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An accelerated life testing investigation was conducted on a composite cylinder that consists of aluminum alloy and T700 carbon
fiber.The ultimate failure stress predictions of cylinders were obtained by themixing rule and verified by the blasting static pressure
method. Based on the stress prediction of cylinder under working conditions, the constant stress accelerated life test of the cylinder
was designed. However, the failure data cannot be sufficiently obtained by the accelerated life test due to the time limitation.
Therefore, most of the data presented to be high censored in high stress level and zero-failure data in low stress level. When using
the traditional method for rupture life prediction, the results showed to be of lower confidence. In this study, the consistency of
failure mechanism for carbon fiber and cylinder was analyzed firstly. According to the analysis result, the statistical test information
of carbon fiber could be utilized for the accelerated model constitution. Then, rupture life prediction method for cylinder was
proposed based on the accelerated life test data and carbon fiber test data. In this way, the life prediction accuracy of cylinder could
be improved obviously, and the results showed that the accuracy of this method increased by 35%.

1. Introduction

In recent years, T700 carbon fiber replacing T300 becomes
the new general carbon fiber since densification gives the
T700 higher tensile strength [1–6]. The cylinder of new
special equipment consists of T700 carbon fiber composite
materials, glass fiber composites, and aluminum alloy. The
main role of aluminum alloy is to improve the axial modulus
and corrosion resistance of cylinder, the glass fiber composite
material is to guarantee the aluminum alloy being adapted
to higher working because of large prestress, and the carbon
fiber composite material is to improve the strength and
modulus of the cylinder and it is also the main load-bearing
material between the three-layer materials.

The introduction of carbon fiber into the new generation
cylinder improves the failure stress of the cylinder, but it
also brings new problem to the reliability evaluation of the
cylinder. The cylinder wound by T700 carbon fiber exhibits
long life and high reliability in high-speed rotation mode,
and the sufficient data cannot be obtained by the traditional

life tests. Therefore, the accelerated test must be introduced,
and the reliability index in the normal stress could be
extrapolated by the statistical analysis using the high stress
level data [7]. The maximum likelihood estimation method
[8, 9] is very suitable for the censored data analysis, but this
method only has good properties for the large sample. And it
needs to iterate for the transcendental equations; sometimes
the computation is difficulties and not convergence. The
integral best linear unbiased estimationmethod [10, 11] solves
problems by regression analysis based on linear transforma-
tion acceleration model. The information between different
stresses is used comprehensively, and the estimation accuracy
can be improved. But the evaluation accuracy is still unable
to meet the actual engineering requirement of the cylinder
structure with great life dispersion.

This study found that the failure mode of the cylinder
wound by T700 carbon fiber was carbon fiber breakage
in the working mode with high-speed rotation. Therefore,
there would be some relationship between the rupture life of
fiber carbon and the cylinder. In this study, we analyzed the
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mechanical properties of the cylinder compositematerial and
obtained the ultimate failure stress by mixing rules, which
were verified by the static pressure burst test method. Then
we designed accelerated life tests on the carbon fiber and
the cylinder. According to the test results, we proposed the
integral best unbiased estimate method for the cylinder life
prediction. The evaluation accuracy was greatly improved
by comprehensive evaluation using the information of T700
carbon fiber based on the test results of the accelerated
equivalence and failure mechanisms.

2. Mechanical Analysis

2.1. Mechanical Analysis of the Composite Material. The new
generation cylinder consists of aluminium alloy, glass fiber,
and T700 carbon fiber, and its structure is illustrated in
Figure 1.

The main role of the aluminium alloy is to improve the
axial modulus and anticorrosion of the cylinder. The glass
fiber is to impose prestress to the aluminium alloy according
to winding, and so it could improve the maximum capacity.
The carbon fiber is the main bearing materials and for their
high strength and modulus the ultimate failure stress of
cylinder is greatly improved. The mechanical properties of
the glass fiber and the carbon fiber can be obtained bymixing
rules according to tensile strength, modulus, and the volume
content of each fiber. Thus, the overall mechanical properties
of the cylinder could also be estimated by the mixing rule
basing on the material properties and structures.

According to the property test of T700 carbon fiber, the
tensile strength is 4900Mpa, themodulus is 230GPa, and the
strain is approximately 2%. Also, the matrix strength of the
composite material is 85MPa, the modulus is 2.8 Gpa, and
the strain is 4%. The mix rule is

𝑋
𝑡
= 𝜎
𝑓
𝑉
𝑓
+ 𝜎
𝑚
(1 − 𝑉

𝑓
) , (1)

where the𝑋
𝑡
is tensile strength of composite, 𝜎

𝑓
is the tensile

strength of fiber, 𝜎
𝑚
is the tensile strength ofmatrix, and𝑉

𝑓
is

the fiber volume.Therefore, for the fiber volume of composite
material used in this study is 72%, the tensile strength of this
composite would be calculated as 3551.8MPa.

For the glass fiber, the tensile strength is 3400MPa, the
modulus is 91 GPa, and the strain is approximately 3.7%. And
the matrix is the same with the T700 carbon fiber reinforced
composite. While the percentage of fiber volume is 76%,
according to the mix rule, the tensile strength of this glass
fiber reinforced composite would be calculated as 2604.4.

The lining of the cylinder is aluminium alloy, its elastic
modulus is 70GPa, yield strength is 610Mpa, tensile strength
is 640Mpa, and strain is greater than 4% [12].

2.2. Failure Stress Analysis of the Cylinder. The tensile modu-
lus of the glass fiber and the aluminium alloy is significantly
lower than the outer carbon fiber composite material by the
previous analysis. And according to the thickness of each
laminate listed in Table 1, it is obvious that the carbon fiber
is the main load-bearing material in the entire cylinder.
When the outer T700 carbon fiber reinforced composite

Aluminium alloyGlass fiberT700 carbon fiber

XC

YC

ZC

Figure 1: Structure of the cylinder.

is destructed, the glass fiber and aluminum alloy would
be instantaneously destroyed due to the large load. The
stress-strain curves of glass fiber and carbon fiber reinforced
composite materials presented to be linear like the tensile
stress-strain curves of glass fiber and carbon fiber that are
shown in Figures 2 and 3.

The bearing stress of glass fiber is 380Mpa that is the
reverse stress to impose on the aluminum alloy; therefore, its
bearing stress is 1777Mpa when the conditions are the same
with the outer carbon fiber.The tensile strength of aluminum
alloy is 640MPa, we consider that it imposed the reverse
prestress of 380MPa, its bearing stress is 260Mpa when the
breaking elongation is 2%, and its thickness is 1.2mm. The
thickness of glass fiber and the carbon fiber is 0.85mm and
1.5mm, respectively. Therefore, according to the mixing rule,
the ultimate failure stress of the cylinder is theoretical as

𝜎 =

𝜎
𝑙
× 𝑡
𝑙
+ 𝜎
𝑔
× 𝑡
𝑔
+ 𝜎
𝑓
× 𝑡
𝑓

𝑡
𝑙
+ 𝑡
𝑔
+ 𝑡
𝑓

= 2004MPa. (2)

The strip tensile testmethod [13] for ultimate failure stress
of the cylinder cannot meet the requirements of test accuracy
with a few samples. The NOL [13] ring stretching method
is sensitive to the boundary effects and sample processing is
very difficult. Therefore, we chose the blasting static pressure
method [14] for the ultimate failure stress testing which dealt
with the data as a whole and thus could reflect themechanical
properties better.

The test samples were produced according to the national
standardGB/T15560, and the processing technical, rawmate-
rials were the same with the cylinder. Figure 4 shows the size
of this test sample. As shown, two ends of the cylinder were
strengthened by carbon fiber layers of 30mm width. Table 2
shows the parameters of this static pressure burst test. Table 3
shows the test result.

It can be seen from Table 3 that the mean of the ultimate
test failure stress is 2067.6MPa, which is slightly higher than
the theoretical prediction of 2004Mpa. It may be the reason
that the overall performance of the cylinder material would
be slightly higher than fiber samples. The parameters used
for theoretical prediction were the mean value of the tensile
test results of fiber sample, and thus its volatility is relatively
large. Another main reason may be that the length of the test
sample in the static pressure burst test was required to be
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Table 1: Geometry parameters and properties of each laminate.

Aluminium alloy Glass fiber Carbon fiber
Thickness (mm) 1.20 0.85 1.50
Modulus (GPa) 71 70, 20 (90∘) 163, 8 (90∘)
Density (g/cm3) 2.8 2.15 1.58

Table 2: Parameters of the static pressure burst test.

Aluminium alloy
(mm)

Process conditions Resin formula Curing system
Glass fiber Carbon fiber

Thickness: 1.2
Length: 350 5 layers 10 layers Proprietary formula 75∘C/4 h + 80∘C/12 h
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Figure 2: Tensile stress-strain curves of the glass fiber.
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Figure 3: Tensile stress-strain curves of the carbon fiber.

at least 5 times greater than the diameter in test standard of
GB/T15560. But this long diameter ratio of our test sample
is only 2.7. As the shorter sample is sensitive to the effects
of the end portion in the testing process, this may be the
main reason that the test results are slightly higher than the
prediction result. In all, the test results of the static pressure
burst test made a good agreement with the prediction result,
and it is feasible to verify the overall performance of the
cylinder. This test result would be taken as the important
reference for the constant stress accelerated life test in the
following research.

3. Accelerated Life Test

3.1. Experiment Preparation. In the working conditions, the
bearing stress of cylinder is about 913.8Mpa, which is equiv-
alent to 45.5% of the ultimate failure stress. We calculated

Table 3: Test result of the static pressure burst test.

Number 𝜎
𝑏
(MPa) 𝜀

𝑏
(%) 𝐸 (GPa)

1 2032.4 1.88 112.5
2 2087.6 1.87 113.3
3 2060.9 1.94 109.9
4 2180.9 2.02 112.3
5 2049.0 1.85 112.2
6 2110.5 1.93 112.3
7 1932.4 1.84 108.2
8 2086.7 1.91 112.6
Mean 2067.6 1.91 111.7
Dispersion 3.44% 3.08% 1.43%

30 30

350

14
0
Figure 4: Size of the static pressure burst test.

the stress level of the cylinder by the finite element method,
and the result shows that the bearing stress of the lining
aluminum alloy is 240MPa, the bearing stress of the glass
fiber is 1060Mpa, and the bearing of carbon fiber is 1350MPa.
The related parameters are shown in Table 1.

The cylinder used in the accelerated life test is the same
as that used in the static pressure burst test, as shown in
Figure 5. Then, the cylinder is filled with hydraulic oil up to
certain pressure and maintains this pressure for a long time
so that the cylinder bears a uniform inner pressure in every
direction.The test device is placed in one ovenwhereworking
temperature could be maintained. The pressure can be tested
by the pressure sensor. If the pressure of the cylinder drops
significantly, the cylinder was considered to be failure and the
failure time is automatically recorded.
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Figure 5: Diagram of the reliability test unit of the cylinder.

3.2. The Accelerated Test Plan of the Cylinder. We know
the ultimate failure stress is 2067.6Mpa given by the static
pressure burst test and the working stress is 913.8Mpa, which
is equivalent to 45.5% of the ultimate failure stress of the
cylinder.The stress-strain curve is close to linear in the scope
of the ultimate failure stress of the cylinder.

According to GB 2689.1-81, we divided the cylinders into
five groups for constant stress accelerated life test. And we
set the minimum stress level to be 1315MPa (almost 63.6%
of the ultimate failure stress) and the maximum stress level
to be 1861MPa (almost 90% of the ultimate failure stress).
Also, other stress levels were set to be 72.7%, 80%, and 85% of
the ultimate failure stress, respectively. According to the test
standard of GB 2689.1-81, this test level setting could ensure
that the failure mechanism of cylinders was the same. The
working temperature of the cylinder will not exceed 40∘C, so
the test temperature is controlled at 40 ± 2∘C.

4. Results and Discussion

4.1. The Method on Rupture Life Evaluation of the Cylinder.
We assume that there are 𝑛

𝑗
samples prepared for type-I

censored test in the V
𝑗
(𝑗 = 1, 2, . . . , 𝑠) stress level and the

censored time is 𝜉∗
𝑗
. There are 𝑞

𝑗
(1 ≤ 𝑞

𝑗
≤ 𝑛
𝑗
) failures and

the censored data is 𝜉
𝑗1
≤ ⋅ ⋅ ⋅ ≤ 𝜉

𝑗𝑞𝑗
.

Hypothesis 1. The product life follows Weibull distribution
𝑊(𝑚
𝑗
, 𝜂
𝑗
) in the V

𝑗
stress level.

Hypothesis 2. The failure mechanisms of the carbon fiber and
the cylinder are the same in each stress level.

Hypothesis 3. The relationship between characteristic life 𝜂
𝑗

and stress level V
𝑗
follows the inverse power law model: 𝜂

𝑗
=

𝐴V−𝑐
𝑗
, 𝑗 = 1, 2, . . . 𝑠. And 𝐴, 𝑐 are parameters that should be

estimated.

The linear expression can be obtained by logarithmic
transformation on the accelerated model in Hypothesis 3:

ln 𝜂
𝑗
= 𝑎 + 𝑏𝑥

𝑗
. (3)

Then the logarithmic life follows the extreme value distribu-
tion and the relationship between the logarithmic life and the
logarithmic stress can be written as

𝑦
𝑗
= 𝑎 + 𝑏𝑥

𝑗
+ 𝜀
𝑗𝑘
, 𝜀
𝑗𝑘
∼ 𝐸𝑉 (0, 𝜎) ,

(𝑗 = 1, 2, . . . , 𝑠; 𝑘 = 1, 2, . . . , 𝑞
𝑗
+ 1) ,

(4)

where 𝑦
𝑗
= ln 𝜂

𝑗
, 𝑥
𝑗
= ln V

𝑗
, 𝑎 = ln𝐴, and 𝑏 = −𝑐. Parameter

𝑎 reflects the characteristic of test product; parameter 𝑏

reflects the acceleration characteristic of the test; 𝜎 is the scale
parameter of the extreme value distribution and the measure
parameter for the consistency of the failure mechanism.

In the condition of Hypothesis 1, type-I censored data
𝑦
𝑗1

≤ ⋅ ⋅ ⋅ ≤ 𝑦
𝑗𝑞𝑗

can be taken as the value of the former 𝑞
𝑗

order statistics𝑌
𝑗1
≤ ⋅ ⋅ ⋅ ≤ 𝑌

𝑗𝑞𝑗
for the extreme value distribu-

tion with size 𝑛
𝑗
. 𝑦
𝑗(𝑞𝑗+1)

= 𝑦
∗

𝑗
can be taken as the value of the

𝑞
𝑗
th interval statistics 𝑌

𝑗(𝑞𝑗+1)
with the same sample.

From literature [9, 10], we can obtain the estimations of 𝑎,
𝑏, and 𝜎 by partial derivative for 𝑄

𝑄 =

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

(𝑦
𝑗𝑘
− 𝑎 − 𝑏𝑥

𝑗
− 𝜎𝑢
𝑗𝑘
)

× 𝑔
𝑗𝑘𝑙
(𝑦
𝑗𝑙
− 𝑎 − 𝑏𝑥

𝑗
− 𝜎𝑢
𝑗𝑙
) .

(5)

The estimations of 𝑎, 𝑏, and 𝜎 are

𝑎 = 𝑦 − �̂�𝑥 − �̂�𝑢,

�̂� =

𝐿
22
𝐿
1𝑦
− 𝐿
12
𝐿
2𝑦

𝐿
11
𝐿
22
− 𝐿
2

12

,

�̂� =

𝐿
11
𝐿
2𝑦
− 𝐿
12
𝐿
1𝑦

𝐿
11
𝐿
22
− 𝐿
2

12

,

(6)

where

𝑦 =
1

𝑛∗

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
𝑦
𝑗𝑘
, 𝑢 =

1

𝑛∗

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
𝑢
𝑗𝑘
,

𝑥 =
1

𝑛∗

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
𝑥
𝑗
, 𝑛

∗
=

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
,

𝐿
1𝑦
=

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
(𝑥
𝑗
− 𝑥) (𝑦

𝑗𝑘
− 𝑦) ,

𝐿
2𝑦
=

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
(𝑢
𝑗𝑘
− 𝑢) (𝑦

𝑗𝑙
− 𝑦) ,

𝐿
11
=

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
(𝑥
𝑗
− 𝑥)
2

,
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𝐿
12
=

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
(𝑥
𝑗
− 𝑥) (𝑢

𝑗𝑘
− 𝑢) ,

𝐿
22
=

𝑠

∑

𝑗=1

𝑞𝑗+1

∑

𝑘,𝑙=1

𝑔
𝑗𝑘𝑙
(𝑢
𝑗𝑘
− 𝑢) (𝑢

𝑗𝑙
− 𝑢) .

(7)

And the covariance matrix of 𝑎, 𝑏, and 𝜎 is

cov (𝑎, �̂�, �̂�) = 𝜎
2
𝐶,

𝐶 =

[
[
[
[
[
[
[
[
[
[
[

[

∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙

∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙
𝑥
𝑗

∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙
𝜇
𝑗𝑘

∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙
𝑥
𝑗

∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙
𝑥
2

𝑗
∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙
𝑥
𝑗
𝜇
𝑗𝑘

∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙
𝜇
𝑗𝑘

∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙
𝑥
𝑗
𝜇
𝑗𝑘

∑

𝑗,𝑘,𝑙

𝑔
𝑗𝑘𝑙
𝜇
𝑗𝑘
𝜇
𝑗𝑙

]
]
]
]
]
]
]
]
]
]
]

]

−1

,

(8)

where𝐺=(𝑔
𝑗𝑘𝑙
)
(𝑞𝑗+1)×(𝑞𝑗+1)

=𝑉
−1
=(V
𝑗𝑘𝑙
)
−1

(𝑞𝑗+1)×(𝑞𝑗+1)
, 𝑢
𝑗𝑘
(𝑘=1,

2, . . . , 𝑞
𝑗
) is the mean of the 𝑘th order statistic for the

standard extreme value distribution with size 𝑛
𝑗
, V
𝑗𝑘𝑙

(𝑘, 𝑙 =

1, 2, . . . , 𝑞
𝑗
) is the covariance of the 𝑘th and 𝑙th order

statistic for the standard extreme value distribution with size
𝑛
𝑗
, 𝑢
𝑗(𝑞𝑗+1)

is the mean of the (𝑞
𝑗
+ 1)th order statistic for

the standard extreme value distribution with size 𝑛
𝑗
+ 1,

and V
𝑗𝑘(𝑞𝑗+1)

= V
𝑗(𝑞𝑗+1)𝑘

(𝑘 = 1, 2, . . . , 𝑞
𝑗
+ 1) is the covariance

of the 𝑘th and (𝑞
𝑗
+ 1)th order statistic for the standard

extreme value distribution with size 𝑛
𝑗
+1.These values could

be all obtained by formula or table lookup [15].
The reliability rupture life with reliability of 𝑅 and its

upper and lower limits with confidence level 𝛾 could be calcu-
lated as follows:

𝑦
𝑅
= 𝑎 + �̂�𝑥 + �̂�lnln 1

𝑅
,

𝑦
𝑅𝑈

= 𝑎 + �̂�𝑥

+
�̂�

1 − 𝑢2
𝛾
𝑐
33

[lnln 1
𝑅
+ 𝑢
2

𝛾
(𝑐
13
+ 𝑐
23
𝑥) + 𝑢

𝛾√𝜔𝑅] ,

𝑦
𝑅𝐿

= 𝑎 + �̂�𝑥

+
�̂�

1 − 𝑢2
𝛾
𝑐
33

[lnln 1
𝑅
+ 𝑢
2

𝛾
(𝑐
13
+ 𝑐
23
𝑥) − 𝑢

𝛾√𝜔𝑅] ,

(9)

where 𝑐
𝑖𝑗
are elements of thematrix𝐶,𝜔

𝑅
=𝜔+𝑐

33
(lnln(1/𝑅))2

+2(𝑐
13
+𝑐
23
𝑥)lnln(1/𝑅), and𝜔 = 𝑢

2

𝛾
(𝑐
13
+𝑐
23
𝑥)
2
+(1−𝑐

33
𝑢
2

𝛾
)(𝑐
11
+

2𝑐
12
𝑥 + 𝑐
22
𝑥
2
).

The Failure Mechanism Consistency Analysis. This analysis
focused on the consistency of failure mechanism and acceler-
ated model parameter between the carbon fiber and cylinder
in the accelerated life test. Denote the model parameters of
the carbon fiber and the cylinder as 𝑎

1
, 𝑏
1
, and 𝜎

1
and 𝑎
2
, 𝑏
2
,

and 𝜎
2
, respectively. We assume the following.

(1) The distribution parameters 𝜎
1
, 𝜎
2
are two indepen-

dent normal populations. If the failure mechanism of
the carbon fiber is the same with the cylinder, the
mean and variance of the two normal populations are
the same [16, 17].

(2) Parameters of 𝑎
1
and 𝑎

2
reflect the life characteristic

of carbon fiber and cylinder, and then 𝑎
1
and 𝑎
2
have

no relation.

(3) The model parameters 𝑏
1
, 𝑏
2
are two independent

normal populations. If the acceleration of the carbon
fiber is the same with the cylinder, the mean and
variance of the two normal populations are the same.

Based on the above assumptions, (�̂�
1
, �̂�
1
) and (�̂�

2
, �̂�
2
) can

be taken as two bivariate normal populations. We can judge
the consistency of the mean vector and covariance matrix of
the two bivariate normal populations by hypothesis test.

(1) The Consistency Judgment of the Mean Vector. The two
independent normal populations are denoted by (�̂�

1
, �̂�
1
) ∼

𝑁
2
(𝜇
1
, Σ
1
) and (�̂�

2
, �̂�
2
) ∼ 𝑁

2
(𝜇
2
, Σ
2
). We sample 𝑛, 𝑚 >

2 specimens from them, respectively, and denote the mean
vectors by 𝑋, 𝑌, respectively, and the variance matrix by
𝑆
𝑖
(𝑖 = 1, 2). The hypothesis is

𝐻
0
: 𝜇
1
= 𝜇
2

𝐻
1
: 𝜇
1

̸= 𝜇
2
. (10)

When Σ
1
= Σ
2
and they were unknown, the test statistic

𝑇
2
=

𝑛𝑚

𝑛 + 𝑚
(𝑋 − 𝑌)

𝑇

𝑆
−1
(𝑋 − 𝑌) , (11)

where

𝑆 =
(𝑛 − 1) 𝑆

1
+ (𝑚 − 1) 𝑆

2

𝑛 + 𝑚 − 2
. (12)

And 𝐹 = (((𝑛 +𝑚−2) − 1)/2(𝑛 +𝑚−2))𝑇
2
∼ 𝐹(2, 𝑛 +𝑚−3).

Then the rejection region with the significance level 𝛼 is

{𝐹 > 𝐹
1−𝛼

(2, 𝑛 + 𝑚 − 3)} . (13)

(2) The Consistency Judgment of the Variance Matrix. The
hypothesis is

𝐻
0
: Σ
1
= Σ
2

𝐻
1
: Σ
1

̸= Σ
2
. (14)

The amendatory likelihood ratio statistic is

𝜆
∗
=

(𝑛 + 𝑚 − 2)
(𝑛+𝑚−2)𝑆1



(𝑛−1)/2𝑆2


(𝑚−1)/2

(𝑛 − 1)
(𝑛−1)/2

(𝑚 − 1)
(𝑚−1)/2𝑆1 + 𝑆2



(𝑛+𝑚−2)/2
. (15)

Then,

−2 ln 𝜆∗ ∼ 𝜒
2
(

𝑓

1 − 𝑑
) , (16)
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where

𝑓 =
1

2
𝑝 (𝑝 + 1) (𝑘 − 1) ,

𝑑 =
2𝑝
2
+ 3𝑝 − 1

6 (𝑝 + 1) (𝑘 − 1)
(

1

𝑛 − 1
+

1

𝑚 − 1
−

1

𝑛 + 𝑚 − 𝑘
)

(17)

and 𝑘 = 𝑝 = 2.
Then the rejection region with the significance level 𝛼 is

{𝜒
2
< 𝜒
2

𝛼
(

𝑓

1 − 𝑑
)} . (18)

The information fusion method
Based on the result of the integral best linear unbiased

estimation and the consistency analysis of failuremechanism,
we proposed an information fusion method for the covari-
ance matrixes of the T700 carbon fiber and the cylinder.
The fusion process can be accomplished by the two steps:
firstly, fusing the information only related to parameters 𝑏
and 𝜎 in the covariance matrix and then, secondly, to further
improve the evaluation accuracy of the covariance matrix for
model parameter of the cylinder, fusing the other information
related to 𝑏 and 𝜎.

Denote the point estimations of T700 carbon fiber and the
cylinder by 𝑎

1
, �̂�
1
, and �̂�

1
and 𝑎
2
, �̂�
2
, and �̂�

2
, respectively, and

their covariance matrix is

cov (𝑎
𝑖
, �̂�
𝑖
, �̂�
𝑖
) =

[
[

[

var (𝑎
𝑖
) cov (𝑎

𝑖
, �̂�
𝑖
) cov (𝑎

𝑖
, �̂�
𝑖
)

cov (𝑎
𝑖
, �̂�
𝑖
) var (�̂�

𝑖
) cov (�̂�

𝑖
, �̂�
𝑖
)

cov (𝑎
𝑖
, �̂�
𝑖
) cov (�̂�

𝑖
, �̂�
𝑖
) var (�̂�

𝑖
)

]
]

]

,

(𝑖 = 1, 2) .

(19)

Denote the covariance matrix of the bivariate normal
distribution of 𝑏

1
, 𝜎
1
and 𝑏
2
, 𝜎
2
, respectively, by

�̂�
𝑖
= [

var (�̂�
𝑖
) cov (�̂�

𝑖
, �̂�
𝑖
)

cov (�̂�
𝑖
, �̂�
𝑖
) var (�̂�

𝑖
)
] , (𝑖 = 1, 2) . (20)

The elements of the above matrixes are one part of (19).
The first step is fusing the information only related to

parameters 𝑏 and 𝜎 in the covariance matrix.
If the covariance matrixes 𝑉

1
and 𝑉

2
are certified to be

the same by the consistency analysis of the bivariate normal
distribution (𝑏

1
, 𝜎
1
) and (𝑏

2
, 𝜎
2
), the unbiased estimation of

the covariancematrix of the bivariate normal distribution can
be obtained by the following equation:

�̂� =
(𝑛
1
− 1) �̂�

1
+ (𝑛
2
− 1) �̂�

2

𝑛
1
+ 𝑛
2
− 2

. (21)

Compared to the small ratio of failure and high censored
time of the cylinder life test, the data and failures of the carbon
fiber are much greater and thus the evaluation result is more
accurate.Therefore, when the matrix �̂�

2
is replaced by �̂�with

fusing the information of parameters 𝑏 and 𝜎 according to the
above method, the prediction result of the cylinder is more

accurate. The covariance matrix of 𝑏 and 𝜎 based on fusion
could be written as

�̂� = [
var (�̂�

12
) cov (�̂�

12
, �̂�
12
)

cov (�̂�
12
, �̂�
12
) var (�̂�

12
)

] . (22)

The covariancematrix cov(𝑎
2
, �̂�
2
, �̂�
2
) for the cylinder with

bottom right four elements replaced by �̂� could be written as

cov (𝑎
2
, �̂�
2
, �̂�
2
)


=
[
[

[

var (𝑎
2
) cov (𝑎

2
, �̂�
2
) cov (𝑎

2
, �̂�
2
)

cov (𝑎
2
, �̂�
2
) var (�̂�

12
) cov (�̂�

12
, �̂�
12
)

cov (𝑎
2
, �̂�
2
) cov (�̂�

12
, �̂�
12
) var (�̂�

12
)

]
]

]

.

(23)

The second step is fusing the other elements related to 𝑏, 𝜎
of the covariance matrix.

Based on the same correlation coefficient between the
parameters, the value of cov(𝑎

2
, �̂�
12
), cov(𝑎

2
, �̂�
12
) with fusing

the information of the T700 carbon fiber can be calculated as

cov (𝑎
2
, �̂�
12
) = √

var (�̂�
12
)

var (�̂�
2
)

⋅ cov (𝑎
2
, �̂�
2
) ,

cov (𝑎
2
, �̂�
12
) = √

var (�̂�
12
)

var (�̂�
2
)
⋅ cov (𝑎

2
, �̂�
2
) .

(24)

According to the above two steps, the covariance matrix
cov(𝑎
2
, �̂�
12
, �̂�
12
) can be written as

cov (𝑎
2
, �̂�
12
, �̂�
12
)

=
[
[

[

var (𝑎
2
) cov (𝑎

2
, �̂�
12
) cov (𝑎

2
, �̂�
12
)

cov (𝑎
2
, �̂�
12
) var (�̂�

12
) cov (�̂�

12
, �̂�
12
)

cov (𝑎
2
, �̂�
12
) cov (�̂�

12
, �̂�
12
) var (�̂�

12
)

]
]

]

.

(25)

Comparing with (25) and (19) (𝑖 = 2), it can be found that
the elements of parameter covariance matrix of the cylinder
have changed in addition to the variance vâr(𝑎

2
) by fusing

the carbon fiber test information, thus making the evaluation
result more reasonable. It should be noted that the parameter
covariance matrix can be obtained by the integrated best
linear unbiased estimation as follows:

cov (𝑎, �̂�, �̂�) = 𝜎
2
𝐶. (26)

In the calculation of the upper and lower limits for the
reliability rupture life, thematrix𝐶would be used.Therefore,
in fusion process of the covariance matrix with T700 carbon
fiber information and cylinder information, we can introduce
the matrix 𝐶 directly in the above method to make the
calculation easier.

4.2. Examples. To verify the design level of the rupture life of
a certain type of cylinder, a unit made accelerated life tests
for T700 carbon fiber composite material and the cylinder
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Table 4: Accelerated life test information for T700 carbon fiber and
the cylinder.

Subjects Stress level
T700 carbon fiber (𝑁) 1700 1800 1900 — —
Cylinder (the percentage of limit
load %) 63.6 72.7 80 85 90

structure, respectively. The test temperature is 40∘C, and the
test load conditions are shown in Table 4.

The diagramof rupture life data for T700 carbon fiber and
the cylinder structure from the test is as in Figures 6 and 7.

(1) The Result of the Integral Best Unbiased Estimation. The
results of model parameters and the matrix 𝐶 obtained by
the integrated best linear unbiased estimation are shown in
Table 5.

(2) The Test of Mean Vector and Covariance Matrix Equal
to (�̂�, �̂�) of the Carbon Fiber and the Cylinder. We consider
parameters (�̂�, �̂�) as a bivariate normal population and test
whether the mean vectors and covariance matrixes of (�̂�, �̂�)
for the carbon fiber and the cylinder are equal or not, and the
results are shown in Table 6.

From Table 6, the observed values of the test statistic are

𝐹 = 8.09725 < 𝐹
0.975

(2, 5) = 8.43,

𝜒
2
= 1.9468 > 𝜒

2

0.025
(5) .

(27)

Then, we can receive the null hypothesis. The mean vectors
and the covariance matrixes of (�̂�, �̂�) for the carbon fiber and
the cylinder are equal.

(3) The Information Fusion of the T700 Carbon Fiber and
the Cylinder. By using the method in this paper, the matrix
information of carbon fiber in Table 5 can be fused into the
cylinder and the upper and lower limits of the reliability
rupture life at confidence level 𝛾 = 0.95 can be calculated.
The comparison results are shown in Table 7.

From Table 7, when the reliability is 0.9, the evaluation
accuracy of the reliability life of the cylinder is increased by
35%.

The curves of upper and lower limits of the logarithmic
reliability rupture life 𝑦

𝑅
changed with the reliability 𝑅 are

shown in Figure 7.
Figure 8 shows that the upper and lower limits of the

reliability rupture lifewill bemore accuratewith the reliability
changed after fusion of the information of T700 carbon fiber
and the interval length is much shorter.

5. Conclusion

(1) Since the carbon fiber bears themain load at work, the
acceleration and failure mechanism of T700 carbon
fiber and the cylinder are the same. And it can be
proved by the structure analysis and the statistic test
of the test data.
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Figure 6: Rupture life of T700 carbon fiber.
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Figure 7: Ruptures life of the cylinder.

(2) When the acceleration and failure mechanism are the
same, the evaluation accuracy of the reliability life
for the cylinder can be improved by fusion of the
information of the carbon fiber.

(3) The method in this paper is based on Weibull distri-
bution and the inverse power law model for struc-
tured products. It can be applied to other location-
scale family distribution and acceleration models.
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Table 5: Contrast result between T700 carbon fiber and the cylinder with the integrated best linear unbiased estimation.

Result T700 carbon fiber Cylinder
(𝑎, �̂�, �̂�) (157.177, −19.872, 2.32) (6.39, −18.41, 1.20)

𝐶
[
[

[

495.06 −66.08 0.46

−66.08 8.82 −0.06

0.46 −0.06 0.012

]
]

]

[
[

[

0.53 2.70 −0.06

2.70 21.49 −1.05

−0.06 −1.05 0.13

]
]

]

Table 6: The test results of mean vector and covariance matrix for a bivariate normal population (�̂�, �̂�) of carbon fiber and cylinder.

Null hypothesis Rejection region Observation value Critical value 𝛼 = 0.025

𝜇
1
= 𝜇
2

{𝐹 > 𝐹
1−𝛼

(2, 𝑛 + 𝑚 − 3)} 8.09725 8.43
Σ
1
= Σ
2

{𝜒
2
< 𝜒
2

𝛼
(𝑓/(1 − 𝑑))} 1.9468 0.831

Table 7: Contrast result of cylinder after fusion information of T700 carbon fiber.

Result The original data Fusion of the information of T700

𝐶
[
[

[

0.53 2.70 −0.06

2.70 21.49 −1.05

−0.06 −1.05 0.13

]
]

]

[
[

[

0.53 2.08 −0.037

2.08 12.76 −0.37

−0.037 −0.37 0.049

]
]

]

The interval estimation of 𝑦
𝑅

[13.79, 27.35] [14.29, 23.15]
Interval length 13.56 8.86
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Figure 8: Change curves for 𝑦
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