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ARTICLE INFO ABSTRACT

Keywords: As the failure of bridges can cause significant damage to human life and property, the structural safety of bridges
Bridge must be evaluated and monitored. In this study, a new computational platform that enables reliability analysis in
Finite element reliability analysis conjunction with sophisticated finite element analysis for the risk-informed design and maintenance of bridges is
FMEII;?;/I/ Civil proposed. In this regard, a software package for reliability analysis, i.e., Finite Element Reliability Using MATLAB

(FERUM), is integrated with MIDAS/Civil, which is a widely-used commercial software package specialized for
bridges. To control MIDAS/Civil during a reliability analysis, a control module of graphical user interface is
added to FERUM. In addition, a recently-proposed algorithm is introduced in the developed platform to accu-
rately locate the design points for reliability analysis based on the first-order reliability method. The accuracy
and efficiency of the proposed method are compared with those of a sampling-based method via a numerical
example, and the reliability-based safety of an actual bridge in the Republic of Korea is assessed for several
vehicle load models. The new finite element reliability analysis platform is expected to enable efficient

Computational platform

reliability-based evaluations of bridge safety.

1. Introduction

Bridges are important infrastructures and serve important functions
in terms of transportation. Hence, the structural safety of bridges must
be evaluated because bridge collapse can result in significant human and
economic losses (Cook et al., 2015, Imam & Chryssanthopoulos, 2012).
However, this is not a trivial task as various sources of uncertainty are
associated with aging bridges, vehicle loads, and environmental condi-
tions (Liu et al., 2023). Previously, structural safety was evaluated in a
deterministic manner based on the assumption that the abovementioned
factors have constant values; however, in recent decades, structural
reliability analysis that considers the uncertainty of various influencing
factors based on probability theory has been performed to assess the
safety of bridge structures (Nowak & Szerszen, 2000, Tabsh & Nowak,
1991). Furthermore, this reliability analysis has been regarded as an
important concept in terms of risk-informed bridge design and mainte-
nance (Estes & Frangopol, 1999, Nowak, 1999, Fu, 2013).

In general, structural reliability analysis requires the calculation of
the probability of an event when a structure reaches or exceeds a certain
response level. Several structural reliability analysis methods have been
developed and adopted to address various engineering challenges
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(Haldar, 2006). These challenges can be categorized into two groups
based on the calculated probability: sampling-based and analytical (i.e.,
non-sampling-based) approaches. One of the representative methods of
sampling-based approaches is the Monte Carlo simulation (MCS), which
is widely used owing to its simple process for reliability analysis
(Melchers, 2018). This method generally requires one to generate suf-
ficient sets of random variables (RVs), conduct a structural analysis on
each generated set, and verify whether the corresponding structural
response exceeds a threshold value. In addition, for more accurate
reliability analysis, a sophisticated structural analysis model (e.g., a
finite element (FE) model) can be introduced into the MCS method (Lee
& Moon, 2014). However, sampling-based approaches often require
multiple structural analyses to achieve reliable results, and the intro-
duction of sophisticated structural models and computationally expen-
sive structural analyses (e.g., nonlinear structural analysis) may result in
excessive time-consuming problems.

To overcome the disadvantages of simulation-based methods, many
studies have been conducted to apply a non-sample-based method that
performs a relatively small number of structural analyses but yields
reliable results, which is often termed finite element reliability analysis
(FERA). Since the attempt of Der Kiureghian and Taylor (Der Kiureghian
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& Taylor, 1983) in linking reliability and structural analysis algorithms,
various structural reliability analysis software packages have been
developed to perform structural reliability analysis accurately and effi-
ciently. Software packages for structural reliability analysis can be
classified into two types. The first type is reliability software that uses its
own structural analysis modules, such as CalREL (Liu et al., 1989) and
Finite Element Reliability Using MATLAB (FERUM) (Haukaas, 2003).
These software packages do not require separate structural analysis
software; however, they can be applied only to relatively simple struc-
tures (e.g., linear structural models) owing to the limitations of the
built-in structural analysis software. Other types of structural reliability
analysis software include NESSUS (SwRI, 2011), STRUREL (Gollwitzer
et al., 2006), FERUM-ABAQUS (Lee et al., 2008, Kang et al., 2012),
FERUM-ZEUS (Lee & Moon, 2014, Moon et al., 2018, Lee et al., 2021),
and PIFA (Lee et al., 2016, Kim et al., 2017, Lee et al., 2019), which
allow users to introduce sophisticated structural analysis methods to
accurately represent structural behavior in structural reliability analysis.
In particular, FERUM-ABAQUS, FERUM-ZEUS, and PIFA combine two
software packages with different specializations to fully utilize their
advantages in managing complex and diverse structural reliability
problems.

Meanwhile, MIDAS/Civil (2020) is specialized software for bridge
modeling and analysis, widely utilized in both practical applications and
academic research. The software includes key features such as support
for nonlinear analysis (Waseem & Spacone, 2017), time history analysis
(Ho & Nishio, 2020), pushover analysis (Crespi et al., 2022), and staged
construction analysis (Li et al., 2021), which enable users to examine the
behavior of bridges under various loading conditions, including live
loads (Hwang et al., 2013, Meng & Zhang, 2014, Park et al., 2018,
Hwang & Kim, 2019), seismic loads (Huang et al., 2018), and wind loads
(Zhang et al., 2022). Additionally, the software offers specialized tools
for designing and analyzing composite girders (Shao et al., 2013), pre-
stressed concrete (Lu et al., 2020), and cable-stayed (Lin et al., 2017)
and suspension bridges (Cao et al., 2017). Furthermore, Midas/Civil
facilitates the validation of theoretical models by integrating field
measurements and experimental results (Xin et al., 2022, Zhang et al.,
2022). Its intuitive interface and bridge-specific tools effectively support
various tasks required for bridge design and safety assessments. How-
ever, despite its demonstrated effectiveness in various structural appli-
cations, Midas/Civil is less actively applied to probabilistic analysis
compared to other FE analysis software, such as ABAQUS or ZEUS. This
limitation arises from its reliance on a graphical user interface (GUI),
which can restrict flexibility during reliability analysis.

In this study, FERUM-MIDAS, a new computational platform for
FERA, is developed for the efficient safety assessment of bridges using
MIDAS/Civil. By integrating FERUM with MIDAS/Civil, the developed
platform allows for performing FERA while considering material non-
linearities in bridges and evaluating structural safety under various
vehicle loading conditions. In the proposed platform, FERUM repeatedly
calls MIDAS/Civil to perform structural analyses using various values of
RVs, and the corresponding structural analysis results are returned to
FERUM to conduct reliability analysis. Additionally, the recently pro-
posed Hasofer-Lind and Rackwitz-Fiessler (HLRF)-Broyden—
Fletcher-Goldfarb-Shanno (BFGS) algorithm (Pericaro et al., 2015) is
introduced in the developed platform to efficiently locate the first-order
reliability method (FORM) design point. This integration provides a
practical solution for incorporating probabilistic analysis into MID-
AS/Civil, addressing a gap in its current application scope.

2. Reliability analysis method

Owing to its simplicity and efficiency, the FORM, which employs a
linear approximation of the limit-state function (LSF) to estimate failure
probability, has been widely adopted in various engineering problems
(Haldar, 2006). The HLRF algorithm (Rackwitz & Flessler, 1978), spe-
cifically designed for this purpose, has proven to be efficient, although
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its robustness may be limited as it can indicate slow convergence or even
fail to converge in the presence of highly nonlinear LSFs. In the study, an
enhanced quasi-Newton approximation-based FORM (i.e., HLRF-BFGS)
is implemented in FERUM to promote convergence in structural reli-
ability analysis problems.

2.1. FORM

A LSF is typically defined to perform the reliability analysis of a
structure. It is a mathematical representation of the behavior of a
structure approaching a particular state. The LSF g(x), which expresses
the relationship between the resistance (R) and load (L) of the structure,
can be written as

8(x) =R(x) ~L(x) <0 m

where x is the vector of n RVs (i.e., x = [x1, X3,..., xn]T) that describe the
uncertainties in structural loads, material properties, and member ge-
ometry; g(x) < O typically indicates the failure of the structure. The
failure probability, Py, is then expressed as

P =Pigx) <0/ = [ fixax @

8(x)<0

where fy(x) is the joint probability density function (PDF) of the RV
vector x. Through the transformation of the space of the RVs into the
standard normal space, Py can be expressed as

Py = / fx(x)dx = / p,(u)du 3)
(x)<0 G(u)<0

where G(u) = g(T_l(u)) is the transformed LSF in the standard normal
space, ¢n(-) denotes the nth-order standard normal PDF, u is the column
vector of n standard normal variables, and T is the one-to-one mapping
transformation matrix that satisfies u = T(x). The evaluation of Eq. (3)
can be difficult because a multidimensional integral is involved, the
exact form of the joint PDF is rarely known, and the failure surface, G(u)
= 0, is not always provided in closed form. Within the context of the
FORM, the probability of failure can be estimated by performing a linear
approximation of the function G(u) at the point u*. This point is char-
acterized by a specific constrained optimization problem, as described
subsequently:

1
u* = minf(u) = EuTu subject to G(u) =0 4)

where u* is located on the limit-state surface satisfying G(u) = 0, and its
distance from the origin in the standard normal space is minimal. As an
example of the first-order approximation concept of the FORM, the
approximated LSF in the two-dimensional space is shown in Fig. 1. In the
standard normal space, as shown in the figure, the equal probability
density contours are concentric circles centered on the origin; therefore,
u*, which is often called the most probable point (MPP) or the design
point, has the highest probability among all points in the failure domain
G(u) < 0. The first-order approximation of the failure probability is
computed based on the probability content of the half-space in the
standard normal space, defined by distance j, referred to as the reli-
ability index. Therefore, Py can be expressed in terms of the reliability
index, as follows:

Pr=2(-p) (5)

where ®(-) denotes the standard normal cumulative distribution func-
tion.

One of the representative methods for solving the constrained opti-
mization problem in Eq. (4) is the HLRF algorithm. Beginning from an
initial point u; = T(x1), a series of points is computed using a recursive
formula, as follows:
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Fig. 1. Linear approximation in FORM.
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where d; is the search direction vector at the i th iteration wherei=1, 2,
..., and 4; is the step size. The search direction vector d; designed for the
objective function in Eq. (4) in the HLRF algorithm can be calculated as
follows:

i

1 T PR— . S) — .
:m[vc(ui) u; - G(w)| VG(1;) — )

where VG(u) = [0G/duy,..., 0G/ ()un]T denotes the gradient vector. In
addition, various algorithms have been developed to determine the step
size 4; (Santos et al., 2012, Zhang & Der Kiureghian, 1995). In some cases
where the limit-state function is non-convex or contains multiple
minima, FORM analysis may not be suitable. Therefore, conducting a
preliminary evaluation of the limit-state function can guide in selecting
the appropriate reliability analysis method. More details regarding the
FORM and its limitations are available in a paper by Der Kiureghian (Der
Kiureghian, 2005).

2.2. HLRF-BFGS algorithm-based FORM

The HLRF algorithm is a classic algorithm that is widely used in the
FORM. However, the lack of continuity of the gradient VG(u) for certain
nonlinear problems in the FERA nullifies the fundamental assumption of
the reliability formulation and may result in the non-convergence of the
search algorithm (Haukaas & Der Kiureghian, 2006, Huang et al., 2019).
Recently, Pericaro, Santos, Ribeiro, & Matioli (2015) proposed the BFGS
algorithm (Fletcher, 2000), which is an iterative method for solving
unconstrained nonlinear optimization problems to estimate the design
point in the FORM. This algorithm, known as the HLRF-BFGS algorithm,
can incorporate information regarding the curvature of the LSF,
rendering it more robust and efficient than standard HLRF algorithms. In
addition, the computation cost of the HLRF-BFGS algorithm is the same
as that of the HLRF algorithm because it only requires one function and
gradient evaluation for each iteration; hence, the number of LSF eval-
uations ng (i.e., the number of FE analyses) during FERA using the
HLRF-BFGS-based FORM is

g = (Ngy +1) xn; (€))

where ngy and n; denote the number of RVs and iterations, respectively.
The HLRF-BFGS algorithm calculates the search direction as follows:

_ [VG(ui—l)TBi—lui—l - G(ui—l)]Bi—l VG(ui—l) _

d; T
VG(uH ) Bi—l VG(uH )

B 1u; (C)]

where B is the inverse of the Hessian matrix, which can be computed
using the recursive BFGS updating formula as follows:

T T T T
Bi—B., + (1 I (9:) BH‘L‘) pi(p)  Pi(q;) Bi1 +Bi1qi(py) (10

(Pi)qu' (Pi)T(Ii (Pi)qu‘
where
p; = di (11)
q; = di -+ (VG(U,) — VG(lli,l))ifi (12)

and ¢; is the Lagrange multiplier expressed as

G(u;1) — VG(u1)"Biju;
g = G VOtu) By (13)
VG(ui,l) BHVG(uH)

Hence, a new iteration point can be computed as follows:
u=u 1+ di (14)

The algorithm is iterated until the following stopping criterion are
satisfied:
T
- V6w ul g (G < e (15)
| VG(u) || - flug|
In the following numerical and application examples, €1, €2, and ipax
are assumed to be 0.05, 0.05, and 30, respectively.

3. Computational platform integrated with FERUM and MIDAS/
Civil

Two external software packages for reliability and structural analysis
should be coupled to address the computational cost disadvantages of
the MCS in FERA and to develop an efficient bridge safety assessment
platform. FERUM is integrated with MIDAS/Civil, and an interface code
is developed such that these two software packages can communicate
with each other. The developed computational platform is termed
FERUM-MIDAS. In this section, the developed structural reliability
analysis platform, FERUM-MIDAS, is introduced in detail, and the
verification of the numerical example analysis by the proposed platform
is presented in the next section, by comparing the results with those of
the HLRF-BFGS-based FORM and importance sampling (IS) (Melchers,
2018). By coupling reliability analysis software (i.e., FERUM) and
structural analysis software (i.e., MIDAS/Civil), the proposed platform
enables bridge safety assessment to be realized more efficiently at a
lower computational cost.
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3.1. Proposed platform: FERUM-MIDAS

FERUV, a reliability analysis package developed by researchers at
the University of California at Berkeley, can perform a range of reli-
ability analyses (Haukaas, 2003). FERUM offers functions for various
reliability analysis methods, including the FORM, second-order reli-
ability method (SORM), MCS, and importance sampling; furthermore,
16 types of probability distributions, including normal, lognormal,
gamma, beta, and Gumbel distributions, are available in the package. In
addition, the publicly accessible source code and its versatile features
have led to FERUM’s extensive application in diverse engineering
problems. In this study, the source code of FERUM is partially modified
to incorporate the HLRF-BFGS algorithm within the FORM framework.

MIDAS/Civil is a specialized commercial software package for civil
engineering, with a focus on FE analysis of bridges. The software con-
tains various structural analysis algorithms, such as dynamic, nonlinear,
and construction phase analysis algorithms, as well as numerous anal-
ysis functions like moving load and hydration heat analysis. Moreover, it
enables the structural analysis and design of diverse bridge structures,
including pre-stressed concrete, cable-stayed, and suspension bridges.

In this study, a reliability-based safety assessment of a bridge struc-
ture is performed by constructing a platform using FERUM-MIDAS.
Fig. 2 displays the approximate data flow of the proposed platform,
which enables bidirectional communication between reliability analysis
and structural analysis software. To solve the nonlinear constrained
optimization problem in Eq. (4) using the FORM, G(u;) and VG(u;) (i.e.,
the values and gradients of the LSF in the standard normal space,
respectively) are required at each iteration step. However, if the LSF is
not an analytical function of RVs, then gradient calculation during the
FORM analysis can be challenging. To address this, an interface module
between FERUM and MIDAS/Civil was developed so that FERUM can
evaluate the LSF based on output responses (e.g., structural responses,
such as force, stress, or displacement results from structural analysis
using MIDAS/Civil), and the gradients are obtained numerically using
the finite difference method, which is a widely-used numerical differ-
entiation method includes forward, backward, and central difference
approaches. The central difference method may offer higher accuracy
than forward and backward difference methods; however, it requires
additional structural analyses, leading to increased computational cost
and thus should be considered carefully. Additionally, in the proposed
platform, the reliability analysis package FERUM repeatedly calls
MIDAS/Civil to obtain structural responses during the FORM analysis.
During this process, the platform automates the reading and modifica-
tion of input files for the FEA package in MIDAS/Civil, thereby
streamlining iterative data flow and improving the overall efficiency of
the analysis.

In contrast to other commercial structural analysis software packages
such as ABAQUS® and ANSYS®, however, MIDAS/Civil cannot perform
structural analysis in a disk operating system (DOS) environment; in
other words, it can only perform structural analysis in a GUI environ-
ment. To address this issue, as shown in Fig. 2, a GUI control module
using the Java Robot class (Ruiz & Price, 2007) embedded in MATLAB is
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newly developed and introduced into FERUM. The details of the GUI
control module are shown in Fig. 3. Using the function of the robot class
in FERUM-MIDAS, the GUI control module enables software operation
and structural analysis, which cannot be realized in the DOS environ-
ment, via mouse and keyboard control commands, as shown in the
figure. The proposed platform, FERUM-MIDAS, enables efficient struc-
tural reliability analysis owing to the GUI control module added in
FERUM. In addition, repeated structural analyses can be performed by
employing control modules from other FE analysis software packages
that cannot be operated in DOS environments. While the proposed
platform offers an efficient approach to reliability analysis through its
GUI control module, an important consideration is that the physical use
of the keyboard and mouse by the user may be temporarily restricted
during the analysis process. This restriction arises from the character-
istics of the GUI module, which automatically controls the software. If
the user physically operates the keyboard or mouse during this process,
the analysis may be interrupted or errors could occur. Therefore, it is
crucial to avoid physical interference until all procedures are completed
and the analysis is fully completed.

3.2. Implementation procedure of FERUM-MIDAS
To facilitate the understanding of the FORM using the HLRF-BFGS
algorithm and to improve the usability of the proposed platform, its

sequence is detailed below (see the flowchart in Fig. 4).

(1) Initialization: The step index i = 0 and convergence tolerances &1,
€9, and imax are specified. The starting point is Xy, which is the

GUI Control Modul

—> mouseMove

—1 mousePress

Java.awt.Robot mouseRelease

—1  keyPress

— keyRelease

Fig. 3. Configuration of GUI control module.

| FERUM-MIDAS |

Input Failure
uncertainty Deterministic Probability
FERUM input
Model (Reliability analysis) MIDAS Civil o
uncertainty + (FE analysis) —  Sensitivity
GUI Control Module Output
Structural response Most probable
model point

Fig. 2. Data flow of FERUM-MIDAS.
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Initialization

* Set the step index i = 0, and convergence tolerances €, & and i,,.
* Pick a starting point X,.
* FE model should be constructed.

A\ 4

* Apply initial value to uy=0and B, =1.
* Compute the Jacobian matrix, J
* Evaluate initial limit-state function, G(u,), and initial gradient vector, VG (uy).

* Makei=i+1.
Compute the search direction vector d,, and the Lagrange multiplier ¢ using
Eq. (9) and Eq. (13).

\ 4
L]

A 4

* Evaluate limit-state function, G(u,), and gradient vector, VG(u,), using the
new design point u; calculated from Eq. (14).

A

» Compute p;, q; using Eq. (11) and Eq. (12).

» Update B, with Eq. (10).

—vewyw| _ o
"oy ]SS O

<e,

* Calculate the first-order reliability index using Bropy = llu*||

Fig. 4. Flowchart illustrating implementation procedure of FERUM-MIDAS.

mean vector for all RVs in x. In addition, an FE model for the
FERA should be constructed.

(2) The initial value is applied to up = 0 and By = I. The Jacobian
matrix, Jy y, which is the transformation from x to u, is computed.
The initial LSF, G(up), and initial gradient vector, VG(ug), are
evaluated based on the structural response (i.e., FE analysis re-
sults with the mean values of all RVs).

(3) Astep index, i =1+ 1, is considered. The search direction vector
d; and Lagrange multiplier & are computed using Eqs. (9) and
(13), respectively:

(4) The LSF G(u;) and gradient vector VG(u;) are evaluated using the
new design point u; calculated from Eq. (14).

(5) p; and q; are evaluated using Eqs. (11) and (12), respectively.

(6) The inverse of the Hessian matrix B; is updated using Eq. (10).

Steps 3-6 are repeated until the stopping criterion in Eq. (15) are
satisfied or the step index i reaches to ipx. Subsequently, the first-order

reliability index, $, can be easily obtained as firorm = ||u*||, where is the
MPP. In addition, Py can be computed using Eq. (5). As shown in Fig. 2,
FERUM-MIDAS also provides sensitivity information for each RV.
Therefore, users can quantitatively determine the importance of vari-
ables if necessary, without performing an additional sensitivity analysis.

4. Illustrative example for verification of FERUM-MIDAS
computational platform

In several previous studies, comparisons were made between new
reliability analysis methods and sampling-based methods such as crude
Monte Carlo simulation and IS simulation (Lee & Moon, 2014, Haukaas,
2003, Lee et al., 2008, Kang et al., 2012, Moon et al., 2018, Lee et al.,
2021, Lee et al., 2016, Kim et al., 2017, Lee et al., 2019, Der Kiureghian,
2005). Similarly, to verify the proposed platform and highlight its ad-
vantages, a numerical example is selected and solved, and the analysis
results are compared with those from the IS method. For the sake of
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simplicity, the target structure of the illustrative example is assumed to
be a simply supported steel plate considering material nonlinearity, and
its FE model is constructed for MIDAS/Civil. The structural analysis
using the constructed FE model considers not only the self-weight, but
also various vehicle loads, which provides the reliability index and
failure probability when various types of vehicle loads including those
exceeding weight limit.

4.1. MIDAS/Civil FE model of simply supported steel plate

The FE model constructed for MIDAS/Civil is shown in Fig. 5. The
longitudinal length, transverse length, and thickness of the structure are
30.0, 5.0, and 0.2 m, respectively. The FE model is constructed by
considering the steel material nonlinearity in EN 1993-1-5 (2006), as
shown in Fig. 6. In the figure, f; and &y denote the yield stress and yield
strain of steel plate, respectively, and E represents the elastic modulus.
Eg, represents the modulus of elasticity after the yielding (i.e., strain
hardening) of steel and is assumed to be E/100. In addition, two types of
loads are considered: the dead load (i.e., self~-weight) and live load (i.e.,
vehicle load). Specifically, as the live load, the KL-510 load model
(MOLIT, 2016), a design vehicle load model in Korea, is considered, and
a crane vehicle model that exceeds the weight limit is employed.

4.2. Crane vehicle passage classification system exceeding weight limit

Recently, Yu et al. (2020) and Lee et al. (2020) proposed a Korean
classification system for the passage of permitted crane vehicles that
exceeded the limit weight and used it for the safety assessment of
bridges. The permitted vehicles (Lee et al., 2020) were hydraulic crane
vehicles that weighed 12 tons (i.e., 117.7 kN), including 2-to 9-axle
cranes. The classification of licensed vehicles comprises three licensing
schemes: Routine Permit, Special Permit 1, and Special Permit 2, as
shown in Table 1. Routine Permit and Special Permit 1 allow the
simultaneous passage of general vehicles; however, Special Permit 2
stipulates a vehicle with a total weight exceeding 80 tons, which is more
than twice the weight of the restricted vehicle, such that it can be driven
alone. The KL-510 lane load model was loaded considering the series
effect of permitted vehicles, and the weight of permitted vehicles was
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Stress (o)
Sy
[ E
0 & Strain (&)

Fig. 6. Stress—strain curve of steel material (EN 1993-1-5, 2006).

Table 1
Classification of permit type, regulations, and crane axle.
Permit type  Regulations Crane axle
Period Frequency Loading
condition
Routine <1 year Unlimited Mix with Two, three, and
Permit passage normal traffic four axle cranes
Special 30-90 <100 Mix with Five and six axle
Permit 1 days passages normal traffic cranes
Special - Single passage  Permitted Seven, eight, and
Permit 2 only vehicle only nine axle cranes

reduced by 0.8 times to obtain the equivalent load effect as the actual
traffic situation. In this study, safety assessments are performed on
Special Permit 1 and Special Permit 2 considering the characteristics of
the series and parallel effects described in Yu et al. (2020) and Lee et al.
(2020).

4.3. Input vehicle load model

The vehicle loads used in this study are the designed vehicle live load
in the Korea Highway Bridge Design Code (KHBDC)-Limit State Design
(LSD) (MOLIT, 2016) and the hydraulic crane with Special Permit 1 and

0.2m

Fig. 5. MIDAS/Civil FE model: (a) Geometry of simply supported steel plate structure, (b) Example of FE analysis of KL-510 vehicle model constructed using

MIDAS/Civil.
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Special Permit 2 (i.e., 5- to 9-axle cranes). The axle weight and specifi-
cations of the designed vehicle load model KL-510 are shown in Fig. 7. In
KHBDC-LSD, the design vehicle load selects the more prominent load
effect among the standard truck loads or 75 % of the standard truck
loads with a 12.7 kN/m standard lane load. The standard lane load is
evenly distributed in the longitudinal direction and is applied differently
to the span; if the span length exceeds 60 m, then the standard lane load

0.10
is calculated as 12.7 x <6L—°> , which is reduced based on the span

length L. Additionally, it is evenly distributed in the horizontal direction
with a width of 3.0 m, and the impact factor is not applied to the stan-
dard lane load. The axle weight and specifications of the hydraulic
cranes with Special Permit 1 and Special Permit 2 employed in this study
are listed in Table 2. The loading methods of the permitted vehicles,
considering the series effects, are summarized in Table 3.

4.4. Analysis results

In this verification example, five types of uncertainties are consid-
ered and assumed as RVs: the ultimate strength of steel, yield strength of
steel, elastic modulus (i.e., Young’s modulus), dead load, and live load.
The first, second, and third uncertainties are those of material properties
or supply, whereas the fourth and fifth uncertainties are those of the load
or demand. In addition, for the sake of simplicity, it is assumed that the
RVs are statistically independent of each other. The statistical properties
(i.e., the mean, coefficient of variation, and probability distribution
type) of the RVs are summarized in Table 4. In addition, in the limit-state
of the structure considered in this example, the failure probability is
calculated as the event in which the stress of the structure exceeded the
limit strength of the steel material. Therefore, the LSF, g(x), is defined as
follows:

g(x) =fu(x) —f(x) <0 (16)

where f, is the ultimate steel strength and f is the maximum von Mises
stress from the FE analysis results.

To verify the proposed platform, the reliability index () is computed
first using two methods: the FORM based on the HLRF-BFGS algorithm
using FERUM-MIDAS, and the importance sampling method. The
importance sampling method is known to be more efficient than the
crude MCS (Melchers, 2018), and it enables the significant reduction of
the number of samples (i.e., FE analyses) required to get converged re-
sults. In this study, the coefficient of variation of the results from
importance sampling is estimated based on a previous study (Givens &
Hoeting, 2012), and the threshold value is set to be 0.05. Further details
regarding the importance sampling method are available in Melchers
(Melchers, 2018).

The probability of structural failure for a limit-state is calculated
using the FERUM-MIDAS structural reliability analysis platform, and
the results are compared with those obtained using the importance
sampling method, as shown in Table 5 and Fig. 8. To check the
computational efficiency, the number of structural analyses required to

192 kN
135kN 135kN
48 kN
3.6m 1.2m 7.2m

0.6m

&3 £1 jEi} EE|
3.0m 1.8m

& get) & REe]
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Fig. 7. KL-510 standard truck model of KHBDC-LSD (MOLIT, 2016).
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calculate the same probability level of failure for each KL-510 load
model and permitted vehicle (i.e., 5- to 9-axle cranes) load models are
compared for each method. Table 5 shows that the proposed method can
provide the similar failure probability with importance sampling even
though it requires a smaller number of structural analyses. In addition,
Fig. 8 shows that the reliability index from importance sampling for each
of the six vehicle load models converges as the number of samples (i.e.,
FE simulations) increases. On the other hand, the proposed method
exhibits a stepwise reliability index due to the batch update process for
gradient estimation, as outlined in Eq. (8). For example, with five RVs,
each iteration requires six structural analyses—one for evaluating the
limit-state function and five for calculating gradients for each
RVs—resulting in a stepwise pattern in the index value.

5. Application to in-service bridge

In this Section, the proposed platform, FERUM-MIDAS, is applied to
a more complicated and realistic example, which is an in-service bridge
in the Republic of Korea. For security reasons, the target bridge is called
the A-bridge in this study. Based on the structural design drawing of the
target bridge, an FE model is constructed for MIDAS/Civil, and a
reliability-based safety assessment considering the uncertainty of ma-
terial properties and various load types is performed using FERUM-
MIDAS.

5.1. Description of in-service A-bridge

The A-bridge, shown in Fig. 9, is a bridge with a total length of
1913.00 m, and the upper structure of this bridge comprises a contin-
uous three-span steel orthotropic plate- type deck box girder. The steel
deck box girder of this bridge, which is subject to safety assessment, has
a main span of 80.00 m and a width of 14.30 m on the top and bottom;
furthermore, it comprises two rows of girders with a height of 3.50 m,
horizontal ribs, vertical ribs, and bracing. The bridge was designed in
compliance with the Korea Standard Specification for Highway Bridges
(MOC, 1983), and its construction was completed in 1984. The di-
mensions and shape of the longitudinal section and the typical
cross-section of the A-bridge are shown in Fig. 10.

As shown in Fig. 11, the MIDAS/Civil FE model of the bridge is
established based on its original structural design and management
history information. In this application example, the segment where the
FE model is constructed is one to three spans (i.e., 3 x 80 m = 240 m),
which is 1/4 of the main bridge (960 m) of the A-bridge. In addition, the
FE model is constructed in three dimensions using the main girder and
horizontal rib, the vertical rib as plate elements, and bracing as frame
elements. The steel material used as the main member of the steel deck
plate, web, lower flange, vertical rib, transverse rib, and diaphragm is
SM520B, and the auxiliary member used for vertical and horizontal
reinforcement is SM400B. In addition, the stress—strain curve of the steel
member shown in Fig. 6 is introduced to account for the material
nonlinearities.

Self-weight, railing, curb, and other loads are considered as dead
loads exerting on the bridge, whereas live loads are analyzed consid-
ering the KL-510 load and permitted vehicle models. In this application
example, a Korean classification system for the permitted vehicle
loading method proposed by Yu et al. (2020) and Lee et al. (2020)
introduced in the previous section is applied, and the results are sum-
marized in Tables 1, 2, and 3. Furthermore, because the A-bridge is a
three-lane bridge, the multilane loading system proposed in Lee et al.
(2020) is applied, and multilane presence factors considering the par-
allel effect for permitted vehicles are described in Table 6.

5.2. Reliability-based bridge safety assessment result

In this application example, eight uncertainties are regarded as RVs:
the steel ultimate strength (f.,), steel yield strength (fy), elastic modulus
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Table 2
Axle weight and specifications of hydraulic crane vehicle.

KSCE Journal of Civil Engineering 29 (2025) 100163

Permit type Axle distance and weight

wheel width (m)

Special Permit 1 5-axle 117.7kN 117.7kN 117.7kN 117.7kN 117.7kN 2.350
242 m 1.63 m 1.62 m 1.65m
Y A4 A4 A4 v
| |
7.32m
6-axle 117.7kN 117.7kN 117.7kN  117.7kN 117.7kN 117.7kN 2.585
2.6l m 1.65m 1.65m 2.35m 1.65m
A 4 Y A4 A4 Y Y
| |
991 m
Special Permit 2 7-axle 117.7kN  117.7kN 117.7kN 117.7kN  117.7kN 117.7kN  117.7kN 2.612
1.85m 2.75m 1.65m 1.65m 2.00m 1.65m
A4 v v A4 v A4 A2
1 |
11.55m
8-axle 117.7kN  117.7kN 117.7kN 117.7kN 117.7kN 117.7kN 117.7kN  117.7kN 2.612
1.65m 1.65m 2.60 m 1.65m 225m 1.65m 1.65m
A 4 A 4 A 4 A 4 A4 A 4 A 4 A
| |
13.10m
9-axle 117.7kN  117.7kN 117.7kN 117.7kN 117.7kN 117.7kN 117.7 kN 117.7kN 117.7kN 2.563
1.65m 1.65m 2.00 m 1.50 m 249 m 1.50 m 2.62m 1.50 m
A 4 A 4 A A A A4 A4 A A2
| |
1491 m

Table 3
Loading procedure considering series effect for permitted vehicles.

Permit type Loading method and impact factor

Special Permit 1 (i) Single loading of permitted vehicle

(i) 80 % of permitted vehicles + standard lane load

- Compare (i) and (ii) and select the more prominent load effect
- Apply an impact factor of 0.25 to vehicle load

- Single loading of permitted vehicles

- Impact factor: 0.20

Special Permit 2

Table 4
Statistical properties of RVs for steel plate example.

Random variables (RVs) Mean Coefficient of Distribution
variation type

Steel ultimate strength (f,,) 410 [MPa] 0.05 Normal

Steel yield strength (f,) 235 [MPa] 0.08 Log-normal

Steel elastic modulus (E) 205 [GPa] 0.06 Normal

Dead load (DL) 1 0.10 Normal

Live load (LL) 1 0.20 Log-normal

(E), self-weight of steel members (D,), self-weight of cast-in-place con-
crete (D7), pavement load (D3), KL-510 load model (L;), and permitted
vehicle model (Ly). The RVs are assumed to be statistically independent

of each other, and their statistical characteristics were determined based
on previous studies (Lee, 2014, Nowak, 1999, VanDerHorn & Wang,
2011), as summarized in Table 7. Additionally, the statistical charac-
teristics of the crane are assumed to be the same as those of the KL-510
load model. In this study, the LSF is defined by Eq. (16), and the
structural response is derived from the results of the nonlinear FE
analysis.

Using the proposed FERUM-MIDAS, the probability of structural
failure for a limit-state is calculated, and the reliability index is obtained
to evaluate the safety of the A-bridge. The results for each vehicle load
model are presented in Table 8. Using the proposed platform, the reli-
ability index for each vehicle load model is successfully calculated via a
few MIDAS/Civil non-linear FE analyses, and the safety of the A-bridge
is evaluated efficiently.

In the case of Special Permit 1 (i.e., 5- and 6-axle cranes), the total
weight applied to the bridge is similar or slightly larger than that of the
KL-510 vehicle. Hence, the reliability index obtained from the proposed
platform is almost similar to or slightly lower than that of the KL-510
vehicle load model. However, Special Permit 2 (i.e., 7- to 9-axle
cranes) is not affected by the lane load because it involves single
loading without the series effect. Therefore, in the case of an A-bridge
with a long span, the effect of the lane load can be considered dominant,
and the reliability index calculated is relatively higher than those of the
KL-510 load model and Special Permit 1. In addition, the reliability
index decreases as the total weight of the crane load model increased
from 7- to 9-axle crane.
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Table 5
Comparison of probability of failure and reliability index obtained by two methods.
Vehicle Reliability index, f Failure probability, Py Number of
load model structural analyses
Proposed method IS simulation Proposed method IS simulation Proposed method 1S simulation
KL-510 1.638 1.638 5.07 x 1072 5.07 x 1072 18 809
5-axle 2.058 2.078 1.98 x 1072 1.89 x 1072 18 1020
6-axle 1.675 1.716 4.70 x 1072 4.31 x 1072 18 871
7-axle 1.633 1.632 512 x 1072 5.13 x 1072 24 804
8-axle 1.263 1.264 1.03 x 107! 1.03 x 107! 18 693
9-axle 0.956 0.955 1.70 x 107! 1.70 x 107! 36 580
2.5 T T T 3 T T T
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Fig. 8. Comparison of the reliability index obtained from IS simulation with the number of FE simulations for six vehicle load models and FERUM-MIDAS results: (a)
KL-510 model, (b) 5-axle crane, (c) 6-axle crane, (d) 7-axle crane, (e) 8-axle crane, and (f) 9-axle crane.

The American Association of State Highway and Transportation Of-
ficials (AASHTO) Bridge Design Code (AASHTO LRFD, 2017) recom-
mends a target reliability index of 3.5 (i.e., a failure probability of 2.326
x 10~%) with a service life of 75 years for steel and prestressed concrete

components. Using the KL-510 vehicle load model and the crane load
model that applies the permitted vehicle loading system proposed by Yu
et al. (2020) and Lee et al. (2020), it is observed that the A-bridge sat-
isfies the target reliability index proposed by the AASHTO Bridge Design
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Fig. 9. Photograph of A-bridge.
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Fig. 10. Schematic cross section of A-bridge: (a) Longitudinal section of bridge, (b) Typical cross section of main bridge.

Code. Therefore, it is predicted that the A-bridge can sufficiently secure
safety for the KL-510 vehicle load model and crane load model.

6. Conclusion

A new computational platform, FERUM-MIDAS is proposed for
evaluating the reliability-based structural safety of bridges. The
computational platform integrates sophisticated software packages,
FERUM and MIDAS/Civil, for reliability and structural analyses at a

Fig. 11. FE model of A-bridge constructed using MIDAS/Civil.
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Table 6
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Loading procedure and multilane presence factors considering parallel effect for permitted vehicles.

Permit type

Loading method and multilane presence factors

Special Permit 1

- Permitted vehicles are loaded only in the outermost lane; multilane load factor is not applied

- Design vehicle load model and multilane presence factor are applied to other lanes
(i) Multi-lane presence factor for loading one lane: 0.9

(ii) Multi-lane presence factor for loading two lanes: 0.8

(iii) Multi-lane presence factor for loading three lanes: 0.7

(iv) Multi-lane presence factor for loading more than four lanes: 0.65

Special Permit 2

- Single loading of permitted vehicles

Table 7
Statistical properties of RVs for bridge example.

Random variables (RVs) Nominal values Bias factor Coefficient Distribution type
of variation

Steel ultimate strength (f,) 520.00 [MPa] 1.05 0.05 Normal

Steel yield strength (f,) 355.00 [MPa] 1.10 0.08 Log-normal
Elastic modulus (E) 205.94 [GPa] 1.00 0.06 Normal
Self-weight of steel members (D;) 1.00 1.03 0.08 Normal
Self-weight of cast-in-place concrete (D) 1.00 1.05 0.10 Normal
Pavement load (D3) 1.00 1.00 0.25 Normal

KL-510 load model (L) 1.00 1.00 0.20 Log-normal
Permitted vehicle model (L3) 1.00 1.00 0.20 Log-normal

Table 8
Reliability index and failure probability for the example bridge calculated using
FERUM-MIDAS.

Vehicle Reliability index, Failure probability, Py
load model

KL-510 5.003 2.822 x 1077

5-axle 4,998 2.896 x 1077

6-axle 4.913 4.485 x 1077

7-axle 5.657 7.702 x 107°

8-axle 5.518 1.714 x 1078

9-axle 5.377 3.787 x 1078

lower computational cost compared with simulation-based methods. In
addition, a GUI control module is implemented in FERUM to control the
GUI of MIDAS/Civil and perform a smooth structural reliability analysis.
Because the proposed method performs reliability analysis using the
FORM based on the recently developed HLRF-BFGS algorithm, it is
expected to be more advantageous in terms of convergence, even when
the nonlinearity of the LSF is significant.

The proposed platform is applied to a numerical example of a simply
supported steel plate first. The results obtained from FERUM-MIDAS are
compared with those from importance sampling, and it is observed that
the proposed platform can provide accurate reliability index and failure
probability results efficiently. In addition, a reliability-based safety
assessment is performed using the proposed platform on an actual in-
service bridge (i.e., A-bridge) in Korea. In the application example, the
KL-510 vehicle load model and an overweight crane load model are
evaluated, with results showing that the A-bridge meets the target
reliability index recommended by ASSHTO for six vehicle loading sce-
narios. These outcomes indicate that FERUM-MIDAS provides a prac-
tical and reliable solution for efficient bridge safety assessments.

Additionally, FERUM-MIDAS has potential applications in evalu-
ating the structural behavior of existing bridges under various loading
conditions, such as wind, seismic, and live loads. By integrating FERUM
and MIDAS/Civil, comprehensive analyses of bridge responses can be
performed, enabling systematic evaluations of structural integrity and
safety. Furthermore, the nonlinear, time history, and pushover analysis
features of MIDAS/Civil allow for reliability analyses based on detailed
structural modeling, which can be applied to various bridge types,
including prestressed concrete, composite, and cable-stayed bridges.
While these capabilities provide a robust framework for reliability-based
safety evaluations of bridge structures, realizing such extensions
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requires further research and validation to expand the platform’s
applicability and enable more precise safety assessment.
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