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Tongji University Master of Engineering Abstract

ABSTRACT

In this paper the author proposed the design thought of optimal design for the
test bench for quality verification based on DFR (Design of Reliability) and FEM and
figured out multi-axial time history compression under the consideration of cross
coupling between multi-axles through the Multi-axial Rainflow Projection technology.
Finally, the quality verification accelerated test for the car subframe was carried out
based on road simulation technology, which has more valuable engineering
application, such as cost and time saving.

First, the author proposed the test bench concept of this subframe test bench and
applies the DFR and FEM to optimal design test fixtures, referring to optimal design
scenario, the methods of constraint and loads definition, target stress fitting and
comparison and analysis of optimized results.

Second, the procedures and matters needing attention are introduced and the
general load analysis methods are applied for the raw data from proving ground.

And then the author continued exploring the background, development and
application of structure fatigue theory and multi-axial rainflow and deeply studied
multi-axial time history compression based on multi-axial Rainflow Projection. Next,
it was applied for the edited time history of car subframe from proving ground and
then the target iterative time history was synchronized in the one of the primary
direction of principal angle.

Finally, the road simulation test for quality certification was carried out based on
the optimal test bench and synchronized target time history, which prove the design
concept and helped to analyze and demonstrate the iteration quality. Next, the
durability test was also carried out to validate the feasibility of this design concept and
found out the defect of this kind of car subframe. An optimized solution was

proposed.

Key Words: Accelerated Fatigue, FEM Optimizing, Multi-Axial Rainflow Projecting,

Road Simulation
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Tl PR 55 S BRI PR IO S 8 PR 0 [A) 1Y) BU 28 e e 1 LA, X IR W 1) e 08 21
BEABL I P2 AR % 55 IR o ORI R AT m] W Se ) R B AR BRAE S W, AR B R i )
TEABON N, FESEMREINETS, AL Z IR nis WU EEE S Wi, U
TP R SRR BRI AE R LR L R

Sy a0 27N

>

i=1

Bp, =g TR g A
Z D; =1 (4.5)

IR RRRIR TR0 5T FF AN SR N AR -9 55 A i B e M ACIR
o GG R BA LR B IR O MRS 2 SERRIE LI (&7 4k o Miner B BAFTE SR PR 1" :
1. BRI AR BN ) (B4R Miner VAN 28, (HHARAE M
Miner V| 225 /D
2. AT R S ARSI B I AR T 5] RS R BR AR N )
3. REEX RGN ET &
4. Miner V&N J& — MR I7 0 etk RARAIAEARL, BR =5 RE B far I Fe R 52
T SE R E B R X8 982 577 75 i HRO S MRAR DR, 4m H BILAE /) N AR R 22 BT K
7 A M 2 g /) 187 A5 R PR AR AN A e T AR PR R o S B 1) & SR N T — PR 40
T, B ZECONRE N1, Wi, EEKT 1
5. Miner ¥ENI 2 —AME VERIRAL, BANRET 8 BT A RF R 207 45 1) B
AP 51 I SR AR B et o HE
BRI, 2SR Miner B X T R BE 1R JLN#
MIEHL R, RIS LEE IR I A5 E (DCR) R 1 1R K. {H Miner B E 4T
H TR T T RR S AL A B AL VR F R B35 7 i, RIS AT ARR IR P i a3 1
(DCR) 7£ 1 ffir o fr DUREAER i LA gk R Y 1 AN 57 R0
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8 73725 6] ) B8 A S ST AE SRR g oy ridiz B,
Lo FEFSINaR R, % g/ WA ik 5 AN [R] AR 31 T
2. MRAEFET o, AR TR R, 75 AR B SR R Dy iR s, Y
RAR SRR iR K. BTEL, fEZHRE 7T, A ar i 2T HRK
B ARV I 5

3. [AIF, AR RS AR G b, A0 8 S N g~ T b BT U R AR A
TSRS R 273 5 v i 1 RPN IS

FREENZEIE R KSR L, BRI “ =7 BB S AAENE O
A ) e A LR R 4R 28 P IR A AR SCHEfFAE R N (X0, B
BT 2 8] L B JAAFAE FARALIRES , XFFRI 4248 «“ =3818 7 & 30ulia mt s it 3
2 i 57 s . PrBL, 78 B AR TARERAinS, &N (P B =M iEE
AR TR) A AR SCHE RN ) 22 T8 (1R 25 18] #1 AL 0 5 B0 A o

4.4.1 BIRTTHEBAR

BET 20 Tl PSRBT ) 8y T 24 1) B BE At L A A PR 70 A v g HE
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@, 4 B AR TSN E R T IORL// BASIRA, IR J1/ RiAs 8
FF 5 3 R B 0 H 55 75 T o 1 D 25 R A BTG 4007 7 ¥ AR SR Ly
SR EI T DA A S BN . WAV AR A B I W =5, b RS T A
WS B INIE R T BRSSO, LA A R TG A W7 b v 2 A A e A
G, N5 ST 0 2 B T A S AR SR S B

ot TR AR P T S5 0 2o R, 4 50 L MR B A P R fr
J1/ RSy, TRENHAR R (D T O 00, 3 B AR A % 1A i
B, SIATE . U &N 10307 5 00 R T R 1 R, 5
SAMEBMIH I AR 4.15) .

QHKXJ):§EC$KXMW(U (4.6)
k=1

Arf, VR Sy R IR R A O AT R A N, B IR
JORE AT SRAR R WO DY SN I 18] O RE R 2

MR £ CRI RT3 RIS B A V5 R B BN 77/ AR S 18] PR el B, ik —
DT RANE TR BARMTHE S RE L 4.18 .

AR 1 AR AT 2

LN ] MWW L
\ J

Li=1TN smawin g2 Ly=1N

1 A 2 A
(Cn)(kX) (Cu)(kX) (@}xb) = (c ) B+ (e ) B

BRI T 2 BAWMET | WA T 2

(a) FREUHALF Auf 5200 K1 (b) RS INIRIG N 137
K 4.18 HEERASSINTERN 3B 71k

4.4.2 ETRRREHRARR S MEEER AR

THBAEIR 57 93 Wt 2 BEORTE T R AE A8 A BT A9 SR8 Fr U AR A WA 1 5
TR ARARAIE . BFSFERISEL WWbEE JUAMNE . REDEER B A
BT A, XA 57 A e B OB o R RIAEEIX A ZH 8T, X Lepiy
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AVEE IR 55 75 i T 25 SATH 1H AN /& DA AT 52 2106 75 1 e B S0 R B X pl 75
FR 250 10 07 AR Pl B S T A 00 55 F i, T ERAEALRS 2 Hoh 2 —
[FIE, O T 3k — 20 SER RS D g 75 20 a0 2T CE RGN B3R5 1 TR 2
AT I 380 A B AT B U 25K o HL SR B AL T F P B B el 2R 4 18 B R B R
RN AR, i & Mgt oH 3802 N SR B EE W (E BE RO M EL T B B
(Histograms), [MX A, T RIGLEE FEAE B8 AE B T 8 ot g 7 B
TR B AR S 2R, BTN e 20 2 R
T 1988 4F, “Z P 957 TARHAERIN ST, H 5 EHES) AR I 55
J7E R Z IR 57 TR R . B LLS, &S 22 Al R R IR 55 T VR AN B
TERIFFLL “MultiRain” 87 B IE AL &M BAA N LA . SR, XSS
TAEAR R R O F e 2 Bt | 5 5 | Mg ZRAR I 7 0t 5 42 Mg 3R A D A Bt 3l FH 24
PRIFHE . KAH Simens LMS 55 T AR A®] . HAT, R2X 77 H KT & TAE
AIHEEAT . FTLL, ASCEEL Siemens LMS TecWare %K fif 4b B #2FSR s 81
ASCHTHE KRR 50« =3l T LR (0 H AR 1 S 45
F I8 R B2 R I R B T A I I 2 B () B B ) e AR T B i

(Masing 1C1ZEND A5 HAH G AR R R IR T B0V . IR B 2l VAL 57
JIET DN E A e B 2 B USRS H A R T 3845 2 BT I A AL R &
B 268 ] (0 A5 R 1 DA R AR R R A M B Bk, W E AR 7 ik
(Rainflow-Projection) #f & 57, /& J5S2AH ¢ N F BRI A, IX H0 8 = 22
A AT S Mk RO A A DL R B A Y, MRS Z MR T
0, e 4.19 Fios.
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TN TS
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(AT FE VA AP PR CR M HTIR T,  RS A A5 B0 5 3 18 7 B 8] J e (0 110

SEFERRNE S s G, A BT S DR T 5000 SR T IR BT AR Bk A . T
L, 38 MRS 0 g BT ), WA ) BERS B R DR T A AR AR (RT3
AaF SR PR 5-) 5 ANTIAAG O 22 A T s 406 5 PR 4 80 A Lo 2 R e

Lg(©) = Xfi—; Bk Lic(©) (4.8)

X H By EAT A B, T ORAIE SR B iy (O (RS B SR S N g 8] PR
oy &), XS 2 Al ISR BOR IO B e . B IXFE IR BE, A 2 8%
SEAMIN AT B AT 8 ) e 3 BTk R WAL T 801008 57 D R 20 T A EL T 31 22 i
AL T, RIS EAT 5 (BEEJiD _ERRGURYE, BRI 105
BYYINAS AN FLAEAZ R0 A ML AR T, T SEBL 22 BT AR, 8 1 I 4

2R, WEAREBIN 4, P PAIEIE BLE SO P 7 1) 7 i)« vF
Z EETJjIA7 _EARR, IXFERTRE TR — NG 2 AT 1 2 Rl i 5 3
I

o AR IERGET R R AR IE

M EIR ARG S, A RIS IE R B A A, BV T 1),
RS2 AT R AT R . BN SN U I E M A O EAR

ZAISIE, T 2 BB EERAT (B4R AR, HAAREE T AR
AR 15 FERISE R MG T 3 B mEE A, HAAIBGY
7 T SR AT TR )R A, IR AT IO A A RAiE ™, Rk 4.2 B
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R A2 BATHENE DY 3 BRI T A K R i

d=2 d=3
fRid % Y 0 fRid %
0 (1,0) 0 90 0,0, 1)
15 (0.966, 0.259) 45 62.632 (0.325, 0.325, 0.888)
30 (0.866, 0.500) 135 62.632 (-0.325, 0.325, 0.888)
45 (0.707, 0.707) -135 62.632 (-0.325, -0.325, 0.888)
60 (0.500, 0.866) -45 62.632 (0.325, -0.325, 0.888)
75 (0.259, 0.966) 0 45 (0.707, 0, 0.707)
90 0, 1) 45 35.264 (0.577, 0.577, 0.577)
105 (-0.259, 0.966) 90 45 (0, 0.707, 0.707)
120 (-0.500, 0.866) 135 35.264 (-0.577, 0.577, 0.577)
135 (-0.707,  0.707) 180 45 (-0.707, 0, 0.707)
150 (-0.866, 0.500) -135 35.264 (-0.577, -0.577, 0.577)
165 (-0.966, 0.259) -90 45 (0, -0.707, 0.707)
-45 35.264 (0.577, -0.577, 0.577)
20.104 18.961 (0.888, 0.324, 0.324)
69.896 18.961 (0.325, 0.888, 0.324)
110.104 18.961 (-0.325, 0.888, 0.324)
159.896 18.961 (-0.888, 0.325, 0.324)
-159.896 18.961 (0.888, -0.325, 0.324)
-110.104 18.961 (0.325, -0.888, 0.324)
-69.896 18.961 (0.325, 0.888, 0.324)
-20.104 18.961 (0.888, -0.324, 0.324)
0 0 (1, 0, 0)
45 0 (0.707, 0.707, 0)
90 0 0, 1, 0)
135 0 (-0.707, 0.707, 0)

BVE: d= HagEE
y= BYEEHATEARCET B 1B 2 RIS S5 B 1 e, WAL, YEREITE[, 360];
0= JHUEEEAMT ST B 1B 2 MIAS R I A, YUEIFE[0,90]
M ERE d > 30, T DA NS ER ARG . B A, AT DA IE SR AN
S FE N d 1 S 7 L 2% THI -
Wi = {x e RY||x;| < 1,xq4 = 0} (4.9)
4 AT B AN ST 7 AR 485 T 4 5 B d INVEL S BRAR AL A L

i: =tan(—§+5-§) forj=1,kandi=1,,d—-1

(4.10)
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k+1

X} = tan (22 forj = 1, £22 41D

X ==X

=

(4.12)

b, XN T FIR . T AR S € Bt 4 v d i) S 18] o3 A b, R LUK
NN BEE 5 1A BT A R D

k+1 _ k-1 —
ng === k4 === (k= 2)

(4.13)
A, KRR R AL T R B, — G B 3. Xl ARG
HATYESE 4~6 (112 A AL B T A R R .
XEAGARD, ERTERMAAEE N 2, 3 Md > 3B Wardhi b, A7
JTRRETT R, PRt T2 R BE BORSCILIGY . X BRI IRk
I BT T 1A O T T B MR AR R SR AR NI E OL R, AR Bk (B < 0)

A R AR R MR AR S T B R . W DU PAT HERE R EGAIE -
UG—B = _OGB’ OG—B = UGB

RFM_g(i,j) = REMg(N —i+ 1,N —j+ 1) (4.14)
and RES_g(k) = RESg(k) + 1

RIE, AT DR B B U5 T R B PR A A IR~ B B ~EBR, BIBa>0, SRR
WD TR, SRR

= MR RSB (R4 JrFEfiE

FIT 22 e R R AR SR AR 5 S R R Uy T B, BT A R O T 4R
S i R 2 S = = S il S I il = = 3-8 Tyl M
AR R, X237 17 BB ISR R A WE (E vl (Range) ATELALH% ) 98
£ (Bin Size) #—BUE X, HAESH ECHRTHRTEGE.

AT — AL R B AR FE T ) b, BT YR Jyd Chat N BT i O ) Ak
AT U O R RO R P 45305 R YA HRE B (D i 9 R D UG 0Gs i= 1,y [RIIRS,
o AT A JEE Dy d (R I SR AT R R PR IS N R T ROTTE L, R RITEE T
/NIRRT, B 4.20 FiR.

Wz, BRI SM AL AEARR] i R 7R3k A

1/ 5 P =
M; =2 (UG +06G;) i=1..d (4.15)

g Max (0G; - UG;) i=1....d

P (4.16)

A, POYFTHEIR )42
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y
0G, = = = = =
oG, = -
M
UG, -4 :
11 I
UG, = d4+ - Il
| Ll > x
UG, UG, 0G, 0G,

] 420 HLETH I FEIGETEE (Range) FUEBALFAHISERE (Bin Size) 4L

RAE, AEAE—A5RET I L P AR B B Y FEL AT A AR M (Bin Size) 7I45:
UGp = (M,B) —p (4.17)

0Gg = (M,B)+p (4.18)

_ 0Gp—UGR _2p _
N N (4.19)

o, AJNEANTREMEGE BE (Bin Size), N NEHEEE (Number of Bin).
X s Sl =1 d k=123 3-8 3 8 A7 7 ) S B P8 L, 145
421:

Ag

Le(t) = T, B; Li(ty) (4.20)

4y B
LOG; \/\ A A \/\
N /\/\/
3

~ L X IR E
~ W
> M |

N LAAL

B 421 ST OG R ERTAERE B 420 I I SR 9 A
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AR AL R RO 5 A8 L, RO RAR R 1 T DA T DR v B VGe A DG 22
8] LA K 5 U N AN A (Bin Size) FRAF™ . IXIF, AT LURYEF P 55 1
i [ 1 G 9 Toxet B A B R SR U7 1) B ) R R AR P SR VEEAT IR B IE e, B
B k4. X BEAGARGRAER A A7 ISR ARG ORI E N
TR, X TAE—H BT R YL, T [ PR IR B8 G — B, RURE 25
TSR BORMIE 7 AN [F [ AL R BB 7 7] 4R 2 2 b Ay i -2 TR) ] BE AT AE 2
BN A5 1), ABAE R B0 T i (R PA 8 s vE o — 20, b 422
Yk FE T I PR IR B AR SR B . B [ PRSP At 1 = Lo d 2 i ] BRI
BITRE AT AT T A i »

fg = (S, (Bif)2)? (4.21)

A, kg 2R AR 7 0 03 FER OBV A 5E e 2 T SR B
SR ISR 0 AR T

e, ARG RL ORI 7 TP L, R A SRR 3 B 44 R
RESg _

FEMETAAAPE A EE T, A TG R LSS0 1 R
4798 T LA PRI — NS0 i B L RO 37 HE AR T T
SR G B th T LU A AT 60 0 S 3150 2 B 7R 1
S ESR IS 0B, SR TR S I ORI . i, ASCE
AR AR R OO 9. 2%, XA IR B = AR A OO
7 I EHERT R AR HR DRI 2 [ R b R FO, ARAR AR P
1454 HAF S 4 6 0 TR 200 e R K26 S B LB
TH IR IO BL BHCER 0, SR A T R B 22 5759 41 A
(X f55 5 WORAECTE B A 7 93 HA A R PR 0oL 2 U A

DU i 5 B H B 77 LRGP D AR R 305

AEEAR AR SR TR 7 T L R R PR SO 5 (T LRt
e R TLER S IR I 07 T X I8

97 7 8 HB A B 7 L R IR PR D 4 1 7 D H X B
CHIRH), EDRATIRI T A% B S o . SR AE BT A7 LR 77
LR U S TR A Miner IS ~ N2, A 4.22, AL
TR TS IE" . i LA AT 0 R TR A4 (850 5 TE Gk B TE A W3 — 7 T8
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UEEEN , AP BT F L R R R ORAE (. BEAt, Dy TRt L
THELHLZEAF AN 2 H A A AL B TSR, A R R S B M IR A S, UK
SERFRRAL Y J7 ) S P TH) L 1 W YA B S e DR
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" ZK1 + 1.00°K1 K [1.0010.00]
" 2Kz + 1.00°K2 1 [0.000.00] Kik2
% RP 2D 00 |+ 0711+ 0712 |1 [0.710.71] AR
" RP 20 02 |- O.F1%K1 + 0712 |1 [-0.7110.71]
. RP 2E 01 ||+ 0.97K1+ 02672 | [0.9710.26]

RP 2E 02 |+ 0B87K1+ 0502 | [0.8710.50]

RP 2E_03 ||+ 0501+ 0872 | [0.5000.87]

RP 2E 04 |+ 0.26°K1+ 0972 | [0.2610.97]

RF 2E 05 |- 0.26°K1+ 0972 |-1 [-0.26]0.97)

RP 2E 06 |- O50°K1+ 0.87%2 |1 [-0.5000.87]

RF 2E 07 |- 0871+ 050°K2 |1 [-0.8710.50]

RP 2E 08 |- 0.97°K1+ 0.26%2 |1 [-0.9710.26]

[ 4.24 ZGEERIN 2 HEBER I B 7 S0

w =K1 + 1.00°K1 R [1.00/0.00[0.0010.00] ¢, ko,

" zK2 + 1.00°K2 1 [0.0001.000.00(0.00] K3.K4,

" RP 20 01 ||+ 0711+ 07162 |41 [0.71]0.71]0.00)0.00] K3

" RF 20 02 |- 0.71°K1 + 0712 | -1 [-0.71]0.71]0.00/0.00° gﬁ?\

i RF 2E 01 ||+ 0.97%1+ 0.26%2 |1 [0.97]0.2610.00/0.00] "
RF 2E 02 ||+ 0.87K1+ 0602 | -1 [0.8710.5010.0010.00]
RF 2E 03 ||+ 050°K1 + 0872 | -1 [0.5010.8710.00/0.00]
RF 2E 04 ||+ 0.26°K1 + 0,972 | -1 [0.2610.5710.00/0.00]
RF 2E 05 |- 0.26%K1+ 0972 | -1 [-0.2610.97]0.00/0.00]

RF 2E 06 |- 0O50°KT + 0872 | -1 [-0.5000. 8710, 00/0.00]
RF 2E 07 |- 0871+ 0502 | -1 [-0.87I0.50/0.00/0.00]

. RF 2E 02 |- 0.97K1 + 0.26%2 | -1 [-0.9710. 26/0. 00/0.00]

" %K3 + 1.007K3 1 [0.0010. 0001 . 0010.00]

" =K 4 + 1.00°K4 1 [0.0010.0010.00[1.00]

" RP 2D 31 |+ 071°K3 + 0.71%K4 | -1 (0,000, 0010, 7110.71]

" RF 20 32 |- 0.71°K3 + 0714 | -1 [0.0010.001-0.7110.71]

. RF 2E 31 |+ 0.97K3+ 0.26%4 | -1 [0.0010. 0010, 9710, 26]
RF 2E 32 ||+ 0.87K3+ 050°K4 | -1 [0.0010.0010.8710.50]
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