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1. Introduction
The A-type frame that pertains to the truck’s steering system is a pivotal load-caring part, especially under
downhill turning braking condition. This welded structure
has to endure the cyclic loads caused by the random mine
road surface, and thus its fatigue reliability needs to be guaranteed. The structural fatigue reliability is related to dimension, material and load, which are decided during design,
manufacturing and use stage, respectively. However, there
are uncertain factors in these procedures of production, such
as dimensional tolerance, artificial processing technique and
random excitation. Therefore, taking the multi-source uncertainties into account is indispensable to conduct on the
optimization design of this component [1-2].
Numerous researches have been conducted on optimization design of engineering structure with uncertain parameters. Those approaches could be categorized into three
major groups: probability [3-4], fuzzy [5]and interval optimization models [6]. The Gaussian mixture model was used
to establish multimodal probability density functions of input random variables, and the uncertainties of input random
variables were characterized by integrating of the sparse
grid numerical approach and maximum entropy approach
[7]. Based on the stress-strength interference model, the fatigue reliability of the design point was analyzed by the joint
probability integral method, and then a reliability-based optimization design process was accomplished through the
Kriging model considering both certain and uncertain variables [8-11]. A fuzzy multi-objective linear programming
model with an interactive two-phase possibilistic linear programming was presented to approach for solving remanufacturing production system problems with multiple goals
in a fuzz environment [12]. In order to determine the observer gain, a fuzzy set-theory-based optimal approach was

proposed by utilizing the fuzzy information of the uncertain
bound [13]. However, compared with the two approaches
mentioned above, less information is needed to characterize
the range of variables and find the optimal solution through
interval number, and its superiority exists in needless of
constructing precise probability distribution function or
fuzzy membership function. An approximate model between the design variables and stress was built by using
TPS-HDMR, and the Kriging model was used to construct
the relationship between the design variables and mass. The
frame material density and Poisson’s ratio were considered
as the uncertain variables, and the optimal solution was
solved by the NSGA-II and IP-GA method [14]. An uncertain multi-objective optimization method for solving the optimization problem of sheet metal forming, and the hybrid
optimization algorithm based on multi-objective genetic algorithm and sequential quadratic programming algorithm
was utilized to find the Pareto set [15]. A fuzzy fatigue reliability analysis method based on self-configuring membership function was presented to accurately evaluate fatigue
reliability of welded A-type frame, and the fuzzy fatigue reliability optimization [1-2]. However, this work mainly focused on the single optimization objective, and the uncertain
variables were only considered as random parameters determined by the Latin Hypercube sampling method.
In this paper, the interval multi-objectives optimization function for improving fuzzy fatigue reliability and
reducing weight of A-type frame in an electric mining dump
truck considering multi-source uncertainties from design,
manufacturing and use stage was firstly defined. Then, the
relationship between optimization objectives and design
variables was analyzed based on response surface method.
Finally, the optimal solution was found through the nondominated sorting genetic algorithm.
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2. Interval optimization method with uncertain variables
If the ordered real number was utilized to define the
interval of uncertain variables, the uncertain interval optimization function could be described as [16]:
min fi ( X ,U )
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minf ( X )   f c ( X )  (1   ) f w ( X ),

(1)

where: f and g is target function and constraint function, respectively, which is a continuous function about X and U. X
is n-dimensional design variable, and belongs to Ωn. U is qdimensional uncertain vector, and its uncertainty is characterized by q-dimensional interval vector UI. bi is i-th allowable interval of uncertain constraints, and is the continuous
function about U within its range.
fi(X, U) and gi(X, U) is the continuous function
about U, and the fluctuation range of U belongs to a interval
vector. For any certain x , their possible values all form an
interval instead of uncertain values [16]:
f I ( X )  [ f L ( X ), f R ( X )].

Two optimizations needed to find the interval of uncertain optimization target function. In fact, the middle
value fc(X) and the radius value fw(X) were considered as the
interval attribute for the same variable, so that they could be
integrated during the optimization process. Then, the interval optimization model was transformed to be single optimization function as following [16]:
(7)

where:  stood for being partial to the mean value or robustness of target function.   0.5 denoted that the objective function tended to be mean value, and in contrast
  0.5 meant it followed the robustness.
Based on the interval optimization method mentioned above, the certain design variables, uncertain design
variables and constraints could be firstly determined. Then,
the sample points of design variables and uncertain variables could be obtained by the Latin Hypercube method, and
the corresponding response values could be calculated by
the finite element analysis. The approximate model between
design variables and optimization objectives could be constructed through the second-order response surface function. Finally, the optimization problem was solved by the
NSGA. All steps were shown in Fig. 1.

(2)

In general, the rational interval fI(X) depends on the
middle value fc(X) and the radius value fw(X). The mean
value of target function could be improved by optimizing
the middle value fc(X), and the sensitivity of the objective
functions on uncertainties could be reduced by optimizing
the radius value fw(X). Then, Eq. (2) can be changed into
[16]:

f I ( X )  [ f L ( X ), f R ( X )]= f c ( X ), f w ( X ) ,

(3)

f c ( X )=

f L ( X )+f R ( X )
,
2

(4)

f w ( X )=

f R (X )  f L (X )
.
2

(5)
Fig. 1 Optimization flowchart

Eq. (1) could not be solved by the traditional certain approach, however, the design variables can be evaluated by the middle value fc(X) and the radius value fw(X)
mentioned above. If the design vector x(1) was better than the
design vector x(2), the interval of target function with the design vector x(1) could be better than the design vector x(2).
Thus, in order to find an optimal design variable for minimizing the middle value fc(X) and the radius value fw(X) during the interval of uncertain target function, the uncertain
target function could be converted as the certain multi-objectives optimization function [16]:


min(f c ( X ), f w ( X ))

min( f ( X , U ))  max( f ( X , U ))
 c
.
 f (X ) 
2

max( f ( X ,U ))  min( f ( X ,U ))
 w
 f ( X ) 
2

(6)

3. Multi-objectives optimization design
3.1. Definition of optimization objectives and variables
According to the author’s previous work [1-2], the
fatigue fuzzy reliability of A-type frame was improved by
increasing the thickness of several welded sheet plates. To a
certain extent, this optimization method would gain more
materials for enduring cyclic loads and reducing fatigue
stress, but it is adverse to the lightweight of this structure.
Therefore, based on the multi-objectives optimization
method mentioned above and stress-strength interference
model, in this paper the maximum equivalent fatigue stress
obtained from finite element analysis under cyclic loading
was considered as optimization target, as well as the weight
of A-type frame at the same time [1-2]. The allowable range
of fatigue strength of high strength steel welded joint was
found to be [142.32, 256.85] MPa, which was determined
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by the blind number method for considering section size,
loads and mechanical behavior of material [2]. Then, the
lower bound would be taken as the constraint boundary of
optimization target in the following optimization process.
The two-optimization objectives mainly depended on the
thickness of welded sheet plates, and thus the thickness of
tail, roof, lateral and base sheet plates was considered as the
design variables, just like what the previous work did [1-2].
The maximum equivalent fatigue stress was also related to
the random cyclic load and material’s parameters. In order
to take the multi-source uncertainties caused in the use and

manufacturing stage into account, the load at front traction
joint having the most important influence on the stress level
was regarded as the uncertain variable, as well as the
Young’s modulus and density of welded joints, which
would mainly affect the mechanical responses and weight,
respectively [1-2]. The finite element model was built by
software HYPERMESH, and had 84948 elements and
134564 nodes, which included 82046 C3D8 elements and
2902 C3D6 elements, as shown in Fig. 2 [1-2]. The model’s
accuracy of this A-type frame was testified by the experimental work and discussed in my previous work as well [12]. The mark A1, A2, A3 and A4 were the connection sites at
different location: front traction joint, right steering joint,
left steering and front lateral stabilizer joint, and the corresponding loads at those joints were marked by F1, F2, F3 and
F4 [1-2].
3.2. Determination of approximate model
In order to construct the approximate model between the design variables and optimization objectives, the
design variables and uncertain variables were firstly obtained through the Latin Hypercube sampling method.
There were thirty sample points for the design variables, and
ten points for the uncertain variables. Then, according to the
sample points, the maximum equivalent fatigue stress under
cyclic loads acquired by the multi-bodies dynamic analysis
was determined by the finite element analysis [1-2], while
the weight could be calculated by the density and volume of
welded sheet plates. The six sample values were listed in
Table 1.

Fig. 2 Finite element model of A-type frame

Table 1
Sample data of variables and responses
No.
Thickness of tail plate x1, mm
Thickness of roof plate x2, mm
Thickness of lateral plate x3, mm
Thickness of base plate x4, mm
Density of material u1, ×103 kg/m3
Young’s modulus u2, MPa
Force at front traction joint u3, N
Stress response value s, MPa
Weight response value w, t

1
29
38
23
22
7.593
195416.7
82667
132.6
1.642237

2
28
27
18
17
8.032
211050.1
75778
133.2
1.457303

According to Eqs. (6) and (7), the uncertain objective function of the maximum equivalent fatigue stress
could be transformed into the certain one as following:
minS ( X )   S c ( X )  (1   ) S w ( X ),

(8)

3
35
32
19
21
8.207
204350.1
86111
135.1
1.801206

4
31
25
20
23
7.505
202116.7
72333
127.3
1.456888

5
27
30
22
19
8.119
190950.2
79222
133.8
1.548576

6
33
25
23
16
7.768
193183.3
65444
113.5
1.523514

The 3-dimentional response surface relationship between
the certain stress and the thickness of lateral and base sheet
plates was shown in Fig. 3, and the main effect relationship
between the certain stress and all design variables was displayed in Fig. 4. Fig. 3 showed that there was nonlinear relationship between the optimization target and the two de-

where the middle value Sc(X) and the radius value Sw(X)
could be determined as following:

Sc (X ) 

min( S ( X , U ))  max( S ( X , U ))
,
2

(9)

Sw(X ) 

max( S ( X ,U ))  min( S ( X , U ))
.
2

(10)

Then, based on the second-order response surface
approach, the approximate model between the certain optimization target and design variables could be ascertained.

Fig. 3 Three-dimentional response surface of certain stress
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sign variables. The other one illustrated that there was positive correlation between the certain stress and the thickness
of lateral and base sheet plates, which implied that decreasing their thickness could be contributed to reduce the certain
fatigue stress of welded A-type frame. In addition, there was
negative correlation between the certain stress and the thickness of tail and roof sheet plates. There was parallel relationship for the interaction effect on certain stress between
thickness of tail sheet plate and thickness of roof sheet plate,
shown in Fig. 5, which signified that they were independent
of having an impact on the optimization target.

According to the sample data and the fitting
method, the 3-dimentional response surface relationship between the certain weight and the thickness of lateral and
base sheet plates was shown in Fig. 6. It also had the nonlinear relationship between the certain weight and the two
design variables. The all design variables had a positive correlation with the optimization target, seen in Fig. 7. The
thickness of tail sheet plate and the thickness of roof sheet
plate were independent of having an impact on the certain
weight, because they were parallel as shown in Fig. 8.

Fig. 6 Three-dimentional response surface of certain weight

Fig. 4 Main effect for all design variables

Fig. 7 Main effect for all design variables

Fig. 5 Interaction effect on certain stress between thickness
of tail and roof plates
Similarly, the uncertain objective function of the
weight of welded A-type frame could be transformed into
the certain one as following:
minW ( X )  W c ( X )  (1   )W w ( X ),

(11)

where the the middle value Wc(X) and the radius value
Ww(X) could be also determined as following:

W c (X ) 

W w(X ) 

min(W ( X ,U ))  max(W ( X ,U ))
,
2

(12)

max(W ( X ,U ))  min(W ( X , U ))
.
2

(13)

Fig. 8 Interaction effect on certain weight between thickness of tail and roof plates
3.3. Verification of response surface model
In order to testify the accuracy of those approximate models, the other ten sample points were chosen to
compare the predicted results obtained from the response
surface model with the simulated ones directly calculated in
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the finite element model of welded A-type frame. The comparison of both mean value and radius value for two optimization objectives were shown in Fig. 9. It was clearly seen
that the estimated data located at around the 45° equal line

all agreed well with the simulated results, which indicated
that the constructed response surface models were precise,
and could be utilized to conduct on the multi-objectives optimization design in the following part.

a) Comparison of radius value of stress

b) Comparison of middle value of stress

c) Comparison of radius value of weight

d) Comparison of middle value of weight

Fig. 9 Verification of four approximate models
where: T was allowable weight of welded A-type frame, and
was taken as 2.0 in this paper [1-2].

4. Optimized results
4.1. Multi-objectives optimization based on NSGA

4.2. Results
In this paper, based on the software Isight, the
NSGA method was utilized to search for the optimal solution of the multi-objectives optimization problem. The number of populations was 50, and the number of iterations was
equal to 100 [1-2]. The weight coefficient of certain stress
was defined by 0.6, and the other one was 0.4. The design
variables could be varied within ± 25%. The constraint condition of certain fatigue stress was expressed as following:
S ( x )   B,

(14)

where: B was the lower bound of interval fatigue strength,
and  was taken as 0.5 [16].
The constraint condition of certain weight could be
also described as following:
W ( x )  T ,

(15)

After the iteration was run about fifty minutes, the
optimized results was obtained and listed in Table 2. It was
clearly shown that the target value of certain stress was reduced by 10.70% through increasing the thickness of tail
and roof sheet plates and decreasing the thickness of lateral
and base sheet plates. In the meanwhile, because of the unequal weight coefficient, the target value of certain weight
was increased by 7.41%, which was mainly caused by enlarging the thickness of tail and roof plates. However, the
optimized result of certain weight was still within the range
of allowable value. It was acceptable for ensuring the fuzzy
fatigue reliability of welded A-type frame at expense of
some weight. The initial and optimized maximum equivalent fatigue stress under cyclic loadings was shown in Figs.
10 and 11, respectively, which revealed that the stress had
cut down from 135.80 MPa to 110.50 MPa.

173
Table 2
Multi-objectives optimized results
Thickness of tail plate x1, mm
Thickness of roof plate x2, mm
Thickness of lateral plate x3, mm
Thickness of base plate x4, mm
Target value of certain stress s, MPa
Target value of certain weight w, t

Initial
36
32
20
20
70.93
0.9217

Optimized
41
40
15
15
63.33
0.9896

In my previous work [2], a self-configuring membership function was presented, and was utilized to estimate
the fuzzy fatigue reliability of optimized welded A-type
frame. Before running the MATLAB code to calculate the
reliability, the 100,000 random sampling points of thickness
of tail and roof sheet plates were firstly implemented for the
statistic analysis, whose results were shown in Fig. 12 and
Fig. 13, respectively. It was obviously shown that the distribution of sampling data appeared as the normal one. Then,
based on the fuzzy theory and proposed model, the fuzzy
fatigue reliability of optimized welded A-type frame could
increase from 69.47% to 98.45%, which meaned that the optimization target achieved just by spending a little weight
[2].

Fig. 10 Stress contour of the initial welded A-type frame

Fig. 13 Distribution of random sampling for thickness of
roof sheet plate
5. Conclusion
In this paper, an interval multi-objectives optimization method was presented to improve fuzzy fatigue reliability and make weight reduction of A-type frame in an
electric mining dump truck considering multi-source uncertainties from design, manufacturing and use stage. Based on
the Latin hypercube sampling method and finite element
analysis, the uncertain and certain variables and their response values were all obtained. Then, the approximate
models between the optimization target and design variables
was constructed through the second-order response surface
approach, and their accuracies were all testified by comparing the predicted results with simulated ones. Based on the
NSGA, the multi-objectives optimization design was conducted under the determined constraints of variables and optimization target. The maximum equivalent fatigue stress of
optimized A-type frame was decreased by 18.63%, so that
its fuzzy fatigue reliability reached up to 98.45% at expense
of a very little weight caused by increasing the thickness of
tail and roof sheet plates, which would be helpful for modifying the design of this engineering structure.
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MULTI-OBJECTIVES OPTIMIZATION DESIGN OF
A-TYPE FRAME IN AN ELECTRIC MINING DUMP
TRUCK CONSIDERING MULTI-SOURCE
UNCERTAINTIE BASED ON THE INTERVAL
METHOD
Summary
In order to improve fuzzy fatigue reliability and
make weight reduction of A-type frame in an electric mining
dump truck considering multi-source uncertainties from design, manufacturing and use stage, a multi-objectives optimization method based on the interval theory was proposed
in this paper. The thickness of four steel plates in welded Atype frame was regarded as certain design variables, while
the elastic modulus and density of material was considered
as uncertain variables as well as the load at front traction
joint. The relationship between optimization objectives and
variables was constructed by the response surface method,
and was transformed by the interval method. Then, the optimization problem was solved by the non-dominated sorting genetic algorithm, which was found that the fuzzy fatigue reliability reached up to 98.45% at the expense of
some weight.
Keywords: multi-objectives optimization; interval

method; response surface method; genetic algorithm;
multi-source uncertainties.
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