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Abstract: Porous material structures have been widely used in civil engineering, mechanical engineering, aerospace
engineering and other fields due to their high specific strength and specific stiffness. The stochastic response analysis of

porous material structures under random excitations deserves more attention. The multiscale governing differential
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equations for porous material structures were derived based on the multiscale asymptotic-homogenization method (AHM),
and the macroscale and microscale explicit time-domain expressions of structural responses were further established. On
this basis, the statistical moments of dynamic responses of porous material structures under non-stationary random
excitations were achieved with the explicit time-domain method (ETDM). The proposed method combines the advantages
of the AHM for high-efficiency explicit formulation of macroscale and microscale dynamic responses of porous material
structures and the benefits of the ETDM for fast analysis of non-stationary random vibration problems. A numerical
example shows the computation accuracy and efficiency of the presented approach for non-stationary random vibration

analysis of porous material structures.

Key words: multiscale analysis; random vibration; porous material structure; asymptotic homogenization method;

explicit time-domain method
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Fig. 1 The periodic porous structure and the macroscopic equivalent structure
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Table 2 Time costs of the 2 methods (unit: s )

construction of explicit time-domain calculation of statistical moments total computation

method - . . .
expressions of dynamic responses of dynamic responses time
multi-scale explicit time-domain method 42.00 2.46 44.46
single-scale explicit time-domain method 4482.00 2.46 4484.46




10 VA S G L 2023 4F 5 44

TETH BRI T, 20 RO I 3 8 Q6 A B — RURE IR 0k B T ST [ 235310 51 136 2 P 313 AE Intel
core i5 ZLPRZF A 8 GB AT G ML LS8 A, i 2 m WL, W7 12 B TH33 T 8] ol PR o AU, 2 BT
Feys sl o o 157 6 Sl SR U GE T AR AE 5. PR 7 A AR GE TR S5 T A 33 )2 — e A, 32 2 X 7
T8l g i e Rk R MO R A TSR] i TR A T 2 )R i ¥ 234k, 2 ROBE bl e =k i TR
&y Sy 7 i 2CFRE A TR TR e RUBE T 11 0.94%, T i 3542 55 T 2 FL A5 F AR AR B LAIR 2 0] i
AR,

4 45 B

N T IERR 2 SRR AIARE 2 SR R sl T e 2 BE LY B R2 W, AR SO T Z2ALA I BENLR 3 234 Y
WL X 24 R 2L, #3201 LUR S

1) B S 1 S 3 22 AL A5G 3 ) (R 22 FROBE R B T RE ST o AR B T 22 USSR AR, HA ™A%
AR, S 22 FLASH 2 RO SRR BE5E 1 B LA,

2) R 2 RIEA BROTEHEr 2 ALa5 K 22 RUEE gy Ty i 2 Uk, S8 s T 2 LA Y it fe it
Fe. e EER 1, 38 5 22 FLASH Yy BRI AL AL AR S (AL A AR 20, S 1 22 SLEs M A0 L) i 7
G R RO T

3) BTt AR A 2 2] A R Ak SR R A T 2 RUBEHIT 1 2 A 2 A BE AL IR B e Jel 2 Xk 3 B4
e, RIFHRTE T ZALEMAEFRRBEHLR S 0 i i FOR L A5 0R, S ZALES M BEPLIR ShRbs e it 17— 4%
FIATHIRAE.

{ELARHE 2, ASSCRYTT AR IR T I 2 ALESHa i 70 B, IR n] T — B PR 2 B kL 4 BE AL
PRENIAL AEASCTARIER, -, AT ARE— 2B AR 3 b R Gl 2 A B A LR 3 R SR K BRI F ML AR TRl A

2% ik ( References ) :

(1] x4, 250518 IM]. JbaT: R R2# itk 2012, (LIU Peisheng. Introduction to Porous Materials[M].
Beijing: Tsinghua University Press, 2012. (in Chinese))

(2] pRfd, (A8, BRi T, 5. B2 RmAR R Z D aeRFE K i 1T (1. 1273k, 2006, 36(4): 517-535. (LU
Tianjian, HE Deping, CHEN Changqing, et al. The multi-functionality of ultra-light porous metals and their ap-
plications[J]. Advances in Mechanics, 2006, 36(4): 517-535.(in Chinese) )

[3] SMITH B H, SZYNISZEWSKI S, HAJJAR J F, et al. Steel foam for structures: a review of applications, manu-
facturing and material properties[J]. Journal of Constructional Steel Research, 2012, T1: 1-10.

(4] AL, # G, Pk, 5. 5T —4ECFD-DEMA) Z LA B S BRI L], R A1 124, 2017, 38(10): 1093-
1102. (REN Shilei, HAN Feipeng, XIE Bin, et al. Numerical simulation of flow fields in porous media based on
the 3D CDF-DEM[J]. Applied Mathematics and Mechanics, 2017, 38(10): 1093-1102.(in Chinese) )

[5] SUN Y, LI Q M. Dynamic compressive behaviour of cellular materials: a review of phenomenon, mechanism and
modelling[J]. International Journal of Impact Engineering, 2018, 112: 74-115.

[6] PINEIRO L T, PARRY T, HAUGHEY F, et al. Architected cellular particles to mitigate asphalt stone loss[J].
Construction and Building Materials, 2022, 328: 127056.

(7] FBBEER, KB, Dbk, 2 RUZ I G 1 2E 00 i b iR JE 3k Ji& [J]. J1 29t €, 2010, 40(1): 41-56.
(ZHENG Xiaoxia, ZHENG Xitao, GOU Linhu. The research progress on multiscale method for the mechanical
analysis of composites[J]. Advances in Mechanics, 2010, 40(1): 41-56.(in Chinese))

(8] BREm, B5, %K, & ZRELZGME et ], Bk 2=5%4, 2018, 39(1): 1-68. (CHEN Yuli, MA
Yong, PAN Fei, et al. Research progress in multi-scale mechanics of composite materials[J]. Chinese Journal of
Solid Mechanics, 2018, 39(1): 1-68.(in Chinese) )

[9] HASSANI B, HINTON E. A review of homogenization and topology optimization I : homogenization theory for
media with periodic structure[J]. Computers & Structures, 1998, 69(6): 707-717.

[10] HASSANI B, HINTON E. A review of homogenization and topology optimization II: analytical and numerical


https://doi.org/10.3321/j.issn:1000-0992.2006.04.004
https://doi.org/10.3321/j.issn:1000-0992.2006.04.004
https://doi.org/10.1016/j.jcsr.2011.10.028
https://doi.org/10.1016/j.ijimpeng.2017.10.006
https://doi.org/10.1016/j.conbuildmat.2022.127056
https://doi.org/10.6052/1000-0992-2010-1-J2008-104
https://doi.org/10.6052/1000-0992-2010-1-J2008-104
https://doi.org/10.19636/j.cnki.cjsm42-1250/o3.2017.030
https://doi.org/10.19636/j.cnki.cjsm42-1250/o3.2017.030
https://doi.org/10.19636/j.cnki.cjsm42-1250/o3.2017.030
https://doi.org/10.3321/j.issn:1000-0992.2006.04.004
https://doi.org/10.3321/j.issn:1000-0992.2006.04.004
https://doi.org/10.1016/j.jcsr.2011.10.028
https://doi.org/10.1016/j.ijimpeng.2017.10.006
https://doi.org/10.1016/j.conbuildmat.2022.127056
https://doi.org/10.6052/1000-0992-2010-1-J2008-104
https://doi.org/10.6052/1000-0992-2010-1-J2008-104
https://doi.org/10.19636/j.cnki.cjsm42-1250/o3.2017.030
https://doi.org/10.19636/j.cnki.cjsm42-1250/o3.2017.030
https://doi.org/10.19636/j.cnki.cjsm42-1250/o3.2017.030

T, 55 LA 2 RUZ BEDLIRSh 0BT B 45 2 f- i 3 e sk 11

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

solution of homogenization equations[J]. Computers & Structures, 1998, 69(6): 719-738.

ZEpBG, A, BRIY, . ORGSR BB A AT RORE BE (1. SR 1%, 2020, 41(1): 54-69. (LI
Hongpeng, LING Song, QI Zhenbiao, et al. Accuracy of the mathematical homogenization method for thermo-
mechanical problems[J]. Applied Mathematics and Mechanics, 2020, 41(1): 54-69.(in Chinese))

JRRAS, 9%, B/, SRR AN Al TR 2 AL SR PR Y BEALIR 35 (). $ik3h 5 mhifi, 2017, 36(10): 168-174. (ZHOU
Fengxi, LI Dan, CAO Xiaolin. Random vibration of fluid-saturated porous elastic plates[J]. Journal of Vibration
and Shock, 2017, 36(10): 168-174.(in Chinese))

I, WE. AP RRBELIEER T S5 491 R 8l Jy rT SRR Rk (D], 122254, 2010, 42(3): 512-520. (SU Cheng, XU
Rui. Time-domain method for dynamic reliability of structural systems subjected to non-stationary random excit-
ations[J]. Chinese Journal of Theoretical and Applied Mechanics, 2010, 42(3): 512-520.(in Chinese) )

SU C, XU R. Random vibration analysis of structures by a time-domain explicit formulation method[J]. Struc-
tural Engineering and Mechanics, 2014, 52(2): 239-260.

TR, BRI, XK. 5 2@ SRR A n i s e AL (], BTSN 25T, 2015, 36(1): 13-22. (SU
Cheng, HUANG Zhijian, LIU Xiaolu. Time-domain explicit random simulation method for seismic analysis of tall
buildings[J]. Journal of Building Structures, 2015, 36(1): 13-22.(in Chinese))

SU C, HUANG H, MA H T. Fast equivalent linearization method for nonlinear structures under nonstationary
random excitations[J]. Journal of Engineering Mechanics, 2016, 142(8): 04016049.

PRERR, B, MRS, %, AR BES A AR BELIE B A P 807 [T, 4Rzl 5 ohifi, 2015, 34(19): 24-30. (CHEN
Yuzhen, ZHANG Sheng, CHEN Biaosong, et al. A fast algorithm for non-stationary random responses of hetero-
geneous material structures[J]. Journal of Vibration and Shock, 2015, 34(19): 24-30.(in Chinese))

ZE5AR, MR, BeE Y i vk DML dba: Bl i Mist, 1998. (LI Jiachun, ZHOU Xianchu. Asymptotic
Methods in Mathematical Physics{M]. Beijing: Science Press, 1998. (in Chinese))

HASSANI B. A direct method to derive the boundary conditions of the homogenization equation for symmetric
cells[J]. Communications in Numerical Methods in Engineering, 1996, 12(3): 185-196.

PAVLIOTIS G A, STUARTA M. Multiscale Methods[M]. New York: Springer, 2008.

HALH, S B EERE (M. AR ZEEE AL, 1990. (XUAN Lixin, MA Ming. Introduction to Periodic
Functions[M]. Hefei: Anhui Education Press, 1990. (in Chinese))

HU Z Q, SU C, CHEN T C, et al. An explicit time-domain approach for sensitivity analysis of non-stationary
random vibration problems[J]. Journal of Sound and Vibration, 2016, 382: 122-139.

TWAIR, 5K T7, BRHTSC. SE 1) A ML A R W2 T IS L], s p4 k4R, 2006, 26(5): 106-108. (FAN Jin-
juan, ZHANG Weifang, CHEN Xinwen. Investigation of tensile fracture behavior of directional PMMA/[J].
Journal of Aeronautical Materials, 2006, 26(5): 106-108.(in Chinese) )


https://doi.org/10.13465/j.cnki.jvs.2017.10.027
https://doi.org/10.13465/j.cnki.jvs.2017.10.027
https://doi.org/10.13465/j.cnki.jvs.2017.10.027
https://doi.org/10.6052/0459-1879-2010-3-2009-042
https://doi.org/10.6052/0459-1879-2010-3-2009-042
https://doi.org/10.12989/sem.2014.52.2.239
https://doi.org/10.12989/sem.2014.52.2.239
https://doi.org/10.14006/j.jzjgxb.2015.01.002
https://doi.org/10.14006/j.jzjgxb.2015.01.002
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001094
https://doi.org/10.13465/j.cnki.jvs.2015.19.004
https://doi.org/10.13465/j.cnki.jvs.2015.19.004
https://doi.org/10.1002/(SICI)1099-0887(199603)12:3&lt;185::AID-CNM970&gt;3.0.CO;2-2
https://doi.org/10.1016/j.jsv.2016.06.034
https://doi.org/10.3969/j.issn.1005-5053.2006.05.024
https://doi.org/10.3969/j.issn.1005-5053.2006.05.024
https://doi.org/10.13465/j.cnki.jvs.2017.10.027
https://doi.org/10.13465/j.cnki.jvs.2017.10.027
https://doi.org/10.13465/j.cnki.jvs.2017.10.027
https://doi.org/10.6052/0459-1879-2010-3-2009-042
https://doi.org/10.6052/0459-1879-2010-3-2009-042
https://doi.org/10.12989/sem.2014.52.2.239
https://doi.org/10.12989/sem.2014.52.2.239
https://doi.org/10.14006/j.jzjgxb.2015.01.002
https://doi.org/10.14006/j.jzjgxb.2015.01.002
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001094
https://doi.org/10.13465/j.cnki.jvs.2015.19.004
https://doi.org/10.13465/j.cnki.jvs.2015.19.004
https://doi.org/10.1002/(SICI)1099-0887(199603)12:3&lt;185::AID-CNM970&gt;3.0.CO;2-2
https://doi.org/10.1016/j.jsv.2016.06.034
https://doi.org/10.3969/j.issn.1005-5053.2006.05.024
https://doi.org/10.3969/j.issn.1005-5053.2006.05.024

	引　　言
	1 多尺度动力分析的渐近均匀化法
	1.1 多尺度动力学模型
	1.2 单胞控制微分方程
	1.3 宏观控制微分方程
	1.4 回代分析

	2 多尺度随机振动分析的时域显式法
	2.1 宏观动力响应时域显式表达式
	2.2 细观动力响应时域显式表达式
	2.3 动力响应统计矩

	3 数 值 算 例
	4 结　　论
	参考文献

