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Fig. 4 Time domain validation of reflected waves

&5 AHIRTHR
Fig. 5 Model of finite element
2 -
[y
—~ Al
= o
- V M
£ o . B R
= P(t)=P,sin (nt /t,)H(t)
< P=10"°N
N -3 t,=2ms ... AR
_af T L
-5 L L L L )
0 2 4 6 8 10
t/ms
6 A FRITH R (o =0. 3 m,a =0.4)

Fig. 6 Verification of finite element results(ro =0. 3 m,a =0. 4)

5 HEIoHm

fE32 1 SEE 1A FS B AR =1 10" Pa -5,
T A0 6 B A 1 9 2D 0 0
ERECENCE T 8 S A 3 RoA AL LG
7 T LA T 515 6 (6 3505 4 3 W« 7 3 4 B
S5 AR - P B MR K 95 A 3
A . 8 AL O A R B ME BB o b
150 30 OB 0 5 BEL S 0 2 S L PR
WA 3 91 2 BELJE B B

201 — a=0.0
:.. - a=0.2
1.6 $! --a=0.4
g e @=0.8
1.2} 4t

*s ’
0.8

0.4 r

0.0

P 7 kDU AS BE AR B 28 A (ro =0. 3 m)

Fig. 7 Variation of displacement with frequency(r, =0. 3 m)

0.6

P8 TSl B AR 9 72 4k (o =0. 3 m)

Fig. 8 Variation of dynamic stiffness with frequency(ry =0. 3 m)

120 00

10 |

8

B9 HETUSBHLJE B 9 22 4K (o =0. 3 m)

Fig. 9 Variation of dynamic damping with frequency(ro =0. 3 m)

P10 &5 T 2 IE 5Kk I R T Bk T30 4 )
S 7 5 T AL A R A B R A A T B 9
BEMRAE BN . TR LB H B TER BN 1 A —
J 55 U2 ) T R L DK /) 6 K ) 23, 7 00, X A 5K
o AR A RS B8 W 3 A B 5 B AR S s L A



2B IR R £ B P ARAE 8 B 8 IR 3h AR AT R 887

) TR S e 1) B

5
y ——a=0.0
4+ %—ﬁﬁﬂ‘ﬁ —o- g=0.2
3t N -~ a=0.4
,;: ol - q=0.8
: - a=1.0
g ! i f 3
= 0 - w
= -1
Rk P()=P,sin (nt /t,)H(?)
>0 P=10°N R
§ t0—2 ms
—4} &
I { L y
0 . 8 10
f

P10 AN [a) 286 4tk B 5T 1) A Tk 88 0 B2 Crg =0, 3 m)
Fig. 10 Velocity response under different viscosity

orders(ry =0. 3 m)

6 4 &

A SR 3 B 3 B0 1E. Zener A 1 Ui 72 &
PRAEAY , 25 S5 A F A 4 I I 3AE 22 200 07 A A A - B R
RN IR R ) i B OJ T et G (UK e b Y
Hh g AERONE Bl I RE | 2l BELJE B8 93 SRR AL S LKA Tt I
R 00D T )t i O s R L A R LR LR ENE .

(L) o AR Y08 00 3 RS 5 3l 1 2 R sl B e A
0 S ) 30 80 L/ 5 b A O A e AR o B
I J5£ 71 230y ELJE T 91 24 1) 39 1 o R 1

(2) e R Y0 78 00 5 BURE T 5 S5 904 114 328 FE i {1
WIS A S P TR A F 3 1A 52 B B RO AR S
Dok 553 » AN ) T R e o R

(3) KRELARHE M BT AR 5 55 T/NEARHE, £
AR AL S8R A A4 5 i — 2D . AR SCEE R R
LA A FE /N T 15 IS B R R S e AGE DU

2 2 3k (References) :

(1] #%TE X LAFHATRE[(M] A4, % LXK
# % i R 4t, 1987. (Bsasos C C. The Rheological
Principles of Soil Mechanics[M]. DU Yupei, trans-
lated. Beijing: Science Press,1987. (in Chinese))

[2] Taylor D W,Merchant W. A theory of clay consolida-
tion accounting for secondary compression[]J]. Jour-
nal of Mathematics and Physics »1940,19(1-4) .:167-
185.

[3] Tan T K. Secondary time effects and consolidation of
clays [J]. Science in China ,11958,7(11) :1060-1075.

[4] R4dm. ;3L Voigt BRI B BLe 48 K L4k — % B 45 52
wAE B AL]] % £ T4 F4R,1989,11(5) ., 78-85.
(ZHAQO Weibing. One-dimensional soil consolidation
theory of saturated soil based on generalized Voigt
model and its application [ J]. Chinese Journal of
Geotechnical Engineering , 1989, 11 (5): 78-85. (in
Chinese))

[5] Scott Blair G W. The role of psychophysics in rheolo-
gy[J]. Jowrnal of Colloid Science,1947,2(1);21-
32.

[6] Gerasimov A N. A generalization of linear laws of de-
formation and its application to inner friction prob-
lems[]]. Journal of Applied Mathematics and Me-
chanics ,1948,12:251-259.

[7] Cheng W,Chen R P,Yin Z Y,et al. A fractional-order
two-surface plasticity model for over-consolidated
clays and its application to deep gallery excavation
[J]. Computers and Geotechnics ,2023,159:105494,

(8] EZx%.AxA. 70, F S EZRTER Tl
b kR KB S RATR[]]. A% F . 2024,56
(3):1-9. (WANG Lian, YU Yunyan,SUN Jianzhong,
et al. Study on rheological consolidation characteris-
tics of saturated clay foundation under time-varying
loads[ J]. Chinese Journal of Theoretical and Ap-
plied Mechanics ,2024,56(3) :1-9. (in Chinese))

[9] BXA,.ZKA.EWMA.F. BRIEME L P05 K4E
LSO X RCPoRADE Sy - S WA - I i i e
% ,2023, 42 (s1):3767-3777. (MA Wenjie, WANG
Changdan, WANG Binlong, et al. Semi analytical al-
gorithm for vertical vibration response of end bearing
piles in layered unsaturated soil[J]. Chinese Journal
of Rock Mechanics and Engineering »2023,42(s1) ;
3767-3777. (in Chinese))

[10] #=#&.# F.LER BHwEEXAELREL
RALE) — B B M A L] A F F IR, 2024, 41
(2):707-717. (YU Yunyan, XU Rong, KONG ]Jiale.
The first-order natural frequency of a large-diameter
single pile offshore wind turbine on a spring founda-
tion[ J 1. Chinese Journal of Computational Mecha-
nics »2024,41(2) :707-717. (in Chinese))

[(11] A & W . XT2Z.F EFHRLTRRAKBE
HEY ) kB A AT L] kB A F R, 2018, 31
(4):707-717. (CUI Chunyi, MENG Kun, WU Yajun,
et al. Research on longitudinal vibration characteris-
tics of pipe piles with different defects in heterogene-
ous soil[J]. Journal of Vibration Engineering ,2018,
31(4):707-717. (in Chinese))

[12] & 3 BA L BN, . 46 B IR £ F & R A
#) 3 Jy B AR A R EAEAR R[], 3R B T A2 S 4R, 2020,
33(2):372-382. (MENG Kun, CUI Chunyi. XU
Chengshun, et al. A virtual soil pile model for longitu-
dinal dynamic impedance of floating pile in saturated
layered soil [J]. Journal of Vibration Engineering
2020,33(2) :372-382. (in Chinese))

[13] Cui C Y,Meng K,Xu C S, et al. Analytical solution

for longitudinal vibration of a floating pile in saturat-



888 I A - #42%
ed porous media based on a fictitious saturated soil Chinese))
pile modellJ]. Computers and Geotechnics +2021,131: [16] #AGR. 2L, HEM SRR L5 NG K

[14]

[15]

103942.

Koeller R C. Applications of fractional calculus to the
theory of viscoelasticity[ J]. Jowrnal of Applied Me-
chanics +1984,51(2) :299.

IAA H R, BB FRKAE X8R P AT
mE G mAL]] %+ T F R, 1997,19(6):27-35.
(WANG Kuihua, XIE Kanghe, ZENG Guoxi. Analyti-
cal solution and application of forced vibration prob-

lem for finite length piles [J]. Chinese Journal of

[17]

B AR TR Bk B AE L[] 3R LA S AR 200417
(1): 76-81. (HU Changbin, WANG Kuihua, XIE
Kanghe. Research on time domain response of pile top
under longitudinal vibration coupling of pile and vis-
cous damping soil [J]. Journal of Vibration Engi-
neering ,2004,17(1) :76-81. (in Chinese))

Zheng C, Liu H,Ding X, et al. Non-axisymmetric re-
sponse of piles in low-strain integrity testing[]].

Géotechnique,2017,67(2) :181-186.

Geotechnical Engineering » 1997, 19 (6): 27-35. (in

Vertical vibration of end-bearing pile in fractional rheological soil

CHEN Zhenhong*'., WANG Lian’, YU Yuanyuan', MA Fei’

(1. Gansu Province Engineering Research Center for Comprehensive Exploration, Utilization and Protection of
Mineral Resources (No. 1 Institute of Geology and Mineral Resources Exploration,Gansu Provincial Bureau of Geology
and Mineral Resources Exploration and Development) , Tianshui 741020, China; 2. School of Railway Technology,
Lanzhou Jiaotong University,Lanzhou 730070, China; 3. Pengyang County Natural Resources Bureau of

Ningxia Hui Autonomous Region, Guyuan 756500, China)

Abstract: Using fractional derivatives to modify the Zener standard rheological solid model and
considering the instantaneous rheological effect of the soil around the pile,a vertical coupled vibration
model of the pile-soil system is constructed. The frequency-domain analytical solution of the system
dynamic control equation is derived using lLaplace transform and potential function decomposition
methods. The time domain response under instantaneous excitation at the pile top is obtained through
numerical Laplace inversion. Then, numerical examples are used to analyze the frequency domain
characteristics of displacement and dynamic stiffness, and dynamic damping of end-bearing pile vertical
vibration in a rheological clay layer,as well as the wave response under instantaneous excitation at the
pile top. Research has found that the rheological effect of soil reduces the amplitude of pile top
displacement and dynamic stiffness and the rheological effect of soil causes a decrease in the amplitude of

the pile top response and a weakening of the reflected wave signal under instantaneous excitation.

Key words: rheological soil;fractional derivative;end-bearing pile;vertical vibration
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