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Figure 1 (Color online) Three-component local resonance primitive
cell model.
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Figure 2 (Color online) Novel three-component cement-based pho-
nonic-like crystal primitive cell model and the first Brillouin region.
(a) Novel three-component cement-based phononic-like crystal primi-
tive cell model; (b) the first Brillouin region.
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Table 1 Structure parameters

Sk BURMANGER, AEBEIMER, S FHa
(m) (m) (m)
1 0.0275 0.033
2 0.018 0.0216
3 0.013 0.0156 0.1
4 0.01 0.012
5 0.007 0.0084
F2 MESH
Table 2 Material parameters
s %‘?E@ FERRE HYIEG
(kg/m”) (Pa) (Pa)
BUHA 3300 1.2x10" 4.8x10"
AR 12 1.34x10° 5.93x10*
ERRIN 2000 3.45x10" 1.44x10"
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Figure 3 (Color online) Grid division in band structure calculation.
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Figure 4 (Color online) Band structure of phononic-like crystal
metamaterial concrete model.
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Figure 5 (Color online) Vibration mode and displacement field of the
first bandgap cutoff frequency. (a) Vibration mode; (b) displacement
field.
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Figure 6 (Color online) Vibration mode of the second bandgap.
(a) Second bandgap starting frequency; (b) second bandgap cutoff
frequency.
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Figure 7 (Color online) Displacement field of the second bandgap.
(a) Second bandgap starting frequency; (b) second bandgap cutoff
frequency.
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Figure 8 (Color online) Vibration mode of the third bandgap.
(a) Third bandgap starting frequency; (b) third bandgap cutoff frequency.
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Figure 9 (Color online) Displacement field of the third bandgap.
(a) Third bandgap starting frequency; (b) third bandgap cutoff frequency.
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Figure 10 (Color online) Vibration mode of the fourth bandgap.
(a) Fourth bandgap starting frequency; (b) fourth bandgap cutoff frequency.
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Figure 11 (Color online) Displacement field of the fourth bandgap.
(a) Fourth bandgap starting frequency; (b) fourth bandgap cutoff
frequency.
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Figure 12 (Color online) Vibration mode of the fifth bandgap.
(a) Fifth bandgap starting frequency; (b) fifth bandgap cutoff frequency.
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Figure 13 (Color online) Displacement field of the fifth bandgap.
(a) Fifth bandgap starting frequency; (b) fifth bandgap cutoff frequency.
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Figure 14 (Color online) Vibration mode of the sixth bandgap.
(a) Sixth bandgap starting frequency; (b) sixth bandgap cutoff frequency.
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Figure 15 (Color online) Displacement field of the sixth bandgap.
(a) Sixth bandgap starting frequency; (b) sixth bandgap cutoff frequency.
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Figure 16 (Color online) Frequency response function calculation model of phononic-like crystal metamaterial concrete.
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Figure 17 (Color online) Frequency response function of phononic-
like crystal metamaterial concrete.
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Figure 18 (Color online) Preparation and testing process of phononic-like crystal metamaterial concrete.
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Table 3 Test scheme of C40 strength grade phononic-like crystal metamaterial concrete (1 m3)
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Gl 514 30 60 607 556 238 169.1 14.50 6.04 0.48 0.18
G2 514 30 60 607 556 238 163.1 14.50 6.04 0.48 0.18
G3 514 30 60 607 556 238 157.0 14.50 6.04 0.48 0.18
G4 514 30 60 607 556 238 151.0 14.50 6.04 0.48 0.18
G5 514 30 60 607 556 238 145.0 14.50 6.04 0.48 0.18
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Table 4 Workability and compressive strength of C40 strength grade phononic-like crystal metamaterial concrete

o L 5 KB B WA (mm) B (kg/m’) 28 dILIESEE (MPa)
Gl 0.28 230 2223 42.6
G2 0.27 225 2197 443
G3 0.26 225 2253 45.5
G4 0.25 220 2251 48.7
G5 0.24 170 2242 433
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Figure 19 Slump of C40 strength grade phononic-like crystal
metamaterial concrete.
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Figure 20 (Color online) Compressive strength of C40 strength grade
phononic-like crystal metamaterial concrete.
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Figure 21 Microstructure of C40 strength grade phononic-like crystal
metamaterial concrete. (a) X1000; (b) x5000.
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Figure 22 (Color online) Layout of acceleration sensor and vibration
monitoring and acquisition instrument. (a) Steel rail acceleration sensor;
(b) track bed acceleration sensor; (c) tunnel wall acceleration sensor;
(d) acquisition instrument.
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Figure 23 (Color online) Time domain curves. (a) Steel rail; (b) track
bed; (¢) tunnel wall.

PoNT1.534 dB, L7 T AR AAE A LR B T8 PR BE E BE
BT ) B K ZAR 2 N66.482 dB, Z1EH 45.052 dB, K4
IR 2

BEAL, THE T M VR A T PR AL T S AR A

1832

(@ o040 —T AR
U OO T AP R L O
03s |-
N
Z
%
£
e
i)
=L
=
0 100 200 300 400 500
FiER /Hz
(b) 0006 —T e TR
SR RS T EHHBEE
0.005
N 0.004 [
S
-
=
@( 0.003
®
=2
0.002
0.001
I i
0.000 IR IR NIRRT
0 100 200 300 400 500
Fi#/Hz
(c) 0.0018 e (FERRLED
voote BB (BT BRI LR
0.0014 |
N 0.0012
Z
2 0.0010 |
g
0.0008
i§
ES3
0.0006
0.0004
0.0002 ! |
0.0000 LT TN 0171 O PN (N LR MMMLAMMM“MMMM
0 100 200 300 400 500
iR /Hz

Bl 24 (M2 RO )M 2. (a) S (b) TETR; (o) BB IEHE
Figure 24 (Color online) Frequency domain curves. (a) Steel rail;
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Figure 25 (Color online) One-third octave and insertion loss of the
tunnel wall of ordinary concrete track bed and phononic-like crystal
metamaterial concrete track bed. (a) One-third octave; (b) insertion loss.
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Figure 26 (Color online) Vertical Z-vibration levels of tunnel wall of
ordinary concrete track bed and phononic-like crystal metamaterial
concrete track bed.

80

o PRI (IR IE RO
©— [EIEEE GRS 7 AT R E L3 KD
70 -

ZT RS SRk /dB
"4
« w
N )\
L
[ ]
Py
7

w
S
T
Wy
[ ]
/
[

0L ®
10 i ¥ i 1 L ¥ _\ ¥ 1 .+t 1 1 .1 _J_.1
R R ETE R EEES
NS =g -8 a2 F®m o ®35ag g
- L2}
1/3 45402 O AR /Hz

B 27 (P94 RROR PR )3 3 Vi vk T R AT 7S 1 i AR R R
T T PR B A A ) 3 SR 2%

Figure 27 (Color online) Vertical frequency division vibration levels
of tunnel wall of ordinary concrete track bed and phononic-like crystal
metamaterial concrete track bed.
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Table 5 Vertical frequency division vibration levels and frequency differences of tunnel wall of ordinary concrete track bed and phononic-like
crystal metamaterial concrete track bed

O (Hz) 4 5 6.3 8 10 12.5

Hm VR e IR (dB) 24.48 26.65 30.70 31.46 34.39 36.60

LS TR A A ENREE L TE R (dB) 22.83 21.57 27.02 28.59 30.63 26.62

Z{HAVL,() (dB) 1.65 5.09 3.68 2.87 3.76 9.98

ZHEE T (%) 6.74 19.10 11.99 9.12 10.93 27.27

HLAE (Hz) 16 20 25 31.5 40 50

VR B TE R (dB) 44.23 4121 49.26 48.93 52.50 53.39

S T A A ENREE L TE R (dB) 30.36 31.85 36.63 44.04 48.39 51.22

ZHAVL,(i) (dB) 13.87 9.36 12.63 4.89 4.10 2.18

ZHEE I (%) 31.36 2271 25.64 9.99 7.81 4.08

HLARIZE (Hz) 63 80 100 125 160 200

i VR B TE R (dB) 59.95 57.53 50.01 45.71 43.11 36.59

LS TR A A ENREE L TE R (dB) 53.12 54.02 44.44 39.29 41.16 31.56

Z{HAVL,() (dB) 6.83 3.50 5.57 6.42 1.96 5.03

ZHE L (%) 11.39 6.08 11.14 14.05 4.55 13.75
ZANHRIE, SRR BT (3) B I 45 JRE WU T d AR A LR R

(2) B TTIE T RAEARNREE LRI HERTERAE 1~200 HzAR BN B A R4 B RBUR IR 3

Ath, S H T TEEREMGE R E A TR R, BRI N13.22 dB, BEIEEENTE M ZR % =
FORCA0 SREESELIISE F i RS L. b [ 85.052dB, BEEEHER SHIRE EZME N
AN, BT R ME BRI, AN A 50 B S 2 (U T AHEAT 5.926 dB, 4~200 HzAT B PN £ 2 1) 43 AR 2 22 {8 oK
R EE T 00 7 2 e 45 B AE Ja B4R L4 . 8°413.87 dB, “F-¥J{f N5.74 dB.
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Low frequency bandgap characteristics and engineering application of
phononic-like crystal metamaterial concrete

XIAO Peng, MIAO LinChang, ZHENG HaiZhong & LEI LiJian

Institute of Geotechnical Enginering, School of Transportation, Southeast University, Nanjing 211189, China

Metamaterial concrete is a new type of composite material with elastic wave bandgap characteristics, but its high bandgap frequency
and narrow bandgap width limit its application in engineering mainly focused on low-frequency vibration control. Firstly, based on
the theory of local resonance, this paper proposes a novel three-component cement-based phononic-like crystal model, and develops a
phononic-like crystal metamaterial concrete based on this model. Secondly, the band structure, bandgap mechanism, and frequency
response function of phononic-like crystal metamaterial concrete are calculated and analyzed, and indoor tests of phononic-like
crystal metamaterial concrete are conducted. Finally, a phononic-like crystal metamaterial concrete subway track bed is prepared
using the developed phononic-like crystal metamaterial concrete, and applied to practical subway engineering to solve the low-
frequency vibration problem generated during subway operation. The results show that the phononic-like crystal metamaterial
concrete opens 6 low-frequency bandgaps in the 200 Hz frequency band, and within the bandgap frequency range, the attenuation
values are mostly above 10 dB, indicating a good attenuation effect. The phononic-like crystal metamaterial concrete subway track
bed has a significant low-frequency vibration reduction effect in the 200 Hz frequency band. The maximum value of one-third octave
insertion loss of the tunnel wall is 13.22 dB, the maximum vertical Z-vibration level difference of the tunnel wall is 5.052 dB, the
maximum vertical frequency division vibration level difference of the tunnel wall is 5.926 dB, and the average vertical frequency
division vibration level difference of the 4-200 Hz frequency band is 5.74 dB. The low-frequency vibration reduction effect is
obvious. The relevant research results of this paper provide a new technical approach to solving the problem of low-frequency
vibration in subway engineering and other engineering construction, breaking through the traditional vibration reduction control
technology of civil engineering structures.

phononic-like crystal model, phononic-like crystal metamaterial concrete, locally resonant theory, low frequency
bandgap, subway track bed, vibration reduction performance
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