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Abstract: Effectively solving the governing equations for contact problems often involves complex mathematical
theory, while the distribution of contact stress is highly random in practical engineering applications. This study
proposes a novel algorithm based on the triangular load discrete element and the discrete convolution fast Fourier
transform (DC-FFT) algorithm. This algorithm provides a high-precision and reliable method for efficiently
solving the contact response of a solid under any load distribution. Compared to the commonly used uniform load
element discrete method, the analytical solution of the triangular element is more complex. However, it better

simulates the characteristics of contact load distribution, accounting for situations where the load at the contact

Wim E#I:2023-02-16 M4 H AR H#3:2023-07-05

EEWE:HEARP ISR H (52205192, 51875059, 11932004) 5 T JK i BF 8 3 %1 % B 1 H (estc2020jcyj-
msxmX0850)
Supported by National Natural Science Foundation of China(52205192, 51875059, 11932004), and Science and
Technology Project of Chongqing(cstc2020jcyj-msxmX0850).

YEZ B Bri (1997—) , B WL 5E 4, 2 F el J) 2= W 5¢, (E-mail) Chen_nan_97@163.com.

WBEMEE QBB O 5, F NGRS Wr289% 55 400 122058, (E-mail) jinxq@cqu.edu.cn.



96 TR K F F IR %47 %

edge increases from zero or decreases to zero. The stress component under the action of the triangular and uniform
load elements is derived based on the “excitation-response” characteristics of the contact influence coefficient
matrix. This information is used to optimize the solution method of the triangular load discrete element. By
constructing the stress solution in the form of a discrete convolution, including the influence coefficient matrix,
the stress superposition effect of a target node under the action of all elements can be further simplified and
accelerated by using the DC-FFT algorithm for highly repetitive matrix calculations. Programming and calculation
analysis show that the proposed algorithm based on the triangular load element is accurate and efficient.

Keywords: triangular element; contact stress; DC-FFT; numerical solution; stress field
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Fig. 1 Contact surfaces subjected to arbitrary loads
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Fig. 4 Discrete arbitrary loads with triangular elements
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Fig. 5 Arbitrary loads discretized by uniform load elements
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Fig. 6 Discrete Hertzian loads with triangular elements

HJH Fortran % B2 3153, K b 2% 280 800 fifp A7 8 45 21 59 45 2R 15 R [ 356 b 2 00 A T = A8 BROT B O 145
P B 25 18 T3 53 AT X FLBIE

P72 AR T UREE N 1 mm B, x A -4 mm 2] 4 mm #7550 = A T8 B OB -5 0 AT i 45 10 ) 40
XFE o 7,3 AR o R E A AT T AR W o, ol o, B AR )6 R = A B B0 B HCEUE Ty
VETTSAT I B0 L R (E . P 8 SR Ty A R 2 B0 5 IS B A 45 3 EXT G o IS AT A, I vk A 2 Y
RCAEL R 5 R AT Ak JCAE A 05 1) 30 2 VD 1) 12 s 157 3 A TR TR B 0 1 mum Ak 2% 7 7 7 R BE AR 5 A o O W 3 2 o



102 K K F F R % 47 %

04r 121
0.2
00r
fRbTiR AR
-021 o, — o
T -04 oo — A H
=121 8 0 8 16 s 8 0 8 16
xla xla
B7 EmAERTERAR L E8 WmAERT&EMAIEE
Fig. 7 Comparison of stresses under normal force Fig. 8 Comparison of stresses under tangential force

Sk B8 UE AR SO A VR A SOPE X B B IE T 32 vk ) 5 U0 1) 2 far 2 R VR EL 4 A S TR R 2 430 R
0.25.1.25.2.25 mm i, f# BT % AVECE 45 21 59 45719 s 0 e B, a0 1 9~11 iF 7 o

0.0 »
. BULAw TR h .
\ o2 ; ‘ SHETAR fiA
-0.2 = -0.5 72025 —— =
z=125 — ° 1'25 .
A, 22225 — & 0.6 =1
-04r A A A s oA nn =225 — °
s - 0.7
< 0.6 > ’ <
g T Ry TPe00000000 S sl
—0.8}
09+ N %, ™aasaaa
Lo e e _1.0- e o
_1_2 1 1 1 ] _1.1 L 1 L J
-16 -8 0 8 16 -16 -8 0 8 16
xla xla
9 o HBEMESMITHEIIL 10 o B{ERSBRITHETLE
Fig.9 Comparison of o, for analytical and Fig. 10 Comparison of 5, for analytical and
numerical solutions numerical solutions
021
fRpTiR BUER
04 z=0.25 — o
. z=1.25 — °
=225 — 4

B 11 o BUE %5 T iR 3T

Fig. 11 Comparison of ¢, for analytical and numerical solutions

TEIE 165 ) 1w 2y SRR R, = A B BB D7 35 SR A A A [R) % B2 2% 167 3 7k (B0 ) B8 A A T LA
55 g A e (it 2O PR FFARGF AW & B o 18 10 7P 2 07 1) I A 2 = 1.25 B, i 22 M X BOR, 20t 58 iz 4 8l o



%28 B A, F PN = AR BRFFT ik 0k 103

BOAE A 5500 BT % 00 7 2R R R 25 S BR B 0.123%, 3% S 5% W AS B O B A A . &L E R
10 mm , 5T 58 BE R 0.25 mm A1 B0 T, 32 24T 1 PN 25 s 09 18 7 3 dab 501 foge R gk 7 ik 1000 0T 45 28 S 35 {ELAY
70.048 7% H UL, Il FH— Z 50 5 8 45 5 (10 = A T8 B0 00 B8 SR 1w 32 Ml L 7, EAT BT R AT AT Y o
42 ZRARETBEHSHHERTETEHMER L

FH 3.1 4 20 0 BOE T35 5k, T340 A1 2847 BT B HICTE: ) FNYT) [ 422 fsk 17 7 38 3k Fortran 2 B2 158,
) 32 3 2 - 10 PN A4S SN ST B A o B o TR BE 2 = 0.25 mum A 14 4% 71 A5 24 A 48 T B G B HORI(EL A%
£ 5050 B BB A 5 8 2% AT A I AR U 25 VE X e T 12 ~ 13 T

1l Zm

0.0014r1 0.24 -
0.001 2 T — i A
—o— =L 0.20 —o— =ML
__ 00010} ~
£ X o016
£ 000081 o
) S ol
< 0.000 6 <
0.000 4| 0.08
0.000 2 0.04
o -3
x
E12 o BEMSHEMBENREI L E13 o BERSRITHETIRETLL
Fig. 12 Comparison of relative errors for o, Fig. 13 Comparison of relative errors for o,

F P& 12 ~ 13 WA R0, 76 AH [R] A9 PR 0T 58 B2 AN S oo T, = M oo A T 23 1 EG 3804 28 far 5 o0 B RS
U (18 45 N7 T 53 ek BCIEL A 55 A AT A P A 3R 25 T /0N . Sy 4 T b WL 558 2 0 B 0 1k R A 42 L 45 7 ) et A B
195 Mises Jit IR W 1, B8 00 7 3245 B B9 E LM IR R z = 1 mm A, x -3 mm ] 3 mm A9 — Z51 35 45 Mises Ji iR
INF 3 AT AT A ) 1R 25 (E HEA TR FE L AR B ZE RN ER 1 R .

*£1 Mises L AHEITIRZEXTEE

Table 1 Comparison of relative error of Mises stresses

x/mm Y5 A5 48 Anf PR TT /% =L I/ %
-3 0.169 79 0.088 08
-2 0.106 68 0.063 04
-1 0.074 45 0.045 63
0 0.056 01 0.033 98
1 0.045 23 0.025 70
2 0.041 20 0.020 11
3 0.052 87 0.022 21
PR 2 0.078 03 0.042 68

12 120 0T AT, 2 A AT B HORIME A 5 A () 057 ¥ Miises 17 g il BT At 1) AF RT3 25 1o = A I8 B H0RUIE A 5
HH [ 37 ¥ Mises 17 77 fif A7 figk B AH 0T 0% 22 R — A o X SR HIE T = M SO B By 07 12 th T 4% A B0 Z W R A7 7R
Bk R A ] DB 71 i A L A {6l B 5 B 2 (e O SN AR, 5 AR O 3 B 1 i 1 g S B AR AR B
B $E T, P DAAE T SA0RG B B0 T 0 36 14 42 A A8 S BT U5



104 TR K F F IR %47 %

43 DC-FFTEEHBHITEREILL

B 2 B0 Wk v, B IR TR A, B B 2 R 2 A 30 T ST SR 1 2 R (E X A 2l SR AR K Y
THE T LSRR a8 i 8 5 v R 4 e s SR SR AR 2 . DC-FFT J7 i 1T LK J5E A N o 26 14 L
722 8 19 B 1) 52 22 BE N O (NP ) B 31 O (NlogN ), Heh O F 7R 51k 52 2% B 1 Wy WS W6 |, 328 B 1Y) 52 A% B sy
DC-FFT J5 i W5 Y138 B B K o 1A AR SCRRDE A B 0T 58 0 I A S A0 LR BAR 2585, 43 51
X 2 Ff 9 SRS i 1) A8 A R 2 P TR B A 1 mm A — FR BT U e I R g 38 e A A T A
X b 2 Fat 55 0 9k i i CPU B[R], 45 31 45 J AN 5% 2 iR .

2 ANEESEETENEN CPUREX

Table 2 Comparison between the CPU time consumed by the proposed algorithm and direct calculation

R B GRS EARI AR /s
2" 0.015 600 2.875 000
2" 0.015 600 10.796 875
2" 0.031 300 42.593 750
2" 0.062 500 193.562 500
2" 0.062 500 786.921 875
2" 0.109 375 3495.718 750

HY 2 2 AR, A 20 AN SR R (ELIE 2 B 5 ik ST SRR I A 22 184 4% o BEE T RN, AT LA B
FBON 2B AR 2 AR R b, T TS A CPU I [A) 2R 8E i, A FET 155 B 5 A ) 8] 20 46 24
AEN 0.1 s, AE T IR 2 AN gL, DC-FFT J7 3 Jr 7 I 18] W0 4 0t 0.1 s, T B 4 3 530 30 AR 19 3 33 1 1)
B 24T 1 h, LA BB P (] R A 22 34 957 4% 0 LUXREAYE 3R DC-FFT J7 i& YRR PE 1R 165 2Ok
B O30 R A S R DX ST L PN 4% 0 g 23 B by T T S A RN, 2 P 5k B T R A T R 2 Rt 2
IR o P, DC-FFT J5 % 2 BE AR AE fmi A%l 153 2 A 4 v 0 88 K01 e 1) D0 B B 0k o

5 & &

P T — T 2R B A TR T i DAPR R A S 2% Mk 07 A B R SRR NI S Y. R EAREIN
T4

1) 53 A ARAS T AE = A0 F 53 B Y5 A0 4 fal 84 23 A, BRAAR PO AT: 8 500 7 114 b =Xk A i 5

2) 3 o 5 P B AR S R AR A G A i TR T = ﬁ!ﬁ/ﬁﬂﬁ&iﬁ?ﬁﬁﬁifﬁkﬁﬁﬁmﬂﬁ RO
VEE

3) A Fb T 43 B X A1 43T )RR B RO 1, R AR [R) BT BORN BT B E T T = A 4 o 2 BRL T Y B R
SRR B 1) B A A

4) BT = AR T8 fioh 280467 BP0 R BRI AR DR L AR 4 3R 7E (DC-FFT) Br A i 3+ 38 2, B A i 5
B REE THARCE I AR .

S % Tk

[ 1] LiYY, Yang Y, Li M, et al. Dynamics analysis and wear prediction of rigid-flexible coupling deployable solar array system
with clearance joints considering solid lubrication[J]. Mechanical Systems and Signal Processing, 2022, 162: 108059.

[ 2 ] Brebbia C A. The boundary element method in engineering practice[J]. Engineering Analysis, 1984, 1(1): 3-12.

[ 3] Nowell D, Hills D A. Tractive rolling of tyred cylinders[J]. International Journal of Mechanical Sciences, 1988, 30(12):
945-957.

[ 4 ] JuY, Farris T N. Spectral analysis of two-dimensional contact problems[J]. Journal of Tribology, 1996, 118(2): 320-328.



% 24 oAb, F AP = AR S FFT eik ik 105

[5]

[10]

[11]

[12]

[13]

[14]

[15]

Sun L L, Wang Q J, Zhao N, et al. Discrete convolution and FFT modified with double influence-coefficient superpositions
(DCSS-FFT) for contact of nominally flat heterogeneous materials involving elastoplasticity[J]. Computational Mechanics,
2021, 67(3): 989-1007.
Sun L L, Wang Q J, Zhang M Q, et al. Discrete convolution and FFT method with summation of influence coefficients (DCS-
FFT) for three-dimensional contact of inhomogeneous materials[J]. Computational Mechanics, 2020, 65(6): 1509-1529.
Wang Q J, Sun L L, Zhang X, et al. FFT-based methods for computational contact mechanics[J]. Frontiers in Mechanical
Engineering, 2020, 6: 61.
Li Q A, Popov V L. Non-adhesive contacts with different surface tension inside and outside the contact area[J]. Frontiers in
Mechanical Engineering, 2020, 6: 63.
o, TR, TR, AR T R R v R D A S i I e % LR 3R T 5 B R A BB BT ST (D). HHE 1 28 2R, 2017, 34(3):
312-321.
Niu R, Wan Q, Jin F, et al. A numerical analysis of fretting contact with rough surface based on conjugate gradient method and
fast Fourier transform[J]. Chinese Journal of Computational Mechanics, 2017, 34(3): 312-321.(in Chinese)
Rey V, Anciaux G, Molinari J F. Normal adhesive contact on rough surfaces: efficient algorithm for FFT-based BEM
resolution[J]. Computational Mechanics, 2017, 60(1): 69-81.
Yu Y H, Suh J. Numerical analysis of three-dimensional thermo-elastic rolling contact under steady-state conditions[J].
Friction, 2022, 10(4): 630-644.
A R 2R T G Sh B2 il 4 BT [D]. BRI IIURHE KA, 2019.
Wu T. Fretting contact analysis of rough surfaces[D]. Wuhan: Wuhan University of Science and Technology, 2019.(in Chinese)
Uil BB, AR IS BT, B T, S TR 5 SO R G 0 A R R At R P TS Ty 2 R A R [, B AT, 2022, 42(1):
85-94.
Shuai Q Q, Chen X Y, Chen S J, et al. Influences of preload methods on internal mechanical characteristics of angular contact
ball bearings under elastohydrodynamic lubrication[J]. Tribology, 2022, 42(1): 85-94.(in Chinese)
Zhang X, Wang Q J, He T. Transient and steady-state viscoelastic contact responses of layer-substrate systems with interfacial
imperfections[J]. Journal of the Mechanics and Physics of Solids, 2020, 145: 104170.
Johnson K L. Contact mechanics[M]. Cambridge: Cambridge University Press, 1987.

(h# # &)



