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Abstract: In this study, the Fiber Bragg Grating (FBG) sensors are successfully mounted into 3D printed soil samples to
investigate the internal strain characteristics in different printing stages, which mainly consist of 3D printing stage, indoor
drying stage, and uniaxial compression test stage. The systematic change in infill density including 40%, 60%, 80% and 100%
is taken into account in the printing stage. The test results show that the soil printed by the additive manufacturing technology
can be divided into three typical stages according to the internal deformation characteristics measured by the FBG sensors,
including lateral expansion stage, soil sample drying and contraction stage, and stable residual deformation stage. It is found
that: (1) During the printing stage, the lateral strain of soil samples increases, linearly proportional to the change in the infill
density. The strain increment of the soil with infill density of 100% is 4 times that with infill density of 40%. (2) During the
drying stage, the printed soil samples contract significantly along with a stable strain change phase. The increase of infill
density of soil leads to substantial rise of shrinkage strain, and presence of residual strain is postponed when the infill density is
high. (3) During the uniaxial compression test stage, the lateral deformation of soil shows a sudden rise, and the measured
lateral deformation is linearly proportional to the change in the infill density. The results of the FBG sensors indicate that lateral
failure strain of soil increases 1.1 times when the infill density increases from 40% to 100%.
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Fig. 4 Photos of soil samples with different infill densities
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Fig. 5 Variation of FBG wavelength in 3D printed soil samples
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Fig. 6 Strain-time-density curves of soil printing process under
different infill densities
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Fig. 8 Strain-time-density curves of soil during air drying under

different infill densities
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Fig. 9 Variation of shrinkage strain-density in air drying
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Fig. 10 Mass loss curves at different infill densities
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Fig. 13 Strain-time curves of soil loading tests under different

infill densities

FEAT A HIR R AR B RE S0 WF T A 3 1T B

AR AR R R L] 14 B e g i
RN AR VAR 55 8 FE 2R I&T, AP RT R, R U
AL RICATIE KBS, SHEHE RN
Fo [F—IHFEHET, “IRKEE R ONAR EIHER K
fE, 100%IAFE 5 T A4 R A2 — IRIE(E 2 40%IH 78 &
FET AR 2.1 ffF. AFRAFREET, RN BTt
(1 IR UEAE ) 28— RV IR 1.28 {3 o 3T E
(M4 i P BRI AR AT RS v (IR RE T4
Fe ), T DAHE o ) SR T P T AR R R K AR R
1o BT MRS LSRR A8 CBIAKD 1A
SEIA LRSS RN BT ORERES LT,
DR L B vt A TS o PR S A T e A A 4T B AR S5 4
(EREEHD HIABMERE .

3500
3000 y=2425.6x+424.35

R2=0.9824
2500
@ <
22000}
"::31( 1500
= 5 KA

=)

1000 - o TYKIEE
500 | ¥=2461.6x-40.398 — SRh(— W)
R2=0.9817 — RHE(CKIEE)
% 20 60 %0 100 120

B/ %
14 RESAFEE T A MEIRIE FHRIEER T

Fig. 14 Two peak strains of soil under different infill densities

4 AEIEFRZBEIITEN-TIE-mEzT
BB E 53 7
KRB L ARTEFTED . TR AR o
(RS, WA A, ARSI . R
J AT ET I R R S A 5
C== )
S]
Ko, €, AR G R TET R R AL, s,
HATENE TR, 5, AEL RS 1T =k
MR, T [E 7 T T 1 UG R B
C, =2 (5)
S]
Koty €, R T3 BN TR UK R AL s,
W AR TR . R B R I B
BRI 1 i, DB kR E T R
RIFEFS BT, HTEN BRI F RAs i b
(S EE Y 0.02~0.07. TR R4 (i 15 It R
ASH LA TSN 0.45 0,58, ke Bl M ASE
VEAT AR R S0%5 47, T EVEFR R R AR
REIMBGLEN 10%, FIRBEE BB 0, 17
E{13a T 7 45 i 2 ke 20% U7 55 T 04 0,04~



946 H O+ T OB % M

2021 4E

0.05, AH/H, Tk BRI e A BUBE R AL 20% 35
7855 FERRUBE R N 0.07~0.13. PRI AR [R] 35 7 %5 i
S AL R AR R AR R R, S AR R A R AR
BERMIIIR, KT B FEAE [ SR AR R BN

#=1 FEEAZEN=MEETIEE

Table 1 Three-stage strain peak values under different infill

densities
W
B 5,/ pe S,/ HE s,/ pe C, C,
40 322 799.7 1377.2 0.02 0.58
60 116.4 885.1 1960.7 0.06 0.45
80 172.6 1063.3 2254.8 0.07 0.47
100 203.8 1478.9 2896.2 0.07 0.51
:l: ~
5 gn 1@

AHFFIEILAE 3D F1 BN AT o 7R A A A
MCEetiE s, DLEI AR N ERAEST BN A . T+
BRI R B RE P N AS AR AR, RSEIRTTE T
e O AR, T AR 5 A 1.

(D X FAFEFEEE T AR AR fh &, 15
B 3 AR RHMEI LI B AT EI-RE A AR A
Bey BRI B RRE IR AR AT B
I XS BB B B AR AR AT VEAR 70 AT o

(2) ATENRT B, FBG AR EESAEST EIHERR R
50%If R AL Ak, BERDPEAS [ STE  E AA
PR BN AL BRI B, AR BRI BB AR 70 T AN A &
AR SR A AL B SR e 3 e, W AR BRTHEOR . 100%
ST E L) AR N AR RTH B 40%IH TR LR 4

(3) TP B, AR ) 14 B 2SS i
I T HERS 0 T B, T P 2R 5 AR A H B [A) AT AR T
FE A SIS L R AN, EE MR, T
ARNLAR A TR, MR T P EOR . 100%3H 78 %
JEE AR 8 AR B 40% 378 5 L A 1.84 1% o
K AR ] R B R R S RO T AR AR
.

(4) BRhHTRRIGHT BUT, AN FIE TS R 4k
BN AR E BT B, TR E 5 B K
WRENLNE LT AR SR LA R BB (B
KO AE RSB LA R A5 N T, RIS
UORIRAE I BT, DR S e B R TR it 4
ST EN R A (BURHD IR BIERE

(5) AN R 78 % T AR = B B g U 7y
B, GURRH, AFEPIRFEE R B FE N AL BT
SO, TR R WA R AR s A A N o 72
1 50%, X FT BN e S AR 5 Wi AN 21 N 380 A2 1

10%0

SE -

[1] CHUA C K, LEONG K F, LIM C S. Rapid Prototyping:
Principles and Applications (with Companion CD-ROM)[M].
3rd ed. Singapore: World Scientific, 2010.

[2] BOS F, WOLFS R, AHMED Z, et al. Additive manufac turing
of concrete in construction: potentials and challenges of 3D
concrete printing[J]. Virtual & Physical Prototyping, 2016:
209 - 225.

[3] ESPALIN D, MUSE D W, MACDONALD E, et al. 3D Print
ing multifunctionality: structures with electronics[J].
International Journal of Advanced Manufacturing Technology,
2014, 72(5/6/7/8): 963 - 978.

[4] XE, T B, XSS, 55 3D 4T EIHORIES £ B )2
U R[], A £ 0%, 2019, 40(9): 3397 - 3404.
(LIU Quan-sheng, HE Fan, DENG Peng-hai, et al.
Application of 3D printing technology in rock physical
mechanics experiment[J]. Rock and Soil Mechanics, 2019,
40(9): 3397 - 3404. (in Chinese))

[S]HONG C Y, ZHANG Y F, SU D, et al. Development of a FBG
Based Hoop-Strain Sensor Using 3D Printing Method[J].
IEEE Access, 2019(99): 1.

[6] HONG C Y, YUAN Y, YANG Y Y, et al. A simple FBG
pressure sensor fabricated using fused deposition modelling
process[J]. Sensors and Actuators A: Physical, 2019(285):
269 - 274.

[7] HONG C Y, ZHANG Y F, ABRO Z A. A fiber Bragg
grating-based inclinometer fabricated using 3-D printing
method for slope monitoring[J]. Geotechnical Testing Journal,
2020, 43(1): 1 - 15.

8] w1 & % 5, VPG, S Wi TR 3D 3T EVREE LA
BT AR P B FC[0]. )b T2 K % 2 4 (B AR,
2018, 35(4): 21 - 24, 29. (GAO Lei, LUO Yi, XU Jiang-peng,
et al. 3D printed concrete material engineering properties of
pile foundation engineering[J]. Journal of Hebei University
of Engineering (Natural Science Edition), 2018, 35(4):
21 - 24, 29. (in Chinese))

9] B B, £ & 5k W, % mifEAJE 3D TEE AR
FE SV REWIR D). & 1%, 2020, 41(3): 961 - 969.
(TIAN Wei, WANG Zhen, ZHANG Li, et al. Prelimi nary
study on the mechanical properties of 3D printed rock
samples after high temperature[J]. Rock and Soil Mechanics,
2020, 41(3): 961 - 969. (in Chinese))



5 FHTR, 55 FET FBG HOR B 3 1 N A TR 7 947

[10] SONG L, JIANNG Q, SHI Y E, et al. Feasibility investigation
of 3D printing technology for geotechnical physical models:
study of tunnels[J]. Rock Mechanics & Rock Engineering,
2018.

(1112 %, skifth, KREFE. 3D FTEIH ABS IS 5 il &[],
THEERLN T, 2018, 46(9): 19 - 23, 59. (LI Lei, ZHANG
Qing-yi, YI Hui-jun. Modification and preparation of ABS
for 3D printing[J]. Engineering Plastics Application, 2018,
46(9): 19 - 23, 59. (in Chinese))

[12] & 6, FKk, SEM, & B4R 3D T8 B30 4
B el A VR RERE R BT (D). A R TR, 2020,
10(3): 29 - 34. (LI Wei, WANG Yong-tao, JIAO Zhi-wei, et
al. Research on the influence of sintering temperature on the
mechanical properties of 3D printed B30 copper-nickel alloy
products[J]. Nonferrous Metal Engineering, 2020, 10(3):
29 - 34. (in Chinese))

[13] B, RTINS 3D FTEIHRLEDISE R
W (], BT E R B AT (R T RRD), 2019(19):
24 -25. (ZHAO Wen-tao. Investigation report on the
discussion of construction muck 3D printing technology in
practical application[J]. Urban Construction Theory Research
(Electronic Edition), 2019(19): 24 - 25. (in Chinese))

(14] ZEO00h, R U, WRtetl, 55 HEREIN 3D 4T ENEOR 4R
[7]. FEE I LTHE, 2019, 11(3): 76 - 87. (WEI Shuai-shuai,
SONG Bo, CHEN Hua-xiong, et al. Imagine the 3D printing
technology of the Ilunar surface[J]. Precision Forming
Engineering, 2019, 11(3): 76 - 87. (in Chinese))

[15] 5KUTAR, BER K, MiEXK, 55, 3D JTENBR—@HUIK
BEURAL R P I 2 (7). AL, 2017(10): 60 - 62.
(ZHANG Xin-ran, XUE Xiao-fei, YANG Hai-huan, et al. 3D
printing technology-an accelerator for the resource utilization
of construction waste[J]. Construction Technology, 2017(10):
60 - 62. (in Chinese))

[16] CESARETTI G, DINI E , KESTELIER X D , et al. Building
components for an outpost on the Lunar soil by means of a
novel 3D printing technology[J]. Acta Astronautica, 2014,
93(1): 430 - 450.

[17] HAMBACH M, VOLKMER D. Properties of 3D-printed

fiber-reinforced Portland cement paste[J]. Cement and

Concrete Composites, 2017, 79: 62 - 70.

[18] LE T T, AUSTIN S A, LIM S, et al. Mix design and fresh

properties for high-performance printing concrete[J].

Materials & Structures, 2012, 45(8): 1221 - 1232.

[19] KAZEMIAN A, YUAN X, COCHRAN E, et al

Cementitious materials for construction-scale 3D printing:
Laboratory testing of fresh printing mixture[J]. Construction

and Building Materials, 2017, 145: 639 - 647.

[20] EAH, KX, ABRT, 55 T OCEHMMEEERM

i I OB BN 1 S SE A R ZR A TE (D). 5 0%, 2019,
40(12): 4801 - 4812. (WANG Yong-hong, ZHANG Ming-yi,
BAI Xiao-yu, et al. Study on penetration characteristics and
influencing factors of static pressure pile based on fiber
grating sensing technology[J]. Rock and Soil Mechanics,
2019, 40(12): 4801 - 4812. (in Chinese))

d BT SRR, REA, A& G A R G 2= 5 R
B R AR A T P AR ). s 0%, 2016, 37(2):
601 - 608. (MENG Shang-jiu, ZHANG Shu-rong, CHENG
You-kun, et al. The application of fiber Bragg grating in the
strain detection of seasonally frozen soil subgrade[J]. Rock
and Soil Mechanics, 2016, 37(2): 601 - 608. (in Chinese))
BUUIR, Mo, B B, 5F. FBG {EREIE N TR I
JS2 P e 5% B R R RS (). A+ TRESA AR, 2009, 31(4):
571 - 576. (WEI Guang-qing, SHI Bin, HU Sheng, et al.
Application of FBG in tunnel construction monitoring and
discussion on key issues[J]. Chinese Journal of Geotechnical

Engineering, 2009, 31(4): 571 - 576. (in Chinese))

(23] ARl (ERFR, BFH3C, 5. LM Rg i 4 AE Bl

AR TV 3 S W P i R B FE[D). A R AR, 2016,
38(11): 2093 -2100. (ZHU Zhao-hui, REN Da-chun, LI
Xiu-wen, et al. Application research of fiber grating
displacement meter group in continuous monitoring of
surrounding rock deformation[J]. Chinese Journal of
Geotechnical Engineering, 2016, 38(11): 2093 - 2100. (in
Chinese))



