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ABSTRACT

In bridge swivel construction, the dynamic fragility of spherical hinges, as core
load-bearing components, is influenced by the dual uncertainties of concrete strength
randomness and construction eccentricity errors. EXxisting uncertainty-based fragility
assessment methods struggle to balance computational efficiency and accuracy. To
address this, a joint analytical framework integrating the Probability Density Evolution
Method (PDEM) and Change of Probability Measure (COM) is proposed. First, a
PDEM-based joint stochastic field model for concrete strength and eccentricity errors is
established. Finite element dynamic time-history analysis is employed to derive explicit
mapping relationships between swivel rotation speeds and hinge stress responses.
Subsequently, COM is introduced to map the original probability space to an equivalent
measure space, significantly reducing the computational complexity of high-
dimensional stochastic differential equations and avoiding repetitive finite element
calculations. The results demonstrate that: Compared to MCS, the proposed method
achieves a failure probability error below 7% with 60% improvement in computational
efficiency; The maximum surface stress of the hinge increases nonlinearly with rotation
speed, yet remains lower than the peak stress under static conditions. This method
provides an efficient and reliable theoretical tool for dynamic risk assessment in swivel
construction.

1. INTRODUCTION

Bridge swivel construction technology has gained widespread application in the
construction of long-span bridges due to its advantages, such as short construction
cycles, lower costs, and minimized impacts on the surrounding environment (Zhang
2006, Guo 2011, Su 2021). In such construction projects, the design and construction
quality of the rotating system are paramount to the project's success (Feng 2020). The
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spherical hinge, serving as the core load-bearing and rotating component, critically
influences the stability and safety of the construction process. Spherical hinges are
typically manufactured from high-performance concrete, the strength of which is a key
parameter determining their load-bearing capacity. However, the actual strength of
spherical hinge concrete often exhibits significant uncertainty due to the influence of
numerous factors including concrete mix proportions, pouring procedures, and curing
conditions. This stochastic fluctuation in strength can significantly compromise the
hinge's ability to withstand dynamic loads during the swiveling process (Li 2014).

Existing methods for assessing spherical hinge performance and the safety of
swivel construction predominantly rely on deterministic assumptions, assuming material
parameters as fixed values, thereby failing to adequately account for their inherent
uncertainty (Liu 2023). This simplification makes it difficult for the assessment results to
accurately reflect the potential risks encountered in actual construction. Particularly in
complex construction environments, variations in rotation speed induce dynamic load
effects, further complicating the stress response of the spherical hinge (Feng 2020).
Consequently, there is an urgent need to develop a vulnerability assessment
methodology for spherical hinges that can simultaneously incorporate the uncertainty of
concrete strength and the dynamic load effects associated with rotation speed. Such a
methodology aims to enhance assessment accuracy and efficiency, providing a more
reliable basis for construction decision-making.

The Probability Density Evolution Method (PDEM) offers a powerful tool for
analyzing the response of dynamic systems with random parameters (Xu 2012, Zhang
2025). This method can precisely describe the evolution process of stochastic system
states over time and obtain their probability density function solutions. Based on the
Probability Density Evolution Theory, this paper proposes a novel vulnerability
assessment methodology for bridge swivel construction that integrates the probabilistic
performance characteristics of the spherical hinge. By introducing a probabilistic model
for concrete strength, combined with dynamic time-history analysis and the solution of
the probability density evolution equation, an accurate characterization of the random
surface stress response of the spherical hinge during the swivel process is achieved.
Damage indicators are then defined to compute the occurrence probabilities of different
damage states under varying rotation speeds.

2. Methodology

This section details the proposed methodology framework for assessing the
vulnerability of spherical hinges in bridge swivel construction, which integrates the
Probability Density Evolution Method (PDEM). The central aim is to utilize PDEM to
handle the randomness inherent in concrete strength and its influence on the dynamic
response (maximum stress) of the spherical hinge.

2.1 Principle of Conservation of Probability

he foundation of the Probability Density Evolution Method lies in the Principle of
Conservation of Probability. This principle can be formally stated as follows: for a
dynamic system Y(t) influenced by random parameters © (in this study, ©=6,

representing the random concrete strength), the ensemble of random elements
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contained within the system remains invariant throughout its evolution. That is, no new
random elements are introduced, nor are existing ones eliminated, and the probability
measure remains preserved over time.

Figures 1 and 2 illustrate this principle schematically using the concept of a

random event. The system state evolves from Y(z) at time 7 to Y(z+dz) at time
c+dz. Concurrently, the region €. representing the space over which Y(z) varies at
time 7 transforms into the corresponding region ., associated with the state
Y(r+dz) at time r+dr. Crucially, the measure of the evolving set, representing the
probability, remains unchanged during this evolution.

Y(£)

Yi o Vi A
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Fig. 1 Description of random events Fig. 2 «@ evolves over a small period of
based on the principle of conservation of time d-
probability

The above process can be mathematically expressed by the following equation:

J, p(y.ody=], p(y.z+dryy (1)
After further mathematical derivation, it can be concluded that (Chen 2009):

D
= [, p(y.r)y =0 @
The dynamic system Y (t) mentioned above is a function of the random vector 6,

so there is a joint probability space composed of Y and 6, and the random distribution
of the system change process still complies with the principle of probability
conservation.

D
— p(y.0,7)dydd =0 (3)
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2.2 Probability Density Evolution Equation
It can be derived mathematically that the joint probability density function
po(y.0t) of the state quantity Y(t) satisfies the Generalized Density Evolution

Equation (Li 2008):

) Pye (Y,0,7)
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Where Y (H,T) is the rate of change of the state quantity Y (t) with respect to time t.

This equation signifies that in the extended state space of y-t-6, the probability density
is conserved along the system's physical trajectory.

In the spherical hinge vulnerability assessment problem investigated in this paper,
the state quantity vy of interest is the maximum stress on the spherical hinge surface.
Since the swivel process is time-varying and the maximum stress depends on both the
random concrete strength & and the dynamic response under a specific rotation speed
v,, a fictitious process is thus constructed for a given rotation speed v,, based on the
extremum value o of the maximum stress obtained via dynamic time-history analysis

(Chen 2007):
y(«9|i,z'):0|i xsin(gﬁfj (5)

)'I(Hli,z') Zgﬂ'XG'i xcos(gmj (6)
where ; is the fictitious time variable, 6 is the sample point (representing a specific
concrete strength value) after stratified sampling, and o] is the result from finite element
analysis of the maximum surface stress on the spherical hinge corresponding to
sample point ¢ and rotation speed V.

For each specific concrete strength sample point 4, its corresponding probability
density evolution equation can be written as:

op" (y.6.7) . )ap” (y.6.7)
ot

Y (8,7 =0 (7)
where p"i(y,@.’,r) represents the joint probability density function of the random

variable Y and the fictitious time variable 7 under the specific concrete strength
sample point 4.

2.3 Solving the Probability Density Evolution Equation

2.3.1 Characterization of Stochastic Parameters

For the random variable representing concrete strength 6, the concrete
compressive strength 6 is modeled as a random vector following a lognormal

distribution. Its cumulative distribution function F(#) and probability density function
p(@) are given as follows:

FW#@@ﬂ%}ﬁ] ®)
p(H):UjZexp[—%}ébo (9)

o =In gy =2 (10)
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oy = In[1+(0{’)2J (11)

(4)
Where, F(6) is the concrete strength distribution function, @ is the normal

distribution function, p(@) is the probability density function of the concrete strength

distribution, x4, and o, is the mean and standard deviation of the concrete strength

respectively.

2.3.2 Sample Point Generation

Within the geometric space [0,1], generate a set of uniform points using the Sobol
sequence, represented as:

¢Basic = (XI) 1 /=11 21 LLER) n (12)
Transform this uniform point set via the inverse function of the cumulative
distribution function, which is 6, = F (X, ). The initial point set of concrete strength 8 is

expressed as: ¢,,=(6),1=1, 2, ..., n.
Select boundaries partitioning the entire domain. In the value space (2, of
concrete strength 6, perform a Voronoi tessellation on the initial point set, obtaining n

}In:l centered on 6, (Cao 2023):
Q,={0eQ,|0-6],<|0-6], vr=l,r=12...n} (13)

Where |[], denotes the Euclidean distance.

subdomains {.QHI

Compute the assigned probability P, which is shown as R =.[Qﬂ p(g)de.Adjust

the initial point set based on:
Q’:F{ZPII(HK<6?I)+%PJ (14)
k=1

1 if x is true

0 if xis false’

Perform two iterations of Voronoi tessellation on the point set and obtain the
assigned probability for each partitioned cell (Chen 2016).

Establish n distinct finite element models for the spherical hinge according to
different concrete strengths 6 in the point set. Perform finite element analysis and
record the maximum surface stress of the spherical hinge obtained from each dynamic
time-history analysis. Denote the maximum surface stress from the i-th dynamic time-

history analysis as a,i. Numerical solution of Equation (7) is implemented using the
Finite Difference Method.

Where |1(0) is the indicator function, I(x):{

2.4 Change of Probability Measure

To put it simply, it is to consider the relationship between two uncertain
parameters, and use the measure change law operator to determine how one uncertain
parameter affects the other. For example, finite element analysis is carried out to
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determine the fragility result of the spherical hinge when the concrete parameters are
distributed according to a certain distribution at 2°/min and the result of the concrete
parameter transformation at a speed of 0.5°/min, so as to establish a relationship
between the two. The specific calculation formula is as follows:

pI(Z) — p(Z) o\de
I.QM ( )d (15)

1i(2) ' 1i() ' PI(Z)
PO (v.017)= P (. O o) x oy
! (16)
where p®(0) is the probability density distribution of the concrete strength after
changing the speed
Define distinct damage states D; based on the maximum surface stress of the
spherical hinge, where | indexes the damage levels. The probability of the rotating
system being in each damage state is expressed as follows:

Pi=[" o' (y)y (17)
3. Case Study

This case study establishes the following analysis framework for the Yinwu
Connector Bridge.

3.1 Determination of Material Sample Point Set

The concrete strength 6 is selected as the stochastic vector. A uniform point set is
generated within the geometric space [0,1] using the Sobol sequence with n=63.
According to the Code for Design of Concrete Structures, the mean and standard
deviation for C60 concrete strength are determined as 64.9MPa and 3.0MPa,
respectively. The uniform point set undergoes inverse function transformation.
Subsequently, the inverse-transformed point set undergoes two iterations of Voronoi
tessellation. The adjusted concrete strength point set and the assigned probability for
each partitioned cell are shown in Table 1 and Table 2.

Table 1 Adjusted point set

58.060 59.180 59.780 60.217 60.572 60.873 61.132 61.370
61.585 61.780 61.974 62.150 62.312 62.470 62.623 62.774
62.911 63.051 63.188 63.314 63.450 63.578 63.709 63.832
63.936 64.057 64.197 64.306 64.422 64.546 64.650 64.763
64.887 65.021 65.134 65.240 65.357 65.486 65.626 65.740
65.845 65.980 66.124 66.256 66.374 66.518 66.664 66.809
66.971 67.121 67.273 67.466 67.660 67.832 68.051 68.268
68.510 68.826 69.158 69.549 70.192 72.436 73.025

Table 2 Assigned probability of each partitioned cell
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0.002151 | 0.016473 | 0.015669 | 0.015667 | 0.015745 | 0.015598 | 0.015598 | 0.015704
0.015458 | 0.015767 | 0.015988 | 0.015440 | 0.015338 | 0.015561 | 0.015814 | 0.015510
0.015381 | 0.015812 | 0.015389 | 0.015670 | 0.016107 | 0.016085 | 0.016021 | 0.014501
0.014525 | 0.017010 | 0.016362 | 0.014874 | 0.015934 | 0.015179 | 0.014465 | 0.015795
0.017162 | 0.016371 | 0.014444 | 0.014619 | 0.016001 | 0.017316 | 0.016150 | 0.013749
0.014861 | 0.016979 | 0.016457 | 0.014594 | 0.014955 | 0.016128 | 0.015713 | 0.016044
0.015726 | 0.014650 | 0.016033 | 0.017080 | 0.015264 | 0.015352 | 0.015963 | 0.015508
0.017111 | 0.017575 | 0.016882 | 0.019633 | 0.033042 | 0.013158 | 0.000051

3.2 Finite Element Analysis

This study employs Abaqus finite element analysis software for parametric
analysis of the spherical hinge. A solid model of the spherical hinge is established for
parametric analysis. The spherical hinge comprises five components, as illustrated in
Figure 3: upper spherical plate, lower spherical plate, rotating shaft, upper support plate,
and lower support plate. The upper and lower spherical plates use C60 concrete
modeled with C3D8R elements (Guo 2024, Wu 2024). The rotating shaft is a concrete-
filled steel tubular column with materials C60 concrete and Q235 steel.

Fig. 3 Finite element model of the spherical hinge
Dynamic time-history analysis yields the maximum surface stress of the spherical
hinge under different rotation speeds. Figures 4 and 5 display the finite element
analysis results when the concrete strength is set at 73.025 MPa.
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Fig. 4 Lower Plate Fig. 5 Upper Plate
As shown in these figures, the maximum surface stress consistently occurs at the
edge of contact between the spherical plates. The stress distribution exhibits a radial
pattern propagating outward from the center to the periphery.

3.3 Result Analysis
The damage indicators and corresponding damage states are defined in Table 3.

Table 3 Definition of Damage States

Undamaged state (DS0) OMPa <y <46MPa
Minor damage state (DS1) 39MPa <y <53MPa
Moderate damage state (DS2) 45MPa <y <59.5MPa
Severe damage state (DS3) 51MPa <y <67MPa
Complete damage state (DS4) y 257/MPa

The Probability Density Function (PDF) of maximum stress at a rotation speed of
0.5°/min, obtained using the PDEM-based analytical approach, is shown in Figure 6.

Probability Density Function at 0.5°/min Rotation Speed
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Fig. 6 Probability Density Function at 0.5°/min Rotation Speed
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At 0.5°/min rotation speed, the spherical hinge exhibits the highest probability
(approximately 45.32%) of being in the undamaged state (DS0). The probability of
minor damage state (DS1) follows at approximately 33.39%. The sum of these
probabilities indicates that in most cases, the stress level of the spherical hinge does
not exceed the minor damage threshold.

Finite element simulations of maximum stress under different rotation speeds
were conducted for the spherical hinge. The PDEM-COM methodology was employed
to solve the PDFs, yielding the occurrence probabilities for each damage state across
varying rotation speeds.
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Fig. 7 Damage probability by vary speeds Fig. 8 PDF surface by vary speeds

These results demonstrate that the vulnerability of the spherical hinge increases
with higher construction rotation speeds. It is therefore recommended to maintain low-
speed rotation during construction to ensure operational safety.

To ensure the reliability of the Monte Carlo simulation, at least 1,000 finite
element simulations with different concrete strengths are required for a single rotation
speed. Compared to the Monte Carlo method, the proposed approach achieves a
significant 60% improvement in computational efficiency. The results obtained via the
PDEM method exhibit less than 7% error relative to the Monte Carlo benchmark.

4. CONCLUSIONS

This paper proposes a vulnerability assessment methodology for spherical hinges
in bridge swivel construction, integrating the Probability Density Evolution Method. The
method adequately accounts for the uncertainty in concrete strength of the spherical
hinge and its dynamic load response under varying rotation speeds, effectively
overcoming the limitations of traditional deterministic assessment approaches. The
primary conclusions are as follows:

Method Effectiveness: Applied to the case study of the Yinwu Connecting Line
Super Major Bridge, the proposed method successfully assessed the vulnerability of
the spherical hinge at different rotation speeds. Computational results clearly delineate
the probability distribution characteristics of maximum stress and quantitatively provide
occurrence probabilities for each damage state.
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Accuracy and Efficiency Enhancement: By modeling concrete strength as a
stochastic variable, selecting representative sample points through point set partitioning
and rearrangement strategies, and solving the probability density evolution equation via
the finite difference method, this approach efficiently and accurately obtains the
probability density function of the response quantity with only a limited number of
deterministic finite element analyses. This significantly outperforms traditional Monte
Carlo simulations. Point set rearrangement ensures effective distribution of sample
points in the probability space.

Damage Risk Quantification: The defined five-tier damage states based on
maximum stress thresholds and their probabilistic computation results provide intuitive,
quantitative assessment metrics for safety risks in bridge swivel construction. Managers
can leverage damage probability curves at different speeds to balance construction
efficiency against safety risks, scientifically formulating optimal rotation speed plans
and risk control measures.
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