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B, mPELEME . O 3DP-UHPC MAHSE TAE T2 BFT N ARIR$, K243 BN EF4E(6 mm A1 10 mm), i
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ST RN A, I i Y, % R EKOKEEEMIR, UHPC WIaGskiEsb . Heihm
i, Fpb— B R L. A SEEERE BT ESR AT 4 R AR B Y, R
P A AR BR 1)« 28 T 2 A8 A% S e A5 7 V2 4 DA S it 5 LRI 58 B AT A 150~200 MPa, 8~12 MPa
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i AFLRHY, LLA®E UHPC (7R sh I A m] g i
e, M2 PR DU FUZ R] 58 B 43 1A 205.2
22.8 MPa 1 9.9 MPa. Arunothayan 25"V 31 4/ K &6
Sk 2x 58 0 UHPC i 3h2 Jm AR N 3 F0 26 &6 B,
il £t R L JE RS 77 (60 min) AT 40 kPa.
Arunothayan 219, 8% 60% (11 7K U6 5 # ok
FERSETE T a1, APt A0 Bt 28 5 B 43 Sl A
144.6 MPa Fl 34 MPa. Yang 25075 78 e st b4 ek
HHOIMN 2D B G KB R 65 A R T 0K 43 % 48 o 2%
SEFRRE, 4 4T BN UHPC L5824 184 MPa.
PL_I 3DP-UHPC #5832k FH 6 mm 8¢ 10 mm K
FRIET o, 5L IR 3 B2 40 47 46 8 T 57 AT BN . SR
H AT TR H UHPC 3 AN 4K N 13 mm!',
{E52, 13 mm K E AN AT 4E 7R 57 H k7 o 5 78 it g
AEHERR I R AR B, FEUEZEATEN ik, ME
Wl ¥T B2k % J T2 Fa e M o Aok b3 1n) JEXH T HE SN
HFKAYE(=13 mm)d 5 UHPC 7£ 3D 4T EIH Y
IVEEP R

HAr, (A& 3D TEH BN T 13 mm
AR SR VA AR 2 b Z A EY/FEE b 308 s
AR S 7V, B R B AR R Sk Ve . 4T 4E
FAE LB, P4 3DP-UHPC fI4i/E. Bl
PSR 4> 4 13025 MPa 1 16 MPa. 47547 212
FIH &R0 W B ARG 2408 ki %% 3D $7E0 UHPC,
RINAE B B EN 20%0, UHPC ik 58 fl
L5 i s, B~ 119 MPa Al 15 MPa.

i —7J7, 3DP-UHPC f /124 ERE 2 BLH —
SE WA 1A PR E . 140, Yang Z5CPURF TR B,
YN gESBEN 1.0%. KEFEN 10 mm i,
3DP-UHPC 7E X~ Yy~ z 3 N5 M 0 58 5 43 531 8
52.64. 81.24 MPa 1 152.33 MPa, .+ z Jy[ass
FERE x Ay J5 w4 ) e 189.4%F1 87.5%, y J5 ]
SRIEES x TR 54.3%. ke aBlg g, 78
ANEREF eSS 2R (6 mm, B 500.5% 1.0%-
1.5%-. 2.0%), 3DP-UHPC Ji J& 5 fF 5 2 3L % 1) 7
PERFIE, B8N 2.0% R4 X y. 2 3 N
PUESREE /> 5~ 173.2. 179.2 MPa A1 205.2 MPa.
A[ UL, FTEY UHPC J1%HERES M e Ah
BORBENLES HE, X5 AR R £ 4E 5 AR
J2 4 18] R THT S5 ok 435 M R A A R,

TESRANA R R, UHPC A& 274 . wh Jk ik
Girm . FLBR AR SR SR A o MR B A A RE,
T AT AR IR R L 1R 5 T IX LS 4u W 20 4 ()
R E. TESR. A EE S Re . R X

THTEN UHPC #E}, 43 2 BB 7 Kex 51 N2 2% 1]
v 59 LI AR B AR L R, th AT RE R AR 2T 4
G AR 2 R T2 T 3DP-UHPC S Wl 45
FAVRFAIE ST % 1) S5 1k 7 22 MR R 1 22 RBE S LR 1) R
SR 5T -

Zx b, I T4 45 A RRE XS 3DP-UHPC %
] 5 P 72 W 0 2 M RE I R HLER AR BIE AL R
13 mm KEERA4E, 95 T AR GEARF 0 50(0%-
0.5%-+ 1.0%- 2.0%)f] 3DP-UHPC, F-FIF ¥+ K
BAIKH AR (DIC) 3R AT T HAE 40 ff 21 T R EE kD
2P RAMEGELSAT N TR X S E R
FH(X-CT)E AR T 3DP-UHPC W #5245
Ml 4 A LB MR iE, R T
3DP-UHPC P 545 PRI S A5 £ B 243 AL i 22 R
JE S AL o

1.1 #R4AKSEC bt

1.1.1 3DP-UHPC Wb IEARMEM R H Tl &
3DP-UHPC W AR EZ AR ARG fFEEX
Wt GB175—2023 1) P.O 52.5 Ml fEmg /KU
(OPC). ELRMAN 6339 mi/kg MIREMR, LAR B
MR 7.0 A SRS . A Terb % P IR (Dso) 3 A
4ib(83.9 um). Hb(411.4 um)AHEP(1073 pm) 3
FRREC. NRTTHEERBEIE, BANT —MET=
RN = M BE KA IR FI(HRWRA), IS
YUFLER, IIAKIARTEEA 10~100 nm HIYKERERES
(NCC). 5 AR R 4T HAN T4, B A% 0.2 mm,
KB 13 mm, FHEHSHNE 1.

x1 ERMTHESE

Table 1 Parameters of copper-coated steel fibres

. Elastic Density/ Strength/
Diameter/mm Length/mm =
modulus/GPa  (grem™) MPa
0.2 13 200 7.85 >2400

112 RPRR R EER RN st i
IKVE FEACRT 3 Fofr emh ik BE o A it B 5
Bettersize2600 OGS M IIAT . RAMEIER)
Andreasen M1 Anderson (A & A)Z A 3t 5
3DP-UHPC Wh3g FeAkrh & 41 5y R A Le i, BAECK
PR RO HEAR 2% FE N H ). EABIEM A & A B
R, HARRLAR A0 & ik X
(D"-D},)

P (D)y=——m’ 1
O o o) M
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e D WRAR, Pu(D)NRIAR/INT D LSRRI
ECAT] s D F1 D 23 SRR S WD B K A B /KA
AWFFH, Dpax = 2600 pm, Dy = 0.142 pm. S5
q AR, q#EH T Pu(D)RHIE, A58 R
Fi q=0.23%" B 1 IR 1 4% ERDRHIRL AR 43 A1 h 2k
S TBE 3DP-UHPC FAKHIRAR 73 A iS4 R . W&
t, BRI A0 I 20 5 B bSR3 A AR AL, )
BHEEIE R = 0.9904. #4153 LG4 B brkif 5
Mg, siamh —REITIRTTE, R4 E
A LB T3 2 e

%2 3DP-UHPC EL&tk

Table 2 Mixture proportions of 3DP-UHPC  kg-m™
Silica Fine Medium Coarse
OPC Water HRWRA NCC
fume sand sand sand

070 030 0.25 0.475 0.775 0.22-0.23  0.029 0.026

Note: All values are mass ratios of the binder mass, except for fibre volume

fraction; Fibre volume fraction is 0, 0.5%, 1.0%, 2.0%, respectively.

[ R*=0.9904

© 100
£ 80t
2 L
2 60f
g —— OPC
= 40k Silica fume
o Fine sand
2 7 — Medium sand
3 20f Coarse sand
g | — Fit curve
3 — - Target
o 0 dotaa iyl Aot iiaul dodasiinl L anul

0.1 1 10 100 1000 10 000

Particle size/pm

Bl ETEFEHEAREL 3DP-UHPC F M BERLAZ 7
WS WA LS H bR 2k
Particle size distribution, microstructure, fitting curve,
and target curves of 3DP-UHPC mortar matrix based
on dense packing theory

Fig. 1

1.2 ik EHE

121 #AE/E  3D TERERRIR A 55
WAHASEAIER 3 A H, W1 C-F1.0 AR 4k
HEON 1.0%8058514, P-F1.0 fAFRANLT 45 80K
1.0%1) 3D FTERZL, Bl (i il L 2R
2. WIEFER, NS RIS BE R SR
R JE IR 3 S PRI LN, R R B W/B
Eb DS IR S (L 1.3 79). [RIE, BEE MR
JR AR A7 ETE, BT SR R BER AT
TERBE A N R, T 2 R (2n 1/s), LR
THIAE I R R REITRIB H o BhAh, HERIEFTEN Sk
ISV 5 T FE AR , AR LT 4 AR 0 B 4T

ENSK AT A2 ZhIR S . S S HE WK 3.

*3 WHHS. K. FRIERITENLBINRE
Table 3 Specimen IDs, w/b ratio, flowability, and print
head speeds under varying steel fibre volume

fractions
Volume
fraction Printed Flowability/  Printing head
Cast ID 'W/B ratio 4
of steel speed/(mm-s )
fibre/%
0 C-FO P-FO  0.2225 127.8 50

0.5 C-F0.5 P-FO.5 02250 133.9 48

1.0 C-F10 P-F1.0 02275 144.6 45

2.0 C-F20 P-F20 02300 151.9 40

Note: In the specimen ID, the letters C, P, and F represent the cast group,
printed group, and fibre volume fraction, respectively. For example, “P-F0.5”
refers to a 3DP-UHPC mixture with a fibre volume fraction of 0.5%.

TERCFEERE A, O T B AR ISR T RE % P

PR, 2B oK 5715 100% 1 7K V8 A 1 s i,
TR S H LRI % . ¥ TR RHE
A 60 L fI5EREHL A TR 3 mino. 4235 I k7K 71
VW, RSt HE 5 min. 25 218 I NAN 4T 4,
TR AT YR 5] v H, WS . B, 4R S
¥ 10 min.
122 WshENEl SRA NLD-3 A zhpk i
I AL, HHR oKV B I 3 B W 5 7 1)
(GB/T 2419—2005)** 1%} 3DP-UHPC #4 ¥R 5h &
BATI. HAR AR, WK 3DP-UHPC A
LAWY A AR E R, AR
iR AR S N FITAAZ 100 mm. BT
%270 mm. =E 60 mm, FII4ME 120 mm, EEJE
KT+ 5 mm.

M FE R, Sl HE& 1 () 3DP-UHPC #4kH)
PRGN : 26— KIENY) 2/3 W%, (f R
5L 15 WG, GRSRIENFIARER 7, A0 H & H AR
20 mm, FHA 10 K. BEJE /N T8 SFELE J7
LM, HIEEEBE S TR AR SRR A
BJG, BahEkspksh 25 ¥k, b5 &5 300 mm
(& RO B R E B AR 3 BT R N R AR,
BUHCSPIEAE BN . BRI FEMAE 6 min
P 5E B o

B 2 EHEER T ORFANLT 4R35 8 R (9 BT R
0%+ 0.5%-+ 1.0%- 2.0%)[" UHPC #5903 s Bl
REER, FHEAX AL 4ES R T T EN 47 £ 1H
TES, BEENA 4B E RGN, 17602 R PR RS
FEXE .
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133.9 mm

144.6 mm

2 R YEAFR % 3DP-UHPC M 3P 59T ED 4% s R T AR AE
Fig. 2 Flowability and printed filament surface characteristics of 3DP-UHPC with different steel fibre volume fractions

123 3D TEIERFR RS &T7E AHWN
201150 3D FTEINL, ARFTER A 1.8 m(K)x
1.7 m(%8)x1.5 m(/5), MBI GG A+0.1 mm. $7T
EISk LA AR 30 mm [ [ nT Fr E1mEE (1A 3),
ZRTRIVERGNPATE F, FF@E T EALSE
BATHEM @I CAD B2 H] = 4R 1 T H STL
MRS, I E HIFR PP ] = B 23 . TED
LK RS BT E  40~45 mm/s. FTENSEAE %8 5
BR8N 36 mm A 17 mme.

(b) Top view of the nozzle

(a) Conical nozzle

K3 HOERN 30 mm 4T mEE R AT

Fig. 3 Conical nozzle with 30 mm outlet and its top view

Wik 4, EHFTEDH RSN 270 mmx270 mmx
102 mm FUHAA, BERLKEE A Pk B T = i (2343) C
TR 24 h LA/ RO AE 5448, TR EUAE T
HORFEHE H ORAL R THARZ) 50 mm), LL 90 Cr
IR 72 h(R IR I 4 d).

________
______

2 direction
Ny
N
-
%N\
% y direction

102 mm
)

K4 R B S & T 1 E X

Fig. 4 Specimen cutting and anisotropic direction definition

FRPTERUG SR AN LR 25 S WA 4
MDA SE AL Dy RE), B FIE] 70.7 mm 3277
RPUERAE . VDB B AL T AR R BE 5 7 (1) A O
DA BRAT B AR R B R AP B X3, ki
W p R RN T RANEEDIE, B
AHBEREN, Aol RRmEE, Y8 EiR £
-4, RN, B 4 Bor TR R ER
BE LS EET R E L(E 4 PaasigRE
JEI), AR NKIA); B S TR & FTER
UL R R s 5 UIRE R .

Kl 6 B~ T W3 UHPC W AF il & fE . At
MEHIEC &S 3D FTEHA R —8. &2
W, W SIRA G R RL 7 E N SR AR
FEEA, IREET 20 s IRBVHES . BRI, ik
TREEIETEA 24 h, B EEHOK R 4REEF747 72 h,
FAP o ST B AR ]
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(a) Preparation of mortar ‘ ‘

\

Material

Electrical feeder

machinery
“

" Extruder

(c) Printing

(b) Printer

/~ Film covered maintenance

(e) Cutting

Hot water maintenance ~—

(d) Curing

K5 #Ea. 1TE. R SRR

Fig. 5 Flowchart of mixing, printing, curing, and specimen cutting

4 g
'\Qf\ <
=> .‘ =>

Mixing of UHPC

[ Mold preparation |

f Vibratib{i table

- . -
| ‘j)’.
.

' Hot water cﬁring “

Surface covering

K6 ¥R UHPC iR f 1 2 5 774

Fig. 6 Fabrication and curing procedures of mold-cast UHPC specimens
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1.3.1  vF 5 W JZE 3 6 (CT) s W 5
3DP-UHPC P #BFLIR S5 # RN A 2 S5 A RRAE, R
X-CT HiA, FFIH Avizo FA5F FLBR 54N 4F4E it 4T
S EFSERS. X-CT @2 MERE X 4
LRPAMG,  FEERATRE N P 0 = K R0,
BT MRREE AR, HXF X S rmkbe e
ZE5E, NImAE G R AR K ANeF4E
BA R R (), W REEAORE &, T
LRI K EE AL, BinBa. BAEGRE L
2.1 . MG E G, i KR R E A ) S A G,
FEHFLBR R . RRRE RS S AL, FEIR I
YR S A . B A PRFR B RRAE, R
3DP-UHPC i /12547 A AT iR 3 1 .

W7 KA RMCT4000 %! X-CT %4, fHak
70.7 mm. HL4EBE 1.0% 0 R4 HET A
Hi. ARSI RN 50 um, P& &I SRR
(300 kV/500 W) 9E SR iERRIIAS , 9475 Fl 9665 mmx

800 mm, FEAHIA#900 mmx1100 mm, #EFE<150 kg.
132 DIC 525 KH DIC, fEYIRRHBREL
BRI AR TG S, BT e linAUE— s
22 FORL R B H 358 TP R B0 8 AR 3 B AR A 5
Y, SEEUA R ek SRR . DIC HAR Mg e
TARFEARI & SRR 3RS B F T AL
REJT, Rets B R BRI SR T I R ) 43 AR A o ik
PER RN (R EE, T8 5 i in 22 ik
BELLE BURHIEpRIE . FEFRHAIRZ, BT 3D FTENR
PRSI B JE R TR, R 7 S Bk
E—8, 4, M TIAPLR000 Ji1%2) kit
PEARTEAT G M EUE S . )5, @i Vie-2D #F5r
MrEUE, e 2R T EOBE L A8 1 838 3 A

133 K485 5% wmE 4 s, AR
3DP-UHPC 7E L4 far ¢ T /& ) ey veag, ik
PETFHAT X3y~ 23 N BRI . A ORAIE 5
AR TS, FAIET AT AT 6 AN
P, g 3 AN of SR A R E At
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g 5 ZE(CoV) AT 15%°%, & XNRHEZ (o)
58 R YIME @ 2 . i 50 R R H
WAW-1000 B4 AL 42 il A v ] Al 73 REAREe AL, Nk
J7 AONEE AL 3], INEGEZE A 0.06 mm/min.
3D TRl A B ar AN 4n“P-F1.0-27,
H P RIRATENRME, “F1LOPR RN 4E15 5 0A
1.0%, “Z°Fonitd z A EYE. R, JFR T RR
AR RS SE5 .
2 HRfuitib
2.1 ETF CT 89 3DP-UHPC A &4 E S 47
2.1.1  FLBREE M RRAE KA Avizo BAEXT CT
FREAR AT A, RN 8 MK, KEETE
FN 0~255. E%6, HREE] X BB o P4
SRR ID S X R = BRI G, 70 R4S raw
BHE SO AT = 48T . EMR B E A5 4
FIRFIE I RTHE T, EBUA KN 54.95 mm f 0 X
AT AT

Hk, MATILRR . F4E. BD IS AR R R
fHor%El, —MFHiET Avizo #4H) Line-probe J7
ERE i E BB YE L, T R LB AR AR 4 B A
(IR o TS HE A E A . Wil 7 Bios, BlAL
I3 sk 4], Ay ik AN 3 sk 4By AB. CD.
EF, J7ERFLE BSMmE 500 MRS, H
T REEMDPWIKEE AR ERER, KEELE
0~255 W3, KRB LB KA Bl T ARM
R, TN 4E . 3% B4R DL R AL X 3
(045 30 38 AL B 2 2% ) ST AL R o 4028 23 B s o
XA 4 (5 1 X3 AL B R P R X3 1 K
) 1 Y0 IRl 0 1)l 145~255 Al 0~60, T 15 & 2 18]
(IR FEAE 61~144 A EWD 32 344

35

Fitted polynomial
+ Data point

R*=0.9743 o

g
S
T

N
[
T

Pore volume fraction/%
|38
W
T

S'=1.292 65x10-x'~1.348 69x10-x+0.00 35
1 1 1 1 I 1 1

1.5

1077 21x107%7-2.247 82x10°x*+0.001 75x°-0.059 74x+0.771 08

40 44 48 52 56 60 64 68

Grey value threshold (8bit)

(a) Optimal threshold determination

72

— — Threshold for fibre — -

Threshold for pore

Grey value

Grey value

Grey value

0 5 10 15
Path length/mm

K7 %:T Line-probe J7i% ¥ 3DP-UHPC K J¥ B {H (1415 5y

Fr(FLER 0~60. HP¥E 61~144, £74E 145~255)
Fig. 7 Grey value threshold analysis of 3DP-UHPC using the
Line-probe method (pores 0—-60, mortar 61-144, fibres
145-255)

=2, I R ALBRAARAR 43 BRI A () I BBURBE 1 53
PrkEHERA € RIME. 8] 8a &R 1 o, -FLIR HRIE H 28,
BEHARRZER RN E, 52
NE M A EBEDY. WRIESHraEH, #E il
FRIREYE A 0~55. JEFiZBIME IR ECFLER, FFakfT
— AT AR AR TE G 1 FL B 2 A A ] 8be FhTHHEHEL
FLE 81 511 4>, BARFZ 3710 mm®, EFLERR
2.24%, KT %4 UHPC (3.45%PY5 3.9%~5.9%)),

54.95 mm 54.95 mm

A

54.95 mm

(b) 3D rendering of pore structure

P8 DU 22 3t A A LIS A AR o 00 R i AR 2

Fig. 8 Sensitivity analysis of pore volume fraction to threshold based on the fourth-order polynomial fitting
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Bl 9 JeoR 7 — ik 4R D) TEAS [F BRE T X
B2 FLBR R B R . HBMEE R, U AR
FIMRE BRI 7> LR, TR LB . A,
YU e 28 G S P S S e R Ao

B 10 il = 4E 552 05 I LB S8 B AR ()
BEAT T3, Jos 1 SLBR I S5 EAR AR SRR AL,

45

AN R 0~3200 pms 800~3200 pm- 1600~3200 um
XN IFLBR S M E R . R0, SRERTE
0~400 um M I FLBEEE 5 HE 79.6%, 0~800 pm 4 L
96.5%, KT 1600 um FIFLERAL &7 3.5%. 5 CT &
B R AR R ST BR ], 62 pm LN FLER AR BE
EelESR

65 85

B AREMAERIE T R 4E) F h ALBR B

Fig. 9 Pores identified using different thresholds in the same image slice

40k | BB 1100 £ 1600 - 7 100 2 60+ 1100

v |\A ST T = B N ik n 7 N et
Cum.%=96.5% | um.%=95.9% = \ Cum.%=96.6% =
g 30k L o 7 90 § g 1200 L \ Cum.%6=95.9% T 90 8 g 45 L P \ _______ I_JT __________ b 90 8
(=9 Q (=9 5 o o/ o, 5
ts ________________________________ 80 3 t‘a --------------------- o1 80) =5 L‘a Cum‘ﬂl_87‘1ﬂ]_ 80 (=%
5 20k FA# Cum.%=79.6% 2 5 800 Cum %=81.9% 2 530 2
= 0-3200 pum 170 = 2 | 800-3200 um 70 & -g 7 A 1600-3200um |70 &
= Fitting curve g = Fitting curve = S 15 / Y Fitting curve =)
Z 10k A —m— Cumulative percent | 60 & Z 400 —u— Cumulative percent | 60 g Z I/ e Cumulative percent | 60 g
o o O / o9 v O

0 L érf/gr,,,- 0 D 0 707 27
0 800 1600 2400 3200 800 1600 2400 3200 1600 2000 2400 2800 3200

Equivalent diameter d/um

(a) 0-3200 pm

Equivalent diameter ,/um

(b) 800-3200 pum

Equivalent diameter d,/um

(c) 1600-3200 pm

10 FLBRSE AL ELAR (SRS i

Fig. 10 Frequency distribution of pores’ equivalent diameters (d.)

B IR T AR de X 8] P FR FL B 250 e 6t
N FBIERIEBE (). o, SEREA R 5N 5
ANXTE: 0~250 pm. 250~500 pm+ 500~1000 pm-
1000~2000 pm+ 2000~3200 pm. %58 ER, FHE
LMBERW N, FLREE R E I, g HAHR R
Fo M Xy y-zo x-z P T EE AN FLBRTE S o] I,
INRSHLBR 2 BT BRI BUEER L, X R0 w7 (A &
T 1, X5 WLERK UHPC W F LR &
FEAUB3SY, 7E 2000~3200 pm TG, FELE 37 A
BRI FLBE, 3% S FLBR A A AR s L R A
U 7.805%, i AFARFR1) 0.174% . 20 M %k
DL, XEEFLBRIA THTEN R R m Ak . H AR
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Extended Abstract

Introduction

In recent years, the combination of construction 3D printing technology and ultra-high-performance concrete

(3DP-UHPC) leverages the rapid construction and controllable shaping advantages of 3D printing along with the ultra-high strength
and high toughness advantages of UHPC. Existing research on 3DP-UHPC, constrained by current printing technologies, has
primarily focused on shorter steel fibres (6 mm and 10 mm), whereas the steel fibre length commonly used in engineering UHPC is 13
mm. Additionally, research on the micro- and meso-structural characteristics of 3DP-UHPC and the resulting anisotropic mechanical
properties and damage-fracture mechanisms is relatively scarce. Therefore, revealing the multiscale effects of anisotropic compressive
mechanical behaviour in 3DP-UHPC is of vital importance. This study employs 13 mm steel fibres to investigate the influence of
different fibre volume fractions (0%, 0.5%, 1.0%, 2.0%) on the compressive performance of 3DP-UHPC. By combining digital image
correlation technology (DIC) and X-ray computed tomography (CT) methods, we aim to clarify the coupling mechanism between
fibre orientation and interlayer/interstrip interfacial defects, providing critical insights for material optimisation and engineering
deployment of 3DP-UHPC.
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Methods In the experiment, 3DP-UHPC specimens with steel fibre volume fractions of 0%, 0.5%, 1.0%, and 2.0% were prepared.
First, a particle packing-based mix design was carried out. By testing the particle size distribution of the raw materials and applying
the modified Andreasen-Andersen model, the optimal packing proportions of the mortar matrix components were determined.
Subsequently, in accordance with the GB/T 2419—2005 standard, a flow table test was conducted using an electric jolting apparatus
to evaluate the printability of mixtures with varying fibre volume fractions. Furthermore, high-resolution X-CT was employed to
acquire the internal structure of the specimens, from which microstructural parameters such as pore morphology and steel fibre
orientation were extracted. Finally, uniaxial compression tests were performed using DIC to measure the compressive strength and to
capture, in real time, the processes of crack initiation, propagation, and coalescence, thereby revealing the evolution characteristics of
the failure modes. In this process, the synergistic effects between interlayer interfacial defects and fibre orientation were further
analysed, and their coupling mechanisms during damage evolution were investigated, thereby providing deeper insights into the
microstructural mechanisms governing the anisotropic mechanical behaviour of 3DP-UHPC.

Results and discussion The test results indicate that in the 3DP-UHPC specimens, a total of 37 irregularly shaped large pores were
observed at interlayer and interstrip interfaces, with equivalent diameters ranging from 2000 um to 3200 pm. These accounted for
only 0.174% of the total pore volume, while the remaining 92.195% consisted of nearly spherical or ellipsoidal pores, resembling the
typical pore morphology of cast UHPC. Notably, the maximum (3200 um) and average (264 um) equivalent pore diameters in the
printed specimens were both smaller than those reported for cast UHPC (4500 pm and 700 pm), suggesting that the extrusion process
during printing effectively compacts the material and facilitates air removal. Therefore, the total porosity of 3DP-UHPC (2.24%) was
lower than that of cast UHPC (3.45%-5.90%).

Steel fibres within 3DP-UHPC exhibit a clear tendency to align along the printing direction (X-axis), with more pronounced
orientation in the X-z plane than in the X-y plane. Specifically, 65.2% of fibres were aligned at & = 75°-90° in the X-z plane, compared to
32.8% at ¢ = 75°-90° in the x-y plane. This anisotropic distribution stems from the filament geometry, where the height (17 mm) is
smaller than the width (36 mm), creating spatial constraints that favour alignment in the vertical cross-section. In total, 3,324 fibres (52%)
were oriented within the 60°-90° range, reflecting a strong directional preference induced by the layer-by-layer deposition process.

The compressive strength of 3DP-UHPC exhibits directional anisotropy, influenced by layer interfaces, fibre volume fractions,
and fibre orientation. At fibre volume fractions of 0.5%, 1.0%, and 2.0%, compressive strength consistently followed the order x <y <
z, with the weakest-to-strongest directional differences being 2.95%, 7.82%, and 19.50%, respectively. These values are all below
20% and notably lower than those reported in earlier studies. The achieved reduction in anisotropy is attributed to the optimisation of
printing parameters in this study, particularly adjustments to printing speed and path, which improved inter-filament contact,
enhanced pore filling, and mitigated the adverse effects of interfacial defects.

3DP-UHPC outperforms cast UHPC in compressive strength across all principal directions (X, Y, and z) at fibre volume fractions
of 0%, 0.5%, and 1.0%. This advantage is due in part to the absence of fibre sedimentation, water bleeding, and entrapped air defects
that may occur during vibration-based casting. The extrusion-based fabrication in 3D printing mitigates these issues, resulting in
improved uniformity and mechanical properties. At a fibre volume fraction of 2.0%, the printed specimens exceeded cast specimens
in compressive strength along the z-axis by 10%, while showing slightly lower values in the X- and y-directions.

Increasing the steel fibre volume fraction enhances the compressive strength of both 3DP and cast UHPC. For the cast specimens,
an increase in fibre content from 0% to 2.0% led to a 49.9% improvement in compressive strength. In the 3DP-UHPC specimens, the
same increase led to strength enhancements of 16.8%, 11.0%, and 37.7% in the X-, y-, and z-directions, respectively, indicating that
the reinforcing effect of fibres is directionally dependent. Even at a modest fibre volume fraction of 0.5%, compressive strength
stabilised around 133 MPa across all directions, indicating a beneficial role in mechanical consistency. In contrast, fibre-free
specimens showed brittle failure dominated by interfacial defects, resulting in greater variability in strength measurements.

Conclusion The 3D printing process significantly influences the microstructural characteristics and mechanical performance of
3DP-UHPC. Although certain interlayer and interstrip voids are inevitably introduced during the 3D printing process, the
extrusion-induced “degassing” effect helps lower the overall porosity, resulting in a denser microstructure in 3DP-UHPC compared to
conventionally cast UHPC. Under the combined effects of nozzle extrusion and printing path guidance, steel fibres tend to align along
the printing direction, in contrast to the random distribution observed in cast specimens. This directional alignment improves the
crack-bridging efficiency of fibres. The compressive failure behaviour exhibits pronounced anisotropy: under loading in the
x-direction, cracks preferentially propagate along interlayer interfaces, while in the z-direction, fibre alignment enhances bridging
capacity and delays crack growth. The coupled effects of fibre orientation and interfacial quality are primary contributors to this
anisotropy. Enhancing the extrusion-interlocking mechanism between adjacent filaments can improve interfacial densification,
thereby mitigating mechanical anisotropy. The steel fibre volume fraction also plays a critical role in both strength and stability:
increasing the fibre content significantly enhances compressive strength, particularly under loading in the z-direction; in contrast,
lower fibre volume fractions, although less effective in improving strength, contribute to greater performance uniformity and
structural consistency. This study further elucidates the multiscale mechanisms through which 13 mm steel fibres influence
compressive anisotropy in 3DP-UHPC. It identifies key microstructural features, such as pore distribution and fibre orientation, and
preliminarily establishes their correlation with macroscopic mechanical behaviour, providing valuable insights for optimising the
structural performance of 3DP-UHPC.
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