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Assessment Method of Resilient Modulus for Earth-rock Subgrade Based on Modal Analysis
HOU Mingzhen', GE Yuning?, DENG Jianying®>, WANG Chunxiang!, JIANG Yishun?, CAO Weidong™
(1. East Highway and Bridge Construction Corporation of Shandong, Linyi, Shandong 276000, China; 2. Shandong
Lugiao Group Co., Ltd., Jinan, Shandong 250061; 3. Shandong Expressway Infrastructure Construction Co.,Ltd., Jinan,
Shandong 250002, China; 4. School of Qilu Transportation, Shandong University, Jinan, Shandong 250002, China)

Abstract: In order to explore a rapid method for determining the resilient modulus of earth-rock subgrade, the compacted
road subgrade was considered as a multi-degree-of-freedom system. Based on the experimental modal analysis theory,
the vibration modal and resilient modulus tests of earth-rock subgrade were carried out using the hammering method and
load-bearing plate method, respectively. Levy method was used to identify the natural frequency and damping ratio of the
subgrade, and the empirical equations between the two modal parameters and the resilient modulus of the subgrade were
established. The results show that the 1st to 3rd natural frequencies, the 1st to 3rd damping ratios of the subgrade
correlate significantly with the resilient modulus, indicating that the modal parameters of the compacted subgrade can be
used to achieve rapid assessment of the resilient modulus of the subgrade. In practice, the regression equation with the
strongest relevance between the selected modal parameters of the subgrade and the resilient modulus can be established
through trial section at construction site, and then the resilient modulus can be obtained through the vibration modal test
and the equation on the normal section.

Keywords: roads; garth-rock subgrade; modal analysis; natural frequency; damping ratio; resilient modulus
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Table 1 Main parameters of signal collector and sensor
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Table 2 Identification results of each mode of natural

method (measuring point 1)

*2 EMEBAMFIRHER

1 0.071 0.079 0.012 0.016 0. 084

2 0.478 0. 180 0.230 0.034 0. 001
3 0.251 0. 141 0.111 0. 024 0. 040
4 0.012 0.118 0. 041 0. 095 0. 101
5 0. 023 0. 059 0.013 0.015 0.018
6 0.230 0. 159 0.248 0. 093 0. 021
7 0. 148 0.091 0.053 0.008 0. 039
8 0.129 0.114 0. 048 0. 025 0.011
9 0. 142 0. 097 0. 049 0. 043 0. 033
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Table 4 Detecting results of resilient modulus MpPa

frequency Hz
RS
I
2 3 4 5
1 13. 15 59. 02 89.98 127. 65 147.75
2 52.46 90. 60 131. 92 147.55 161. 89
3 45.13 72. 56 118.02 123.39 144. 02
4 24.28 40. 29 76. 05 107.25 135.73
5 10. 39 41. 42 79.99 118.24 140. 16
6 51.71 80. 48 103.22 117. 68 144.22
7 28.53 70. 49 94. 98 123. 41 149. 03
8 43.24 80. 98 106. 00 131. 11 159. 31
9 29.55 53.44 90. 44 137.82 150. 56
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Table 3 Identification results of damping ratio
e e
I

2 3 4

W P WA P
1 111.51 6 153.09
2 166. 09 7 138.76
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4 121. 63 9 126. 67
5 105.91 - —
180
[t[=0.89
E=1.370,+85.47 []
160 /
£ [
2
E‘é 140 | .
% | |
=
L}
120 - b
| |
L}

100 1 L L
0 20 40 60

L [E 4 452 /Hz

a | MEIAHESEMRE




180 -

t}=0.83
E=1330,+45.13

—_
o
>

[ 5 AS 5 /MPa
=
(=]

—_
¥}
(=)

100

1 1 1
40 60 80 100
20 [l 45 i # /Hz

b 2 MEIAMERSE#EE

Ir}=0.81 -
E=1.320,+0.59 /
| |

180 -

@
S

[F] 3 1S /MPa
]
\
n
[ |
| |

100 L L 1
80 100 120 140

A % He
c IMEIRMRSE#EIEE
B 7 BEAMESEEEENEXE
Fig.7 Correlation of natural frequency and resilient
modulus
185

1}=0.92
E=142.86(,+104.29

=Y
=

B /MPa
|

N

100 I L |
0.0 0.2 0.4 0.6

1B R He
a | MFERLESE#RE

180
1=0.92
E=5005,+65

[ i i /MPa

%)
S

L6 . : . |
0.05 0.10 0.15 0.20
2B JE b

b 2 B SRR E

180
r}=0.93

E=2500,+120 /l

o
S

g / n
g 140 .
%t | |
= .

120 /

" m
7 L . . . L L
~0.05 0.00 0.05 0.10 015 0.2 0.25
3WTRHJE L

c 3MMRELLSREEEE
& 8 fHEtE S EERE R4
Fig.8 Correlation of damping ratio and resilient
modulus

K7 H 8, ENSRIERER, oNBEAHE, ¢
Nt B 7 A H, SO A RET 3 B A
5 | R R RAFAIEM SRR R, RWIRIE T
F3 G0 IR ) EE 38 DR L [ A 03 e SR K 11— e R A
(90, A [R5 RE AR R R EORE ,  1~3 B ] A 4
55 [m] 5 (1A SR R BOK T B2 K Fahy 0.01 1
[l SHE Croor (70 =0.797 7>, WJ K L5 R4S
W5 VEE IR ki E . R 8 WA, 1~3 B
RS BH B PE 5 (] 3 A6 5 [ 4B 22 I R 47 AR IR AH 9% 5K
#, HWETT MR AP R T EZEKT N
0.01 I (¥l FHAEL, Al R AR B A B b (el
LR 8] A 1] U517 R R TN 5 P 5 B ke 1 [ A
SRTM, X5 — A BE e ELRE S He AR R X
IR BRI EA—E. DERRY, KRR
A RIS BUL A RHE e LR, X
REAZ FELJE LU R[] 55 B 484 DT 2 v 14 i X1 20211,
Je ST I AL A e K S o A i — 2P 1R
ko

W EIRHTRY, BT T B ]

SBR[ T AT AT SR AR RN PG
DB, 75 S 7E R ae e B bR B o vk 5 7R B A I
WA IRAN(E 5 A0 s s, AR IR U7k
S F R AT EE RN AR, SRR AR S B R Y AR
FH T 25 B W (e DO R I 5 0P 5 s 48 7 1 K B
b PR AR W S R 7 O R B T R
AR, AT BN E e . 74, 18
PEEEM R E I DL, B S IR WIE 5 S —
BIEFHRK R, Bk, K52 mT R IAEVE
ST I S
4 L57E

I AT O AR R BT R T R
BRGNS 87, [FIES, SR AR E AT Y

| BBR[CWD2020]: R
| BIRICWD2020]: 19771

| BIFR[CWD2020]: f



N LN b P VAN PO 2GSRI N8+
R R, FRILUTEELR,

DA BRI T 1~3 B [ A A0 5 [a] 5ipse
BYR RIFREMIORR, Wik 7 RGEHRIEEHA
FUT] A A A0 SR R B — PR AR

2) LA R AN 1~3 [ BHJE L 5 (] 55 A 5 ]
R IEARIR R, 2 TR A g A
A B R I RRAR A R

3) R B SRS I 7 M 0 5 92 AT g B [
SRR [ PRI E AT 5 A B, TNk (B 5
MR E 5 PP SR —Fh 25Tk

U, ASCHR ST A S
I3 M I e 2 [ R B VP VR R W E . (EANE
RS ZAT B AR ST REAN R, /5 K ISz )
Kol SN A [R5 R, IR T R A R e
I o

S MR

(1) A2 3 o e 2 B A= TE e . 2 16 5 086 1 B 37 00 R
F: JTG 3450—2019(S]. Jbxit: ARZSEdhRAL, 2019,
Research Institute of Highway Ministry of Transport.Field test
methods of highway subgrade and pavement:JTG 3450—
2019[S]. Beijing: China Communications Press, 2019.

(2] B, L (o] SEf RS B AS I T VR0 EEAIE L[] A BR 51K
18, 2019(2) :62-64.

QIU S H. Comparative research of road subgrade resilient
modulus testing methods [J]. Highways & automotive
applications, 2019(2) : 62-64.

(3] 5, Wik, SRAEME, T4 QPR 25 TN R LBk B T AL

subgrade based on PFWD [J]. Journal of Harbin Institute of
Technology,2013, 45(2):66-71.

[6] SCHWARZ B J, RICHARDSON M H. Experimental
modal analysis [J]. CSI Reliability week, 1999, 35 (1) :
1-12.

(7] 5k71, #hede, BoRET. BEHTSRRIM]. Jbat:
HIERF HARAE, 2011

ZHANG L, LIN JL, XIANG HY. Modal analysis and
experimentation [M]. Beijing: Tsinghua University Press,
2011.

(8] g, MRk, LIRS SR IM]. dext:
Fles AL, 2001.

LI DB, LU QH. Experimental modal analysis and
applications [M]. Beijing: Science Press, 2001.

(9] Bk, ABLE. FFT i 2R 4010 2 A 7E AR S 4R
IR LT, o KR K R 2 T e 27

1%, 2012, 10 (4) :277-282

YANG C, DAI HH. Successive zoom FFT spectrum analysis
algorithm for modal analysis in frequency domain [J]. Journal
of China Institute of Water Resources and Hydropower
Research, 2012, 10 (4) :277-282.

[10] W9edt. BATRS 2 Hriig SvA B AN SR AT /¢ [D].
WERIEE : WRJRIE AR RAE,  2020.

XIE Y Q. Theoretical and experimental study of frequency

domain algorithms for operational modal analysis [D]. Harbin:

Harbin Engineering University, 2020.
(1] BREH. BRSS9 M. dent: HU L
fitt, 2020

CHEN Y. Modal testing techniques and practices [M]. Beijing:

China Machine Press, 2020.

(J1. DU NEE T 22 Be 24k (B 2R R

fi), 2011, 24 (5) : 568-570.

HU Y, YANG L, WU J Y. Research on the system’ s defects
of PFWD[J]. Journal of Sichuan University of Science &
Engineering (natural science edition), 2011, 24(5):568-570.
(4] SBHELL, DU, VL. 2= T B IE PP A AT B [ S
BRI AT FE (). = AL, 2021, 3(2) :110-117.

GUO X H, LUO M M, ZHOU J. Evaluation of compaction
effect of gravel soil subgrade by modulus method[J].Journal of
ground improvement, 2021, 3(2):110-117.

[5]1 £ e, fiRet, Zear 4R, JET PRWD WA i 3 IR S bRidi s
W5 5% 5 ik [J) me R 3 Tk oK
1%, 2013, 45(2) :66-71.

WANG L, XIE X G, JIANG L D. Compaction quality fast

detection and compaction uniformity evaluation of gravel soils

[12] s, o AR, 2985, 45, ARG 4 5 [ml 3R 5C
BEAR DT S H TR P A R

1%, 2014, 27 (1) :23-29.

LIUST, CAOWD, LIYY, etal Key technique and new
calculating method for resilient modulus of subgrade measured
by bearing plate[J]. China journal of highway and transport,
2014, 27(1) :23-29.

[13] SEZte. [ K Pe 22 Bl R AR 5 # L] XA
AR E 73T I, 2019 (2) :40-43.

HUANG H H. Modal test and analysis of auxiliary frame of
cementing truck[J]. Instrumentation * analysis * monitoring,
2019 (2) :40-43.

(14] A, B, S, B AR S SHAR A R[]
M RIEE Tl K22 224, 2012, 44 (7) :47-50.

WEMI[CWD2020]: F4E: (BRI Rk, M, KR &
BBz E), TPt BahikE, TIRE 5


http://58.194.172.34/opac/openlink.php?title=%E5%AE%9E%E9%AA%8C%E6%A8%A1%E6%80%81%E5%88%86%E6%9E%90%E5%8F%8A%E5%85%B6%E5%BA%94%E7%94%A8

YU J X, ZHAO P, TAN HF. Experimental research on false
modes parameter identification [J]. Journal of Harbin Institute
of Technology, 2012, 44(7) :47-50.
[15] B pote, ke, AR LE, 45, JE T 750 2 ) Sk AR AL
TR AN S RSB SO ], HLbGR
&%, 2022, 44 (6) : 1357-1364.
LUO QY, MEI Q, HU X B, et al. Joint optimization of
topology and size based on modal analysis of 750 power head
gearbox [J]. Journal of mechanical strength, 2022, 44
(6) :1357-1364.
[16] K, EHFIE, Prat, 55 e TRES A i R B s
JRGAIE A T SERFAERT FE [T ] FEMH K7 2l (T
fi2), 2021, 42 (2) : 1-6.
SONG D Q, DONG L H, CHEN Z, et al. Dynamic response
characteristics of large homogeneous rock slopes based on
modal analysis [J]. Journal of Zhengzhou University
(engineering science) , 2021, 42(2) : 1-6.
[17] A%, T, PR T2, 46, BT RIS 0 T (1 5 S gk
ZI BB TERE T [T]. AEECR, 2020, 38 (6) :216-220.
ZHAO X, XING Z, SUN TY, et al. Research on dynamic
characteristics of vibration fixture for a missile based on
experimental modal analysis[J]. Environmental
technology, 2020, 38(6) :216-220.
(18] Mgk AR, ZRutss, Figve. Jostsbil L axt41 ) B 2
A GHRM LS 2w Bt [T 1RG50, 2016 (8) :27-30.
GAOJD, LIHL, WANG HY. Effect analysis of wheel hub
boundary constraints on the low—order modal of torsion beam
suspension system [J]. Automobile technology, 2016
(8) :27-30.
[19] 4pste, 2200k, BRI, 55 20l #E sy &
BRRARIE B Tt S HE L [J]. RS TR Ak (b3
30), 2020, 42 (4) : 124-134.
ZOU JH, LI BK, CHEN W, et al. Design parameters study
of vibration isolation road of steel spring floating slab under
traffic load[J]. Journal of civil and environmental engineering,
2020, 42 (4) : 124-134.
[20] SHAFIEE A, GHATE R. Shear modulus and damping
ratio in aggregate—clay mixtures: an experimental study versus
ANNs prediction [J]. Journal of applied sciences, 2008, 8
(18) : 3068-3082.
[21] MEIDANI M, SHAFIEI A, HABIBAGAHI G, et al.
Granule shape effect on the shear modulus and damping ratio

of mixed gravel and clay[J]. Iranian journal of science &

CelfsfEs] ®IA, Mf, %, FENFER TEM
BLS BAHRRIE S #0% TE. SR ASS5ER 58 %
TH ST, L RASERHE K AL E KBTI 50 210 3k
BIPFHL L A 4 T, REFARIBIL S0 RE, Hh
SCI K& EI'it3% 30 R4 - M : cwd2001@sdu. edu. cn, FHLif:
13864062641

technology 008, 32 (BS) :501-518.

\ F[CWD2020]: transaction B

‘ MIER[CWD2020]: , engineering,


mailto:cwd2001@sdu.edu.cn
admin
对否？

CWD2020
已修改


B

BT R LR S

PATRYE & 5 B WA SCHAT B 55%E, W

M AT XS A R IT R, KR 2 N A S 22 i U v o
BEATH B . BRI BRI U 1) S TAR SR PRIB 5, R M RN T JE
oAt g A ORI S v o IR, B iR S H AaEse i BT a7
XA SN R AR, R

RSB AESRE Y — A TS 0 M 1) g A R S PO PR E TV, TR R
AEENE, AT HARRS IR R, BRI EEER R ESR, LTRE
WA AN . B R AAE SO R AL B AR

A ERESE A2 4L, ERHR I, FFiE &I R B

LT !

H R



	0 引言
	1 模态分析的基本原理
	1.1 频响函数
	1.2 模态参数识别
	2 测试装置与方法
	2.1 锤击测试装置
	2.2 信号采集设备 

	3 路基模态与回弹模量测试及分析 
	3.1 试验设计与测试
	3.2 试验结果与分析
	3.2.1 信号处理及其可靠性
	3.2.2 频响函数分析与模态参数识别
	3.2.3 相关性分析

	4 结语

