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Abstract: This paper proposes an approach for predicting the fatigue life of a propeller shaft of a forklift
truck by an accelerated life test method. The accelerated life test method adopted in this study is the
calibrated accelerated life test, which is highly effective in the prediction of the lifetime and enables
significant reduction of the test time as well as a quantification of reliability in the case of small sample
sizes. First, the fatigue test was performed under two high stress levels, and then, it was performed by
setting low stress levels in consideration of the available test time and extrapolation. Major reliability
parameters such as the lifetime, accelerated power index, and shape parameter were obtained experimentally,
and the experimentally predicted lifetime of the propeller shaft was verified through comparison with results
of an analysis of load spectrum data under actual operating conditions.
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Fig. 1 Propeller shaft for forklift truck
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Table 1 Failure modes and mechanisms analysis

Primary Failure . Failure
Function .
components | modes mechanisms
Power
Flange yoke | Fracture o . Over stress
transmission fail
Noise & Fatigue,
Flange yoke | Wear o .
Vibration Mis-alighnment
. Fatigue,
Cross kit Power .
Fracture oo . Unsufficient
body transmission fail o
lubrication
. . Fatigue,
Cross kit . Noise & .
. Spalling . . Unsufficient
bearing Vibration L
lubrication
Cross kit Noise & High & Low
. Leakage L
bearing seal Vibration temperature
Power
Tube yoke |Fracture| transmission Fatigue
Fail
. Noise & .
Spline shaft | Wear . . Fatigue
Vibration
Power
Tube Fracture o . Over stress
transmission fail

(d) Broken Tang Half
Round

_ ) wisting Tubing B

( Broken Weld
Fig. 2 Failure mode of the propeller shaft
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Table 2 Specification of the propeller shaft

Item Specification

Tmax=200Nm
Nmax=2,500 RPM

Engine max torque

Transmission st gear ratio 2.8

Torque converter stall ratio 2.8

Efficiency x E/G Tmax X
Stall Ratio x T/M Ratio
= 0.9x200x2.8x2.8
=1,384 Nm

3 G =4,152 Nm

1G torque calculation

static torque
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=
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ksl
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Table 3 CALT test plan for the propeller shaft

NolStress Tevel Test torque | Determination of stress
(Nm) level
static fracture
1 | to fracture 4,125
over 3x 1G
) Highest 2990 90% of operating limit
Level > level(3,321.6)
3 Medium 2392 90% of highest
Level ’ level(2,990)
4 Lowest extrapolation of high
Level and medium level value
1.00E+5 IPL/Weibull
Data 1
* Eta
10000.00 *: \
=S
& Llfe i \X Test Two or More
3100000 g e —
—— Available = ¥ Tasit
@ — Time e oL we
Requirement ‘\\A %
e
I I‘ -
Third Stress Levetldentifie Test Two
10.00 T

100.00 300.00

Stress t Operating limitlevel

Normal Stress Level

Fig. 3 Calibrated accelerated life test method
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Fig. 4 Experiment apparatus of the propeller shaft
test
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Table 4 Test results of the propeller shaft

Test torque
No Test Sample No| Test cycle
(Nm)
1 static 4,613 #1 1
5 rotary 2990 #2 5,965
fatigue ’ #3 8,518
rotary #4 41,902
3 . 2,392
fatigue #5 17,234
rotary #6 122,100
4 . 1,794
fatigue #7 148,882
Life vs Stress
1.000E+10 Life
CBL\BO/ 1-Sided B
Lo00Ess lwnvebrsltle Power Law
F 4EI(SLU
1.000E+8 T 2 T T T 10% Bottom CB
2392
@ Stress Level Points
o007 : fﬁ;ﬁ:ﬁ Pdf
e ng%tress Level Points

1000000.000 4 Eta Point

= Imposed Pdf
? P

100000.000

10000.000 T

1000.000
347.600 1000.000 Torque 10000.000

Beta=3.8352; K=1.2525E-28; n=6.9122

Fig. 5 Life vs. Stress(2 stress level)

Fig. 6 Failure of the propeller shaft test
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& o & o e 48514359,4359
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ya Exponential
. E 10000 100000 4.941, 4.833, 4.908

Life Cycles

100 1000 10000 100000 1000000
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Fig. 7 Goodness of fit test results for 6 samples
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Fig. 8 Weibull probability plot of test results
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S
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347.600 1000.000 10000.000

4 Eta Point
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Fig. 9 Life vs. Stress(3 stress level)
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Table 5 Propeller shaft load spectrum and calculation
of the equivalent torque

Torque(kfg-m) x Gear Ratio| x t/cRatio Cycles %
-14.5 -40.3535 -88.7777 23,077, 0.04%
-13.5 -37.5705 -82.6551 82,692  0.15%
-12.5 -34.7875 -76.5325 346,154  0.62%
-11.5 -32.0045 -70.4099 538,462 0.97%
-10.5 -29.2215 -64.2873) 730,769 1.31%

-9.5) -26.4385) -58.1647, 461,538  0.83%
-8.5 -23.6555 -52.0421 384,615 0.69%
-7.5 -20.8725 -45.9195 1,730,769 3.11%
-6.5) -18.0895 -39.7969 2,884,615 5.18%
-5.5 -15.3065 -33.6743) 3,846,154  6.91%
-4.5) -12.5235 -27.5517 6,730,769 12.10%
-3.5 -9.7405 -21.4291 8,653,846 15.55%
-2.5 -6.9575 -15.3065 8,846,154 15.90%
-1.5 -4.1745 -9.1839 8,846,154 15.90%
-0.5) -1.3915 -3.0613 11,538,462 20.74%
Reverse 55,644,231 100.00%
0.5 1.231 2.7082 28,846,154 19.48%
1.5 3.693 8.1246 44,230,769 29.88%
2.5 6.155 13.541 40,384,615 19.83%
3.5 8.617 18.9574 10,000,00 6.75%
4.5 11.079 24.3738 8,076,923 5.46%
5.5 13.541 29.7902 6,538,462 4.42%
6.5 16.003 35.2066 4,615,385 3.12%
7.5 18.465 40.623 2,307,692 1.56%
8.5 20.927 46.0394 576,923  0.39%
9.5 23.389 51.4558 384,615 0.26%
10.5 25.851 56.8722 903,846  0.61%
11.5 28.313 62.2886] 538,462  0.36%
12.5) 30.775 67.705 423,077 0.29%
13.5 33.237 73.1214 115,385 0.08%
14.5 35.699 78.5378 44,231  0.03%
15.5 38.161 83.9542 15,385  0.01%
16.5 40.623 89.3706 0  0.00%
17.5) 43.085 94.7877 17,308 0.01%
18.5 45.547 100.2034 17,308 0.01%
19.5) 48.009 105.6198 15,385 0.01%
20.5) 50.471 111.0362 0.00%
Forward 148,051,923 100.00%

Sum 203,696,154

A Y(cumulative damage effect)E& 317 SF= Miner's
Rules =918t S7FEA ks T3kl Aldd
olE] A& Fste JHETFHAIRY THEAS
(power index)E T-38k%17] wWiiEel FUIEAE T
g Ak Fel AFELS oA A&
das e F3tE A58 tolgaE F35dd A
e BEAE SR dolEolt. SrtEA AL
= s A wE st g-stl
&t F7FEA AL vE3 Ak ool H
o S7HRE "igk s7tEA T, the ALt

2 2m W) 1227
Dz
2= Z=rg 97
Life vs Stress ™
1.000E+10 CB@80% 1-Sided B
Data 1
Inverse Power Law
Weibull
1.000E+9 400, o
Load Spectrum = f%s
Life —— e 9% Bottom CB
1.000E+8 7 Spress Level Points
5odmPosed Paf
a (rEBS Level Points
2 pabont
o{rposed P
1.000E+7 ¥ fress Level Points
Life 2 Fieoootd par

1000000.

100000.000

10000.000

s
e
P

100000 500 1000.000 10000.000
Torque

Beta=3.6624; K=3.7067E-24; n=5.6086

Fig. 10 Life vs. Stress(with load spectrum life)
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a5 Zlo® At Fig 10014E  H-3
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Table 6 Test results of the propeller shaft

Test Test torque | Sample
Test cycle
Level (Nm) No
#2 5,965
Highest
ghes 2.990 #3 8,518
Level #8 6,449(new)
#9 4,670(new)
#4 41,902
Medi
edium 2392 #5 17,234
Level #10 24.305(new)
#11 17,463 (new)
#6 122,100
L t
owes 1,794 #71 148,882
Level #12 166,986(new)
#13 121,488(new)

H, 71 A7H= Table 60 Al skt

F7Fe 67he] HolHE E3Fketel T 12709
2 APGALE B4 ALEHCES AEEte 9
o] & s F I ZA g ol A =
R Y% An~v|E 97 sEH w
ghA, T Rl o3k Ayr pERd
©] o] Afol® 12
}E Minitab¥?} ALTA 4
TEJAE AMgste] £4S Fdsklth 39
& S A3 A, 59
WEE HwA ofo]lE FXE F mEa
& 4 Qlth Fig. 112 127] dHlo]Elel] th3t 2 ¥
AFE AA Adoln, AAH R o]k &
X7 g e BrxE B 5 9

A AAERY FAEF(B)= 3.670H Fat &~
Efa F7b mE 7FEEATm)E 599 AL Fig
127} Fig. 1325E 218 4= 9k 127]9] doJEl&
ARgSte] Bl58 TREA]G Ghe 5.9 o] Wil
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