)’ A shrinkage cracking in 3D printed concrete. Composites Part B:
AlgAe] 58 AF F TR EEAIPA| e} 53 Engineering, 200, 108313.
NA oA =48 A 231 7)ol A& 271 0] Wdlo] o3k 6. Federowicz, K., Kaszynska, M., Zielinski, A., & Hoffmann, M.
(2020). Effect of Curing Methods on Shrinkage Development in
A3 Z o=
ahe Fold. 3D-Printed Concrete. Materials, 13(11), 2590.
7. Lee, H., Kim, K.-H., Yoo, B.-H., Kim, W.-W., & Moon, J.-H.
B A72AY =0 oA AH)e] &8 X Ho] A5 & (2019a). Shrinkage Characteristic of Cementitious Composite
Aof| QaFe == 70 2 EolHr) B AL M= 2} Materials for Additive Manufacturing, Korea Institute for Structural
o = o ol olelo] WElEl okl ol x5 1w M Maintenance Inspection, 23(6), 99-104.
§ & Arlel 2=eof eigo] Mstehs Y, ' AT 5 A 8. Lee, D. G., Yoo, B. H.,, & Son, H. J. (2019). Development of
Z olF AR i wstel 9 mA 2] Wste] L Shrinkage Reducing Agent for 3D Printing Concrete. Journal of the
7V8he] SeZ3)e] AT Bado] Q3 Al o7 AleHt) Korea Academia-Industrial cooperation Society, 20(12), 37-43.

9. Mastali, M., Kinnunen, P., Dalvand, A., Firouz, R. M., & Illikainen,
M. (2018). Drying shrinkage in alkali-activated binders-a critical
review. Construction and Building Materials, 190, 533-550.
kA |-2| E 10. Medjigbodo, G., Roziére, E., Charrier, K., Izoret, L., & Loukili, A.
(2018). Hydration, shrinkage, and durability of ternary binders
containing Portland cement, limestone filler and metakaolin.
ATE TEUTT EAASATANY A7R1A¥U(20AU Construction and Building Materials, 183, 114-126.
DP-B121595-05)1 2J3 =3 =] A5 Th ool ZAL=H Ut} 11. Feng, P., Meng, X,, Chen, I. F., & Ye, L. (2015). Mechanical
properties of structures 3D printed with cementitious powders.
Construction and Building Materials, 93, 486-497.
12. Lee, H., Kim, J. H. J., Moon, J. H., Kim, W. W., & Seo, E. A.
References (2019b). Evaluation of the Mechanical Properties of a 3D-Printed
Mortar. Materials, 12(24), 4104.
13. ASTM C 39. (2020) Standard Test Method for Compressive

1. Buswell R. et al. (2020) Inspection Methods for 3D Concrete Strength of Cylindrical Concrete Specimens
Printing. In: Bos F., Lucas S., Wolfs R., Salet T. (eds) Second
RILEM International Conference on Concrete and Digital Received : 10/25/2020
Fabrication. DC 2020. RILEM Bookseries, vol 28. Springer, Cham. Revised : 10/29/2020
2. Kwon, S. H., & Kim, J. K. (2016). Understanding of Drying Accepted : 11/05/2020

Shrinkage and Autogeneous Shrinkage in Concrete. Magazine of

2 Xl : B o o] B O K= A 2L 95| Aaksk AW EA
=< ket Aok oPCHl Rt AR vige] Aed k=7
28 o3 vmste] o) 252 mvm o] ©] IA el 24924
6.5 MPa SW3tot Y 28U ll= 55 759 Zer FREHUT 554 AT o|F AR 5 34 A3 4= A AR} vlalste]
220-260 vm W = F50] O A JEFsiTH

g0l 3D LAY, AT, YFAE, 55

s

oﬂ‘ ot
o 1o
H:l ¥

#3573

e

s

118 S2PZSFICLSX| 2| 25tE =27 ® 243 H 63 (2020. 12)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


