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Abstract

Acrylic plastic, polymethylmethacrylate (PMMA), are widely employed as the material for the viewports of human occupied vehicle
(HOV) which usually dives into deep sea. The service life of viewport is critical to the reliability and safety of HOV. In order to predict
life of viewport in design stage, mathematical statistics method is applied to establish the load spectrum for viewport. It is found that
ALVIN (America) HOV’s dive-depth data is in a skewed distribution, and a piecewise function combined Gumbel and Weibull
distributions is proposed for data fitting. HOV undertakes long-term and cyclic load in service, which will cause damage on viewport,
S0 a creep-fatigue load spectrum is established and applied for JJAOLONG (China) HOV’s viewport, which integrates both the dive-
frequency of each depth range and the duration that maximum stress acts. The proposed method for determination of creep-fatigue load
spectrum could thus be considered to be employed for failure analysis and life prediction of modern HOV’s viewport.
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1 Introduction

Viewport is the main tool to observe and investigate under-
water world for scientists and engineers occupied ina HOV.
A crucial evaluation standard of a HOV is the number and
vision of its viewport. The manned spherical shell of
ALVIN HOV (America) has a main viewport and four
auxiliary viewports, which can ensure a broad vision in deep
sea [1].

Acrylic plastic, PMMA, is the choice material of under-
water window rated for depths to 11000m [2]. It is widely
employed as the viewport’s material due to its optical pro-
perty, corrosion-resistance, and great strength-weight ratio
[3]. The viewport configurations mainly include flat disc,
conical frustum, spherical sector, hemisphere, and hyper-
hemisphere [4, 5]. HOV need dive to different depths during
its service life to finish different scientific investigations,
which generates alternating stress and creep strain on view-
port due to cyclic and long-term external load [6]. So creep
and fatigue are the main failure forms of HOV’s viewport
[7]. In order to predict its life, a load spectrum for both creep
and fatigue analyses should be built at first.

PMMA is a typical viscoelastic material whose fatigue
properties are strongly influenced by temperature and cyclic
frequency. The creep of PMMA may occur when exposed
to the long-term and high load. The creep behaviour of
PMMA was theoretically and experimentally investigated
by lots of researchers for the characterization, predictive
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models, and temperature effect [8-10]. Also its fatigue pro-
perty is studied for the crack propagation, frequency effect,
and life prediction [11-13]. Creep damage accumulates in
every cycle with a long time, so the fatigue life is affected
by creep. The models for life predicting considering both fa-
tigue and creep effects have been proposed [14, 15]. These
works are instructive to future research on life prediction of
HOV’s viewport. But they cannot be used directly due to the
simple structure of PMMA specimen and load spectrum. A
comprehensive analysis of creep and fatigue behaviours of
PMMA viewport is still lacking. The first step for life pre-
diction is to build a real load spectrum for the viewport.

The dive depth of a HOV for different scientific inves-
tigations is a random process about time, so the external load
on viewport is also a group of random loads with time span.
Mathematical statistics method is applied to analyse dive da-
ta to determine the load spectrum of viewport because of the
random character of external load.

Professor Sasaki, a Japanese scholar, has made a data
statistics on dive frequency of Yomiuri submersible whose
maximum dive depth is 300m. Chen [16] has also analysed
Yomiuri’s data and found an obvious bimodal distribution
of dive frequency and depth. Li [17] proposed that Gumbel
distribution function can be used to determine fatigue load
spectrum of spherical shell used in HOV. Although some
studies have been made on load spectrums of submarine and
submersible, there are still several problems to be solved.
First, a more suitable distribution function should be propo-
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sed for HOV, which works in deep sea. Second, a load spec-
trum concerning both time and frequency should be deter-
mined for HOV’s viewport because its failure behaviour is
not only fatigue but also creep.

In this paper, a load spectrum for life prediction of
HOV’s viewport is determined. Firstly, ALVIN’s dive-
depth data is collected for analysis and statistics at first.
Moreover, Gumbel and Weibull distribution functions are
applied for data statistics, and two fitting curves are com-
pared to propose a more suitable function. Finally, the load
spectrum for JIAOLONG HOV’s viewport is determined
based on the new function where both time and frequency
are considered.

2 Collection of dive data

The maximum dive-depth of 7 HOVs are more than 4500m,
namely MIR I/ll and RUS (6000m, Russia), SHINKAI
6500(6500m, Japan), NAUTILE (6000m, France), ALVIN
(4500m, America), and JJAOLONG (7000m, China).

The dive-depth data of ALVIN is selected to analyse
(Table 1) because it is relatively more comprehensive com-
pared to the others mentioned above. Only total numbers
and maximum dive-depth of the others can be found, which
is not enough to build a reliable load spectrum.

TABLE 1 Dive data of ALVIN HOV

raaggt(hm) Frequency Proportion (%) péggémﬁ%ﬁ)
0-300 161 3.8 .
300-600 99 24 6.2
600-900 227 5.4 11.6
900-1200 141 34 15
1200-1500 202 4.8 19.8
1500-1800 169 4.0 23.8
1800-2100 377 9.0 32.8
2400-2700 1311 31.2 78.2
2700-3000 209 5.0 83.2
3000-3300 153 3.6 86.8
3300-3600 137 3.3 90.1
3600-3900 256 6.1 96.2
3900-4200 122 2.9 99.1
4200-4500 38 0.9 100

3 Data fitting of dive-depth

ALVIN’s dive data is in an asymmetric and skewed dis-
tribution (Figure 1), so Weibull and Gumbel distribution
functions are selected for data fitting. The fitting degrees of
the two curves are compared to find out a proper function to
establish load spectrum of ALVIN.
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FIGURE 1 Histogram of ALVIN’s dive data
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3.1 WEIBULL DISTRIBUTION

The frequency distribution with different shapes can be des-
cribed well by Weibull function with three parameters
whose probability density and distribution functions respec-
tively are:

p-1 B
f(x) = i(uj .exp[_[uj :|
n=y\mn-vr n-vr

B
F(x)=1—exp {—(ij ]
e @)

where y is location parameter, S is shape parameter (5 > 0),
and 5 is scale parameter (i > 0).

It is obvious that location parameter y of ALVIN’s data
distribution is 0 according to Figure 1, so only the shape and
scale parameters,  and #, are required to be solved.
Equations (1) and (2) can be simplified to

p-1 B
f(x):ﬁ(i) exp{—(i} ] ®)
n\n 7

F(x) =1—exp[—(5)/f} - 4
n

: M

The shape and scale parameters could be estimated by
graphic method. Firstly, Equation (4) should be transformed
by taking the logarithm twice of both the left and right-part:

1
Inln[mJ:ﬁ(ln X-In]]) . (5)
Assuming Y =InIn(l/A-F(x))) , X=Inx and
B = S(In7) , Equation (5) can be expressed as:
Y=pX-B. (6)

Obviously, Equation (6) is a line equation, so shape and
scale parameters of Weibull distribution, # and # could be
obtained from its gradient and intercept.

The confidence intervals of 5 and B under the confidence
level of 1-a are respectively:

Q/} :[ﬁ_tlig(n_2)'O-ﬁ:ﬁ+tlig(n_2)'O-/f]' (7)

Q =[B-t ,(1-2)-0,B+t ,(N—2) 03] ®)

3.2 GUMBEL DISTRIBUTION

Gumbel function is a theoretical model whose extreme va-
lue is in asymptotic distribution, and its probability density
function and distribution function respectively are:

f(x)=£-exp[x_ﬂ—exp((p)} 9)
@ @
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F(x) =1-exp {—exp(ﬂﬂ , (10)
4

where ¢ is shape parameter (¢>0), and 1 is scale parameter.
The shape and scale parameters of Gumbel distribution
can also be obtained by transforming Equation (10) to:

1 1
Inin =—(x-41). 11
(1—F(X)j ¢( : ()
Assuming Z=InInl/1-F(x))) , C=1/¢ and
D=1/, Equation (11) can be also transformed to a line
equation:

Z=Cx+D. (12)

So the shape and scale parameters of Gumbel
distribution, ¢ and 4, could be solved from the gradients and
intercept of Equation (12).

The confidence intervals of C and D under the con-
fidence level of 1 — « are respectively:

Q. =[C-t ,(1-2)-0,,C+t ,(1-2) 0], (13)

Qo =[D-t ,(=2)-05,D+t ,(1=2)-0,]. (14)

3.3 COMPARISION OF CURVES FITTED USING
WEIBULL AND GUMBEL DISTRIBUTION

Curve of ALVIN’s dive data fitted employing Weibull dis-
tribution is shown in Figure 2, which indicates that the fit-
ting degree is much higher when the dive-depth is over
2700m. g and 5 are solved ($=3.1059, and #=2599.2), so the
distribution function can be obtained

_3-1059( X j2.1059.exp _( X j3.1059 s
2599.2\ 2599.2 2599.2 ,

F(x) =l—exp{—(25;(9 2) | } . (16)

The curve fitted by Gumbel distribution is also shown in
Figure 2, which suggests it agrees well with the origin data
when the dive depth is less than 2700m. ¢ and 2 are solved
(p =725.42, and 1 =2634.6), so the distribution function
can be obtained:

fg= L exp{x—2634.6_exp(x—2634.6ﬂ,(17)

f(x)

72542

725.42 725.42
X — 2634.6

F(x) =1—exp| —exp| Z—2

) Xp[ Xp( 725.42 H

(18)

Qg and Qg in Weilbull distribution under the confidence
level of 809% are [1.2985, 1.7366] and [8.5725, 12.9942]. Qc
and Qp in Gumbel distribution under the confidence level of
95% are [0.0009, 0.0011] and [-2.9553, -2.5156].
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FIGURE 2 Comparison of two curves fitted by Weibull and Gumbel

When dive depth (x) is less than 2700m, fitting degree
of the curve “Gumbel” is much better, while that of
“Weibull” is superior when x is more than 2700m. So distri-
bution function can be expressed with the combination of
Gumbel and Weibull:

1—exp —exp(%j ,X < 2700
725.42

X 3.1059
1-exp —( j , X >2700
2599.2

Dive frequency (n) of ALVIN in the depth-range [ds, d2]
can be solved by:

F(x) = (19)

N {exp[—exp(s;) |-exp[—exp(s,) ]}, x <X,

» (20)
N {exlo[—(é1 )3'1059] —exp [—(cfz )3'1059}} XX
where N is the total dive frequency, ¢, _0;-26346
725.42
d
=—1 _i=12 and x, =2700.
%= 25002 P

Result of n solved by Equation (20) is shown in Table 2,
which clearly demonstrates Weibull and Gumbel are respec-
tively applicable for data fitting in different depth-ranges.
And it is necessary to develop a new function with the com-
bination of Weibull and Gumbel.

TABLE 2 Dive data of ALVIN solved by Weibull and Gumbel

functions
Depth-range Proportion (%0)
No. (m) Frequency Real Weibull Gumbel
1 0-300 161 38 0.1 39
2 300-600 99 24 0.9 1.9
3 600-900 227 54 2.6 29
4 900-1200 141 34 5.0 4.2
5 1200-1500 202 4.8 7.9 6.0
6 1500-1800 169 4.0 10.8 8.2
7 1800-2100 377 9.0 12.9 10.9
8 2100-2400 595 14.2 139 135
9 2400-2700 1311 312 134 15.0
10 2700-3000 209 5.0 115 144
11 3000-3300 153 3.6 8.7 10.9
12 3300-3600 137 3.3 5.9 5.9
13 3600-3900 256 6.1 35 1.9
14 3900-4200 122 29 18 0.3
15 4200-4500 38 0.9 0.8 0.0
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The sum of squares of the difference between fitting re-
sults and real data are:

E; = Zilil(Pji -R)*, j=W,G,P, (21)

where Pji and P; are respectively the fitting result and real
value in No. i depth-range, and subscript j indicates the dif-
ferent fitting curves: W (Weibull distribution), G (Gumbel
distribution), and P (combined both W and G). Ew, Ec and
Ep are listed in Table 3. Values of Ew and Eg are almost
equal, however that of Ep is much smaller comparing to Ew
and Eg. The distribution equations combined both Weibull
and Gumbel is more effective for data fitting of dive-depth.

TABLE 3 Sum of squares of difference between fitting result and real

data
Parameter Ew Ec Ep
Value 0.049733 0.046639 0.037577

4 Load spectrum for viewport of JIAOLONG HOV

Based on the above analysis of ALVIN’s dive data, a piece-
wise function, which combines Gumbel and Weibull distri-
butions is selected to determine the load spectrum of view-

ports used in IAOLONG HOQV for creep and fatigue analysis.

Maximum dive-depth of JIAOLONG is 7000m, which
is greater than that of ALVIN, so the independent variable
in Equation (11) should be transformed to get the new dis-
tribution function:

l—exp{—exp (%ﬂ, X < 4200

3.1059
1-exp —(Mj ,X>4200
2599.2

F(x) = 1 (22)

Dive frequency n of JJAOLONG in the depth-range [d1,
d] can be calculated by:

N {exp[—exp(gl)} —exp[ —exp(s, )]} X< X,

, (23)
N {exp[_(§1 )3.1059]_ exp[—(§2 )3.1059 }} x> Xp
where ¢ = 450,/7-26346 ‘- 4.5d, /7
725.42 2599.2

X, = 4200, and d; and d> are between 0 and 7000m.

The data of JIJAOLONG’s viewport in every depth-
range solved by Equation (23) are listed in Table 4.

The fatigue load spectrum of JIAOLONG when it fini-
shes a dive to 7000m is shown in Figure 3.

When JIAOLONG HOV serves, both creep and fatigue
damages may occur on its viewports because of the effect of
alternating load and long-term load. Creep is a time depen-
dent structural behaviour of acrylic. As a result, the duration
of external load should be taken into account in the estab-
lishment of its load spectrum. In normal conditions, under-
water time of HOV does not exceed 8 hours, and diving and
floating speed are about 40m/min. So the duration that maxi-
mum stress acts is:

Kang Yiting, Feng Yali, Lin Jinggao, Zhang Wenming
t=8-———. (24)

TABLE 4 Dive data of JAOLONG HOV (a depth-range: 500m)

No. Depth-range (m) Frequency Proportion (%)
1 0-500 5 39
2 500-1000 2 19
3 1000-1500 4 2.9
4 1500-2000 5 4.2
5 2000-2500 8 6
6 2500-3000 10 8.2
7 3000-3500 14 10.9
8 3500-4000 17 135
9 4000-4500 19 15
10 4500-5000 11 8.7
11 5000-5500 7 5.9
12 5500-6000 4 35
13 6000-6500 2 1.8
14 6500-7000 1 0.8

Load spectrum considering both the dive frequency and
duration that maximum stress acts for creep and fatigue ana-
lysis and life prediction of JAOLONG HOV’s viewports is
illustrated in Figure 4 and Table 5.
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TABLE 5 Data in creep-fatigue load spectrum of JAOLONG HOV

Depth-range Frequency Proportion Duration

(m) (%) (h)
0-500 5 3.9 7.6
500-1000 2 1.9 7.2
1000-1500 4 29 6.8
1500-2000 5 4.2 6.3
2000-2500 8 6 5.9
2500-3000 10 8.2 55
3000-3500 14 10.9 5.1
3500-4000 17 135 47
4000-4500 19 15 43
4500-5000 11 8.7 3.8
5000-5500 7 5.9 34
5500-6000 4 35 3.0
6000-6500 2 1.8 2.6
6500-7000 1 0.8 2.2

5 Conclusions

In order to determine a load spectrum for failure analysis of
viewport used in JJAOLONG HOV, dive data of ALVIN
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