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This paper proposes a novel non-probabilistic reliability model called the convex polyhedron reliability model, focusing on
structural reliability assessment under uncertain conditions. Unlike existing probabilistic and non-probabilistic interval models,
the convex polyhedron model considers the situation where a multi-dimensional convex polyhedron describes the uncertain
variable space. Compared with the interval model, the convex polyhedron model is more compact and reflects the correlation
between uncertain variables based on limited information. The area/volume ratio is introduced to be referred to as the
reliability index in the proposed framework. Then the case of the nonlinear limit state function is discussed and addressed by
the most likely failure point-based linearization method and the piecewise linearization method. Furthermore, this paper
investigates an effective approach to dealing with the structural system reliability analysis problem with multiple failure modes
based on the proposed non-probabilistic convex polyhedron reliability model. Finally, three examples are provided to verify the
effectiveness and applicability of the proposed method. Through comparison with the existing reliability models, the results
show that the reliability evaluated by the probabilistic reliability model and non-probabilistic reliability model are compatible.
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1. Introduction

The widespread uncertainty in the real world has become a
consensus, especially in aerospace, electrical and electronic,
ship, automobile, and other engineering fields. Uncertainty
factors include manufacturing tolerance, random material
parameters, assembly error, load, etc [1-4]. Ignoring the
existence of uncertainty will lead to a series of security
problems. Thus, uncertainty research is unavoidable. There
are currently three main ways to deal with engineering un-
certainty—the probabilistic model, the fuzzy set model, and
the non-probabilistic set model [5].

The probabilistic model has been widely used to handle
the uncertainty in the real structure, which is the most
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commonly used method to solve the reliability problem, and
has formed a series of mature reliability analysis techniques
[6-10]. For some types of probabilistic distributions, such as
Gaussian distribution, random variables are defined within
the infinity space, but in actually, the variables are generally
studied with truncated distribution. The truncated probabil-
istic reliability theory is thus established for such truncated
probabilistic distribution [11]. An improved first-order re-
liability method (FORM) is proposed by Du et al. [12] to
evaluate the reliability of structures with truncated random
variables. Zhang et al. [13] proposed a method for reliability
and sensitivity analysis of structural systems using the
truncated reliability method. Sufficient information of un-
certainties is necessary to construct an accurate and rea-
sonable probabilistic density distribution. However, it is
difficult to obtain enough samples of uncertainties in prac-
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tice because the related experiments are time-consuming
and expensive to be carried out for engineering structures. It
was stated in Refs. [14,15] that even minor errors in prob-
abilistic data might lead to significant errors in the estimated
failure probability. Hence, when the data is limited, the
probabilistic model may no longer be suitable for reliability
evaluation. Regarding the fuzzy set model [16-20], the ac-
quisition of membership functions depends more on users’
subjective experience than objective experimental data. As a
result, different fuzzy membership functions can be defined
with the same group of samples, and it is not easy to eval-
uate the quality of these membership functions, bringing a
challenge to the reasonable evaluation of reliability.

In recent decades, many scholars have reached an agree-
ment that the non-probabilistic convex set models, mainly
including the interval model, the ellipsoid model, and the
convex polyhedron model, are more suitable and reasonable
when the information of uncertainties is lacking. Some non-
probabilistic methods have been developed for reliability
analysis. Ben-Haim et al. [14,21] and Elishakoff et al. [22]
proposed and developed the convex model to describe the
data in default of uncertainty information, and then the
concept of non-probabilistic reliability based on convex set
theory is proposed for the first time by Ben-Haim [23]. Qiu
et al. [24] pointed out that there might be errors in Ben-
Haim’s robust reliability theory, and the correctional struc-
tural reliability was proposed using the stress-strength in-
terference. Further, the concept of non-probabilistic
reliability was extensively discussed on more areas, such as
the structural flutter, fracture mechanics, and structural vi-
bration [25-27].

In terms of the interval model, based on the stress-in-
tensity interference model, Wang et al. [28] proposed an
efficient scheme to calculate the volume ratio of the safety
region to the total region constructed by the interval vari-
ables as an index of structural reliability. Guo et al. [29-31]
introduced the traditional first-order reliability method into
the interval convex model, according to which the interval
reliability could be evaluated in the case of the nonlinear
limit state function, and presented an analytical calculation
method for the interval reliability. As another kind of non-
probabilistic convex set model, the ellipsoid model de-
scribes the uncertain domain as a multi-dimensional ellip-
soid, in which the uncertain variables are assumed to be
correlated. Jiang et al. [32,33] proposed a correlation ana-
lysis technique for the multi-dimensional ellipsoid model
and presented a non-probabilistic reliability analysis model
for ellipsoid uncertainties. Cao and Duan [34] constructed a
reliability index for ellipsoid models based on the minimum
distance in the standard variable space. Besides, some other
studies [35-37] on ellipsoid convex models have also been
performed by researchers. In general, the interval model can
only deal with independence problems, while the ellipsoid
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model can only address the problems of correlation. Jiang et
al. [38,39] proposed a new convex model called multi-di-
mensional parallelepiped (MP) model, which is a more
general convex model that can consider independent and
dependent variables in a unified framework. Then, in-
tegrating multi-dimensional ellipsoid models and MP mod-
els, a unified construction framework for these convex
models was offered through the correlation analysis ap-
proach, in which an evaluation criterion for convex mod-
eling methods was also presented [40]. Besides, considering
time-variant and spatially varying uncertainties, studies on
interval process [27], convex model process [41] and
bounded field models [42] were successively carried out,
significantly promoting the development of convex model-
based uncertainty analysis and reliability evaluation.

Nowadays, the convex polyhedron is widely used in
computer graphics, image processing, and pattern recogni-
tion. However, the majority of current research focuses on
ellipsoidal and interval models, and the application of con-
vex polyhedrons in structural reliability is rarely studied. In
terms of uncertainty quantification, the interval model can-
not consider the correlation between uncertain variables, and
the ellipsoid convex model can only consider the variables
with correlation. Although the multi-dimensional parallel
piped model can consider both correlated and uncorrelated
variables, but its form is simpler than that of the convex
polyhedron model, so the model will lose correlation in the
construction of complex correlation variables. By compar-
ison, the convex polyhedron can better fit the sample data
and construct a more compact uncertainty region which can
handle both correlation and independent variables. At the
same time, the correlation between variables is preserved to
the greatest extent. As shown in Fig. 1, the convex poly-
hedron model is able to represent the spatial distribution
characteristic of the current data more accurately.

On account of the above advantages, to investigate the
potential of convex polyhedron in reliability analysis, in
contrast to existing studies, this paper describes un-
certainties by convex polyhedron models, based on which
the corresponding reliability analysis approach is studied.

‘A Ellipsoid model

Convex polyhedron model | ——
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==
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Figure 1 Three different models to envelop the experimental samples.
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The novelty of this work is stated as follows. First, we in-
troduce the convex polyhedron model to achieve a compact
description of non-probabilistic uncertainties with correla-
tion considered. Then, using the definition of convex poly-
hedron, it is found that the failure region can also be
modelled by a convex polyhedron under linear cases, re-
sulting in convenient acquirement of its area (or volume).
Accordingly, a novel non-probabilistic convex polyhedron
reliability model is proposed based on the area (or volume)
ratio index. Meanwhile, the most likely failure point-based
and piecewise linearization methods are introduced to con-
struct the convex polyhedron model for the failure region
under nonlinear cases. Further, situation of multiple failure
modes is discussed and convex polyhedron model for
structural comprehensive failure (or safety) region is derived.

The remainder of this paper is organized as follows. The
traditional probabilistic reliability analysis model and mea-
surement of structural interval reliability are reviewed in
Sects. 2 and 3, respectively. In Sect. 4, the index of struc-
tural convex-polyhedron reliability is studied. Structural
system reliability analysis for convex polyhedron model
problems is studied in Sect. 5. Section 6 demonstrates the
efficiency and applicability of the proposed method by a
numerical example and two engineering examples. Finally,
some conclusions are presented in Sect. 7.

2. Conventional probabilistic reliability analy-
sis model

The probabilistic reliability model regards uncertain para-
meters as random variables, because of which the following
limit state function is a random function as well.

M:g(X) :g(xl’xb"'yxn)’ (1)
where Xj,X;,:*,X, represent random variables. M is the
limit state function value. g(x) =0 represents the failure
surface (or the limit state surface), dividing the variable
space into the failure region and the safety region. More-
over, £, = {x: g(x) >0} denotes the safety region, while
Q= {x: g(x) <0} denotes the failure region. Measured by
random probability, probabilistic reliability is theoretically
defined as

F=1-F
- 1_I...jfm(xl,xZ,...,xn)dxldxz e dx,, ()
‘Qf
or
P, :J."'J‘fjoint(xlﬁxza coo,x,)dx,d, - dx,, 3)
QS

where P, and P; stand for the safety probability and failure

probability, respectively. fioin(*1,X2,*+,X,) is the joint
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probability density function of x. The integral domains in
Egs. (2) and (3) are the failure region £, and safety region
Q¢, respectively.

In practical conditions, the value range of random vari-
ables will not be set to infinity, and the variable space is
usually truncated to a finite region, such as

;ciﬁxiifi,i:LZ,---,n, (4)

where X; and X; are the lower bound and upper bound of the
i-th truncated uncertain parameter.

Since the given variable vector x has been truncated, the
joint probability density function in Eq. (3) should also be a
truncated joint probability density function as follows:

Siom (X /J, X, <x; <X, i =12, ,n,

*. = 5
Sioint (X) 0. others, ©)
where

= iy d
J J‘gf_lomt (X) Xa ( 6)

Q={x;:-1<x,<1(G=12,,n)}

Hence, substituting Eq. (5) into Eq. (3) yields the fol-
lowing truncated reliability:

Poa= o i 0.0 = 7 [ Fom (6.)d. %)

where €, is the safety region and the Monte Carlo method
can be used to estimate Eq. (7).

3. Non-probabilistic interval reliability analysis
model

When the amount of samples is not enough to determine the
probabilistic density function of the variable, the bounded
interval model is utilized to describe the uncertainty with the
upper and lower bounds. Although the range of random
variables is also bounded in truncated probabilistic models
stated in Sect. 2, these variables are of specific probabilistic
density functions in the truncated region. Besides, one of the
key differences between the interval model and probabilistic
model is that the former only pays attention to the upper and
lower bounds of uncertainties. At the same time, the latter
focuses on the probability distribution information, such as
the mean value, variance, or probabilistic density function.
Hence, the interval model is also known as the non-prob-
abilistic interval model.

In the framework of non-probabilistic interval models, the
uncertain parameters in structures are assumed to be interval

variables, ie, xex'=[x, X X= (X}, %, ,fn)T and
§=(261,262,--',l€n)T are the upper bound and the lower

bound vectors of the parameter vector x, respectively. The
nominal value vector x° and radius vector x" of interval
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variables are defined as

X6 = J(X+), X' = 5(X-¥). (8)

In one-dimensional, two-dimensional (2-D) and three-di-
mensional (3-D) cases, the variable space of the uncertain
vector X is an interval, a rectangle and a box, respectively.
Without loss of generality, in n-dimensional cases, uncertain
vecter x locates in a n-dimensional hyper-rectangle.

In terms of reliability analysis problems, as stated in Sect.
2, the failure surface divides the variable space into the
failure region and the safety region. As shown in Fig. 2,
when the uncertain parameters are described by non-prob-
abilistic interval models, the 2-D wvariable space of
X = (xl,xz)T is a rectangle, and g(x) =0 is assumed to be
linear. There are three conditions of the relationship between
the failure plane and variable space.

Condition (1) is that the failure plane does not intersect the
variable space, which means that the whole space is a safety
region. Condition (2) is that the failure plane intersects the
variable space at a single point, representing a critical state.
Condition (3) is that the failure plane intersects the variable
space and divides it into the safety region and failure region.

When conditions (1) and (2) occur, it is considered that the
structure is safe. When it comes to condition (3), it is necessary

X_,A Uncertain variable space
/ Failure plane
* Critical plane
| -
"
.\‘1
3)
g(x)=0 @

(e))

Figure 2 Different relationships between the failure plane and uncertain
variable space.

a
x, A Safe region

Failure plane

¥

Failure region

|
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to evaluate the non-probabilistic reliability. Figure 3 shows the
safety region and failure region in 2-D and 3-D cases, re-
spectively. Referring to Ref. [28], the non-probabilistic relia-
bility index is defined as the ratio of the area or volume of
safety region to that of the whole variable space, namely

V.
PI _ Vsafe , 9
s Vtotal ( )

where P! is the safety index in the non-probabilistic interval

reliability model. Vg and V., are the measurement of the
safety region and the whole variable space, respectively. Simi-
larly, the failure index is defined as the ratio of area or volume
of failure region to that of the whole variable space, namely

I_ Vfaliure
Pf B Vtotal ’ (10)

The safety index and failure index hold
Pl+P =1. (11)

As shown in Fig. 3, owing to the simplicity of the non-
probabilistic interval model, the safety region and failure
region are concise and regular in geometry, so the non-
probabilistic interval reliability indices can be more easily
obtained by some basic mathematical operations rather than
complex probability analysis in the probabilistic reliability
analysis model.

However, it is undeniable that the reliability assessed by
probabilistic models has a stronger statistical significance,
while the non-probabilistic interval model is an optional
reliability analysis model in the cases of limited data. The
applicable conditions of the above two categories of relia-
bility analysis models are different based on the data size.

4. Convex polyhedron reliability analysis model

This section provides a novel non-probabilistic reliability
analysis model based on uncertainties modeled by convex
polyhedrons, which is a generalization of the interval model
after considering the parameter correlation. If we adopt the

A

3 Safe region

gx) =0 : 3
Failure region

Figure 3 Safety and failure region in the interval reliability model. a 2-D reliability; b 3-D reliability.
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convex polyhedron model to describe the uncertainties, the
variable space of uncertain variables will be a convex
polyhedron rather than a hype-rectangle in the interval
model [43].

4.1 Construction of the convex polyhedron

Suppose that the uncertain variables in limit state functions
are described as convex polyhedrons, in which the variable
vector can be expressed via the combination of several
vertex vectors as follows [44]:

N
X=) ax], (12)
=1

where N is the total number of vertex vectors of the convex

polyhedron. x:(xl,xz,m,xn)T is the uncertain variable

T .
vector. X} = (x),x3,-,x;) is the vertex vector of the

convex polyhedrons. a = (o, 05, -, a N)T is weight vector

for each vertex and holds

N
Ya;=1, a;20. (13)
i=1

All the vectors satisfying Eq. (12) form a convex poly-
hedron. That is to say, once the vertex vectors are de-
termined, a convex polyhedron can be constructed.

For simplicity, there is another way called closed semi-
space representation to describe the convex polyhedron,
namely
Q.= {xeR'Ax < b}, (14)
where A is a matrix, and b is a vector. Every component of
the linear inequalities represents a facet of the convex
polyhedron and reflects the correlation between the vari-
ables. It is worth mentioning that the two expressions (i.e.,
the vertex representation Eq. (12) and closed semi-space
representation Eq. (14)) are equivalent, which can be con-
verted to each other [44].

As for 2-D cases, Fig. 1 shows the relationship between
the interval model and the convex polyhedron model. For
given sample points, the interval model only considers the
extreme value of each variable using a rectangle to envelop
all sample points. By contrast, the convex polyhedron model
utilizes a smaller convex hull to envelope all sample points.
As can be seen from Fig. 4, there are countless convex
polyhedrons that can encircle the given sample points.
However, the minimum convex polyhedron (MCP) is indeed
unique, of which the vertex points are selected from the
existing sample points. Hence, as long as the sample points
of uncertain variables are given, a unique MCP can be de-
termined. In this work, the quickhull algorithm (QA) [45] is
introduced to construct the convex polyhedron, which is an
effective approach to selecting the vertices of MCP from the
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given samples.

Notably, the convex polyhedron model studied in this
work is based on the minimum convex model that can en-
velop all the sample points so that it can describe the ex-
perimental sample points most compactly and reflect the
correlation between uncertainty parameters.

4.2 Convex polyhedron reliability analysis considering
the linear limit state function

Since the convex polyhedron model belongs to the non-
probabilistic model, therefore, the area ratio and volume
ratio stated in Sect. 3 are employed as the reliability mea-
surement indices in the proposed convex polyhedron relia-
bility analysis model in this section.

In order to concisely describe the framework of the pro-
posed convex polyhedron model, the case of linear limit
state functions is firstly considered, which is the most fun-
damental case. The linear limit state function of the structure
can be written as follows:

n

M=g(x)=ay+ ) ax;=ay+a'x, (15)
=1

where a = (ag, a,, - ,a,)".

Suppose that the variable space has been described as a
convex polyhedron in the form of Eq. (14). Then the safety
region £, and failure region £; are also convex polyhedrons
expressed as follows:

n|| A b
QSZ XER 7aTX§ 30 s
(16)
A b
Q:-={xeR" x <
f aT —ao

Next, taking the 2-D case as an example, the convex
polyhedron reliability analysis model is illustrated in con-
junction with Fig. 5. It can be seen that the limit state plane

A

'\.Z

One convex hull

/ Minimum convex hull

\/

Figure 4 The minimum convex hull to encircle the given samples.
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divides the original variable space into two convex poly-
hedrons, namely the safety region and failure region ex-
pressed in Eq. (16).

In the same way as derived in Egs. (9) and (10), the
convex polyhedron reliability indices are given as follows:

c_ Vsafe

Ps B Vtotal’ (17)
c_ Vfaliure

Pf Bl Vtotal ’ (18)

where P represents the safety index in convex polyhedron
reliability models, while P is the failure index. ¥, refers

to the measurement of the variable space. V¢ and Vegre
refer to the measurement of the safety region and failure
region, respectively.

In the 2-D and 3-D cases shown in Fig. 5, the above
indices are measured by area ratio and volume ratio, in
which the area of convex polyhedrons can be easily obtained
by geometry. In terms of the case of three dimensions or
higher dimensions, the calculation of the volume (or hyper-
volume) of the convex polyhedron can be conducted by the
triangulation method or signed decomposition method [46]
once the explicit representation of the convex polyhedron is
available. Both of the two algorithms decompose the convex
polyhedron into a series of n-dimensional simple poly-
hedrons, each of which consists of n+1 vertices. Assume
that the n+1 vectors of the vertex points of one of the
simple polyhedrons are X¢, X}, -+, X,, and the volume of a
simple polyhedron can be calculated by

V;imple _ |det(x1* XO’n'!' . ’Xn7X0)|’ (19)
where 7 is the dimension of uncertain variables. Thus the
total volume of the original convex polyhedron can be ob-
tained by summing the volume of these simple polyhedrons.
The above algorithms have been maturely integrated into
MATLAB software, so one can directly call the build-in
function “convhulln” to realize the volume calculation. Since

i A

X,

Safety region

Failure plane

Failure region
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the convex polyhedron-related operations belong to the ca-
tegory of geometric mathematics, and the corresponding
algorithms have been highly integrated with various soft-
ware, which can be conveniently utilized for research pur-
pose without own programming, therefore, the algorithm is
not detailed in the main article. If readers are interested in
the algorithm process, Appendix provides a brief description
of the triangulation method for volume calculation of convex
polyhedrons. Then the convex polyhedron reliability indices
can be calculated by Egs. (17) and (18).

As for the access to the vertex vectors of convex poly-
hedrons of the safety region and failure region, it has been
stated in Sect. 4.1 that the two expressions of the convex
polyhedron can be converted to each other. Hence the vertex
vectors required for volume calculation can be obtained
based on the closed semi-space representation of the safety
region and failure region, i.e., Eq. (16).

4.3 Discussion on the case of the nonlinear limit state
function

There are many nonlinear factors in practical engineering,
which leads to nonlinear limit state functions. For the gen-
eral nonlinear limit state function, the limit state line is a
curve as shown in Fig. 6, making it difficult to measure the
area of the failure region owing to its irregular geometry. To
overcome the difficulties, the first-order Taylor expansion is
introduced to approximate the limit state function.

For simplicity, the variable space is normalized as follows:

C_XiTXS
x":lx—{l’ i=1,2,-.n, (20)
T . :
where x° = (x,x;,---,x,) is the nominal value of the un-
certain variable x based on given vertices (x "), x®, ..., x ¥,
which holds
X; +Xx; .
xiC:%7 121327”"”7 (21)
A
X, Safety region

Failure region

Figure 5 Safety region and failure region in the convex polyhedron reliability model. a 2-D reliability; b 3-D reliability.
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in which

%, = max{xim,xi(z)’ ,x[(N)},

(22)
¥, = min{xl-(l),xl-(z), ,fo)}.
x; is the radius of each uncertain variable holding
5= G- x), i= L2, (23)

After the transformation, the limit state function is re-
written as

gx) = g(x1rx1' X, Xy Xy T Xy, e, X, X, +xnc)- (24)

Then Taylor’s series expansion of g'(x') is taken at the
most likely failure point x*, which is defined as the closest
point to the origin of x'- coordinate on the limit state curve.

The most likely failure point can be obtained by solving the
following optimization problem.

find x',

min [x P = ) (x',), (25)
i=1

s.t. g'(x)=0.

In this work, Hasofer-Lind and Rackwitz-Fiessler (HL-
RF) iteration method [47,48] is used to solve Eq. (25). The
iteration scheme is given as follows:

T
(x 0) =V o (x 0] x )
o &) [Vg(x )]X

[ve ’ (26)
gk = g0 YEED) ,
[ve
where
o _[0g(x)]
Vg(x')— ax,
_[og(x) dg(x)  ag)]' @n
ox'y > Oxh, > 2 ox, |
* A
[ Fa
g2 { :

After acquiring the most likely failure point x*, taking the
first-order Taylor’s series expansion of g'(x") at x* yields

@Jﬁ—fJ (28)
ox

Thus the linear approximation of the weak nonlinear limit
state surface can be expressed as follows:

M=g@9:g@ﬂ+i A

1

o
aiAﬁ=0. (29)

N
g+
i=1 0%;

Then, based on linearized limit state surface Eq. (29), the
method for the case of linear limit state functions provided
in Sect. 4.2 can be adopted to conduct the convex poly-
hedron reliability analysis.

In view of general cases, if the limit state function has
strong nonlinearity, as shown in Fig. 7, the above Taylor’s
series expansion-based linearization method may lead to
unacceptable errors. In order to overcome the difficulty, a
piecewise linearization method is presented to approximate
the strong nonlinear limit state function.

Figure 8 shows the nonlinear limit state surface approx-
imation by the piecewise linearization method with several

A

.

2

gx)

Error region

Figure 7 Error caused by linear approximation.

2 Linear

Figure 6 Nonlinear limit state function and its linear approximation. a Nonlinear limit state function; b approximation in normalized space.
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line segments. It can be seen that the nonlinear limit state

surface and the convex polyhedron boundary intersect at

2

x',x% The tangents /;, ,, [; at x',x* x* are obtained by

Taylor’s series expansion, respectively. x>, x* are the inter-
section of /3, /|, and /,, respectively. Then the failure region
and safety region in this 2-D case can be described by

convex polyhedrons constructed by vertices X;, X3, *+,Xy

and x*, x', x%, x>, x*.

The above discussion is suitable for 2-D cases. In higher
dimensional cases, it is difficult to catch the intersection, but
the piecewise linearization method proposed in this paper
can still be extended to high-dimensional strong nonlinear

cases. A possible treatment is collecting a point set on

1.2

failure surface, ie., [, = {x*,x,x ) satisfying

g(x')=0, i=1,2,---. Then taking Taylor’s series expan-

sion yields the linear approximation of failure surface as
follows. The extend strong nonlinear limited state function

A

x,

Safety region

gx)

Figure 8 Piecewise linearization for the nonlinear limit state function.

2-D nonlinear curve
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(LSF) piecewise linearization method in 2-D and 3-D are
shown in Fig. 9.

N Do
g0+ =5 A =0,
i=1 OX;

g'(’“)*i a—g;Axil =0, 30
i=1 Ox; (30)
, S og
g(x%-i-z—zAxiz =0,
i=1 6xi

If the original failure surface is convex, the overlap of the
failure or safety regions based on failure planes in Eq. (30)
forms a convex polyhedron, which is the approximation of
the original failure or safety region. In theory, the more
points utilized, the more accurate the approximation. It is
noted that this subsection only discusses a preliminary idea,
and detailed studies will be carried out in the future.

5. Convex polyhedron reliability analysis for
structural system problems with multiple failure
modes

The reliability analysis of structural systems has attracted
great attention from researchers. When it comes to the case
of multiple failure modes, because of the difficulty of re-
liability solving due to the correlation between the main
failure modes, the conservative but straightforward treat-
ment method is to ignore the correlation directly, which will
lead to a large error in reliability evaluation. Given this, this
paper proposes a failure region superposition method to deal
with the correlation of multiple failure modes, and it can get
more accurate reliability evaluation results.

In engineering structures, there always exist various cor-
relations between failure modes, of which the influence
must be considered. In this section, we suppose that the

2-D linear approximation curve

,(_.

3 -D nonlinear surface

3-D linear approximation surface

Figure 9 Extend strong nonlinear LSF piecewise linearization method in 2-D and 3-D.
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correlated limit state functions of the i-th and j-th failure
modes are expressed by MR, R,) and MR}, R,), in which
the correlated variables are R, and R,.

In general, we should calculate the hybrid correlation
coefficient of two failure modes and the second-order joint
failure probability of two failure modes to obtain the relia-
bility of the entire structural system, as discussed by Qiu and
Wang [49]. However, calculating the hybrid correlation
coefficient and joint failure probability will be a challenge in
multiple failure modes. This paper presents a convex poly-
hedron reliability analysis method for structures with cor-
related failure modes based on the mixed failure region.

Assuming that uncertain variables in M; and M, are R, and
R,, we can accordingly obtain the failure region for each
failure mode. The failure plane corresponding to failure
modeM; divides the variable space into failure region and
safety region as shown in Fig. 10. Considering only the
failure mode M, the structural failure index is

_ W
Pyi= g o €1y
where V}; represents the area or volume of failure region in
the failure mode M;.

Similarly, considering only the failure mode M, the

R:A
M
% Rl:

Failure region

structural failure index is

=

421602-9

=N
7 Vtotal ’

(32)

where Vj; represents the area or volume of failure region in
the failure mode M;.

Considering the two failure modes simultaneously, we
discuss the parallel system and series system [50], respec-
tively. Here we only consider linear cases, assuming that

M, =ay+aR, (33)

1

Mj = a0j+ a;R. (34)

For parallel systems, the structural system fails only if both
failure modes are activated. Hence, the failure region of the
structural system is the intersection of the failure regions of two

failure modes, namely, araiel = 25 (1 €. As shown in Fig.

11a, the failure region is a convex polyhedron. According to

Eq. (16), the convex polyhedron of gyqraie can be expressed as
Al (b

Qpraie = {X € R 3i x <| i . (35)

T —ay;

. J
a./

And its area or volume praranel can be calculated by the

approach for convex polyhedrons, as stated in Sect. 4. Then
the failure index is able to be calculated by

b y

N

£

=

\J

S

Failure region

Figure 10  Failure region of single failure modes. a Failure region under mode M;; b failure region under mode M.

a
R, A
o
Rl

Failure region

5
N

Failure region

Figure 11 Failure region in the case of multiple failure modes. a Failure region for parallel systems; b failure region for series systems.
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_ prarallel
Vtotal ’
For series systems, the structural system fails once any of
the failure modes is triggered. As shown in Fig. 11b, the
failure region of the structural system is the union of the failure

A fparallel (3 6)

regions of multiple failure modes, i.e., Ppparanel = 25U 2. In

such circumstance, Qpparanel is not a convex polyhedron, but
the safe region is a convex polyhedron holding

A ) b
Qories = 1X € RY 73 [x <| d0i|}. (37)
*a} Ay

After the representation of the convex polyhedron is ob-
tained, one can calculate its area or volume V... The
failure index can be calculated by
=1 Dgeris (38)

Pfseries =1- sseries Viotal
Similarly, considering multiple failure modes and high

dimensional cases, the above can be simply extended,
namely, Qgparaies = 251N L N -+ N &y, for parallel systems
and Qgeries = 25U LU --- UL, for series systems. Note

that the hybrid systems simultaneously involving parallel
and series relations are not discussed in this paper.

6. Numerical and engineering examples

In this section, to demonstrate the effectiveness and accuracy of
the proposed convex polyhedron reliability method, one nu-
merical example and two engineering examples are provided.

6.1 Numerical example with a linear limit state function

In this section, we use a numerical example to demonstrate
the efficiency and validity of the present non-probabilistic
convex polyhedron safety measurement.

We consider a general limit state function as follows:
M(r,s)=r-—s, (39)
where 7, S represents general structural strength and general
structural stress, respectively.

For comparison, the probabilistic reliability analysis
model is first investigated. It is assumed that the distribution
of two variables follows the truncated normal probabilistic
density function, namely
f:ioint (r > )

[(s—S%)cosf— (r— R)sindT

= cexpy—
P )

)1 — R¢ ?
_[s=8 )sm0;2(r R)cosO] | (40)

421602-10
when [r—R°|<R", |s—S°<S"', and

Sioine (755) = 0, (41
when [r—R°|>R" or |s—S°|>S". ¢ is the normalization
constant by which the following relationship is held:
S48 "R +R"

[ from(ros)drds = 1. (42)
5°-S"R°-R"

0 is the off-axis angle, and a, b are variance-dependent
parameters.

We set the parameters in Eq. (40) as § =45°, R°=5, R" =
2.5, 8 =45, 8 = 2.5. Figure 12 shows the probabilistic
density function of random variables.

Based on Eq. (2), the failure probability of Eq. (39) can be
obtained.

Pe= [ fim (r.5)drds = 0.3029. (43)
‘Qf

Next, the non-probabilistic reliability models are dis-
cussed. Suppose that the probabilistic density function Egs.
(40) and (41) reflects the real probabilistic distribution of the
uncertain variables, and then 100 sample points are gener-
ated, by which the convex polyhedron model is established.
For comparison, some other available non-probabilistic
models are also established in this example, including
the interval model, ellipsoid model, and rectangle MP
model [40].

It is notable that the purpose of the above treatment is to
imitate the situation where the number of sample points is
limited and not enough to determine the probabilistic char-
acteristics in practical engineering. Therefore, considering
such practical situation of limited data, the non-probabilistic
reliability models are adopted. Then, considering the ideal
situation of adequate data, the probabilistic reliability is
calculated by Eqgs. (40) and (41) and referred to as the actual
reliability for comparison. Through such comparison with a

Figure 12 Probabilistic density function of random variables R and S.
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reference standard, we can evaluate the performance of
different non-probabilistic models more reasonably and
intuitively.

Figure 13 shows the difference between the convex
polyhedron reliability model and other non-probabilistic
models. In virtue of the area ratio, we can calculate the
failure indices of different non-probabilistic models. The
failure index of the convex polyhedron reliability analysis
model is Pf = Vigure/ Viotws = 0-3238. In the same way, the

otal —
failure indices of the interval model, ellipsoid model, and
rectangle MP model are P! =0.3930, P;"=0.3885, and

PfRMP = 0.2850, respectively.

Since the generation of sample points has randomness, 10
simulations are carried out to illustrate the performance of
the provided models more reasonably. The results are listed
in Table 1 and discussed as follows.

In most situations, the relationship between the failure
indices of interval and convex polyhedron models satisfies

(44)

It can be seen that the reliability assessed by the interval

P!> P

a T T T T T T T T
8 - .
ails o
6 - -
sk a
X 4 E
3F i
2 - .
7/ o Samples
1F / = == Failure plane 1
0 Convex polyhedron
o 1 2 3 4 5 6 7 8
S
[ T
8 -
‘7 +
6 -
5 -
X 4r
3 -
2 o
7/ ©  Samples
1T “ = = Failure plane
e Ellipsoid model
0 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8
S

b T T T T T T T T
8t _
7 = -
6 - -
5 F 4
<4t -
3+ 4
I |- i
i ©  Samples
1 % — = Failure plane
Interval model
0 1 1 1 1 1 1 1
o 1 2 3 5 6 7 8
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model is more conservative than that of the convex poly-
hedron model.

As for ellipsoid model and rectangle MP model, which are
also constructed considering correlation, the relationship
between convex polyhedron and ellipsoid models holds

(45)

From Fig. 13 we can observe that the convex polyhedron

PE>pf.

model is more refined than ellipsoid model, therefore ex-
plaining the relationship (45). Meanwhile, no specific reg-
ularity appears in the relationship between the rectangle MP
reliability model and convex polyhedron model or ellipsoid
model. Nevertheless, since the correlation is considered, it is
obviously that the reliability assessed by convex poly-
hedron, ellipsoid and rectangle MP models is less con-

servative than that of interval model, i.e., PfI > Py, PfI > PfE
and P} > P*MP
As shown in Table 1, on average, the relationship between

the convex polyhedron model and other models satisfies

I E RMP c
Pf,ave > Pf,ave > Pf > Pf,ave7 (46)

,ave

1usfb

/ °

Samples
— — Failure plane

Rectangle MP model
1 L 1

0 1 1 1 1 1
o 1 2 3 4 5 6 7 8

N

Figure 13 Comparison of different non-probabilistic reliability models. a Interval reliability model; b convex polyhedron reliability model; ¢ ellipsoid

reliability model; d rectangle MP reliability model.
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Table 1 Results from 10 simulations

421602-12

Convex polyhedron Interval Ellipsoid Rectangle MP
Sequence pe Deviation (%) p! Deviation (%) pE Deviation (%) pRvP Deviation (%)
1 0.3688 21.76 0.4249 40.28 0.3885 28.26 0.2850 591
2 0.3163 4.42 0.3886 28.29 0.3434 13.37 0.3105 2.51
3 0.3040 0.36 0.4238 39.91 0.3995 31.89 0.2945 2.77
4 0.3185 5.15 0.3896 28.62 0.3592 18.59 0.3633 19.94
5 0.3535 16.70 0.4169 37.64 0.3723 2291 0.3917 29.32
6 0.3282 8.35 0.4240 39.98 0.4154 37.14 0.3522 16.28
7 0.2996 1.09 0.4076 34.56 0.3894 28.56 0.3130 333
8 0.3112 2.74 0.3986 31.59 0.3530 16.54 0.3766 2433
9 0.3582 18.26 0.4136 36.55 0.3998 31.99 0.3968 31.00
10 0.2694 11.06 0.3830 26.44 0.3298 8.88 0.2800 7.56
Average 0.3228 6.56 0.4071 34.39 0.3750 23.81 0.3364 11.05
where the average deviations of P!, P, B*™MP PS¢ are Table 2 Information of uncertain variables
34.39%, 23.81%, 11.05%, 6.56%, respectively. The com- Parameter Intervals
parison indicates that, in the case of a limited sample size, L (900 mm, 1100 mm]
the non-probabilistic convex polyhedron reliability is more b [90 mm, 110 mm]
consistent with the actual reliability. Although the results of h (180 mm, 220 mm]
convex polyhedron model and rectangle MP model are si-
milar on average, the latter shows obvious fluctuation in
single calculations. 5
In general, it is evident that the reliability evaluated by < -
non-probabilistic models is more conservative than prob- -
abilistic reliability because the former merely utilizes = ’ a .
limited information while the latter takes advantage of _] ’ /
adequate information. This phenomenon also illustrates — L = - — ) o
the compatibility between the reliability evaluated by ] L
probabilistic and non-probabilistic models. When data are 1V Y

adequate and the probabilistic distribution can be ob-
tained, the probabilistic reliability analysis model is the
best way to precisely evaluate the structural reliability. If
data are limited and the probabilistic distribution is un-
available, the non-probabilistic reliability analysis model
will be a practicable reliability analysis approach to pro-
vide the more conservative assessment for structural
safety.

6.2 Cantilever beam structure with a nonlinear limit
state function

As shown in Fig. 14, a cantilever beam is investigated in this
example. The external loads in this model are P, = 50000 N
and P, = 25000 N.

The maximum stress at the fixed end of the beam should
be less than the yield strength S, and then a limit state
function can be derived as follows:

_g 6PL _6PL
g(X) =5 bzh bhz > (47)

where L, b and h are treated as uncertain variables with

Figure 14 Cantilever beam.

intervals as listed in Table 2. Sample points are randomly
generated to construct the convex polyhedron models.

Figure 15 shows the convex polyhedron and nonlinear
failure plane. The black dots represent the sample points that
generate the convex polyhedron, and the red surface is the
nonlinear failure surface.

The limit state function Eq. (47) is a nonlinear limit state
function. Therefore, we transform the nonlinear limit state
function to a linear limit state function using Eqs. (24) and
(29) as stated in Sect. 4.3. First, the coordinate transfor-
mation is conducted as follows:

_ 6P(L'+L,)  6P(L'+L.)
(b'+b) (W +he) (B +b)(H +he)

And the linear limit state function can be written as

g(x) = (48)

o (Y = o () + &) o, 08(X) o 08 (X) g
g(x)=g(x)+ IR AL + b Ab' + B AW, (49)

where the terms are expressed as follows:
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gx)=5- SBL OB
BYh by
g(x) | 6P, B 6P,
O | ebgUrhy B+ +h) .
AL =L -L",
og(x) _|_12P(L'+L) OP(L *L)
B by rh) b bR
Ab = b b,
0g(x) _|_ 6P(L'+L,) 12P(L'+L)
N |+ bP U +h (B +b+hY || .
AR =h—h".

(50)
Failure region and safety region are shown in Fig. 16.
g'(x) and g’ (x') are nonlinear and linear limit state func-
tions, respectively. The most likely failure point is calcu-
lated by Eq. (25). As can be seen from Fig. 16, g'(x’) and
g (x") are very close, indicating that the linear approxima-
tion of g'(x") is reasonable. Then the convex polyhedron
reliability of the cantilever beam can be calculated as

_ Viare _ 13.4841
S~ Vi 13.6001

=99.15%. (51)

6.3 A wing structure with multiple failure modes

In order to verify the performance of the proposed method in
practical engineering, this example considers a wing struc-
ture shown in Fig. 17. The external pressure p, elasticity
modulus E, skin thickness Zg;,, beam thickness #y,c.y,, and rib
thickness ¢, are considered as uncertain variables.

It is treated in the same way as example 1 that an ideal
situation is first supposed where the uncertain variables are
of the known truncated normal distribution listed in Table 3,
where a is the variance factor.

Failure surface Sample points™ s,

201
200.5 -
g
£ 200
=
199.5 -
199
1985 |~
=% Convex -
e i polyhedron e
Bk e oy 996
gy 100.5 ™ — 10041002
4 1006 1004777 | ()

Figure 15 Uncertain variable space and nonlinear failure surface.
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Under such an ideal circumstance, one can directly assess
the reliability via probabilistic models. However, in practice,
available data are limited, and the ideal situation where the
probabilistic distribution is known is generally difficult to
achieve. To simulate the situation where the available data
are limited and probabilistic distribution is unknown, in this
example, we generate a small number of samples through
the probabilistic distribution in the ideal situation as avail-
able limited data. Then only these limited data are used for
reliability analysis with non-probabilistic models involving
the convex polyhedron model and interval model.

There are two main failure criteria that the maximum
stress and maximum displacement must be below the al-
lowable values, which are set as o,=275MPa and

uy = 13 mm, respectively, in this example.

Ml =0y~ o-max(p’ E! tskin’ tbeam? trﬂs)’

(52)
M2 TUpT umax(p’E’ Lskins Loeams trib)'

Table 3 The uncertain information of variables

p (Pa) E (Mpa) ty; (mm) ¢, (mm) ¢, (mm)
Mean value 17 110 2 2 2
Standard deviation la 10 0.1a 0.1a 0.1¢

h'(mm)
S

Most likely

failure point " ’5

s

L' (mm)

Figure 16 Approximate linear failure surface and failure region.

Top aerofoil

Root

Figure 17 Wing structure with fixed root.
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The maximum stress and maximum displacement are
calculated by the finite element method. As shown in Fig.
18, a FE model with 6297 nodes and 8164 elements is
created to carry out the structural analysis.

Further, in order to evaluate the practical utility and ra-
tionality of the reliability calculated by non-probabilistic
models, we employ the probabilistic reliability in the ideal
case as a standard for comparison.

The safety reliability and failure reliability estimated by
the three models with respect to the variance factor are
plotted in Figs. 19 and 20, respectively. From the results, we
can see that with the increase of the variance factor, the
safety reliability index decreases and the failure reliability
index increases. More importantly, the curves have shown
that the convex polyhedron reliability fits better with the
standard probabilistic reliability with a maximum error of
0.64%. Moreover, the reliability evaluated by the convex
polyhedron model is always more conservative than that of
the truncated probabilistic model.

In view of the interval model, with the variance factor
increasing, the deviation between the interval model and the
truncated probabilistic model becomes larger. Moreover,
since the correlation is not taken into account, the reliability
obtained by the interval model is much more conservative.

1.00 e == = — e i
i SR \". .
Y \t‘ ~o
-~
~ u \1
SS
~
098 F = ~ E
~
N
" =
& N
N
N
0.96 | LS 1
N
AN
—8— Convex polyhedron model ™
== Truncated probabilistic model
004l —® Interval model ]
0.5 0.6 0.7 0.8

a

Figure 19 Safety index of the three models versus a.
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In summary, on the one hand, this example verifies the
applicability of the proposed convex polyhedron reliability
model in engineering structures with multiple failure modes.
On the other hand, the reliability is evaluated under two
kinds of cases. In the ideal case, the probabilistic distribu-
tion is given and the probabilistic reliability is calculated as
a reference solution. In the case of limited data, the prob-
abilistic distribution is unknown and non-probabilistic
models are implemented for reliability analysis using these
limited data. By comparison, the performance of the adopted
non-probabilistic models is illustrated. Besides, since the
uncertainty exists objectively, the reliability evaluated by
different models should be compatible. The comparison also
supports this viewpoint.

7. Conclusions

In this paper, considering the limitations of high demand on
the original data for the probabilistic reliability model and
the overly rough estimation of the interval reliability model,
a convex polyhedron-based reliability analysis model is
proposed. The non-probabilistic convex polyhedron model
is introduced to describe the uncertainties with correlation,
and the reliability is quantified via the measurement ratios of
the safety region, safety region, and total region. In terms of
nonlinear limit state functions, this paper provides the most
likely failure point-based linearization method and the pie-
cewise linearization method to deal with weak and strong
nonlinear problems, respectively. Further, the system relia-
bility analysis method for structures with multiple failure
modes is studied based on the proposed convex polyhedron
reliability model. Under the same situation of limited data,
compared with the interval model, the convex polyhedron
model envelopes the uncertainties with a MCP instead of an
interval, reducing the uncertain variable space by con-
sidering the correlation. Therefore, the reliability evaluated
by the proposed method will be more consistent with the
actual situation than that of interval reliability models.

- 4
0.03 —8— Convex polyhedron model s
=&~ Truncated probabilistic model il
0.04F == Interval model e 4
L
°d
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0.03 + % E
o y 4
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Figure 20 Failure index of the three models versus a.
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Finally, three examples are provided to demonstrate the
performance of the proposed reliability analysis model. The
first example verifies the validity of the proposed method by
a linear numerical example, in which the probabilistic re-
liability is supposed to be the actual reliability. The proposed
method, the interval, ellipsoid, and rectangle MP models are
employed to assess the reliability based on limited data
generated via the probabilistic distribution. The comparing
results show that the non-probabilistic reliability is more
conservative than the probabilistic reliability, indicating the
compatibility, and the convex polyhedron reliability is more
consistent with the actual reliability. The second example
tests the proposed method by a cantilever beam structure
with a nonlinear limit state function, demonstrating the
ability of the proposed method to address the nonlinearity. In
order to verify the applicability of the proposed method to
engineering structures, a wing structure with multiple failure
modes is studied in the third example. The probabilistic
reliability model, the interval reliability model, and the
proposed convex polyhedron reliability model are adopted
to evaluate the system reliability of the wing structure under
different variance factors. The comparison indicates that the
convex polyhedron reliability is always similar to the
probabilistic reliability and more conservative, illustrating
the rationality and applicability of the proposed convex
polyhedron reliability model. Noting that this paper mainly
implements a study on the non-probabilistic convex poly-
hedron reliability model under the linear or weakly nonlinear
cases, along with a preliminary discussion on treatment in
strongly nonlinear cases, so it is still necessary to study
strongly nonlinear problems in more detail in the future.
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