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Abstract

A novel multi-fidelity modelling methodology for structural reliability analysis using the Boundary Element
Method (BEM) with an Implicit Differentiation Method (IDM) is presented. Reliability analyses are conducted
with methods such as Monte Carlo Simulation (MCS) and the First-Order Reliability Method (FORM). The
higher-order sensitivities of the elastostatic Boundary Element Method equations with respect to changes in
several geometric variables have been derived for the first time for use with the IDM for the purpose of conducting
reliability analyses with the Second-Order Reliability Method (SORM), a more accurate alternative to FORM
for problems with non-linear limit state functions. Multi-fidelity formulations involving the IDM have also been
derived for the first time, making use of the metamodelling technique Kriging. The use of multi-fidelity modelling
enables the creation of a model that has similar accuracy to a high-fidelity model, but with a computational
cost similar to that of a low-fidelity model. By combining the accuracy of the IDM with the efficiency of multi-
fidelity modelling the proposed methodology has the capability to be very effective when used for structural
reliability analysis. The IDM is validated through a numerical example for which the analytical solution is
known. A further two numerical examples featuring an I-beam section and a triangular support bracket with
a large number of variables are also investigated. Results show that the employed multi-fidelity models were
up to 6000 times faster in terms of CPU-time than the high-fidelity model, while also providing probabilities
of failure that were up to 2225 times more accurate than the low-fidelity model. Overall, it has been shown
that the use of the proposed IDM/multi-fidelity modelling methodology significantly improved the efficiency
and accuracy of the above reliability analysis techniques when applied to complex problems involving a large
number of random variables under high levels of uncertainty.

Keywords: Structural reliability analysis; Multi-fidelity modelling; Kriging; Sensitivity Analysis; Boundary
Element Method (BEM); Implicit Differentiation Method (IDM)

1. Introduction

Reliability analysis offers engineers many advantages when designing structures. It enables engineers to
understand how uncertainties in various design parameters influence the reliability of their structure, and allows

them to focus on the most critical areas of their design and helps them identify ways of improving its overall
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reliability. Among the methods used for structural reliability analysis are statistical methods and non-statistical
methods [1]. Statistical methods include techniques such as Monte Carlo Simulation (MCS) which simulates the
limit state function directly, while non-statistical methods include techniques such as the First-Order Reliability
Method (FORM) and the Second-Order Reliability Method (SORM), which approximate the limit state func-
tion using first-order and second-order Taylor series expansions respectively. For many problems, particularly
complex ones involving highly non-linear limit state functions, SORM is often more accurate than FORM due
its use of higher-order sensitivities, allowing for a better approximatation of reliability in these cases. More
details of these methods can be found in many books on the topic of reliability analysis [2, 3, 4].

The Boundary Element Method (BEM) has shown itself to be an effective tool for the analysis of engineering
structures. Regarding its application to the topic of structural reliability analysis, it has several features that
make it a useful alternative to the Finite Element Method (FEM). Such features include the reduction of the
dimensionality of the problem and its ability to obtain a similar level of accuracy to the FEM while using a
much coarser mesh. Re-meshing can also be significantly easier with the BEM due to its inherent boundary-only
discretization, allowing for sensitivity analyses involving geometric variables to be more efficiently carried out.
These advantages, and others, are discussed in more detail in previous works concerning sensitivity analyses
with geometric variables involving: elastostatic structures [1, 5, 6], fatigue crack growth [7, 8, 9], creep [10],
plate bending [11], and topology optimization [12].

Two approaches that have been used with the BEM to obtain the sensitivities required by FORM and SORM
are the Finite Difference Method (FDM) [6, 7] and another which involves the use of an Implicit Differentiation
Method (IDM) [5, 13, 14]. The FDM involves the use of finite differences to obtain derivatives. Being a relatively
crude method, its accuracy is heavily dependent on the stepsize used [15]. In many cases, the optimal stepsize
can only be determined through a trial-and-error approach, making the FDM computationally expensive to
carry out. The use of an IDM, on the other hand, involves the direct differentiation of the discretised BEM
equations, resulting in a solution without the need of a trial-and-error approach, significantly improving the
efficiency of the formulations. This direct differentiation is highly efficient as only those parts of the BEM
equations which are influenced by a change in a variable need to be re-evaluated. The result is a significant
improvement in efficiency, as only some equations will need to be updated during the reliability analyses. A
comprehensive overview of the application of the BEM to structural analysis, as well as an introduction to the
IDM used in this work, can be found in [16].

In the context of this work, surrogate modelling or metamodelling, refers to the process of substituting a
real model for a ‘surrogate’ model. The surrogate model is typically created by evaluating the response of the
real model at several points, called design points/sites. Types of metamodels that have been employed in the
past with regards to structural reliability analysis include polynomials [6, 10, 17, 18, 19], Kriging [20, 21, 22],
and Neural Networks (NNs) [23, 24]. Although surrogate models are not as accurate as the real model over the
entire domain being investigated, they can act as very effective substitutes for the real model over a small part
of the domain. This makes them very useful for reliability analyses.

Multi-fidelity modelling is a specific type of metamodelling, whereby a surrogate model approximating a
high-fidelity model (HFM) is created by evaluating both the response of the HFM and a low-fidelity model
(LFM) at several design sites, within the domain being investigated. In the context of numerical computational
methods such as the FEM and the BEM, LFMs and HFMs refer to models with coarse and fine element
discretisations respectively. The aim of multi-fidelity modelling is to provide a multi-fidelity model (MFM) that



is of similar accuracy to the HFM over the required domain, but at a computational cost similar to that of
the LFM. Two recent reviews of metamodelling techniques have been undertaken by Simpson et al [25] and
Bhosekar et al [26] . Multi-fidelity models created in the past include those based on polynomials [27, 28, 6], and
those based on Kriging [29, 30, 20]. Due to its many advantages, multi-fidelity modelling has found extensive
use with the FEM, with notable examples being [27, 28, 20]. However, its application to structural reliability
analysis has received limited attention, with one known example being [20] for the XFEM (Extended Finite
Element Method). Examples of the application of multi-fidelity modelling with the BEM are limited, one known
example is [6].

Two types of surrogate models that have been used in the past for multi-fidelity modelling with structural
reliability analysis are Kriging [20] and response surfaces [6]. Lefebvre et al [20] employed a sophisticated
approach to multi-fidelity modelling based structural reliability analysis through the use of co-Kriging, a variant
of Kriging that takes into account data of different fidelities. The work conducted in [6] built on the work
presented by Vitali et al [27] with the FEM and applied multi-fidelity modelling to structural reliability analysis
using the BEM. MFMs in the form of response surfaces were created using the response of a HFM and a LFM
at a number of design points. Direct MFMs which involved directly calling the LFM, and indirect models
which involved approximating the LEM as a response surface, were created. It was found that the direct MFMs
provided the greatest improvement in accuracy over the LFM when used with FORM, SORM, and MCS.

The main objective of this work concerns the development of a multi-fidelity modelling methodology with
the boundary element method for structural reliability analysis. This involves the derivation of multi-fidelity
modelling formulations for the IDM, via Kriging. Due to the significant benefits that multi-fidelity modelling
can provide, as well as the inherent advantages of the BEM, particularly for structural reliability analysis, the
development of multi-fidelity modelling formulations for the BEM is an area of great interest. The employed
IDM, involving the direct differentiation of the BEM equations, represents a significant improvement in efficiency
over the FDM used in the past. It is used in this work as an alternative to the FDM for the evaluation of the
sensitivities necessary for FORM. The necessary formulations for the IDM with SORM have also been derived.
Multi-fidelity modelling is achieved through the use of Kriging, which involves interpolating between design
points. It is therefore more suitable than other modelling techniques for the creation of multi-fidelity models
with numerical methods such as the BEM. The use of Kriging allows for accurate multi-fidelity models to be
created, improving the efficiency of the reliability analysis formulations. In summary, the specific main novel

contributions of this current work are:

e The higher-order sensitivities of a structure to changes in certain design variables are derived for the
first time with the IDM for the BEM. These higher-order sensitivities are required by the Second-Order
Reliability Method (SORM), an advanced method for structural reliability analysis. Since SORM involves
the calculation of the second-order derivatives of the response of a structure, it can more accurately

approximate non-linear limit state functions, such as those in this work. Previous applications with an

IDM for the BEM have been limited to the First Order Reliability Method (FORM).

e Multi-fidelity modelling formulations for an IDM with the BEM have been derived for the first time. The
significant improvement in efficiency that could be gained from the use of multi-fidelity modelling, added
to the accuracy of the IDM, has the potential to make the proposed multi-fidelity /TDM methodology very

effective when applied to structural reliability analysis.



2. Reliability analysis formulations

The criteria for determining structural failure used in this work is based on the maximum stress present in a
BEM model. The location of maximum stress in the structure is termed point A. If the maximum stress in the
structure, o4, exceeds the material strength, o, then the structure is assumed to have failed. The boundary
between the structure failing and not-failing is defined as a limit state. This can be represented mathematically

as a limit state function (LSF) or performance function [3], g(Z):
9(Z) = 0. — 0a(X) (1)

where Z is a size ¢ vector containing all of the design/random variables under investigation, and X (X C Z)
is a size n (n = ¢ — 1) vector of the design variables that influence o 4. In this work, X is identical to Z but
excludes o, since it does not influence o 4. All other variables in X are assumed to influence o 4.

The reliability, Pg, of a structure can be determined by evaluating the following integral:

Pr=1- Pp— P{g(Z) >0} / f2(2)dZ @)
9(Z)>0

where f(Z) is the joint PDF of Z. Pr and Pg involve integrating fz(Z) over the regions defined by ¢g(Z) < 0
(the failure region) and g(Z) > 0 (the safe region) respectively. All of the random variables are assumed to
be mutually independent. The direct evaluation of the above integral is usually very difficult since it can be
multidimensional if many random variables are involved. The integration boundary g(Z) = 0 can also be

multidimensional and is usually a non-linear function.
There are several methods that can be used to evaluate this integral; MCS, which involves sampling from

the distribution of each random variable , and FORM and SORM, which attempt to simplify the integration.

2.1. Monte Carlo Simulation (MCS)

MCS involves randomly sampling from known probability distributions to determine an unknown probability
distribution [2]. If Z = (Z1,Zs,...,Z,) is a vector of known random variables, and if y = h(Z), where y is a
random variable with an unknown probability distribution and h is some process or function, then the variables
in Z can be randomly sampled per their probability distributions and used as the inputs to h and a value for y
can be obtained. This is repeated many times until a histogram can be created of y, allowing us to estimate its
probability distribution.

For each simulation, the variables in Z are randomly sampled from their probability distributions, with the
samples of the variables in X being used as inputs to a BEM model to evaluate o 4. If g(Z) < 0 (6a(X) > 0.)
for a simulation, then the structure is assumed to have failed for that simulation. After a certain number of
simulations have been carried out, Ny;cg, the total number of simulations in which the structure failed, Ng,

can be determined and the failure probability, Pr, can be calculated as:

Np
Pr = 3
= Nuos 3)
Reliability can be calculated as:
Pr=1-Pp (4)

Because MCS is a simple brute-force sampling method, it can be used as a benchmark to validate the results

obtained from the LSF approximation methods, FORM and SORM.



2.2. First Order Reliability Method (FORM)

The first order reliability method (FORM) used in this work refers to the advanced first-order second-
moment (AFOSM) method for non-linear limit state functions. There are two steps that FORM takes to make
the integration in equation (2) more manageable. The first step involves simplifying f,(Z) such that its contours
are more regular and symmetric. This is achieved by transforming the random variables Z = (Z1,Zo, ..., Zq)
from Z-space into U-space, the standard normal space. Equation (1) can then be represented in terms of U as

g(U). Equation (2) can now be written as:
Pr=1- Pp = P{g(U) > 0} = / fo(U)dU (5)
g(U)>0

where fu(U) is the joint PDF of U. As a result of this transformation to U-space, the contours of the integrand
fu(U) are now concentric circles about the origin (for two random variables) or hyperspheres (for a higher
number of random variables) [2].

The second step involves approximating the integration boundary g(U) = 0 as a first-order Taylor expansion:
9(U) = g(U”) + Vg(U")(U - U")T (6)

where U = (U}, U3, ... Uy) is the expansion point. Vg(U") is:

V(U >=< S0 30, o, (™)

To minimize the accuracy lost by this approximation it is necessary to expand g(U) at the point U* that

9g(U) 9g(U) ag(U))

U*

contributes the most to the integration seen in equation (5) and so will be the point that corresponds to the
highest probability density. This point is termed the most probable point (MPP) [2] and is the point along the
integration boundary g(U) = 0 that is closest to the origin of U-space. The distance between the MPP and the
origin of U-space is termed the reliability index 5. [ is related to the probability of failure Pr and reliability
Pr in the following manner:

Pr=1-Pr=1-9(-3)=2(3) (8)

where ® denotes the standard normal cumulative distribution function (CDF). Equation (8) states that a high
value of 8 corresponds to a high level of reliability. A variable’s importance, or degree of contribution, to the
reliability index from FORM can be determined by calculating its sensibility: U} /|U*|.

In this work, a Newton-Raphson type recursive algorithm developed by Rackwitz and Fiessler [31] is used
to determine the MPP. The initial guess for the algorithm for each variable was chosen to be 0, corresponding

to the mean of each variable in Z-space.

2.8. Second Order Reliability Method (SORM)

Approximating the LSF using a linear surface, as is the case with FORM, will lead to a loss in accuracy if
the LSF has a high level of curvature. The second-order reliability method (SORM) involves approximating the
LSF using a second-order Taylor expansion and so is able to provide greater accuracy when used with non-linear

LSFs, as is the case in this work with the BEM. In SORM, the LSF is approximated as:

9(U) = g(U") + Vg(U")(U - U")" + %(U - U"H(U")(U -U")* 9)



where H(U™) is the Hessian matrix evaluated at U*, and contains the second-order derivatives of the LSF with

respect to the random variables in U-space:

[02g(U*)  9%g(U") ?g(U")T
ou?  JU0U, T 9U0U,
?g(U”) 9*g(U") 9%g(U”)
dU,0U ouz T 9U0U
HUY=| = 2 e (10)
9?g(U”) 9’g(U”) 9%9(U”)
| 0U0U;  9U0U, T U2

Since SORM is of a higher-order than FORM it is expected that it will more accurately approximate non-linear

LSFs, such as those involved in this work. The SORM used in this work is Breitung’s asymptotic approximation

[32]:

q—1
Pr = P{g(Z) < 0} = ®(—Brorm) [ [(1 + Brorur:) /> (11)
i=1
where Srogrn is the converged value of the reliability index calculated from FORM, and k; (i = 1,...,¢ — 1)

are the principal curvatures of the limit state function at the converged MPP location U* from FORM. This
approximation is accurate only for large values of 3, which is the case for practical high-reliability problems
[3, 33]. The probability of failure from SORM can now be calculated using equation (11) and the reliability

index calculated using the following equation:

f=-9"1(Pr)= -9 '(1- Pg) (12)
2.4. Derivative evaluation

FORM and SORM both require the evaluation of the derivatives of the limit state function seen in equation
(1). There are two methods that can be used to obtain these derivatives, these are the FDM, which involves the
use of finite differences to approximate the derivatives, and the IDM, which involves the direct differentiation
of the discretized boundary integral equations. In this work, the IDM is used to calculate the derivatives with
respect to geometric random variables, while the FDM has been employed for variables such as applied load

and Poisson’s ratio.

2.4.1. Implicit Differentiation Method (IDM)

The IDM used in this work involves the direct differentiation of the boundary integral equations with
respect to some geometric random variable Z,, (m =1,2,...,q — 1). For conciseness, only the most important
formulations related to the IDM are presented. The reader is referred to [16] for a comprehensive overview of
the IDM used in this work as well as of the standard 2D elastostatic BEM formulations.

The 2D elastostatics displacement boundary integral equation is:

Ciy (< )us ) +

Ej(x’,x)uj(x)dS:/Uiv(x’,x)tj(x)dS (13)
s

s
where f represents a Cauchy principal value integral. Subscripts ¢ and j represent the dimensions of the problem,
with ¢, j = 1,2 for 2D problems. x’ and x denote the collocation node and field point respectively. C;; is the free

term. u;(x’) and ¢;(x’) are the displacements and tractions respectively in the j’th direction at the collocation



node x’. This equation describes the displacements and tractions along each of the elements of the BEM model.

The displacement and traction fundamental solutions for 2D elastostatics, U;; and T;; respectively, are:

Usj(x,x) = zw;(tiy){(?’ —4)ln (i)aij 4 r,ir,j} (14)
Ty (x,x) = M(l__ly){;’;[u 205+ 2rary) — (1 — 2w)(rany r,jni)} (15)

where 7 is the distance between the collocation point x’ and the field point x, and dr/d0n = r yni = r 1n1+7 2ns.
n1 and ny are the components of the unit outward normal vector of the element which contains the field point
(the field /integration element).

The discretized form of the 2D elastostatics displacement boundary integral equation (13) is:

Cij(x) Z anea neo _ Z Z neatnea (16)

ne=1a=1 ne=1a=1
where the superscripts n. and « denote field element number and local node number respectively, N, is the
total number of elements present in the BEM model, and M is the number of nodes in each element (3 for

quadratic elements). For 2D problems:

+1

Py :][_1 Tij (x',x(1))Na(n)J" (n)dn (17)
+1

= Ui (x',%(1)) Na(n)J™ (n)dn (18)

where U,; and T;; are the 2D elastostatic displacement and traction fundamental solutions respectively, Nq(n)
are the shape functions, defined in terms of the non-dimensional coordinate n (—1 < n < 1), and J™(n) is the

Jacobian. The evaluation of (16) results in the following system of equations:

Hu =Gt (19)
After the substitution of the known boundary conditions, the resulting system of equations is:

AX =F (20)

where A is a matrix containing known coefficients, X is a vector of unknown boundary conditions, and F is a
vector containing known coefficients and prescribed boundary conditions.
To obtain the first order derivatives of the boundary stresses necessary for FORM, the first-order derivative

of equation (16) with respect to some geometric variable Z,, is required:

Clign (%) (x)+Cij (% Yt (x Z ZPW e + Z Zpgsiz ulle

ne=1a=1 ne=1a=1

N. M
:ZZQ%CQ +ZZQUmJ

ne=1a=1 ne=1a=1

(21)

where P/® and Qv were obtained from the normal BEM analysis (equations 17 and 18). Their derivatives

with respect to Z,, are:

+1 +1

Pl = ]{ 1 Tijom (X', %(17)) No (7)™ (1) dn + ]{ 1 Tij (X', x(n)) Na(n)J 5 (n)dn (22)
+1 +1

Qifm :[1 Uij,m(X’,X(W))Na(n)vf"“‘(n)dn+[1 Uij(x',%(1))Na(n)J e (n)dn (23)



Full expressions for the derivatives in (22) and (23) can be seen in the appendix. These derivatives contain
the terms r; , = Or; /0, = [Xim(X) — T4, (X')] and r , = 7 g7k m, Where x; , is a function of the local node

coordinates:
M
Tim(n) = Z Na(ﬁ)ﬂ?gm (24)
a=1

In this work, zf,, was calculated using the first-order finite difference scheme:

T (L + AZL)) — 28 (Zi)
s — 1 m K3 25
x’b,’m AZ,/,n ( )

where AZ! is a very small change in Z,,. It was found that the value of AZ/ made very little impact on the
accuracy of the first-order derivatives from the IDM for all of the geometric variables Z,, investigated. AZ.,

was given a normalised value equal to 1x1072% of Z,, as this was found to provide accurate results.

The IDM uses finite difference equations only for the calculation of zf, , and later for xf",, . After this,
only the direct derivatives of the BEM integral equations are used.
From (21) the system of equations obtained is of the form:
H,u+Hu,, = G,t+Gt,, (26)

Since the prescribed boundary conditions are constant, it is assumed that they will not change with a change
in Z,,. It can therefore be said that if u;(x) is prescribed then w;,,(x) = 0, where x is a boundary node, the
same is true for ¢;(x). After taking into account these prescribed boundary conditions the resulting system of
equations is:

AX,, =F, —A,X (27)

where X ,,, contains the first order derivatives of the unknown boundary conditions. The matrices A and X are
identical to those shown in (20) for the standard BEM analysis.

In the IDM, the entries of the matrix A ,, which correspond to the situation where both the collocation node
and the integration element lie on fixed boundaries are zero. This occurs if a change in the geometric variable
Z., results in no change to either the x coordinate or the y coordinate of the collocation node or to any of the

coordinates of any of the nodes in the integration element. This corresponds to the case where z$* = 0 for

i,m
all @ and 1 for the integration element and zf,, = 0 for all 4, where ¢ denotes the local node corresponding to
the collocation node in the collocation node-containing element. Because of this, only the integration element
- collocation node pairs which do not lie on fixed boundaries are required to be calculated. This significantly
improves the computational efficiency of the above formulations.

To obtain the second order derivatives of the boundary stresses necessary for SORM, the second-order

derivative of equation (16) with respect to some geometric variable Z,, are required:
Cijmm (X )uj (X') + 2C;jm (X )1j,m (%) + Cij (X' )t mm (x7)

N, Ne oL
+Zzpnea ;Ligmﬁzng,g ;LT,?+ZZ s (28)

ne=1a=1 ne=1a=1 ne=1a=1
Ne.
ey NeQ yNeQ
B SPITTIEED 3 SIITETRE b et
ne=1a=1 ne=1a=1 ne=1a=1



MNe X Ne .
where Pijmm and ifomm Are:

+1
Pt = f T o XO0) N ) 1)

-1

+1 +1 (29)
2 Ty o XD Na ()T + T3 X(0)) N (1) 1)
+1
Q;ljlem = / Uijmm (X/’ X(n))Na (n)J" (n)dn
o o (30)

+1
Lo / U (%', (1)) Nt (1) T () + / Ui (<, %)) Nt () T ()l

1 -1
_ 92 2 _ ! _ _
where 7 mm = 0°1:/0Z;, = Timm(X) — Timm (X)s Tomm = TimTim + TiTimm, a0d Tim = (Tim — 77 m) /7

Zi,mm is & function of the local node coordinates:

M
LTimm = Z Na(n)mgmm (31)
a=1

In this work ; ;,m was calculated using the second-order central finite difference scheme:

a N o el e o "
x?mm _ Z; (Zm + Azm) 2xz (%m) + Ly (Zm Azm) (32)
’ (AZ;,)?

where AZ,, is a very small change in Z,. As with AZ]

v it was found that the value of AZ, made very little

impact on the accuracy of the second-order derivatives obtained from the IDM for all of the geometric variables
Z., investigated. AZ!" was given a normalised value equal to 1% of Z,, as this was found to provide accurate
results.

The system of equations resulting from (28) is of the form:
H, ,u+2H,,u,, +Hu,,, =G mt+2G .t + Gt mm (33)

As before, it can be said that if u;(x) is prescribed then w; mm(x) = 0, where x is a boundary node, the same is
true for ¢;(x). After taking into account these prescribed boundary conditions the resulting system of equations
is as follows:

AX,mm = F,mm - 2A,mX,m - A,mmX (34)

where X ,,,,, contains the second order derivatives of the unknown boundary conditions. The matrices A and
X are identical to those shown in (20) for the standard BEM analysis. A ,, and X ,,, were obtained during the
first-order derivative analysis using equation (27) and are used again here.

Similar to the first-order derivatives case, the entries of the matrix A ,,,, which correspond to the situation
where both the collocation node and the integration element lie on fixed boundaries are zero. This corresponds
=0 for all i,

to the case where 27, = x = 0 for all @ and ¢ for the integration element and z7,, =

(oY c
i,mm i,mm

where ¢ denotes the local node corresponding to the collocation node in the collocation node-containing element.
Because of this, only the integration element - collocation node pairs which do not lie on fixed boundaries are
required to be calculated. This significantly improves the efficiency of the formulations.

Although the Hessian matrix H(U") (equation 10) includes both diagonal terms and non-diagonal (cross-
derivative) terms, it was found in this work that the presence of the cross-derivative terms produced only a
very small change in Bsora of, at most, 0.17%, while increasing the computation time of H(U™) by between

200%-1100%. Therefore, the non-diagonal terms in H(U™) were omitted.



Depending on the relative location of the collocation point x’ and the field point x, the integrals of the fun-
damental solutions seen in equations (17) and (18), (22) and (23), and (29) and (30) can be said to have one of
five ditferent levels of singularities. These levels go from regular integrals, which have no singularity and can be
dealt with using standard Gaussian quadrature, to hyper-singular integrals, which are very strong singularities
that have to be dealt with using special methods. Details on methods that can be used to deal with these five

levels of singularities can be found in Chapter 11 of [16].

3. Multi-fidelity modelling

In this work, Kriging is used to create multi-fidelity models to approximate the response of a high-fidelity
BEM model. Kriging models involve the use of design data in their creation. This design data is composed of
the inputs to a BEM model, called the design sites, and the corresponding responses of the BEM model to these
inputs. In this work, only one response is considered - the maximum stress in the structure, 4. The matrix of

design sites, S, and the vector of responses, Y, are shown below:

51 S11 S12 ... Sin
S2 S21 S22 ... Son
S = - (35)
Sm Sml Sm2 ... Smn
y(s1) Y1
y(s2) Ys
Z/(Sm) Yo

where m is the number of design sites, n is the number of input variables, and y is the response of the BEM
model, g 4.

The Design and Analysis of Computer Experiments (DACE) refers to methods used to determine the m
design sites used in S to create the surrogate models. A common type of design used with DACE are Latin
Hypercube designs, examples of which can be found in [6, 28, 27, 34]. Latin Hypercube (LHC) designs are
widely used to create surrogate models for computer programs. LHC designs are space-filling and so provide
good coverage over the design domain [34]. In this work, Latin Hypercube designs are used to obtain the design
sites in S.

The design points for each variable were determined by inversely uniformly sampling from the variable’s
cumulative distribution function (CDF). A number of intervals m were created between the probabilities 1%
and 99% on each variable’s CDF, and the median value for each interval was chosen, providing m equally-spaced
values of probability between 1% and 99%. For each CDF, the inverse CDF for each of the m probabilities was
then calculated, providing a total of m samples for each variable. By carrying out this procedure, a type of
importance sampling is achieved. It is ensured that the design points are more concentrated in the more-likely
areas of each variable’s domain and less concentrated in the less-likely areas. An m x n matrix of design points
can then be created and the order of the rows of each column can be randomized, ensuring that the data points

cover the entire domain.
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3.1. Kriging

Surrogate models created using Kriging are investigated in this work. Kriging involves the creation of a
generalized least squares (GLS) model which accounts for the correlation in the residuals between the regression
model and observations. Kriging is suitable for approximating computer models, which are deterministic in
nature, since it interpolates the data points used to design the Kriging model [35]. In this work, Kriging
is investigated for its ability to create accurate surrogate models of a BEM model for reliability analysis.
The Matlab Kriging toolbox DACE [36] is used to create the Kriging models. For conciseness only a short

introduction to Kriging is provided. More information on Kriging can be found in [37].

3.1.1. Mathematical form

A Kriging model is of the form:
§(x) = f(x)" B + 2(x) (37)

where §(x) is termed the Kriging predictor and is the predicted output from the Kriging model at some trial
site x, where z; € R™. f(x) is a vector of length p containing the functions of the regression model evaluated at
X, where p is the number of parameters in the regression model. 3 is a vector of size p containing the regression

coefficients. And z(x) is a stationary Gaussian process with zero mean and covariance:
covlz(s;), 2(x)] = Blz(s;)2(x)] = 0*R(0, i, %) (38)

where E denotes expectation and o2 is the process variance. The correlation model or spatial correlation
function (SCF) R controls the influence of nearby points on the output of the Kriging predictor §(x) by
calculating the correlation between the design points s;, i = (1,2,...,m), and the trial site x. The vector
0,6, ¢ R" (§; > 0), contains the parameters of the SCF and they determine the level of influence that the
distance between the points s; and x have on the correlation coefficient R. The most commonly used SCF in
engineering is the Gaussian correlation function, due to its ability to provide an approximation surface that
is smooth and infinitely differentiable [37]. This is particularly useful in this work since the first-order and
second-order derivatives of this surface are required by FORM and SORM. The Gaussian correlation function

is therefore used in this work. It is of the following form:

R(8,s:,%x) = [ [ Rj (05,56, 2;) = [ [ exp(—0;lsi; — x;*) = [ ] exp(—0;1d;]*) = exp(Z(f)jldeQ)) (39)
j=1 j=1

Jj=1 j=1
3.2. Multi-fidelity modelling with the Boundary Element Method

In this work, two types of multi-fidelity models are used to approximate the maximum stress in the structure,
o04. One type involves directly calling the low-fidelity BEM model each time a multi-fidelity approximation is
required, the direct multi-fidelity models, and the other involves calling a surrogate model of the low-fidelity
BEM model instead of the actual low-fidelity BEM model, these are the indirect multi-fidelity models. It
is expected that the indirect models will be computationally less expensive than the direct models, but less
accurate. In this work, calculating these multi-fidelity approximations involves creating correction Kriging
models A(x) and §(x). A(x) is the ratio between the maximum stress calculated from the high-fidelity BEM
model o/ (x) and the maximum stress calculated from the low-fidelity BEM model o4 (x), while §(x) is the

HF

difference between o ¥'(x) and o4¥ (x). The ratio and difference were used for the multi-fidelity approximations

instead of derivative based approximations due to their ability to be applied to larger areas within the design
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domain and their ability to smooth out noise [27]. To create A(x) and §(x), the ratio and the difference were

calculated at each design point s; (i = 1,2,...,m) shown in equation (35):
ol (s;)
A(si) = 424 (40)
o5 (si)
d(si) = 0" (si) — 04" (1) (41)

The vectors A and & are used as Y in equation (36) for the creation of A(x) and d(x) respectively. The

multi-fidelity approximations for the maximum stress, o4, are as follows:

64 () = Ax)o (x) (42)
642 (x) = §(x) + 0% (%) (43)
6473 (x) = Ax)6" (x) (44)
6P (x) = §(x) + 65 () (45)

where 6547 (x) is the surrogate Kriging model of the low-fidelity BEM model. Equations (42) and (43) correspond

to the multi-fidelity approximations that involve directly calling the low-fidelity model, the direct multi-fidelity
approximations, while equations (44) and (45) correspond to the multi-fidelity approximations that involve
approximating the response of the low-fidelity model as a response surface, the indirect multi-fidelity approxi-
mations.

In addition to these multi-fidelity approximations, a surrogate model of the high-fidelity BEM model 6% (x),
referred to as HFM™, was created and compared in terms of performance to the four multi-fidelity approximations
above. The limit state functions of the four multi-fidelity models, the surrogate model of the high-fidelity BEM

model, and the two BEM models can be seen below:

GMPR(Z) = 0, — eHFR(X) k=14 (46)
9"(Z) = 0c — {7 (X) (47)
9""(Z) = 0. — 05" (X) (48)
9""(Z) = 0. — {7 (X) (49)

A flow diagram showing the steps involved in the creation of the Kriging models used for the multi-fidelity
models can be seen in figure 1.

For FORM and SORM, the first and second-order derivatives of the limit state functions (equations 46 - 49)
with respect to the variables in Z are required. Since the first-order derivatives of the limit state functions with
respect to o, are equal to 1, it is more important to determine the derivatives with respect to the variables in
X. As an example, the first order derivative of gM¥1(Z) with respect to X; (i = 1,2,...,q — 1) is:

ONX)
X,

9" (Z) _ 953" (X) 5 9o §" (X) LF
) A A

(50)

The derivative 65\(X) /0X; is the derivative of the response of the Kriging model A and can be directly obtained.
However, the derivative do4F (X)/0X; is the derivative of the response of the low-fidelity BEM model and so
is more difficult to obtain. It can be obtained using finite-differences with the FDM or directly with the IDM.
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Define the number of design sites m and identify
the number of input variables n to be used in S

|

Create S (eq. 35) using a Latin Hyper Cube (LHC) design.

|

Evlauate the low-fidelity model and the high-fidelity model at each
design point s; (i = 1,2,...,m) to obtain o4 (s;) and o[ (s;)
respectively. Calculate \;(s;) and 0;(s;) using these values.

|

Create the Kriging models 657, 65, 5\, and § using

the vectors o5, ofI¥' X, § respectively as Y in eq. 36.

!

The limit state functions (eqs. 46 - 49)
can now be evaluated for some point Z.

Figure 1: A flow diagram showing the steps involved in the creation of the Kriging models used for the multi-fidelity models.

4. Numerical examples

In this section, the proposed multi-fidelity modelling based structural reliability analysis formulations for
the BEM with the IDM are validated for a pressurized thin ring structure for which the analytical solution is
known. The application of the proposed methodology is also investigated for a more complex example featuring
a I-beam section with a large number of random variables. Lastly, a significantly more complex example with
a very low expected probability of failure (around 1 x 107%%) is investigated to demonstrate the efficiency and
robustness of the proposed IDM when used for reliability analysis with FORM and SORM. A part of this last

example, a study is carried out to compare the computation time of FDM with the IDM.

4.1. Example 1: Thin ring

In order to validate the Boundary Element Method when calculating response derivatives using the IDM, a
numerical example involving the thin ring structure shown in figure 2 subjected to uniform external pressure
was investigated. The boundaries of the ring were discretised into 64 quadratic elements: 32 along the inner
boundary, and 32 along the outer boundary. 64 elements were chosen as this number was found to provide

stress convergence.

Figure 2: The pressurized thin ring used in example 1. Points A and B are labeled.
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In this example the limit state function can be written as:
9(Z) = 0. — oa(X) (51)

where Z = (14,70, Do, 0c) and X = (14, 74,D0). 04 is the value of maximum stress and occurs at point A in figure

1. The von Mises yield criterion is employed for the maximum stress:
2 2 2 1/2
oo (X)[a = 0va(X) = |011(X)|a = 011(X)[a022(X)[a + 032(X)[a + 3012(X)|A} (52)

If 0,4 > 0., where o, is the yield strength, the structure is assumed to have failed. The analytical solution for
oua is expressed in terms of polar coordinates and can be found in [38].

The variables in Z were treated as random variables and were assigned the probability distributions seen
in table 1. For simplicity, the variables were assigned non-dimensional values for the mean and coefficient of

variation (COV), with COV = o/u, where o and p are the standard deviation and mean respectively.

Z; X; Symbol Description Distribution Mean COV
Z1 Xy 71 Inner radius Lognormal 1.0 0.1
Zo Xo T, Outer radius Normal 10.0 0.1
Zs X3 po Outer pressure Lognormal 1.0 0.2
Zy - O Yield strength  Lognormal 3.0 0.2

Table 1: The four random variables investigated in example 1 and their probability distributions

4.1.1. Results and discussion

In order to validate the IDM, the first and second-order derivatives of the radial displacement u, and the
von Mises stress o, at points A and B in figure 1 with respect to the internal hole radius r; were calculated
using the IDM and compared to those obtained from the analytical solution. All displacements and stresses, as
well as their derivatives, were calculated at the mean values of each variable shown in table 1. The BEM is able
to approximate u, and o, at both points A and B with a high level of accuracy, achieving percentage errors of
the order of 1x107%%. This high level of accuracy is also seen in the first and second-order derivatives of u,

and o, shown in table 2

Model

Derivative Analytical IDM
Ou.(A)/Or;  -2.02039 -2.02037
Ou,(B)/or;  -3.98130x10~! -3.98128x10~!
do,(A)/Or;  3.98130x1072  3.98127x1072
aov( )/Or;  2.04948x1072  2.04947x1072

ur(A)/Or?  -1.21032x1071  -1.21030x 107!
82uT(B)/(’)r§ -4.16121x107!  -4.16118x107!
0%0,(A)/Or?  4.16121x1072  4.16117x10~2
0%0,(B)/0r2  2.25971x1072  2.25969x 102

Table 2: First and second-order radial displacement derivatives du,/0r; and 2, / 87“1-2, and first and second-order von Mises
stress derivatives 9o, /9r; and 8201,/ Brf evaluated at positions A and B using the analytical solution and the IDM.

It can be seen from table 2 that the IDM is able to accurately calculate the first-order and second-order
derivatives of both the displacements and the boundary stresses at points A and B. Regarding the derivatives

in table 2, it achieved a maximum percentage error with respect to the analytical solution of 1.7x1073%.
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This demonstrates that the IDM approach used in this work can accurately calculate displacement and stress
derivatives.

To further validate the IDM, the reliability indices, 3, and probabilities of failure, Ppg, calculated using
FORM and SORM were compared to those obtained from the analytical solution. They are compared in table
3. The probability distributions seen in table 1 were used for each of the variables. The methodology shown in

section 2 was used for FORM and SORM.

B Pr (%)
Model FORM SORM MCS FORM SORM MCS
Analytical 1.41211 1.41073 1.410 7.8959 7.9162 7.927
IDM 1.41212 1.41075 - 7.8957  7.9160 -

Table 3: Reliability indices and probabilities of failure obtained from the analytical solution and the IDM using FORM, SORM,
and MCS.

It can be seen from table 3 that the IDM provided very similar reliability indices to those obtained from
the analytical solution, with percentage errors with respect to the analytical solution of 1.113x1073% and
1.110x1073% for FORM and SORM respectively. Reliability analyses were also carried out using MCS for the
analytical solution. A reliability index of 1.410 and a probability of failure of 7.927% were obtained. A total
of 3x10'% simulations were carried out to obtain convergence of the reliability index to 3 decimal places. The
very small amount of error between SORM (for both the analytical solution and the IDM) and MCS for the
analytical solution demonstrates the accuracy of SORM as well as of the IDM. Overall, the reliability indices
obtained from FORM, SORM, and MCS are very similar, this is due to the simplicity of the example under
investigation, with the variables in X showing highly linear relationships to o4 over the domain investigated.

To explore the importance of each variable when evaluating the reliability indexes from FORM seen in Table
3, each variable’s sensibility was calculated and they are shown in Table 4. It can be seen that the analytical
solution and the IDM compare very well. The variables which contributed the most to the reliability indices

were p, and o.

Sensibility U; /|U”|

Notation Symbol Analytical IDM

U; i 7.17747x1073  7.17743x1073
U, To -7.20271x1073  -7.20268x103
Us Do 7.09569x10~!  7.09569x1071
U, Oc -7.04563x1071  -7.04563x10~!

Table 4: Sensibilities calculated for the analytical solution and the IDM for the variables in example 1.

Overall, results suggest that the IDM is able to accurately calculate the first-order and second-order deriva-
tives of both boundary stresses and displacements. Validation of the IDM was accomplished through two
approaches. The first approach involved comparing the derivatives calculated from the IDM to those obtained
from an analytical solution, to which the IDM achieved very similar results. The second approach involved com-
paring the reliability indices obtained from FORM an SORM to those obtained using MCS, a method which
does not require the calculation of derivatives. Results showed that the IDM was able to provide reliability

indices for FORM and SORM that were very close to those obtained from MCS.
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4.2. Example 2: I-beam section

In this example, the I-beam section with a center circular hole seen in figure 3 is considered. The limit state

function in this case is:

9(Z) = 0. — 0a(X) (53)

with Z = (tf1ange, Wilanges twebs lweb, T fillets Tholes Tapp, Vs Tc) and X = (t flanges Wlange, twebs lwebs T fillets Tholes
Oapps V). The random variables investigated and their probability distributions can be seen in table 5. Low COV
values have been given to geometric variables since it is assumed that they can be measured quite accurately,
while relatively high COV values have been given to the material properties and the applied load since they are
typically more difficult to accurately measure than geometric variables. Also, the variation of the applied load
and the material properties over the structure’s service life will not be insignificant, adding uncertainty to their
values.

The coefficient of variation of the applied stress (COVy, ) was varied in the closed interval [0,0.2] in order to
test the performance of the multi-fidelity models over a wide range of uncertainties. The coefficients of variation
of the other variables were fixed. The I-beam is constructed out of steel ASTM-A36, the Poisson’s ratio and
tensile strength of which can be seen in table 5. The I-beam is subjected to uniform uniaxial tension along its
flanges and is assumed to be under plane-strain conditions. The maximum stress occurs as a vertical stress,

092, at the edge of the center circular hole (point A in figure 3). Therefore, 04 = 22| 4.

Oapp
T S S S S
x
: tflange
T fille -
\ /( fillet .
Thole :
A  lweb
Zf'web E
N
W flange
K m e e 3
Y Y Y v v ¥
Oapp

Figure 3: The I-beam section used in example 2

The boundaries of the I-beam seen in figure 3 were discretised into quadratic elements. Low-fidelity and
high-fidelity BEM models of 30 and 120 elements respectively were created. The number of elements in the
high-fidelity model was chosen based on a stress convergence test, while the number of elements in the low-
fidelity model was arbitrarily chosen. The internal stress distribution for the low-fidelity and high-fidelity BEM
models can be seen in figure 4. Around 4500 equally-space internal points were used for each model. It can be

seen that the high-fidelity model provides a smoother distribution of stress throughout the structure.
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Notation Symbol Description Distribution Mean (610)%

A ttiange  Flange thickness Normal 4.00 cm 0.05
Zo Wiange Flange width Lognormal 20.0 cm 0.05
73 tweb Web thickness Lognormal 6.00 cm 0.05
m Lweb Web length Normal 16.0 cm 0.05
75 T fillet Fillet radius Normal 2.00 cm 0.05
Zg Thole Hole radius Lognormal 1.20 cm 0.05
77 Capp Applied stress Lognormal 13.0 MPa COVg,
Zsg v Poisson’s ratio Normal 0.26 0.10
Zg o.(T) Tensile strength  Lognormal 250 MPa  0.20

Table 5: The nine random variables investigated in example 2 and their probability distributions.

Vertical stress Ty M N/m2)

Figure 4: The low-fidelity model (left) and the high-fidelity model (right) used in example 2.

4.2.1. Multi-fidelity modelling

Kriging models with linear regression functions were created according to the method described in section
3. Two datasets were created for each Kriging model, a design dataset with 60 design points (nq = 60), and
a test dataset composed of 600 test points (n; = 600). Since the coefficient of the variation COVy, is varied
in the closed interval [0,0.2], the surrogate models were designed at COVg, to provide good coverage over the
entire interval.

Table 6 shows various statistical parameters, R?, Ridj, mean absolute percentage error (MAPE), and root
mean squared error (RMSE), of the four Kriging models created using the above procedure when run with
their test datasets. It is worth noting that since the Kriging models interpolate the design points, the Kriging
model returns the exact responses at those points, making statistical parameters evaluated from the design
dataset irrelevant. It can be seen that all of the surrogate models are highly accurate, with R? values of 0.98
or higher. Based on the MAPE and R? values, The ratio correction surface A proved to be more accurate than
the difference correction surface 4, suggesting that the multi-fidelity models based on A could prove to be more

accurate. Obtaining these four Kriging models using the above procedure required a CPU time of 310.3 minutes
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on a 6-core CPU. By parallelising key parts of the process, namely the creation of the response vector Y, the

total wall time was only 23.26 minutes.

Statistical parameter  \(x) 6(x) oLF (x) i (x)
R? 0.9985 0.9884 0.9989 0.9985
R, 0.9984 0.9882 0.9989 0.9985
MAPE (%) 1.81x1072  2.30 4.56x1071  3.32x107!
RMSE 3.57x107%  2.72x10'  1.11x10*  1.42x10?

Table 6: Various statistical parameters evaluated using the test datasets for the four Kriging models.

To evaluate the performance of the resulting MFMs and the surrogate model of the HFM, they were used
to calculate the maximum stress in the structure o4 over 1x10% Monte Carlo simulations for the probability
distributions shown in table 5. Several BEM models of various fidelities, including the LFM and the HFM,
were also investigated. The results are shown in table 7. It can be seen that of the surrogate models, the direct
MFMs proved to be the most accurate, obtaining MAPE values that were substantially less than the LFM,
while requiring a very similar amount of CPU time to the LFM. On the other hand, the indirect MFMs and
HFM* were significantly faster than the LFM, but were about 10 times less accurate than the direct MFMs.

Model type Model MAPE (%) Average CPU time speed up ratio
Direct MFMs MF1 2.0x1072 15.2
MF2 9.4x107%  15.2
Indirect MFMs MF3 4.7x1071  2.1x10*
MF4 4.8x1071 2.3x10%
Surrogate model of the HFM  HFM* 3.8x107! 4.6x10*
BEM models E30 (LFM) 4.5 15.2
E60 2.5 4.9
E90 8.9x107! 2.1
E120 (HFM)  0.00 1.0

Table 7: Mean absolute percentage error (MAPE) of the maximum stress o4 calculated at the mean values of the variables shown
in table 5 for each model. Also shown is the average CPU time speed up ratio for each model, compared to the HFM, evaluated
over 1 x 108 runs. Notation ‘EX’ denotes a BEM model of ‘X’ elements.

4.2.2. Results and discussion

Reliability analyses were conducted with MCS, FORM, and SORM for values of COV, in the closed interval
[0,0.2] using the information shown in table 5. The results of these reliability analyses can be seen in figure 5. A
total of 5x 108 Monte Carlo simulations were carried out for each MCS datapoint for each of the seven models to
ensure that the reliability indices converged to three decimal places. The results shown in figure 5 demonstrate
that FORM and SORM are able to very reliably approximate the actual probability of failure given by MCS.
The accuracy of SORM remains significantly higher than FORM for the values of COVy, investigated, this is
due to the non-linearity of the limit state function and the fact that SORM uses a second-order Taylor expansion
to approximate it. Despite this, the accuracy of SORM deteriorates slightly at higher levels of uncertainty, this
is due to the increasing non-linearity of the limit state function.

It can also be seen from figure 5 that MF1 is highly accurate, closely matching the HFM for all three
reliability analysis methods. It also proved to be the most accurate of the five surrogate models investigated, as

can be seen from figure 6. It proved to be 2225, 1155, and 662, times more accurate than the LEM for FORM,
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Figure 5: Reliability index 8 vs. the coefficient of variation of the applied stress COVgt, for FORM, SORM, and MCS, for the
HFM and MF1.

SORM, and MCS respectively. This suggests that the ratio-based MFMs are more accurate than the difference-
based MFMs. Overall, the direct MFMs (MF1 and MF2), which involved directly calling the LFM, proved
to be more accurate than the indirect MFMs (MF3 and MF4), which approximated the LFM as a surrogate
model. The performance of the direct MFMs is made more notable when it is considered that the LFM has
relatively large error of 4.5%, as can be seen from table 7. This is because it contains only one quarter of the
elements present in the HFM. It is likely that increasing the number of elements in the LFM would improve the
performance of the MFMs, at the expense of increased computation time. The surrogate model approximation

of the HFM, HFM*, proved to be the least accurate out of all the surrogate models.
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Figure 6: The reciprocal ratio of each model’s average MAPE when calculating Pr to the average MAPE of the LFM for FORM,

SORM, and MCS. The reciprocal relative error can be thought of as how many times smaller a model’s error is compared to that
of the LFM. For instance, the error of MF1 for FORM is about 2200 times smaller than that for the LFM.

From the first-order stress derivatives in table 8 it is clear that the direct MFMs are the most accurate,
reflecting their good performance with FORM and SORM seen in figure 6. The comparatively worse performance
of MF3, MF4, and HFM* for FORM and SORM is due to the fact that they are pure surrogate models with

linear regression functions, therefore the first-order derivatives and second-order derivatives of their regression
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functions are constant and zero respectively. All of the surrogate models did a poor job in approximating the
sensitivity for ¢fiqnge. This indicates that the relationship between fiqnge and the maximum stress is highly
non-linear. The linear regression functions used for the Kriging models in this example might not be able to
accurately model this highly non-linear relationship. Therefore, higher-order regression functions might be more
suitable in this case. The fact that it is the smallest sensitivity, and therefore difficult to accurately model, is

also a factor.

First-order derivative o4 /0X;
X, LFM HFM MF1 MF2 MF3 MF4 HFM* Sensitivity units

tflange -11.9 -141 -85 -39 613 629 -780 kPa/cm

Wiiange T50.7 7979 798.1 799.6 7928 7946 810.6 MPa/cm
tueb 33 38 38 38 37 38 38 GPa/cm
Lueb 705 -44.2 458 441 -57.2 551 -41.0  kPa/em

Fraer  -15 =224 -20.7  -454  -36.3  -60.4 -145  kPa/cm

Thote 49 64 64 64 7.0 7.0 6.6 GPa/cm
Capp 11.9 125 125 125 124 125 124 -

v 1459 123.3 127.9 87.7 -197.3 -223.2 1199 MPa

Table 8: First-order derivatives of o4 with respect to the random variables in X for each of the seven models investigated. The
derivatives are evaluated at the mean values shown in table 5.

To compliment the sensitivities seen in Table 8, the sensibility of each variable was calculated and is shown
in Table 9. It can be seen that the FDM and the IDM compare very well. The most important variables were

found to be o, 0gpp, and tyep. This compares well with the sensitivities seen in Table 8.

Sensibility U; /|U”|

Notation Symbol FDM IDM

Uy tflange  -6.08180x10~% -6.08184x10~*
U Wignge  2-09150x1071  2.09149x 101
Us tweb -3.07861x10~"  -3.07865x10!
Uy Lweb -9.56888x 1072  -9.56894x1073
Us Triter  -4.92136x107%  -4.92136x10*
Us Thole 1.09372x10~1  1.09371x107!
Uy Tapp 4.16486x1071  4.16486x107!
Us v 1.00179x10~3  1.00179x103
Uy o.(T)  -8.22169x10~! -8.22169x10~*

Table 9: Sensibilities calculated for the final iteration of FORM for the FDM and the IDM for the variables in example 2 using
the HFM.

It is worth noting that the response of a Kriging model is composed of two parts, as can be seen in equation
(37). Even though the second-order derivatives of the regression function f(x)T3* will equal zero in the case
of it being linear, the second-order derivatives of the right-hand side z(x) will be non-zero since the spatial
correlation function (SCF) R used is Gaussian which is infinitely differentiable. Therefore, the second-order
derivatives of the response of a Kriging model will be non-zero even if it has a linear regression function. If
the Kriging model had been constructed with a regression function of a higher order, then it is likely that its
derivatives would be more accurate.

It can be seen from figure 7 that the LFM was around 9-24 times faster in terms of CPU-time than the HFM
for each of the three reliability analysis methods. Of the MFMs, the direct MFMs proved to be the slowest, with
average CPU times 5% higher than the LFM across the three methods. The indirect MFMs were less accurate,
but 80-700 times faster than the LEM. The indirect models show a great deal of potential to be used with MCS
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due to their low computational cost and good accuracy. Obtaining a reliability index from MCS for the HFM
required, on average, a CPU time of 70 hours for 5x10® simulations. For MF3 or MF4 this was reduced to just
40 seconds with an average error of 0.08%, this reflects a significant improvement in efficiency. The surrogate
model of the high-fidelity model, HFM*, proved to be the fastest model, but the least accurate. It proved to be
130-1400 times faster than the LFM. When used with MCS it could complete 2.5x 10® simulations in 20 seconds

with an average error of 0.3%, this is faster but less accurate than the indirect MFMs.

CPU time speed-up ratio

MCS (per reliability index) FORM (per iteration) SORM
Reliability analysis method

Figure 7: The CPU time speed-up ratio for each model to obtain a reliability index from FORM, SORM, and MCS. The reference
CPU time is the CPU time required by the HFM for MCS. The times shown for SORM exclude the time for FORM.

Overall, the multi-fidelity models proved to be much more efficient than the HFM when run with FORM,
SORM, and MCS. The multi-fidelity models were able to achieve similar levels of accuracy to the HFM, but
with significantly less computational cost, even when there was a large disparity in terms of the number of
elements between the low-fidelity and high-fidelity models. The IDM proved to be highly accurate when used
with FORM and SORM, obtaining reliability indices that matched well with MCS.

4.3. Example 3: Triangular support bracket

To demonstrate the efficiency and robustness of the proposed IDM when used for reliability analysis with
FORM and SORM, a significantly more complex example is investigated. For this example, a very low proba-
bility of failure (around 1 x 1074%) is expected. A study is also carried out to compare the computation time
of FDM with the IDM.

In this example, the triangular support bracket seen in figure 8 is considered. The LSF in this case is:
9(Z) = 0c — 0a(X) (54)

where Z=(h, ho, w1, wa, l1,l2,t1,t2,71,72,73, T4, 5, Capp, V, 0c) and X=(hq, ho, w1, ws, l1, 2, t1,t2, 71,72, 73,74,

5, Capp, V), the definitions of which can be seen in Figure 8. The probability distributions of these variables can
be seen in Table 10. The bracket is subjected to a compressive load along its top edge of magnitude o4y, it is
fixed to a wall on its left edge. The bracket is composed of steel ASTM-A36, the Poisson’s ratio and compressive

strength of which can be seen in Table 10. In this example, the von Mises yield criterion is used (equation 52).
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Figure 8: The triangular support used for example 3.

Notation Symbol Description Probability distribution Mean Coefficient of variation
71 hi See Figure 8 Normal 84 cm 0.05
Zo ho See Figure 8 Normal 20 cm 0.05
73 w1 See Figure 8 Lognormal 175 cm 0.05
74 wo See Figure 8 Lognormal 30 cm 0.05
Zs lh See Figure 8 Normal 50 cm 0.05
Zg Iy See Figure 8 Lognormal 110 cm 0.05
77 t1 See Figure 8 Normal 15 cm 0.05
Zs to See Figure 8 Normal 25 cm 0.05
Zg 71 See Figure 8 Lognormal 30 cm 0.05
VAT ro See Figure 8 Lognormal 10 cm 0.05
Z11 r3 See Figure 8 Normal 2 cm 0.05
Z12 T4 See Figure 8 Lognormal 3 cm 0.05
713 5 See Figure 8 Lognormal 3 cm 0.05
714 Capp Applied stress Normal 700 kPa 0.2
VAR v Poisson’s ratio Normal 0.26 0.1
Z16 o.(C) Material strength Lognormal 152 MPa 0.1

Table 10: The 16 variables investigated in example 3 and their probability distributions

The boundaries of the triangular support bracket were discretised into quadratic elements. A high-fidelity

model of 80 elements was created. The number of elements in this model was determined in a similar manner

as in section 4.2. All the analyses in this example were conducted with this high-fidelity model.

The reliability indices and probabilities of failure obtained from the FDM and the IDM for both FORM

and SORM can be seen in Table 11. It can be seen that the FDM and the IDM compare very well with both

FORM and SORM even though the probability of failure is very low. The difference between FDM and the
IDM for FORM was about 1.2 x 1075%, while for SORM it was about 2.4 x 1072%. The greater difference

between FORM and SORM in this example can be attributed to the fact that the triangular support bracket

has a much more complex geometry when compared to the thin ring or the I-beam investigated previously, and

22



so the limit state function is more non-linear.

B Pr (x107% %)
Model FORM SORM FORM SORM
FDM  4.712 4742  1.228  1.060
IDM 4712 4743  1.228  1.054

Table 11: Reliability indices and probabilities of failure obtained from FDM and the IDM using FORM and SORM.

A study was carried out to determine the variables which contribute the most to the reliability indexes seen
in Table 11 for FORM. To achieve this, each variable’s sensibility U;/|U| was calculated with FDM and the
IDM. The results can be seen in Table 12. It can be seen that the sensibilities from FDM and IDM compare

very well. The most important variables are ogpp, l2, and o..

Sensibility U} /|U"|

Notation Symbol FDM IDM

U, hy -3.46363x10~ T  -3.46372x10° T
U, ho -3.54233%x1072  -3.54226x102
Us w1 -9.01558x10~2  -9.01491 x 102
Uy W -3.22386x 1072 -3.22389x 102
Us I 1.40243x1071  1.40244x107!
Us ly 5.14653x1071  5.14654x107!
U, t1 -1.31078x10~1  -1.31075x10~!
Ug to 3.50662x1072  3.50666x 1072
Uy o -1.03602x10~*  -1.03613x10~*
Uyo o 9.26508x1072  9.26509x 1073
Uy, 3 -8.05146x1072  -8.05147x1073
Ui 4 -9.19377x1072  -9.19378x10~2
Uiz s -1.29018x1073  -1.29022x103
Uy Tapp 5.89213x1071  5.89210x10!
Uss v 1.13206x10~3  1.13206x1073
Uss o.(C)  -4.59223x107!  -4.59221x10~1

Table 12: Sensibilities calculated for the final iteration of FORM for the FDM and the IDM for the variables in example 3.

To compare the computation time of the FDM and the IDM, both the FDM and the IDM were used to
calculate the reliability index for FORM and SORM for the triangular support bracket shown in Figure 8 with
the variables seen in Table 10. This reliability index was calculated 200 times for each combination of FDM &
IDM and FORM & SORM, and the average CPU time for each combination was calculated. The results can be
seen in Table 13. It can be seen that the IDM requires about 0.30% and 1.32% more CPU time respectively for
FORM and SORM on average than the FDM to calculate the reliability index. This indicates that, once the
optimal stepsize for the FDM has been found, there is very little difference in the computation time between

the FDM and the IDM when used to calculate the reliability index.

CPU time (s)

Model FORM SORM
FDM  82.55 92.35
IDM 82.30 91.15

Table 13: Average CPU time required by the FDM and the IDM when calculating the reliability index for the triangular support
bracket with FORM and SORM. 200 runs were used to obtain the averages.

The main disadvantage of the FDM is that its accuracy is highly dependent on the stepsize used. Therefore,

a trial-and-error approach is required to determine the optimal stepsize. This can be time-consuming, especially
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for complex problems. Although a finite-difference scheme is used at the very beginning of the IDM in order to
obtain the sensitivities of the nodal coordinates, the stepsize in this case has very little influence on the accuracy
of these nodal sensitivities. The IDM thereby avoids the need for a time-consuming trial-and-error approach.
As a result, it is expected that the overall time required by the IDM, including set-up and use, is significantly
less than that required by the FDM. This difference is expected to be magnified for more complex problems.

In this example, the stepsizes used for the FDM were normalised with respect to the variables in X. A range
of normalised stepsizes from 1 x 1077 to 1 x 10~! were investigated. The first-order and second-order derivatives
of the limit state function with respect to the variables in X can be calculated for this range of stepsizes as part
of the trial-and-error procedure. The derivatives are expected to be unstable for very low stepsizes and also for
very high stepsizes due to rounding error and truncation error respectively. However, there will be a range of
stepsizes for which the derivatives are stable. The optimal stepsize is chosen from this range. For this example,
the optimal normalised stepsize for the first-order and second-order derivatives were found to be 1 x 10~° and
1 x 102 respectively. These normalised stepsizes were found to be optimal for all of the variables in X. However,
this may not be true in all cases. On average, it was found that the minimum CPU time required to obtain
the optimal stepsize for all the variables in this example was around 184.95 s for the first-order derivatives and
388.13 s for the second-order derivatives. These times do not include the set-up of the optimization procure nor
the analysis of the derivatives, which can contribute greatly to the overall computation time. Given that these
times are significantly larger than those shown in Table 13, and that optimal stepsizes should be recalculated
when the value of a variable is changed significantly and when another structure is being investigated, the
calculation of these optimal stepsizes can contribute significantly to the overall computation time associated
with the reliability analysis of structures.

In conclusion, the proposed IDM methodology was shown to provide a much more efficient alternative to
the FDM for the reliability analysis of complex structures. This is due to the fact that, unlike the FDM, the
IDM avoids the need to conduct a time-consuming trial-and-error approach to determine the optimal stepsizes

for the derivatives of the design variables.

5. Conclusions

In this work, a novel multi-fidelity modelling methodology for structural reliability analysis using the Bound-
ary Element Method (BEM) with an Implicit Differentiation Method (IDM) is presented. The higher-order
sensitivities of the elastostatic BEM equations to changes several geometric variables were derived for use with
SORM with the IDM, and results were compared to those obtained from MCS and FORM. Multi-fidelity models
in the form of Kriging models were created, and their performance, in terms of accuracy and computation time
was compared.

Three numerical examples were investigated: 1) a thin ring subjected to external pressure, 2) an I-beam
section, and 3) a triangular support bracket. Results from example 1 demonstrated the accuracy of the IDM in
the calculation of boundary displacement and stress derivatives for a problem for which the analytical solution
is known.

Example 2 featured the application of a variety of multi-fidelity models. Results showed that the direct multi-
fidelity models, those directly calling the low-fidelity model, were significantly more accurate for FORM, SORM,
and MCS than the Kriging surrogate model approximation of the high-fidelity model and the indirect models,
those which approximated the low-fidelity model with a Kriging surrogate model. It was found that the direct
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models provided more accurate response derivatives than the indirect models, and so provided more accurate
reliability indices when used with FORM and SORM. However, the indirect models and the Kriging surrogate
model approximation of the high-fidelity model, while providing less accurate response derivatives, provided
response values than were similar in accuracy to the direct models but with significantly less computational cost,
they therefore proved superior when used for MCS. This suggests that for complex problems, direct models are
best suited for use with FORM and SORM due to their ability to provide highly accurate response derivatives.
Since FORM and SORM are relatively cheap compared to MCS, the benefit of using the indirect models for
these methods is less clear. The indirect models proved to be best used with MCS, due to their ability to
provide responses of similar accuracy to the direct models but with significantly less computational cost. All of
the multi-fidelity models investigated offered a significant improvement in accuracy over the low-fidelity model.

As part of example 3 a study was carried out to compare the computation time of the FDM and the IDM
for a complex structure with many design variables. It was found that the IDM provides a much more efficient
alternative to the FDM for reliability analysis. This is because, unlike the FDM, the IDM avoids the need for
a time-consuming stepsize optimization procedure.

Compared to the low-fidelity model, the multi-fidelity models were able to provide probabilities of failure
that were up to 2225 times more accurate. And when compared to the high-fidelity model, they were able to
provide computational costs that were over 6000 times less. This represents a reduction in the computational
cost of MCS from 70 hours for the high-fidelity model to just 40 seconds for the indirect models with an average
error of 0.08 %. This is a significant improvement in efficiency and demonstrates the potential of the proposed
IDM /multi-fidelity modelling methodology for use in the reliability analysis of complex problems with many

design variables under high levels of uncertainty.
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Appendix A. IDM formulations

The first order derivatives of the displacement and traction fundamental solutions (equations 14 & 15

respectively) are:

1+v
Uiim = om0 = (it + Tmri) = (3 = 4)i5 + 20,57,5)7,m (A.1)
-1 or
Tijm I 25 Arimt g+ rjmrs = (1= 20)8i5 + 4rarj)rm} + (ner)m((1 = 2v)8;; o)

+ 27”‘71‘7’7]') + (1 — 21/)(nivm7'j — njva'i + nirjm — TLjTi7m) — 2(1 — 21/)(711'7”7]' — njm)r,m]

The second order derivatives are:

1+v
Usijmm = m {(3 —4v) (r?m — T mmT)0i; + (6r?m — 20 o 7)T 4T 5

+ (Pimm? + 2rimTjm + 7iljmm) — 4(rim? 5 + T,irj,m)r,m}
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-1 ar
Tijomm = A= o)® 2(371),m[7“i,m7“,j +15mri — (L= 20)8i5 + 4r v )7 m]

+ Qa—Z[Timmﬁj + 27 Tjm + 7T mm — (1= 20)855 + 47 37 )7 T

— (Arimrj + AT )Tt — 215 7 57 = 27 375 T m + 2((1 — 2v)6;5 + 47",i?",j)7’,2m]
+ (rEng) mm [(1 — 20)055 + 21 ;7 5] + 2(rknk) m (T im? j + 737 jm)

+ (1 = 20)(TjmmNi + 27§ mMim + T mm, — Timm™y — 2T mMjm — Tilj mm

+2(1 = 2v)[(n7 i — T )T m + (N7 im, + M mT i — ni7mr7jni7a7jm)7")m:|

The Jacobian is:

ro=[(55) (52

1/2

The first order derivative is:

w1 Tdai(n) darm(n) | dea(n) dzs,(n)
Tl =5y | "y an T dn

The second order derivative is:

e )= L (dm,m<n>)2 N (dxz,m<n>)2 L A1 (1) dxa o (1) d () da, o (1)
o Jme (1) dn dn dn dn dn dn
2
_ 1 dﬂ?l(n) dxl,m(n) + d'rQ (77) dﬂ?2,m(77)
Jre(n)3 | dn dn dn dn
The components of the unit outward normal vector are:
1 dzo(n)
M) = Ty dn
B 1 dzi(n)
") =)y
The first order derivatives are:
1 dza,.m(n n
n1m(n) = J"ﬂ(n)[ 2d () —m(n)J,ni(n)}
1 dx ,m(n) n
n2,m (1) = =7 o) [ : o — na2(n) i ()
The second order derivatives are:
1 de mm(n) 1 |: n dIQ m (7])
nN1,mm\7) = : - 2‘]nfb n :
L) =Ty e [
Jnﬁ 2
F I () dxa(n) 2( ,m(n)) dxzy(n)
’ dn (Je(m))?  dn
1 dximm(n) 1 { dzy m(n)
n2,mm = ; + 207 :
2D ==y e P
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