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Abstract: With respect to heavy carrying tasks and uneven road surface in open pit mine,
the mechanical performances of electric wheel dump truck frame regarded as the main bearing
component are extremely important for its safe operation. For the problem of insufficient strength
and stiffness, an interval multi-objectives optimization design method based on blind number theory
is presented in this paper, taking into account uncertain factors caused by manufacturing process.
The allowable interval strength of welding material and permissible interval bending and torsional
stiffness are obtained by means of experiments and simulations, using the blind number theory.
Based on Latin hypercube sampling technique, the strength and stiffness of frame under different
conditions is estimated. It shows that in the case of braking interference between interval strength
and interval dynamic stress appears. Strength and stiffness are considered as optimization objectives,
while the thicknesses of top longitudinal beam, stiffener, lateral longitudinal beam and hanging ear
in the frame are deeded as design variables, and Young’s modulus and Poisson’s ratio are taken as
uncertain variables. The optimized results show that the stress and deformation of the frame due to
dynamic loading decreased. This result enables to formulate the following sentence: the mechanical
performance of frame is improved.

Keywords: blind number theory; electric wheel dump truck; interval strength; interval stiffness;
interval multi-objectives optimization

1. Introduction

The electric wheel dump truck is the main carrying equipment in open pit mine. It has 300 tons
of load capacity, and runs on uneven road surface for 24 working hours every day [1-3]. The frame
is considered as one of pivotal bearing components, and thence its mechanical properties connected
with strength and stiffness have significant influence on vehicle’s safe operation [4]. In designing of
frame structure, the mechanical parameters and geometrical features are considered as deterministic
values. However, there is loading caused by manufacturing process. This influences parental material
and creates measurement errors [5], so that the mechanical parameters of engineering frames appear
different than nominal [6,7]. Therefore, determination of the mechanical features of frame based on
interval method is required.

The blind number theory can characterize the uncertainties of multiple variables, and has simple
operation rules and high credibility, which was extensively utilized in engineering fields including
numerous uncertain information. Zhang et al. [8] presented a comprehensive evaluation model on

Appl. Sci. 2019, 9, 4214; doi:10.3390/app9204214 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://dx.doi.org/10.3390/app9204214
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/9/20/4214?type=check_update&version=3

Appl. Sci. 2019, 9, 4214 20f16

groundwater resources carrying capacity with blind information. They showed a risk assessment
model of surcharge about groundwater resources carrying capacity. Their conception was formulated
by means of blind reliability theory. This theory was also applied to define the blind numbers of the
parameters of environmental system according to the characteristics of several kinds of uncertainties
coexisting in water environmental system [9]. The uncertain variables in time-dependent stochastic
process of mechanical structure were expressed in blind number, and its time-dependent reliability
calculation model based on blind number theory was established [10]. However, this theory was rarely
used to estimate mechanical properties of engineering parts for obtaining the interval parameters.

In fact, some difficult working conditions are not easy to be predicted during designing, so that the
mechanical features of engineering structures can be insufficient. After determination of the interval
values by means of the blind number theory, the redesigning of component at optimization rules is
needed. For the uncertain optimization problem, there are usually three methodologiesi.e., probabilistic
analysis, fuzzy analysis and non-probabilistic interval analysis methods. In the first approach the
uncertain mathematical characteristics are transformed into random variables. Their randomness could
be characterized by probability distribution function [11,12]. An optimization method for controller
parameters of a gas turbine based on probabilistic robustness was presented and some uncertainties
because of errors in measurement and manufacturing tolerances [11,12]. The membership function is
utilized to describe the uncertain parameters using fuzzy theory [13]. A unified method was developed
for the uncertainty quantification of dis brake squeal for two fuzzy-interval cases, while the unified
uncertain response was computed with the aid of the combination of level-cut strategy, Taylor series
expansion, subinterval analysis and Monte Carlo simulation [14]. Both probability distribution function
and membership function need a lot of data, however, the engineering problems have finite data [15].
The interval method could make up for the above shortcomings [16]. The reliability optimization design
method for turbine disk strength base on interval uncertainty was developed, in which the uncertainty
and reliability were represented with interval model and non-probabilistic reliability model [17].
The fatigue strength of the A-type frame was carried out by means of genetic algorithm taking into
account uncertainties of the component in design and manufacture [18]. Nevertheless, these papers
focus attention to single objective optimization problem, while the interval multi-objectives optimization
problem is insufficiently presented.

This paper combines the limited experimental data with simulated results; the interval allowable
strength and stiffness of frame were obtained, based on the blind number theory. Then, according to the
deterministic values, the working dynamic stress under three conditions and two kinds of stiffness were
all assessed. Finally, based on the response surface method, the interval multi-objectives optimization
function was constructed. The optimal design was performed by genetic algorithm.

2. Strength and Stiffness of the Frame

The electric wheel dump truck frame is manufactured in welding technology using high-strength
low alloy quenched and tempered steel. There are multi-source uncertainties from manufacturing
related to many variants of welds and their different mechanical properties, as well as two materials,
which requires different welding process to produce the frame. Therefore, in order to predict strength
and stiffness of the frame, the interval allowable values are determined by the use of the blind
number theory.

2.1. Blind Number Theory

R is supposed to be real number set, and R is considered as unknown rational number set, and G
is rational number set [5-10].
Suppose a; € G, T; € [0,1], and f(x) is defined as grey function like this [5-10]:

Ti,x=a;(i=1,2,..,n)
0,x¢lay, ar,...,anlx €G

o 0
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n
wheni # j, a; # aj, and Y Ti=t<1(i=1,..,n), f(x) is regarded as blind number, which could be
i=1
characterized as {[a1,a,], f(x)}. T; is the credibility of a;, and t is the total credibility of f(x), and n is

the order of f(x).
A and B are supposed as blind number, and x; € G, y; € G. Two blind numbers could be expressed
as [5-10]:

o aj, X = Xj (121,2,111)

4 —f(x){ 0, other @)
_ Biry=yj (j=12--n)

B—f(y){ : ]O,other ®)

Then, the probable value in matrix A B could be achieved according to the following
equation [5-10]:

[ xpxy1 o xiryio oo X1tYn |
A*B=| xjxy1 -+ Xi*xYy; - Xi*Yn 4
L Xm>*Y1 - Xm*Yj 0 Xm*Yn |

The corresponding credibility in matrix A * B could be obtained from [5-10]:

[ a1 o @i o afn |
AB = aiﬁl sz‘ﬁj aiﬁn (5)
| amP1 - amﬁj s amPa |

2.2. The Strength of Welded Joints at Intervals

In general, the ultimate tensile strength of welding material could be evaluated by:

F F
= —_ = — 6
ST AT axb ©)
where F is the maximum value of force during monotonic tensile test, A is a cross-sectional area, 2 and
b are width and thickness of specimen, respectively.
[ﬁ, a_t] is employed to describe interval allowable tensile strength of welded frame, and could be
estimated by:

[EF]

— @)
la,a]  [b, 0]

[g,c?t =

where [1_3, 1_3] stands for interval maximum load, [a, 4] is interval width of specimen, and [Q, E] is interval
thickness of specimen. According to Equation (7) and the blind number algorithms, the ultimate tensile
strength of welded joints could be obtained if maximum loading, width and thickness of specimen at
considered intervals are known.

Five monotonic tensile tests were conducted on specimens of welded joint. The results are listed
in Table 1. The flat dog-bone shaped specimen was designed to characterize the mechanical properties
of butt joint [1,2,4,19]. Then, the ultimate tensile strength in each test was calculated by Equation (6),
Table 1 [19].
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Table 1. Monotonic experimental data and results.

Number Maximum Force Width of Thickness of Ultimate Tensile
(kN) Specimen (mm) Specimen (mm) Strength (MPa)

1 22.14 6.13 5.97 604.98

2 18.05 6.22 5.81 499.47

3 24.15 6.05 6.10 654.38

4 27.12 5.89 6.04 762.32

5 16.66 6.00 5.89 471.42

Based on the above five parameters, the initial interval of tensile strength, width and thickness
of specimen and maximum loading could be defined as [471.42,762.32] MPa, [5.89,6.22] mm,
[5.81,6.10] mm and [16.66,27.12] kN. They were considered as blind numbers. According to Equation
(7) and operation rule of blind number, the total 125 probable values of tensile strength and their
corresponding credibility values were obtained, and some of them were listed in Table 2 [19].
Then, the interval tensile strength of welding material was determined by [439.11,792.52] MPa.

Table 2. Values of ultimate tensile strength and credibility obtained by means of the blind
numbers theory.

Number 1 2 3 123 124 125
Tensile
strength 439.11 443.44 445.57 77797 781.78 792.52
(MPa)
Credibility 1.000 0.992 0.984 0.024 0.016 0.008

2.3. Stiffness of Welded Frame

The dimension of frame and load capacity is huge, so that defining the stiffness of the component
is difficult through testing. Thus, this parameter was assessed by finite element analysis.

The finite element model of frame established by software HYPERMESH (Altair, Boston, MA, USA) is
shown in Figure 1. The frame was meshed with triangular and quadrilateral shell elements. There were
165,985 elements and 159,450 nodes.

e

Figure 1. Finite element model of frame.

Before estimating stiffness of the frame at intervals, the finite element model was testified.
The stress due to dynamic loading in five measurement points at full load at the speed of 30 km/h on
the mine road was measured, Figure 2. The strain gauge rosette was cemented in the selected zones of
the frame, Figure 3 [20]. Both the results from the simulation and the road test are listed in Table 3 [20].
For point 4, the high relative error was caused by neglecting the loads at this region, because these
masses from cooling system and cab were supposed to have little effect on bearing state. This high
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stress level could be produced by geometric mutation. The relative error of remaining measurement
points all stayed within 10%, which showed that the simulated results agreed well with tested ones.

Figure 3. The strain gauge rosette on the component.

Table 3. Comparison of simulated results and experimental data.

Number Road Test Data (MPa) Simulated Results Relative Error (%)
(MPa)
1 125 121 3.2
2 145 143 1.4
3 196 177 9.7
4 169 7 95.6
5 179 181 1.1

The bending stiffness of frame at interval could be estimated as follows:

T 3 3
(€G] = [ Fela '] ®)
48| f;, fo|

where [ﬂ, I-Th] expresses the interval concentrated bending load applied to the center of gravity of the

goods, [a_b, @] is wheelbase of this truck at interval, and [ fh,]Tb] is maximum deformation of frame in
force center at interval [19]. Five finite element models and concentrated loading of frame on bending
from the component project were determined. The degrees of freedom at suspensions were constrained.
Then, the deformation of the frame under bending could be calculated, as listed in Table 4.



Appl. Sci. 2019, 9, 4214 60f 16

Table 4. Initial interval values under bending.

Number Concentrated Force Wheelbase (m) Maximum Deformation
(kN) of Frame (m)
1 2.500 x 10° 7.026 1.988 x 1073
2 2.926 x 10° 7.332 4363 %1073
3 3.350 x 10° 7.638 3.069 x 1073
4 4.200 x 10° 7.717 4.014 x 1073
5 3.775 x 10° 7.205 5.513 x 1073

According to Equation (7) and blind number algorithms, the total 125 probable values of bending
stiffness and corresponding credibility values were obtained, and some of them are presented in Table 5.
Then, the interval bending stiffness of the frame was defined by [3.28 x 10%,20.28 x 109] N-m?.

Table 5. Probable values of bending stiffness and credibility.

Number 1 2 3 123 124 125
Bending
stiffness ( X 3.28 3.53 3.72 18.18 19.51 20.28
10° N.m?)
Credibility 1.000 0.992 0.984 0.024 0.016 0.008

The torsional stiffness of frame at interval could be evaluated by:

[ B[ L], ]
|1, 7]

€. = ©)

where [Ii, I—Tt] represents concentrated torsional loading applied to the front suspension at interval,
[ab, a_b] is wheelbase of this truck taking interval, [L_tz, L_tz] is wheel-track of the truck connected with

interval, and [ht, h_t] is deflection of the frame due to torsion at interval.

The other torsional condition was simulated applying to a pair of opposite loading at left and
right front suspension with full constraints at rear suspension. Similarly, the torsional stiffness of frame
at interval was defined by [0.84 x10%,2.91 x 109] N-m?/rad.

3. Evaluation of Stress and Stiffness by Means of Latin Hypercube Sampling Method

3.1. Estimation of Stress Distribution under Three Loading Conditions

The stress state component of the frame was mainly caused by bending in horizontal plane
and torsion. The stress value due to dynamic loading was evaluated using the dynamic loading

coefficient [21]:

K1 +Kp Cq
=1 10
e R BT (19)

where K; and K; represent stiffness of front and rear spring systems, respectively. G is self-weight,
C; is road coefficient, C; is experience coefficient, V is speed of truck.

This evaluation could be implemented by finite element analysis under different material
parameters and dynamic coefficient. For the bending condition in horizontal plane, the weight of
the full load was applied, Figure 1, and the maximum dynamic loading coefficient was calculated
of 2.5 [21,22]. In order to cover all possibilities of variables, the Latin Hypercube sampling method
was used. Thanks to this theory the 40 sample data were obtained. Some of them are listed in
Table 6. The variables x1, X, x3, x4 represented for the thicknesses of top longitudinal beam,
stiffener, lateral longitudinal beam and hanging ear in the frame, respectively. x5, x4, 7 and S were
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deeded as Young’s modulus, Poisson’s ratio, dynamic loading coefficient and corresponding maximum
equivalent stress. One of corresponding values is shown in Figure 4. The maximum equivalent stress
is located at the bottom of lateral longitudinal beam around rear suspension. Then, according to the
simulated maximum equivalent stress, the interval stress due to dynamic loading was calculated to be
[211.11,357.10] MPa. Then, these values were compared with the ultimate tensile strength at interval,
Figure 5.

Table 6. Sample data and corresponding responses.

Number  x; (mm) xp (mm) x3 (mm) x4 (mm) x5 (MPa) Xg n S (MPa)
1 44.05 16.79 25.49 45.28 200.3 0.271 2.37 338.8
2 45.08 15.21 24.56 45.95 202.6 0.283 2.40 340.9
3 45.23 16.38 25.03 44.97 210.0 0.273 2.50 352.7
38 45.28 15.15 24.15 45.08 192.9 0.269 1.94 279.2
39 44.31 15.51 25.74 45.49 209.5 0.282 2.09 293.8
40 45.74 16.08 24.36 45.90 198.0 0.274 1.63 230.8

Contour Plat
Element Stresses (20 & 30)(vonMises, Max)
Analysis systemn

2.938X108
[2. 612X 108
2.285X108
§1-959 X108

1.632X108
[1.306X103

9. 793 X107
E6.529X107

3.265X107
3.885x102

Max=2. 938 X 108
2D 141616
Min=3. 885 X102
2D 168337

Figure 4. Contour of vonMises stress under bending due to horizontal loading (unit: MPa).

 d

211.11 357.10 439.11 792.52

Figure 5. Comparison of stress due to dynamic bending loading and the ultimate tensile strength at
interval (unit: MPa).

The second significant condition was formulated in the following manner: an unexpected braking
(fracturing) of the truck at full load. The frame is taken with a huge inertial force. Based on the
distance to the fracture and time at the speed of 30 km/h for this electric wheel dump truck, the braking
deceleration was calculated to be 3.816 m/s? [21-23]. In this condition, the dynamic loading coefficient
was equal to 1.5 [21-23]. The constraint was the same as the horizontal bending case. The maximum
equivalent stress appeared at the same position as the bending one. Then, the stress caused by dynamic
loading at interval was defined as follows [343.31,461.20], MPa, Figure 6. It was clearly seen that
there was overlap between the stress and ultimate tensile strength. Therefore, the optimization design
was needed.
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343.31 439.11 461.2 792.52

Figure 6. Comparison of stress due to dynamic loading at breaking and ultimate tensile strength at the
interval (unit: MPa).

When the truck passed pit pavement, the frame was under torsional loading. In this case,
a pair of forces in opposite direction with 3.2 x 10° N was applied to the left and the right front
suspension [21,24]. The dynamic loading coefficient was the same as in the braking case, while only the
translational degrees of freedom in vertical and longitudinal directions at rear suspensions were limited.
Then, the stress due to dynamic torsion at interval was defined as [222.60, 374.54], MPa, Figure 7.

o

222.60 374.54 439.11 792.52

Figure 7. Comparison of stress due to dynamic torsion and ultimate tensile strength at the interval
(unit: MPa).

3.2. Estimation of Stiffness under Two Conditions at Interval

A deformation of the frame was the second aim of the analysis. It was reached basing on the
frame stiffness. In order to estimate the component resistance on bending deformation, the weight of
goods and carriage was applied as a kind of concentrated force in the frame, Figure 1. The translational
degrees of freedom in vertical and lateral directions at front suspensions and the all translational
degrees of freedom at rear suspensions were limited. Some of the 40 samples data are listed in Table 7.
F. and D are the applied force and the maximum deformation after loading, respectively. The contour
of displacement in vertical direction for one sampling data is displayed in Figure 8. According to the
simulated results of this bending condition and Equation (8), the bending stiffness of frame was of
[9.65 x 10%,10.50 x 109] N-m?, Figure 9. They were exceeding the limit value and therefore the frame
should be redesigned.

Table 7. Sample data and the corresponding responses.

Number x1 (mm) x> (mm) x3 (mm) x4 (mm) x5 (MPa) Xg F. (N) D (mm)

1 45.23 17.00 24.87 44.36 208.6 0.256 2’?%% X 2.435

2 44.05 15.92 24.51 45.23 199.6 0.281 2'132 X 2.540
3.246

3 44.00 15.00 24.28 45.18 205.3 0.277 %106 2.851

38 44.21 16.33 25.49 44.46 192.9 0.269 1'914(1)(6) x 2.740

39 4451 16.69 25.95 45.08 209.5 0.282 2'(;%(6) x 2.844
1.630

40 44 41 15.62 24.26 45.49 198.0 0.274 3.334

x10°
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Contour Plot
Displacerent(Y)
Analysis system

3.214X1073
[2. 372X1073
1.530 X103
—6.880X10
—1.538 X104
=9 95700104
—1.838 X103
—2. 679X 103
=3 921 X103
—4.363X10°3

Max =3.214 X103
Grids 753543

Min =-4. 363X 10®
Grids 1177979

Figure 8. Contour of displacement in vertical direction under bending (unit: m).

|

3.28x10° 9.65x10° 10.50x10’ 20.28x10°

Figure 9. Comparison of bending stiffness and its ultimate value at interval (unit: N-m?).

Similarly, the torsional stiffness assessment of frame was conducted as the approach mentioned
above. The 40 sample data and their responses were obtained by finite element analysis. The contour
of displacement in vertical direction for one sampling data is displayed in Figure 10. The working
torsional stiffness of frame was calculated as follows: [1.35 x 10%,1.64 x 109] N-m?/rad, and compared
with the ultimate torsional stiffness in an intersection number of axis, Figure 11. They were intersected,
and thus some improvement of frame is needed.

Contour Plot
Displacement(Y)

Analysis system
1734610

[6. 939 X102
3.968X 103

—6.146 X102
—1. 269 X101
=1.923 X101
-2.577X1071
-3. 231 X107

—3. 886X 107
—4. 540 <10~

Max =1. 348 X 107
Grids 776843
Min =-4. 540 X 10
Grids 753352

Figure 10. Contour of displacement in vertical direction under torsion (unit: m).

Lt

0.84x10° 1.35x10° 1.64x10’ 2.76x10°

Figure 11. Comparison of torsional stiffness and ultimate torsional stiffness at interval (unit: N-m?/rad).
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4. Multi-Objectives Optimization of the Frame Based on Interval Analysis Method

An analysis of strength and stiffness of the frame under exploitation indicated that the mechanical
responses under several conditions could be better. Taking uncertain factors related to manufacturing
and working stages, the uncertain multi-objectives optimization design was conducted.

4.1. Interval Multi-Objectives Optimization Method

The uncertain parameters could be characterized as interval value, and the interval multi-objectives
optimization function could be described as follows [25]:

minf;(X, U)
st gi(X,U) < bl = [bh,bE]
i=12,..,5XeQ" (11)
Ueu =[ut,ur] u; e ul = [uk, uk]
i=12.,9

where f;(X, U) is objective function, g;(X, U) represents constraint function. X describes n-dimensional
design variable within the range of (3", and Uis g-dimensional uncertain variable within the range of
U, L and R were used to mark upper and lower bound of the interval parameter, respectively. In order
to ensure optimization efficiency and convergence, the uncertain objective could be transformed to the
certain one and expressed by [25]:

min(f*(X), f*(X))
PR it Bt -
X)) = fX, - fX,

where f°(X) is the midpoint value of objective function, f*(X) is the radius value of objective function.
Optimizing the midpoint value f¢(X) could improve mean value of objective function, and optimizing
the radius value f%(X) could reduce the sensitivity on the uncertainties and enhance the stability and
robustness for the objective function. The solution of multi-objectives optimization function could be
transformed to search for the optimal result in the single-objective optimization problem, which was
evaluated by [25]:

minf(X) = Bf(X) + (1-p)f*(X) (13)

where f is weight coefficient. Its range was within 0 < < 1. In this paper, it was taken as 0.5 [25].
In this paper, the interval analysis method was utilized to optimize the frame structure for improving
mechanical performances. The optimization process is shown in Figure 12.

Frame Strength Responses
inder Horizontal Bending,
Emergency Braking, Torsion

ssssss

__— —
— Whether To Meet The Optimization Conditions

Figure 12. Interval multi-objective optimization process.
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4.2. Determination of Optimization Function and Parameters

According to the estimated results mentioned above, the strength under braking and the stiffness
related to bending and torsion need to be improved. In order to avoid the conflict between optimized
mechanical properties, all of them were considered as optimization objectives. In full consideration
of uncertain factors during manufacturing and design stage, the thicknesses of top longitudinal
beam, stiffener, lateral longitudinal beam and hanging ear in the frame were considered as design
variables, and Young’s modulus x5 and Poisson’s ratio were taken as uncertain variables [26,27].
Moreover, the constraint of design and uncertain variables was within the range of 0.8x; < X; < 1.2x;,
while the range of variation for the optimization objective was ascertained from the interval
allowable values.

The relationship between design variables and optimization objectives could be acquired through
the response surface method. The 30 sample data for the four design variables and the six sample
data for the uncertain variables were obtained by the Latin Hypercube sampling method. Some of
them and their corresponding responses are listed in Table 8. The y1, ¥, y3, Y4 and ys represent the
stress under dynamic bending, related to dynamic braking, connected with dynamic torsion, bending
stiffness and torsional stiffness, respectively.

Table 8. Sample data and corresponding responses for constructing approximate model.

Number 1 2 3 4 5 6
x1 (mm) 50.28 44.07 41.59 46.55 36.62 38.48
Xp (mm) 18.76 19.20 16.99 16.77 15.89 18.32
x3 (mm) 27.69 22.41 22.07 30.00 26.90 28.28
x4 (Mmm) 44.69 48.41 36.62 47.79 39.72 50.28
x5 (MPa) 200.8 196.7 213.2 204.9 217.4 209.1
Xe 0.262 0.273 0.278 0.284 0.267 0.257
y1 (MPa) 220.5 272.1 288.3 2225 283.9 267.5
y2 (MPa) 362.1 430.5 448.5 353.7 418.7 394.9
y3 (MPa) 278.6 306.3 322.9 287.6 315.8 301.2

ys (N'm?) 1.095 x 1010 9.395 x 10° 9544 x10° 1118 x 1010 1.011 x 100  1.048 x 1010

N my;/ra q 1683 10°  1463x10°  1478x10°  1742x10°  1.630x10°  1.700 x 10°

Then, according to the simulated results, the response surface model of optimization objective
function was fitted by quadratic polynomial equation. Due to limited space, only model of strength in
braking case was shown here:

Y2 = 592390176.322597 — 6440001960.7152 X x1 — 387018782.531165 X x5 — 11501567583.2294 X x3 + 340714204.106319 X x4
+28383524629.0277 X x12 — 19085871274.882 X x72 + 53697949817.2065 x x32 — 3305903983.20956 X x4>
+5395879013.34058 X x1x2 + 80316087305.8226 X x1x3 + 34976216.0475603 X x1x4

+18318993227.7762 X xox3 — 942114760.313514 X x2x4 — 1111863944.0763 X x3X4

(14)

The Pareto diagram analyzed from Equation (14) is shown in Figure 13. The design variable x3
and x; had the most effect on optimization objective y,, and their influence ratios came to be —49.2%
and -31.9%, respectively, which implied that they had negative correlation. The source item x; — xo
had the most positive influence ratio. The main effect on optimization objective y; is displayed in
Figure 14, which shows that the variation of design variable x3 and x; have the most influence on
optimization objective y,. Then, the three-dimensional response surface between some of the design
variables and optimization objective y; is presented in Figures 15 and 16. It is clearly seen that there is
an approximately linear relationship between certain stress due to dynamic loading ; and design
variable x; and x3, while there was a non-linear relationship between the stress 11 and design variables
Xy and x4. Moreover, in order to testify the established response of the surface model, the other
10 sample data and their corresponding simulated results were selected to compare with the predicted
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ones obtained from the model. One of comparison results are shown in Figures 17 and 18. Most of
the points were around the equal line, which meant that the estimated results from the approximate
response surface agreed well with the simulated results.

g
g
2
3
X%,
X
X
T T T T T {
-50 -40 -30 =20 -10 0 10
Total effect on y2
Figure 13. Pareto diagram on y;.
X,
X,
204.64 s
X4
2015
=
S 1984
Y
= 1953
s
5
2 19224
g
&
218914
g
2 18604
182,94
T .
low levels high
Main effect
Figure 14. Main effect on y,.
260
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® 240
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3
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= 220
o
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@ 210
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35 55
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Figure 15. Three-dimensional response model with x; and x3.

230
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Figure 16. Three-dimensional response model with x; and x4.
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1.6x10° 4
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1.2x10° 4
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Figure 17. Radius results between prediction and simulation.
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Figure 18. Midpoint results between prediction and simulation.
4.3. Optimized Results

There were five optimization objectives for this frame, and thus the non-dominated sorting genetic
algorithm was utilized to search for the optimal solution in the all sample space [28,29]. Before starting
optimization design, the weight coefficient of every optimization objective had to ascertain firstly.
The analytic hierarchy process method was used to calculate the coefficient. Its judgment matrix could
be estimated by [30]:

ail a1z Az a4 Aais
a1 a2 a3 Q4 Q25
A=| a3 an ax au ass (15)
Q41 Qg 43 Q4 Q45
as1 G52 A53 (54 A55

where a;; is the ratio of importance between two optimization objectives.
According to the analyzed results mentioned above and actual engineering problem, the matrix A
could be assigned by:
1 3/5 1 3/7 3/8
5/3 1 6/5 5/7 4/7
A=| 1 5/6 1 4/7 4/8 (16)
7/3 7/5 7/4 1 7/8
8/3 7/4 8/4 8/7 1

The matrix A was processed to be normalized vector:
U=[0117 0178 0142 0261 0302 | (17)

Therefore, Uy, Up, Uz, Uy and Us were successively weight coefficient of five optimization
objective. Then, the optimization design was implemented by software ISSGHT(Engineous, Los Angeles,
CA, USA), based on the non-dominated sorting genetic algorithm. The number of populations was 200,
and the number of iterations was equal to 1000. After calculating for 51 minutes, the final optimized
results are listed in Table 9. Furthermore, the optimized objective values were also compared with
the initial ones, Table 10. According to the optimized results, the thickness of four design variables
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increased, and the top longitudinal beam had the largest increase in thickness. Then, the optimization
with respect to the stress related to dynamic horizontal bending, unexpected braking (fracturing)
and torsion were decreased by 19.18%, 17.25% and 9.06%, respectively. The bending and torsional
stiffness were improved by 21.53% and 15.88%. Obviously, the mechanical responses of this frame
were enhanced with a slight increase in weight, which achieved the goal of optimization.

Table 9. Comparison of the initial and optimized design variables.

Design Variables Initial Value Optimized Value
x1 (mm) 45 54
X (mm) 16 19
x3 (mm) 25 30
x4 (mm) 45 50

Table 10. Comparison of the initial and optimized certain objective values.

Type y1 (MPa) y> (MPa) y3 (MPa) y4 (N-m?) ys (N-m?/rad)
Initial value 253.4 404.7 300.2 9.96 x 10? 1.599 x 10°
Optimized 2048 3349 273.0 1.210 x 1010 1.853 x 109

value

5. Conclusions

Based on the experimental data and finite element analysis results, the ultimate strength and
stiffness of electric wheel dump truck frame at interval can be obtained through blind number theory.
The stresses under dynamic horizontal bending, unexpected braking (fracturing) and torsion as well as
the stiffness under bending and torsion were estimated. The thickness of main bearing beams in frame
was considered as a design variable, and the material properties were regarded as uncertain variables
caused by manufacturing process. Based on the response surface method, the interval multi-objectives
optimization function was obtained. Finally, the non-dominated sorting genetic algorithm was used to
search for the optimal solution. The specific conclusions are listed as follows:

1. Based on the blind number theory, the ultimate strength of electric wheel dump truck
welded frame at interval was [439.11,792.52] MPa. The bending and torsional stiffness
were [3.28 x 10%,20.28 x 10°| N-m? and [0.84 x 10°,2.91 x 10°] N-m%/rad. Using Latin Hypercube
method to acquire sample data, the stresses due to dynamic horizontal bending under horizontal
bending, braking and torsional conditions were [211.11,357.10] MPa, [343.31,461.20] MPa and
[222.60,374.54] MPa, The stiffness under bending and torsion was [9.65 % 10%,10.50 x 109] N-m?

and [1.35 x10%,1.64 x 109] N-m?/rad.

2. In full consideration of the uncertain factors caused by the manufacturing process,
Young’s modulus and Poisson’s ratio were considered as uncertain variables. The thickness
of four main bearing beams was regarded as a design variable. Based on the non-dominated
sorting genetic algorithm, the stresses due to dynamic horizontal bending in horizontal bending,
unexpected braking (fracturing) and torsion were decreased by 19.18%, 17.25% and 9.06%,
respectively. The bending and torsional stiffness were improved by 21.53% and 15.88%. In the
meantime, all design variables were increased by approximately 15%.
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