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Lee, Donghoon The construction of free-form structures with intricate curved exteriors necessitates the use of
Tel : 82-42-821-1123 bespoke molds. To fulfill this requirement, a blend of Phase Change Material(PCM) and Ultra-High
E-mail : Performance Concrete(UHPC) is utilized. PCM endows the solution with recyclability, while UHPC
donghoon@hanbat.ackr facilitates the effortless execution of curvature in the mold fabrication process. However, it's worth

mentioning that the melting point of PCM hovers around 58-64°C, and the heat emanating from
UHPC's hydration process can potentially jeopardize the integrity of the PCM mold. Hence,

Received : March 28, 2023 experimental validation of the mold shape is a prerequisite. In the conducted experiment, UHPC was
Revised :April 20,2023 poured into two distinct mold types: one that incorporated a 3mm silicone sheet mounted on the
Accepted : April 24, 2023 fabricated PCM mold(Panel A), and the other devoid of the silicone sheet(Panel B). The experimental

outcomes revealed that Panel A possessed a thickness of 3.793mm, while Panel B exhibited a
thickness of 5.72mm. This suggests that the mold lacking the silicone sheet(Panel B) was more
susceptible to the thermal effects of hydration. These investigations furnish invaluable fundamental
data for the manufacturing of ultra-high strength irregular panels and PCM molds. They contribute
substantially to the enrichment of comprehension and application of these materials within the realm
of construction.
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Literature review

¢

- Experimental basis
PCM mold design

; l

Realization of CNC design shape Hydration heat measurement of UHPC

Panel fabrication experiment
Fabrication of PCM mold l

'

PCM mold with Silicone sheet installed PCM mold without Silicone sheet installed

Panel scanning and shape error analysis <

Figure 1. Process of research conduct
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& A= AAFEol 7HsRE PCM A3 HI A Y i Azl g0l UHPC 22 ES o] A5 917 Aol
Aol A B AR Jtet. B 7R o] A, ARl iAol wh =AY 2 A =
AH71 2= o]l e uty] 5o A7} AFH9]. Table 12 ©]

SHH1 R AFHE AL Al BE A2 EX5H T Gramazio et al.[10]E Wax S AR&-510] AjE-g0] 7t
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7T ARSI ol BB AT Y Agkgo] /55t A4 12 BAS B4 AT ek, et Wax 7]
Z E

Segment(FCS)°l| Z-8-5to] A2t 7]

9101 PCM Z8A121E BA515.0 0] AZHT e Aol 28504 e,

Table 1. Literature analysis on reusable mold([5,10]

Thesis title Author(year) Summarize

Development of variable formwork technology that can

Zero waste free-form formwork Gramazio et al.(2012) . .
use reusable on-site formwork materials

Development of variable formwork technology with PCM,
a recyclable and economical material

Development of PCM-enabled atypical

. Lee and Kim(2015)
concrete segment production process
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H)4Y 22E WL 27 02 25 Q76 TR of2 TasHe o)A Awt RES A 7D 9 AT
A7p g, ol @ @AE-S UHPCE 28510 )28 AF2]1S Table 29} 2Th UHPCE 9157 150MPa ©
T §-20MPa®] WA, TS A RO, A2 o] B} tso} g A3 WAIgHS4o] 9lrk, w22
H]8] Zo] e FGo] wEA BAlElo] Y7Ao] Holuhe] FAATA, 454, AEAE Sl 2ol 953 ol BrH11].
Cho et al.[71& UHPCE B-8510] u]4E &= 9 Edfx 0E AAslo] Aet A9AS S 2 At 8-S 530519
o} 27t 0 2 A @A OF nAlRd Aol € 8 9% 5402 A 8l DA I H FEAT e Bl
2hA B Aol A AT 540 2 £EE UHPC Wigh| 2 A9 St s

Table 2. Literature analysis on UHPC free-form fields[7,11]

Thesis title Author(year) Summarize
. . I i luati lysis of UHPC thi
Impact resistance of UHPC exterior panels under mpaf:t resistance .eva uation an.a SO .. rough
high velocity impact load Kang et al.(2016) comparison test of high-speed flying body collision between
v ty Imp UHPC and granite panel
Conceptual approach to applications of reinfored UHPC free-form solid and truss beam design production using

Cho et al.(2020)

UHPC noon-uniform solid and truss beams 3D finite element analysis and strut-tie method

3. PCM AZZS #835t UHPC HIMY Ijg XX A3

3.1 PCM AHEHE % &

3.1.1 PCM AZZE X2l

uheh A AR 52 OF 58-64°C O] 8T (174kI/KG) 2 & g o] ZH5]. & AFollA= wehd &g A
g5to] PCM HIA @ AEL-S A|&5t12 CADE 5] Figure 29+ Zro] AAI5H T £ Lol A AFg-sH= CNC AHH] 9] 1F
Zof| o] HA5Ig o, TE0] ol LAo|| golgt [SmmE A5 webA Aelist st fide] 4L
400mm(7F=)*x400mm(A| 2)x35mm(=0])= A5t CNC sHEAEZ 9] 0] 35mm & 15mmE= Z-52] A|ZH oA
FTYH FIAH7A] o] =21 ololek. PCM AFHS Al#et7] 918l CNC FH1E AFEget. o]i= 36712] Rod”} Line 1~6
© =2 100mm 7HH 0 2 A2 =] 9l o, o]i= A ol o] 54| A Silicone plate’S Hol H]d Y 17 F-S gt
t}. Silicone plate+= Silicone ZJE 2 F-<A5HH Q5= B P 2] FAFE F&ot7| §olgt A= ot} o]= Figure 337} Zo]
SHE- CNC ] Aol A=W 1242 600mmx600mm 4 2] oo},

oot

el ogl

Lne® ® ® ® & ®

Figure 2. Free-form panel(400*400*35)
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Figure 3. CNC and silicone plate(600mm*600mm)

PCM AFEH AlZtof Qo] CNC 2] s A} -2 915l Rod 542 Table 33} o] A3t vIA S JAFo] 554
< Rod 3|72 Hgsto] AltghS Aalstodot. W2 Rod7H A E 23S 71522 100mm2] o] AAZE Fol F 36
7h2] Rod @] AF57HS A 75t 0] 2 Rod 87142} 3] Zte 2 Alktslo] 3t BE S 2.45°0H 0] AFEH ZE THE RodS 3
AAA sHERSS FAgTh

Table 3. Calculation of CNC Rod movement value

Line 1 2 3 4 5 6
Distance from ground to 30 42.83 492 492 42.83 30
panel(mm)
Distance/2.45=1 Wheels 1224 =122 1748 =175 2008 =20.1 2008 =20.1 1748 =175 1224 =122
0.2wheels
Covert thf “é‘mber ofwheels s ¢x0.0=720 180° 224 2240 180° 288°
0 degrees .360-72=288°

Number of wheels & Angle(°) 12Wheels 288°  17Wheels 180°  20Wheels 224°  20Wheels 224°  17Wheels 180°  12Wheels 288°

3.1.2 PCM HEZE! H|%

PCM A3 0] A|2taH7g-2 o} CNC H] &] Rod & 2ot sHE &2 @2t Rod Aol Silicone plate S =217
XPS S AFY-E AR gt AF ol HA| Ao nheh GAE e & AFY-S g oto] 1A e o PCM AFEH
< AlZstH ol Figure 49} 2. o]2]gh 7174 23] §HESIo] 2709 PCM A& A&l

@ CNC Rod Control ® XPS side mold installation @ Paraffm wax pouring @ PCM mold demolding

Figure 4. PCM mold manufacturing process
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3.2 UHPC H|X& oY HX A
3.2.1 UHPC 3t8 &1 AH™

2 A59] 522 UHPC 2ol o3t PCM #3450 M9 mefsh= Aoltt. A|12tet 2719 PCM 7151 ol UHPC B
A Al =8t o5 PCM 7 ofl F g o] A RITE wHbA UHPC oo1d 54 A& At o1 28 579t
1= 170] PCM Al =8Fg el 4 3Fo] 7Fa3t Silicone sheetE A ]2 Silicone-> =2 E/444 a0l <=5t
o AL o] ‘*O}UHPC Fold 2 HE A 9 o] =51t} 13 Silicone S0 whet =314 A A7t o2

UHPC 2t —i— é % otk go] 4-agtet. A 7410* UHPC B39 m'd ] F7= 35mmo]tt. 5518 H4-8 93]
149 g o] FA= 35mmE 7|52 2 Smm 20| S F01 30mme} 40mm 2] £-31E-& SA5ITt £91E 0] 37 L%
AlE UHPC B == AP A S+l LEAE AA|ote] S7dstazt ettt vigv] = A A5 B O & Table 42} o]
B AT} FASH DAttt SAHAEL 11:004], 4-2(22°C)87H 4 UHPCE EHASH & Foiof| 2 A1 E A |5}

- =
It} UHPC] 43192 308 7H2 .0 2 oF 13417 <t Zgotairh.

Table 4. UHPC mixing proportion(5,600,000m?)

Panel size W/C(%) Cement(g) Water(g) Glass(g)
400x400x35m’ 0.13 11,000 1,430 22

UHPC =318 57 T2 Z= Figure 59 Z}. 912 20T HR)sto] BFde o] visl] st 3iet. 27184 8AIZE
733 & ] 40mmof A F| T2 L 55.3°C7HEAH T ] 30mmE 8A17F 302 §-54.3°CTHERAE gl om o] & £ A9
A|o] ot HAF Gt FA 40mm ] A A A ot d o] Bt Bl H 2Tt SASHY] 2ol FAEHF
A&r5 oldo] 3715k Ze FstAH.

UHPC heat of hydration measurement experiment
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Figure 5. UHPC Hydration heat measurement
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3.2.2 UHPC H|’5Y T2 M=

92 A 2el7] Y8l A2 PCM A3 ol UHPCS EFARHE. Silicone sheetS A 2|9 AF%]2- (A), Silicone sheetS
Ax|ot2] G2 AFHS (B)= AAsct 8t SHA P A E2E A 291 55.3°Ce] A3}o] 752t Silicone
sheet®] F71i= 3mm= A2 v g = AeE AP FU5HA 5192 UHPC 474 A2 o] 50171 f-5
 SHE floll BFE 1A & Bt AR ARl E2H 52 Ko 2447 B SRS skt g o] A2t
792 Figure 67 2T

_ A

@ (A) Silicone sheet installation @ XPS side mold installation @ UHPC pouring @ UHPC panel demolding

ot v

Figure 6. UHPC free-form panel manufacturing process

3.2.3 UHPC H|IHE I A 2XM
&2 Aol A= AR UHPC MH‘:‘%3D 2L E5)] QA2 B
9 PCM A%H0] 245]0] 712 4
3000AF2] Go! SCAN SPARK3D 7
Colorst EA| =]} Bfelo] -golaict, 7

ot zt qtct. =3t ot A4 a7 = 7
Zo g2 o EHrt & AoA+= 3] A7l Proto
Color map 71%50] 310} @47} HPgaH Hito] A
151 A}OF— Table 59} Zth.

Table 5. Go! SCAN SPARK Specification

Picture Hardware
Size 89x114x346m’
weight 1.25kg
Scan range 390mmx390mm
Software program VXelements
Support file STL/TXT/WRL/X3D/X3DZ
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Table 6. UHPC panel deviation

Panel Minimum(mm) Maximun(mm) [Max|+Min|(mm) Std. Deviation(mm)
(A) -1.8 1.994 3.793 0.549
(B) -2.997 2.724 5.72 0.767

(A) T 9472 3.793mm, (B) TE 0] QA4S 5. 72mm= EEE Y QA AL S rEo g Mo g n Y]
Aot (HE2 AR ez AR F2olH w2 A A= EAIE . (k2 AT o= A4 OP%IOE FEAE
2 BAF Lo ool e Bt @442 ofnIith Figure (1) (A) o] 2442 ofmlot F2 A9R 554 9
g LA AYSIAT. ol PCM A Azt ol Al oA ARt eha Fefoll A et EX}%IOM, UHPC -2}
Ao 2J3t @ 2}gko] ofd Ao gg_l‘-qlg Aot EH(A) g FE AG 2] A A7 EHAYSH LY. o= Silicone sheet 3mm
O] FAP} RESAL AR H FBo|| A BE 5148 2hhslx] 2o HAYR A0 & webErt Figure 7(2)= (B) T2 <] 7}
Z212]7F UHPC ] =3t o] oJol] 4 @42 oln|eitt. A3 S 2 Silicone sheet”} SO17H] 942 (B) AFH A
UHPC =818 ]| F|okst A 0 & BAE|glr),

F

ol
it

(1) (A) Panel (2) (B) Panel

Figure 7. UHPC free-form panel deviation value
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Aoliste ™, PCM 71 0] S opgh S5 o= ‘LﬁH T4, ONCo| s x24 0 & Qlet 2547 X ‘*"“, PCM 73349
Ht 2oz HFe] &4 5o] 2o Ydl o= wetEnh 9 o] HlF] YA FE A B d=H I 2

AJo3tt. o]i= UHPC =8t ol 4 &dstr %ﬁﬁ Silicone sheetE AF&-SFA AT 3mm4 FA7F FZ5HA 7%1% AF
O HaHEF o2 ¢l o at® metErh o]= 53 A2 FAE MAsk= 5 7M1 Ado] a4 H
3) (A) 2 FF 227 A9 dojuA] ottt BHLE 3= 7F A0 AL uigt AE7F AR I (A) 1]
Hlofl (B) d-2 3=2] 471 B Wetom A 3 vbgt Aei7F 3= Qlek B3 PCM AF 9] vt AJel7t o d
FAo| L E Qo 451 of| o] &4 E FAto] LA QALY Silicone sheet= TFE 9 2HE 7|50 2 AFREQl O
U PCM AFF o] 2 vt Fejol FakS mHTh
B AoA = AAFEO] 715 S PCM HIHE AR of 2 AZYol| go]|3 UHPCE AH8-517] 18l v | mid
= Alztsto] g eat 245 4385kl o] & 919l Silicone sheetE &-8-5t0] =214 °ﬂ oJgt @454 A9l-& A skl
51 H 125 = FA 40mmof| A €F 55.3°C7T A EH At o]2ist =51 At 9 FAF 0 2} A7 $J9] Silicone sheetS
PCM A3 of| A x]ote] offd A|2HA RS Z18gsteleh. @A) v E ofidof Tt o }%Ioﬂ et 42 gl7] w2l =2 H
A9 o] WA o] ARgHol wheh AS5-FA e B4 618221 71 3mmE A8ttt AI2FE wd 9] /o] Wi gk
3mmE FHESIGL7] 2ol T i RE Abgo] 7Ms3t A o] @217} uhAYsHSALY. Silicone sheetS 2|8 d o] AL
217} 2F 2mm7t 7R =] o] Silicone sheet2} AR =2HE-& Aotz A E AFH 28 A @41 7R4Ado] 7hse AS &
15t 12fu Silicone sheetE AFE-EF PCM 7oA % UHPC 4=31gof| o3t @2}/ 574 = °‘E’r °o|& s dot”
o]l Silicone sheet®] Z[A 57417 9 PCM AFH 9] 854 7§14 So] 87t o] et A= 2074 % v i A2}
9 PCM AFF] /4t A ARG/l glof 712 4R e 2 E8-d Z o & 7| Hr.

=

H7EE %

o&

T

H7 @ A5 ool oot Al ol] tiZol HIA Y 72 HEAZE o) AR BI7 R A4 Azl 3o

A &-8-0] 7FH5gt Phase Change Material PCM) ¥} & of] 80|} Ultra-High Performance Concrete(UHPC)7} AH&-5

o}, Iy PCM-2 oF 58~64°C7} g o™, UHPCS] =3td 2 PCM AFH o] &4 4= Glo] A3 Foll 44 &1t
ot A2 AIZHSEPCM A FEZ 9 Silicone sheet 3mmE A X|gH(A)LH X514 L;l'% ) AFEH o] UHPCE EHERIC A9
27 (A) 3.793mm, (B) 5.72mm7} S =] 310 H, (B) 7%—’?*1:]1 o] a}gof Foket Ao 2 FA LI o]2fet A= 2%
T HAS fd 9 PCM AFH AlZ I 7| 2 At mw E8E Jlos ]EH%Q—

7|19 HIEY H5E, HIEY 2H2E T2, 2 1ds 232|E, JHelEd, #3118 58
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