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Preface

Bridges, as the backbone of transportation networks, are pivotal in ensuring safe, resilient, and

sustainable mobility. With escalating traffic volumes and prolonged exposure to harsh environmental

conditions, their structural performance inevitably deteriorates over time. This degradation is driven

by a synergistic effect of fatigue, creep, shrinkage, and corrosion, which collectively erode the

reliability of bridge components. In severe scenarios, the failure of critical load-bearing elements

can compromise public safety, potentially triggering catastrophic progressive collapse.

This work, Advances in Bridge Design and Structural Performance, is dedicated to addressing

these pressing challenges. It encompasses a comprehensive scope, covering fatigue performance

assessment and life prediction, safety analysis of degraded bridges under accidental loads such as

earthquakes, explosions, impacts, fires, and typhoons, as well as design and retrofit strategies for

bridge members. The primary aim is to provide a robust scientific foundation for the long-term,

high-quality functionality of bridges, ensuring their ability to withstand both routine operational

stresses and extreme events.

The motivation for this work stems from the growing need to balance infrastructure demands

with safety and sustainability. As bridge networks age and face increasing operational pressures,

traditional design and maintenance approaches are no longer sufficient. This work is intended for

a diverse audience, including bridge engineers, researchers, policymakers, and practitioners in the

field of civil engineering. It seeks to disseminate cutting-edge research, practical methodologies,

and innovative solutions to enhance the resilience and longevity of bridge infrastructures, ultimately

contributing to the safety and efficiency of global transportation systems.

Zhongxiang Liu and Tong Guo

Guest Editors
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Editorial

Advances in Bridge Design and Structural Performance

Zhongxiang Liu 1,2,* and Tong Guo 2,3,*

1 School of Transportation, Southeast University, Nanjing 210096, China
2 State Key Laboratory of Safety, Durability and Healthy Operation of Long Span Bridges,

Nanjing 210096, China
3 School of Civil Engineering, Southeast University, Nanjing 210096, China
* Correspondence: zhongxiang@seu.edu.cn (Z.L.); guotong@seu.edu.cn (T.G.)

1. Introduction

Bridges are critical to ensure the safe, resilient and long-term operation of the traffic
network. However, the performance and reliability of bridges are bound to decline over
time with the continuous increase in traffic load and long-term erosion of harsh environ-
ments [1]. Fatigue, creep, contraction, corrosion and other factors will accelerate bridge
aging, and even cause structural chain collapse from the failure of load-bearing parts [2,3],
posing a great threat to public safety. Under this background, evaluating the fatigue per-
formance of bridges, predicting the fatigue life, and analyzing the safety of aging bridges
under unexpected loads [4–7] have become the core research directions that need to be
urgently promoted. Solving these problems can not only eliminate potential safety hazards
over time, but also provide reference for the design and renovation of bridge components.
The long-term stable operation of bridge infrastructure, maintaining its role as the lifeblood
of society and economy, is the most basic [8]. Extensive efforts have been made in bridge
design and structural performance, and relevant important progress can also reflect new
trends, new solutions and future directions in the field [9,10].

The application of high-performance materials, such as ultra-high-performance con-
crete (UHPC) [11], high-strength steels [12] and fiber-reinforced polymers [13], has com-
pletely changed the thinking of bridge design, enabling a lighter, stronger and more durable
structure. UHPC has been applied in deck panels, joints, and load-bearing components,
demonstrating its ability to reduce material usage, extend service life, and enhance resis-
tance to environmental degradation. Similarly, the use of high-strength steels allows for
more efficient designs with reduced self-weight and improved fatigue performance, where
welding remains the focus. Studies have focused on optimizing welding for less stress con-
centration and higher fatigue performance and addressing buckling challenges [14,15]. For
structures and components, optimization has become a critical tool for achieving efficient
and sustainable bridge designs [16]. Multi-objective optimization of cost, performance and
environment has gained prominence with the progress in advanced analysis methods and
computing devices [17].

Focusing on ensuring the lifecycle, safety and functionality of structures, performance-
based design (PBD) and resilience-based design (RBD) have become the core development
directions of modern bridge engineering [18,19]. Bridge design has been upgraded from
meeting only the minimum requirements of standards such as “no collapse” to meeting
graded performance goals for different load levels such as “usability, repairability, and
rapid recovery”, which is widely used in critical passages. The maturity of advanced com-
puting, building information modeling (BIM), and digital twin technology enables real-time
tracking of the performance of the entire design–construction–operation process [20,21],
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supporting the development of PBD through real-time simulation and optimization capa-
bilities. Climate change has intensified the risks of chloride ion erosion and extreme loads
that bridges are exposed to, necessitating time-varying vulnerability analysis to assess
long-term performance degradation [22]. RBD that prioritizes the rapid functional recovery
of structures following extreme events such as earthquakes and floods has seen rapid
development in recent years [23].

Industrialized and prefabricated bridge construction has entered a stage of large-scale
application, with prefabrication rates exceeding 80% in key projects. Modular design strate-
gies have been adopted during bridge design, enabling precise splitting of components,
such as segmental box-girders and prefabricated piers [24]. This places greater demands
on phased analysis and management throughout the construction process for the safety
of prefabricated construction and the long-term performance of the overall structure. To
effectively enhance the integrity and stability of assembled structures, innovations in con-
nection technologies, such as grouting sleeves, UHPC wet joints, friction-type high-strength
steel joints and module connections, and assembled joints, have been developed and im-
proved [25]. However, challenges persist, particularly in harsh environments prone to
chloride corrosion and cyclic loading. These include performance unreliability stemming
from construction defects and complex processes, as well as concerns over the long-term
durability of structural nodes and joints. The integration of digital fabrication and additive
manufacturing technologies has unlocked new potential for industrialized bridge con-
struction and high-performance assembled connections [26]. Extensive experiments and
finite element analysis (FEA) have been carried out to assess optimal connection construc-
tion [27–29]. Automatic construction technologies such as 3D printing and robot welding
are also being explored, which are expected to reduce labor costs, improve construction
accuracy and realize the construction of complex modeling bridges [30]. Meanwhile, tech-
nologies such as BIM and digital twins can facilitate lifecycle management, making the
bridge field develop towards intelligence.

Accurate load modeling is the basis to avoid insufficient design or over-design, and
can also ensure the structural performance of the bridge in actual use environments. For
example, the traditional traffic load model design stipulated in the specifications of various
countries often cannot completely restore the complex situation of actual traffic and may
underestimate the impact on the structure. Recent studies have begun to build load models
based on real traffic data, traffic simulation and vehicle–bridge interaction analysis around
major projects or special analyses [31,32]. Research on Runyang Bridge, Jiangyin Bridge
and Brazil Highway Bridge shows that the design load model may greatly underestimate
the local fatigue effect, traffic flow accumulation and cantilever negative bending moment
brought by heavy-duty vehicles. This also shows that we need a more refined load model,
taking the dynamic effect and the variability in actual traffic into account [33,34]. In
addition, recent studies have also focused on the development of local non-stationary
wind field models and data-driven wind load models [35,36]. These models combine
high-resolution field measurement, computational fluid dynamics simulation, and ML
algorithms to capture the spatiotemporal variation characteristics of wind power and
improve the accuracy of structural wind response evaluation.

Dynamic loads such as vehicles, wind, and earthquakes will have a great impact on
the performance and service life of bridges. Advanced numerical simulation techniques,
including FEA and AI+FEA, have been employed to study dynamic responses and fatigue
crack propagation [37]. For example, studies on steel bridges have analyzed the influence of
the stress ratio on fatigue crack growth rate and then developed a more accurate prediction
model. Some scholars put forward a multi-factor competition model (namely Liu-Guo’s
model), taking the coupling effect of fatigue, fretting wear, corrosion and other factors into

https://doi.org/10.3390/app16115546
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account [38]. In addition, the Structural Health Monitoring (SHM) system has also been
put into use to collect real-time data of the dynamic behavior of bridges, which can not only
verify the accuracy of the numerical model, but can also help us formulate maintenance
strategies based on actual conditions [39]. An intelligent monitoring system equipped
with advanced sensors, data fusion algorithms and ML models can detect defects, predict
structural aging, and identify potential failure risks [40]. These systems can make us more
aware of the long-term performance changes of bridges, help arrange maintenance work
in advance, and reduce the probability of sudden failures [37]. Digital twin modeling,
which creates virtual replicas of physical bridges, has emerged as a powerful tool for
simulating structural behavior, optimizing maintenance schedules, and evaluating the
impact of design modifications.

In addition, bridges are now increasingly facing such extreme situations as fire, explo-
sions, impacts and extreme weather, which will seriously threaten the safety and durability
of bridges. In order to improve the disaster resistance of bridges, researchers are developing
new design strategies, evaluation methods and protection technologies. According to re-
search on refractory bridge materials and structural systems, the use of expansive coatings
and composite materials to improve fire resistance has been explored [41]. Similarly, in anti-
explosion and anti-impact research, energy absorption devices and retrofitting techniques
have also been developed to reduce damage [42,43]. Machine learning algorithms have also
been integrated into resilience assessment frameworks, which can predict the performance
of structures under extreme conditions and optimize protection strategies [44].

This Special Issue series shows the frontier progress in theory, technology and appli-
cation in the field of bridge design and structural performance. The Special Issue series
contains 20 articles, of which 8 are from the second edition and 12 are from the first edition.
The authors of these 20 articles come from different institutions in 16 countries, reflecting
the global influence and extensive attention of bridge design and structural performance
research. The articles included cover a wide range, involving the basic theory, innovative
design technology and practical application of bridge structure performance. From the
new calculation model of load analysis to the environmental protection materials that can
innovate the construction mode, and from the anti-seismic and disaster-resistant strategy
of long-span bridges to the intelligent monitoring system of aging infrastructure, these
contents comprehensively present the latest developments in the field. The rest of this
editor’s note gives a brief overview of each article, focusing on their core viewpoints and
contributions. I strongly recommend that readers read these articles completely. I believe
this Special Issue can bring valuable ideas and inspiration to everyone.

2. Summary of the Special Issue Contents

The following is an overview of the research results collected in this Special Issue
series according to the article number.

Karriqi et al. (contribution 1) took a multi-span highway bridge in Albania as the
research object to evaluate the performance of a precast reinforced concrete bridge under
the combined action of earthquake load and local scour caused by a flood. They combined
scour depth estimation, seismic acceleration time history spectrum matching, nonlinear
time history analysis, and vulnerability curves at the component and system level to
quantify the ground acceleration (PGA) and flood flow scenarios with different peak values,
determining the influence of foundation scour on bridge vulnerability. The value of this
research lies in breaking through the limitation of single disaster assessment.

Zheng et al. (contribution 2) proposed a set of laser Doppler vibration measurement
systems equipped with unmanned aerial vehicles to identify debonding damage of a
hidden frame glass curtain wall through non-contact vibration detection. Combined with
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UAV remote testing, wavelet packet energy decomposition and the SSD damage index, they
proved that this method can not only detect the existence of debonding damage, but also
intuitively locate the damage area. This research makes structural performance detection
move towards safer and more efficient high-altitude damage detection.

Liu et al. (contribution 3) studied the dynamic mechanical properties of a continuous
rigid frame bridge with cracks in service under the coupling vibration of vehicles and
the bridge. They deduced the fracture damage stiffness reduction model, established the
multi-scale finite element model, and analyzed the bridge response under different speeds,
vehicle weights, and damage degrees with the Newmark-β method. The results show that
bridge damage can significantly amplify stress, displacement and impact coefficient, and
the damaged bridge is particularly sensitive to the vehicle speed of about 90 km/h.

Dong et al. (contribution 4) proposed a notched T-perfobond connector with an
integrated flange to improve pull-out resistance and simplify rebar installation in shallow-
embedded composite structures. Through pull-out tests, ABAQUS explicit finite element
modeling, and 54 parametric simulations, they clarified the failure modes, load–separation
behavior, and effects of rib geometry, flange size, notch width, rebar diameter, and material
properties on uplift capacity. The study refines the design basis for perfobond connectors
by addressing a less-studied pull-out failure mode, and it further provides a tailored
calculation method for estimating the pull-out capacity of notched T-perfobond connectors.

Rajchel and Siwowski (contribution 5) assessed the structural safety of a 55-year-old
thin-walled steel road bridge using the new Polish national guidelines based on prEN
1990-2. The study is valuable not only as a rigorous case-based diagnosis of an aging
steel bridge, but also as one of the first practical demonstrations of a modern code-based
assessment framework leading directly to a maintenance decision: bridge closure and
replacement rather than repair or strengthening.

Zhou et al. (contribution 6) developed an adaptive MEC–RBF neural-network model
for predicting construction-stage deflection in prestressed concrete continuous rigid-frame
bridges. The study identified the cantilever-to-span length ratio and girder block length
as dominant factors and achieved high prediction accuracy for the Hannan Yangtze River
Bridge. The work strengthens intelligent construction control by replacing repeated time-
consuming finite element recalculation with a fast, data-driven prediction tool.

Ganyukov et al. (contribution 7) optimized the supporting arrangement for the mobile
overpass, which is used to maintain traffic above the urban road pipeline maintenance
trench. Compared with the initial arrangement scheme, the horizontal displacement of the
trench wall is reduced by more than half.

Kadyrov et al. (contribution 8) developed the undercarriage system of a mobile over-
pass intended to preserve traffic flow during utility and road repair works in dense urban
areas. The study advances the mobile-overpass concept from structural feasibility toward
practical deployment, showing that the proposed undercarriage can provide reliable posi-
tioning, transportability, and operational stability, with experimental deflection following
an almost linear trend and a regression fit of R2 = 0.97.

Zhang et al. (contribution 9) developed a practical method for calculating the rotational
constraint stiffness of a universal hinge support in the tower–pier connection of special-
shaped single-tower cable-stayed bridges. This research breaks through the assumption
of simplifying the ideal hinge and captures the problems caused by friction, the actual
constraint effect caused by geometry and vertical load.

Cao et al. (contribution 10) focused on the stress ratio and fatigue crack propagation
law of bridge steel Q345qD. The crack propagation equation based on the energy release
rate containing the stress ratio was derived, integrating into the extended finite element

https://doi.org/10.3390/app16115546
4



Appl. Sci. 2026, 16, 5546

(XFEM) numerical framework. It provides a more reliable tool for fatigue life assessment of
steel bridge components (especially welding details affected by residual stress).

Kang et al. (contribution 11) examined the tensile performance of longitudinal joints in
precast bridge deck systems. The study gives a clear experimental basis for improving the
connectivity and constructability of precast bridge deck joints with both faster installation
and reliable structural continuity.

Rossigali et al. [34] developed live-load models for Brazilian short-span highway
bridges. Two representative load configurations for two-lane girder-type bridges were
developed. They indicated that the current Brazilian design load may underestimate actual
traffic effects, especially negative moments in cantilevers. The work sharpens the link
between bridge design loads and measured traffic reality, offering a more rational basis for
safety assessment.

Li et al. (contribution 12) investigated the dynamic behavior of a lightweight cable-
supported rail system. Vehicle–rail contact forces under different spans and speeds were
qualified by an improved time-domain load-identification method. The study clarifies how
contact force fluctuations are governed by span length, vehicle passing time, and coupled
vibration, providing a future design of this novel flexible transportation structure.

Gocál et al. (contribution 13) examined the real stiffness and fatigue resistance of
stringer-to-cross-girder connections in old riveted steel railway bridges. Field measure-
ments on an existing bridge and laboratory fatigue tests on representative specimens were
conducted to investigate the non-negligible bending stiffness and local stresses. The work
offers practical guidance for refined assessment of aging riveted railway bridges.

Liu et al. [2] established a corrosion–fatigue life assessment framework for bridge
cables based on the equivalent initial flaw size model. This study quantified how corrosion
defects and traffic-induced stress ranges jointly govern cable-wire fracture, which offers a
mechanics-based basis for cable inspection, maintenance timing, and replacement decisions.

Ouyang et al. (contribution 14) developed and optimized a rhombus hanging-basket
walking-track system for cantilever casting construction of long-span bridges, with the
Hai-he Bridge used as the engineering background. Its value lies in shifting attention
from the main truss alone to the walking mechanism and construction equipment system,
offering a lighter, safer, and more efficient solution for bridge cantilever construction.

Zhu et al. (contribution 15) evaluated the residual performance of in-service tied-arch
bridge hangers protected by outer steel pipes, using a bridge with severe anchor-head water
damage as a case study. The study translates a difficult-to-observe hidden deterioration
problem into a practical inspection and evaluation procedure.

Yang et al. (contribution 16) analyzed the stay-cable vibration of a long-span rail-cum-
road cable-stayed bridge under high-speed train loading, using the Huanggang Yangtze
River Bridge as the prototype. A double-end-excitation cable vibration model was derived.
The work is notable for separating cable vibration from the global bridge response while
retaining realistic end excitation.

Li et al. (contribution 17) proposed an idealized time-history contact-force model
for AERORail structures, transforming experimentally identified vehicle–rail interaction
forces into standard single-valley and double-valley load curves. By converting scattered
experimental contact-force histories into a usable dynamic load model, this work provides
a practical basis for the analysis, design, and future performance evaluation of lightweight
cable-supported rail systems.

Xu et al. (contribution 18) studied the shear performance of a web-embedded com-
posite shear connector that integrates concrete dowels, penetrating rebars, studs, and an
embedded steel web for steel–concrete composite bridge structures. The study advances
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connector design by showing that the proposed composite connector offers higher shear
stiffness and good ductility.

3. Conclusions

This collection of articles covers various insights into the evolution and transformation
of bridge design and structural performance, driven by material innovation, development
of design ideas and concepts, industrialization and prefabrication of construction, refine-
ment of analysis and evaluation, advances in computing and digitization, and increasing
attention to sustainability, resilience and intelligence. These articles address various types
of problems from many application fields. For example, some of the problems considered
involve the application of high-performance materials, structural optimization, modular
construction, dynamic load analysis, and extreme condition resilience. Some advance-
ments show that smart monitoring has significantly improved the design, construction, and
maintenance of bridges. Although many of the articles focus on performance uncertainties
stemming from construction defects and intricate processes, long-term durability issues at
structural nodes and joints, and the risks posed by chloride corrosion and cyclic loading
in harsh operating environments, the advancements generally open up new avenues for
enhancing structural performance. The collection of articles spans a broad spectrum of
critical themes from chloride corrosion resistance design and high-performance assembled
connections to additive manufacturing, intelligent construction, data-driven load modeling,
multi-factor coupling performance evaluation, and cyclic load durability enhancement,
indicating the far-reaching scope and pivotal significance of bridge design and structural
performance research. Furthermore, sustainable and circular design, climate resilience,
digitalization, multi-hazard resilience, lifespan extension, and vibration control will be key
focuses in future bridge engineering research. Pushing forward in these areas will drive
innovation, enabling smarter, greener, and more durable infrastructure through integrated
technological and design solutions.
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Abstract

This study addresses the problem of traffic congestion in large cities caused by long-term
repairs of underground utility networks. An innovative mobile overpass is considered,
which combines the functions of a vehicle and a temporary bridge, allowing passenger cars
up to 3.5 t to pass directly over repair trenches without detours. The research focuses on
optimizing the placement of overpass supports relative to the trench edge to reduce soil
deformation and prevent trench wall instability. A numerical methodology is developed
in ANSYS Workbench that integrates finite element analysis of the soil-support system
with parametric optimization using the nonlinear Drucker–Prager elastoplastic model.
The soil parameters are obtained from oedometer compression tests (KPr-1M) and direct
shear tests (PSG-2M) on clayey soils and then used to calibrate the numerical model. The
optimization results show that the optimal distance from the trench wall to the overpass
support is Lmin = 2.78 m, which is 13.5% greater than the initial design value. This
modification reduces the maximum horizontal displacement of the trench wall by more
than a factor of two and ensures compliance with the displacement criteria. Comparison
between experimental and numerical compression curves yields an average deviation of
37.55%, with errors below 5% at higher stress levels, confirming that the Drucker–Prager
model is suitable for engineering optimization of mobile overpass support placement on
similar soils. The proposed methodology can be applied to the design and verification of
temporary bridge systems operating above utility trenches in urban environments.

Keywords: mobile overpass; temporary bridge; utility trench; soil–structure interaction;
Drucker–Prager model; finite element method; parametric optimization; urban traffic
management

1. Introduction

Modern megacities face the challenge of traffic congestion caused by increasing vehi-
cle density, road accidents, infrastructure repairs [1], infrastructure deterioration, limited
capacity, adverse weather conditions, and mass events [2]. This poses a threat to the sustain-
ability of the transport system, resulting in significant social, environmental, and economic
consequences [3]. Traffic jams increase travel time, raise stress levels, and reduce quality
of life [4], and also cause economic losses averaging 1.5% of GDP across the EU [5], the
USA [6], Japan [7], and ASEAN countries [8]. Modern solutions include intelligent trans-
portation systems (ITS), big data analytics, and infrastructure optimization [9]. In addition
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to the general causes of congestion, a major contributing factor is roadwork related to the
repair and modernization of underground utility networks, including those for heating,
water, cable, and sewage [10]. In Kazakhstan, the seven-month heating season depends on
combined heat and power plants (CHPs), whose thermal pipelines are laid beneath city
roads. Excavation of repair trenches disrupts traffic flows, overloading streets and reducing
throughput—especially where utility networks are suboptimally located [11,12]. Similar
issues are reported in other countries, such as Bangalore (India), where utility replacement
narrows roads and creates chronic gridlock [13].

One promising solution is the use of mobile overpasses [14,15]. A mobile overpass is
a temporary bridge structure that combines the functions of a vehicle and a bridge. The
structure is transported to the work site, deployed over a trench using concrete supports,
and enables passenger vehicles to pass directly over excavations without detours; after
repairs, it is folded back into transport mode.

A global review shows that such structures are almost absent in civil urban trans-
port construction. Similar designs exist primarily in military engineering, such as tank
bridge-layers and tracked folding bridges [16], as well as modular Bailey bridges and their
derivatives, including Mabey and Acrow bridges [17,18]. Deployable bridge systems, such
as the portable ERE Logistics beam bridge, can be hydraulically installed without heavy
machinery [19]. Lederman et al. developed a roll-up arch bridge mounted on an armored
vehicle for rapid deployment in military or rescue operations [20]. The mobile ASTRA
bridge system, operated by the Swiss Federal Roads Office (FEDRO), allows highway
repairs without traffic closure [21].

Analysis of existing analogues reveals that the proposed mobile overpass, which
combines the functions of a bridge and a vehicle, offers unmatched mobility and rapid
deployment—superior to prefabricated bridges that require heavy equipment or costly
tank bridge-layers. Made of carbon steel S-245 (analogous to S245) with a reliability factor
of 0.95 [22,23], it operates within a temperature range of −45 ◦C to +55 ◦C and has a
service life exceeding 15 years with regular maintenance. Designed in LIRA-SAPR [24]
in accordance with Kazakh and Eurocode standards [25], the structure is optimized for
urban conditions.

Implementing mobile overpasses in real-world conditions requires studying their
behavior under different operational modes. A key research objective is to analyze the in-
teraction between overpass supports and the soil foundation in bridge mode [26,27], which
is necessary to prevent trench wall collapse and ensure safe operation. This interaction
must be modeled to optimize support placement, accounting for soil properties, stress–
strain state, structural geometry, boundary conditions, and traffic loads. The underlying
hypothesis is that such optimization is achievable.

To the authors’ knowledge, no studies have addressed the optimization of mobile
overpass support placement near utility trenches using experimentally calibrated nonlinear
soil models and parametric finite-element optimization.

The novelty of this work lies in integrating experimentally calibrated Drucker–Prager
soil parameters with a parametric FEM optimization framework in ANSYS to determine
the optimal placement of mobile overpass supports near utility trenches—an approach
not reported in previous studies. Therefore, this study develops a methodology for opti-
mizing support placement to prevent trench wall instability and ensure reliable mobile
overpass operation.

The developed optimization methodology accounts for the nonlinear behavior of
the soil foundation [28,29] based on the Drucker–Prager model [30,31], is founded on
parametric optimization techniques [32,33], and employs finite element numerical modeling
using the ANSYS Academic Research, 2025 (R2) package. The methodology is further
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validated through experimental verification, which ensures the reliability and structural
stability during operation.

The proposed methodology represents a systematic integration of experimentally
calibrated soil parameters, parametric finite element optimization, and a practical engi-
neering operating scenario of the mobile overpass. The suggested approach provides a
well-founded assessment of the interaction within the “structure–soil” system and enables
optimal support placement under varying geotechnical operating conditions.

2. Materials and Methods

2.1. Modeling the Interaction Between Overpass Supports and the Soil Foundation and
Formulation of the Optimal Placement Problem

In the operational position, the overpass rests on two reinforced concrete supports
located on both sides of the trench, forming the “overpass support–soil foundation” system.
The supports act as entry ramps to the overpass (Figure 1, transmitting vertical loads
from the structure’s weight and vehicle traffic (Figure 2, positions 4 and 12). These loads
cause soil compression (Figure 2, position 10) and horizontal deformations of the trench
wall, which may lead to wall collapse (Figure 2, position 8) or soil displacement. A
reduced distance between the supports and the trench edge amplifies these effects, whereas
increasing this distance increases the structural span, thereby raising the weight and overall
construction costs [34,35].

 
(a) (b) 

Figure 1. Sketch 3D Model of the Mobile Overpass: (a) Transport Position (Trailer Coupled to the
Tractor), (b) Operational Position (Bridge Mode).

 
Figure 2. Diagram of the Overpass with Auxiliary Equipment; 1—load-bearing structure of the over-
pass; 2—moving vehicle; 3—driving wheels of the overpass chassis; 4—reinforced concrete supports
of the overpass; 5—guiding runners; 6—movable soil stops; 7—soil deformation sensors; 8—trench
wall; 9—utility networks; 10—soil foundation; 11—light and sound signal display; 12—vertical and
horizontal load on the soil foundation.

The design (initial) distance between the supports and the trench wall edge is
Lp = 2.45 m.

The condition of the soil mass is defined by its deformation and physico-mechanical
parameters: deformation modulus E, cohesion C, Poisson’s ratio ν, internal friction angle
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ϕ, and dilatancy angle ψ. The parameter ranges are relatively broad, since the overpass
may operate on different types of soils, excluding structurally unstable (collapsible) soils
that change their structure under relatively small external loads [36].

The distributed vertical load transmitted to the soil from the overpass support
(reinforced-concrete ramp) is determined by the following expression:

q =
(

Pa + Rp
)
/la = 135.5kN/m, (1)

where Pa = 33 kN is the load from the reinforced-concrete ramp; Rp = 265 kN is the load
from the overpass structure, including the weight of the structure and the total load from
moving vehicles; la = 2.2 m is the ramp length.

The horizontal load caused by vehicle braking or traction forces can be neglected, as it
is insignificant given the low travel speed on the overpass (not exceeding 15 km/h).

The stiffness condition of the trench wall—considered as the displacement-limiting
condition for uxi of the vertical wall CD for different cases of overpass support
placement—can be defined as [37,38]:

max(uxi )|CD ≤ [ux], (2)

where max(uxi )|CD is the maximum horizontal soil displacement at the trench wall CD;
[ux] is the allowable horizontal displacement of the trench wall boundary CD, which can be
defined as [ux] = [h/ (500 ÷ 1000)], where h is the height of the trench wall. Expression (2)
specifies that the maximum horizontal soil displacements along the trench wall CD must
not exceed the established limit values.

This condition serves as the basis for optimizing support placement. Accordingly, the
optimization problem is defined as follows: to determine the optimal minimum distance
Lmin from the trench wall CD to the overpass support that ensures the minimal horizontal
displacements uxi of the trench wall CD among all possible configurations (2), taking into
account the support load (1) acting on the soil, its physico-mechanical properties, the
geometry of the computational domain, boundary conditions, and the stress–strain state
(SSS) of the soil mass.

Thus, the optimization criterion is the minimum distance Lmin of the support from
the trench wall edge at which the stiffness condition (2) is satisfied, sufficient to prevent
its collapse.

Conditionally, the objective function for optimizing the placement of supports can
be represented as a multidimensional function P, depending on several parameters men-
tioned above:

P = P
(
q, Lnp, E, C, φ, ψ, Geometryo f theDomain, Stress − StrainState(SSS)o f theMass

)
. (3)

The stiffness condition of the wall (2) and the boundary conditions of the computa-
tional domain—EF, BA, and AF (Figure 3)—act as constraints of the objective function
(3 Solving this objective function determines the optimum location of the support Lmin,
corresponding to the minimum of the function Lmin → minP.

Depending on the given parameters and constraints, a single optimal value of the
parameter Lmin is obtained. When any parameter of function (3) changes, the optimal point
Lmin also shifts.

The accuracy of soil behavior prediction depends primarily on the deformation model
used. Among known nonlinear criteria are the Coulomb–Mohr, Lade–Duncan, Matsuoka–
Nakai, Drucker–Prager, Duncan–Chang, Schwer–Murray, and von Mises models, describ-
ing the SSS and failure behavior under plastic deformation [39–42]. The Coulomb–Mohr
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model, while widely used, does not account for nonlinear volumetric compression be-
havior, and its angular yield surface complicates numerical 3D analysis, often leading to
predictions that are close to linear elastic behavior.

Figure 3. Computational Scheme of the Soil Foundation.: BC—ground level with the support posi-
tioned on it; CD—vertical trench wall; DE—trench bottom; EF—axis of symmetry of the domain and
a sliding boundary condition; AB—sliding boundary of the computational domain; AF—fixed (rigid)
boundary. The stress–strain state (SSS) of the modeled domain corresponds to plane strain conditions.

The Drucker–Prager model eliminates these drawbacks by employing a smoothed
conical yield surface defined by C and ϕ, thereby improving numerical stability and
providing a more accurate description of nonlinear SSS.

2.2. Parametric Optimization Using ANSYS Workbench

An analytical solution to the optimization problem for the objective function (3)
is complicated due to its high complexity; however, numerical methods of parametric
optimization implemented in ANSYS Workbench (WB) [43,44] provide an effective way to
solve it through virtual experimentation and automated analysis [45,46]. This approach
enables variation in key model parameters (such as dimensions or material properties) and
the evaluation of their impact on target characteristics—such as strength or, in the present
case, deformation [47].

In WB, the process begins by creating parametric geometry in DesignModeler or
by importing a CAD model, during which the variables to be optimized are defined.
The subsequent steps include generating a design of experiments, constructing response
surfaces, and performing a numerical search for the optimum using built-in optimization
algorithms [48,49]. The Drucker–Prager (DP) model is integrated into WB to describe
the soil’s nonlinear behavior, enabling determination of the soil’s stress–strain state (SSS)
under loads transmitted from the overpass supports using the finite element method (FEM).
Based on the obtained SSS, WB’s parametric optimization tools solve the optimal support
placement problem, yielding more accurate positioning results.

Thus, the optimization procedure searches for the value of Lmin that minimizes hori-
zontal trench wall displacements while satisfying the constraints on soil properties, geome-
try, and boundary conditions [50] In brief, the workflow consists of: (i) defining geometry,
material models, boundary conditions, and loads; (ii) selecting design and response param-
eters; (iii) planning and running the virtual experiment; (iv) constructing response surfaces;
and (v) performing optimization and verifying the obtained solution [51].
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At the first stage, the stress–strain state (SSS) analysis was performed using the physico-
mechanical characteristics of clay loam soils, which are predominant in the Karaganda
region of Kazakhstan (Table 1).

Table 1. Physico-Mechanical Characteristics of the Soil.

Name Accepted Values

Elastic modulus, E 23.544 MPa
Poisson’s Ratio, ν 0.35

Cohesion, C 20.601 kPa
Internal Friction Angle, ϕ 18◦

Dilatancy angle, ψ 2.5◦

According to Figure 4, the design (computational) scheme of the soil and its finite-
element approximation in ANSYS Workbench are shown in the figure.

 

(a) (b) 

Figure 4. Soil computational model in ANSYS Workbench: (a) Design (computational) scheme,
(b) Finite element approximation.

For the approximation of the computational scheme of the soil foundation (Figure 4),
a two-dimensional eight-node quadrilateral finite element PLANE82 [52] was used. The
element is defined by eight nodes, each having two degrees of freedom: displacements
along the global x and y coordinate axes. This element is suitable for nonlinear elasto-
plastic problems, accounting for stiffness variation, large displacements, large strains, and
orthotropy in 2D modeling.

The total number of finite elements was selected automatically based on an optimal
mesh generation criterion. Mesh refinement was applied in the contact zone between the
support and the soil mass, as well as near the trench wall, in order to improve the accuracy
of stress and displacement determination. The model consists of 975 elements, 1023 nodes,
and 2046 degrees of freedom. Loading applied to the computational model was defined
according to expression (1). The geometry and boundary conditions were specified in
accordance with Figure 3 and are described in Section 2.1.

2.3. Justification of the Objective and Tasks of the Experiment

The studies on optimizing the placement of overpass supports were based on a virtual
numerical experiment in ANSYS Workbench (WB) using the Drucker–Prager model. The
calculation methodology developed using this approach applies to various soil types but
requires experimental verification of its reliability. Therefore, an experimental validation of
the “overpass support–soil foundation” system was conducted to confirm the applicability
of the adopted soil model.

The purpose of this experimental study is to verify the nonlinear Drucker–Prager
soil deformation model implemented in ANSYS by comparing it with experimental data,
thereby justifying its use in the engineering methodology for calculating and designing
mobile overpasses.
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The research tasks include:

1. Describing the experimental setup and equipment;
2. Preparing for testing;
3. Conducting tests and processing results;
4. Performing mathematical modeling in ANSYS;
5. Carrying out a comparative analysis of field tests and numerical modeling results

in ANSYS.

All experimental works were carried out using certified instruments (stabilome-
ters): KPr-1M for compression testing [53] and PSG-2M for direct shear testing [54], both
manufactured by Pribor (Uglich, Russia). The tests were performed in accordance with
GOST 12248-2010, “Soils—laboratory methods for determining strength and deformability
characteristics” [55]. Statistical data processing was performed in compliance with GOST
20522-2012 “Soils. Statistical processing methods for test results” [56].

The experiment consisted of two parts—physical and mathematical modeling—each
including three stages:

Stage 1: Using the compression method on the KPr-1M device, soil deformations and
settlements, along with parameters such as the modulus of deformation (E) and Poisson’s
ratio (ν), were determined.

Stage 2: Using the single-plane shear method on the PSG-2M device, strength
parameters—cohesion (C) and internal friction angle (ϕ)—were recorded.

Tasks 1–3 were performed separately for each test type.
Stage 3: Soil compression was simulated in ANSYS using the Drucker–Prager model

with the experimentally obtained parameters (E, ν, C, ϕ). A comparative analysis of
settlement and deformation curves was then performed between the experimental and
simulated results.

2.3.1. Experimental Studies of Soil Compression

Experimental investigations to determine soil deformations were carried out using the
KPr-1M compression apparatus, provided by the certified laboratory of Karaganda GIIZiK
LLP (Karaganda, Kazakhstan).

For testing, soil samples were taken either undisturbed from monoliths (for natural
soils) or reconstituted in the laboratory (for fill or artificial soils Each specimen had a
cylindrical shape with a diameter of 70–100 mm and a height equal to 1.5–2 times the
diameter, in accordance with the standard. For this experiment, a clay soil sample with an
undisturbed structure and natural moisture content was used.

The sample parameters are presented in Tables 2 and 3 and illustrated in Figure 5.
The load was gradually applied to the specimen (in stages).
The magnitude of each stage depended on the soil type and the test’s purpose, typically

ranging from 0.05 to 0.5 MPa.
Deformations were measured with high accuracy (typically up to 0.01 mm) using dial

indicators and electronic sensors installed on the apparatus.

Table 2. Data on the Tested Soil Sample.

Soil Type Soil Condition Sample Height, mm
Sample

Diameter, mm

Sample Cross-
Sectional

Area, mm2
Sample Volume, mm3

Clay
At Natural
Moisture
Content

h = 25 d = 87.43 S = 6000 V = 15,000
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Table 3. Physical Characteristics of the Soil.

Parameter Value

Moisture, W,% 31.00
Soil Density, ρ, g/cm3 1.92
Dry Soil Density, ρd d, g/cm3 1.47
Soil Particle Density, ρs g/cm3 2.77
Porosity, n, dimensionless units 0.47
Void Ratio, E 0.89
Degree of Saturation, Sr, dimensionless units 0.96
Liquid Limit, WL, % 77.00
Plastic Limit, WP, % 39.00
Plasticity Index, Ip, % 38.00
Coefficient Accounting for the Absence of Lateral Soil Expansion, β 0.4

 

Figure 5. Soil Sample under Compression in the KPr-1M Apparatus.

For each loading stage, the following parameters were calculated [55,56]:

- Absolute stabilized vertical deformation of the soil specimen (Δh, mm)—the arithmetic
mean of the instrument readings after subtracting the correction for the deformation
of the compression apparatus;

- Relative vertical deformation of the soil specimen.

εi = Δhi/h, (4)

where h—the height of the tested specimen;

- The soil porosity coefficient ei is calculated using the formula:

ei = e0 − εi(1 + e0), (5)

where e0 is the initial porosity coefficient in the absence of load.
Based on the calculated values, a graph of ε = f (p) or Δh = f (p) was plotted,

known as the compression curve. A smooth average curve was drawn through the plotted
points. The compressibility coefficient m0, MPa−1, at each loading stage from pi to pi+1 as
calculated with an accuracy of 0.001 MPa−1 according to the formula:

m0 =
ei − ei+1

pi+1 − pi
, (6)

where ei and ei+1 are the void ratios corresponding to the pressures pi and pi+1.
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The oedometer modulus of deformation Eoed and the deformation modulus obtained
from compression tests Ek within the given pressure interval Δp were calculated with an
accuracy of 0.1 MPa according to formulas [55,56]:

Eoed = Δp/Δε, Ek = Eoed · β, (7)

where Δε is the change in relative strain corresponding to Δp.
β is a coefficient accounting for the absence of lateral soil expansion in the compression

device; in the absence of experimental data, it is allowed to take β = 0.4.

2.3.2. Experimental Study of the Direct Shear Test of Soil

Experimental investigations of soil strength characteristics were carried out using the
PSG-2M direct shear apparatus, provided by the certified laboratory Karaganda GIIz &
K LLP (Karaganda, Kazakhstan). The PSG-2M device is designed to determine soil shear
strength parameters such as the internal friction angle ϕ and cohesion C in accordance
with GOST 12248-2010 [55].

Soil specimens were placed in the ring mold and shaped as cylinders with a diameter
of at least 70 mm and a height equal to one-third to one-half of the diameter. The maximum
particle size (inclusions, aggregates) in the sample did not exceed one-fifth of its height.

Undisturbed natural clay soil specimens were prepared in a cylindrical form with the
following geometric parameters: height h = 29 mm, diameter d = 71.4 mm, cross-sectional
area S = 4000 mm2, and volume V = 116,055.1 mm3.

The soil’s physical characteristics, including the liquidity index, served as the ba-
sis for selecting the normal pressure steps in accordance with the recommendations of
GOST 12248-2010 [55]. The tested clay specimen is shown in Figure 6.

 

Figure 6. Tested soil specimen under shear.

The tests were conducted sequentially at three vertical (normal) stress levels,
σn: 0.1 MPa, 0.3 MPa, and 0.5 MPa, which were selected for clay soils with IL ≤ 0.5
based on the tabulated data of the standard GOST 12248-2010 [55].

For each stress level, the specimen was placed in the shear box, where a vertical
load was applied in a single stage through a system of weights and levers, ensuring a
uniform pressure distribution over the sample surface. Immediately after applying σn, the
horizontal shear mechanism was activated. The shearing load was applied statically in
discrete steps, each not exceeding 10% of the current load value, with intervals of 10–15 s
between steps.

The total shearing time was limited to 2 min, from the start of loading, to minimize
the influence of consolidation processes.
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During the test, key parameters were continuously recorded—horizontal displace-
ment (l) (mm), shear stress τ (MPa), and elapsed time—which made it possible to track
deformation dynamics in real-time.

The test was considered complete when one of two criteria was met: either a sudden
failure (sliding of one half of the specimen relative to the other) or the attainment of 10%
relative deformation, whichever occurred first.

The ultimate shear strength was defined as the maximum τ recorded during the test.
Based on the measured values of horizontal shear and normal loads, the shear and

normal stresses τ and σn (MPa) were calculated according to the formulas provided in [55]:

τ = 10
Q
A

, σ = 10
P
A

, (8)

where Q and P are the horizontal shear and normal forces acting on the shear plane,
respectively, kN; A—sample area, cm2.

Determination of τ should be performed for at least three different values of P.
Based on the measured shear deformation values l corresponding to different stress

levels, a dependence graph l = f(τ) was constructed.
The ultimate shear strength of the soil was taken as the maximum value of τ ob-

tained from the shear diagram at the segment lk, where the relative deformation does not
exceed 10%.

From the obtained data, the dependence τ = f(σ) [55] was plotted.
The internal friction angle ϕ and cohesion C are determined as the parameters of the

linear relationship between τ and σ.

τ = σ · tgφ + c, (9)

where τ and σ are determined according to expressions (8).
The internal friction angle ϕ and cohesion C were calculated using expressions (10),

obtained by processing the experimental data points of the τ = f(σ) relationship with
the least squares method, or determined graphically by drawing the best-fit straight line
through the experimental points [55,56].

tgφ =
n∑ τiσi − ∑ τi∑ σi

n∑ (σi)
2 − (∑ σi)

2 , C =
∑ τi∑ σ2

i − ∑ σi∑ τiσi

n∑ (σi)
2 − (∑ σi)

2 , (10)

where τn are the experimental values of shear resistance determined at different normal
stresses σn, and n is the number of tests.

2.3.3. Simulation of Soil Compression in ANSYS

Numerical modeling of clay soil compression in ANSYS WorkBench was carried
out using the Drucker–Prager elastoplastic model, based on experimentally determined
parameters: deformation modulus E, Poisson’s ratio ν, internal friction angle ϕ, cohesion
C, and dilatancy angle ψ.

The soil compresses without lateral expansion in the tested cylindrical mold, resulting
in no radial deformations. Therefore, the computational scheme was implemented under
plane strain conditions, reproducing the tests conducted with the KPr-1M apparatus, with
the following specimen geometry: height h = 25 mm, diameter d = 87.43 mm, and loading
stages P ranging from 0.05 to 0.5 MPa. These loads were converted into the equivalent linear
load q = P·d, N/m (corresponding to the midsection of the specimen along its diameter d,
side BC) for all loading stages.
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The computational model of the soil specimen simulating compression in ANSYS is
shown in Figure 7.

Figure 7. Computational model of the soil specimen in ANSYS. Boundary conditions: sides AB and
CD—sliding; side AD—fixed (rigid constraint).

The soil model was defined as the Drucker–Prager elastoplastic model. To apply
this model, it was necessary to specify the soil parameters obtained experimentally (see
Section 3.3): internal friction angle ϕ = 7.13◦, cohesion C = 0.11 MPa, deformation modulus
E, Poisson’s ratio ν, and dilatancy angle ψ.

According to GOST 12248-2010 [55], in the absence of experimental data, Poisson’s
ratio ν for clay soils was taken depending on the liquidity index Il: 0,2–0,3 for Il < 0,5.

The liquidity index Il was determined from the expression based on the parameters of
the tested soil as given in Table 2 [55,56]:

IL =
(
W − Wp

)
/WL − WP = −0.21, (11)

where Ip = WL − Wp is the plasticity index, equal to the difference between the liquid limit
WL and the plastic limit Wp.

As seen from the calculations, IL < 0; therefore, ν (Poisson’s ratio) was set to 0.3 as the
upper limit, since the tested soil was non-moistened and had a lower density.

The deformation modulus E used in the numerical model was obtained from the
oedometer modulus Eoed, derived from compression test data and adjusted for the selected
Poisson’s ratio:

E = Eoedν = 40 · 0.3 = 12 MPa. (12)

For clay soils, the dilatancy angle ψ was assumed to be ψ = 2.5◦ in the calculations.
An eight-node rectangular finite element (PLANE82) was selected to ensure higher compu-
tational accuracy [57].

The simulation was performed by applying load steps corresponding to the equivalent
linear load q, as specified in Table 8.

3. Results

3.1. Parametric Optimization Solution

According to the parametric optimization algorithm implemented in ANSYS Work-
Bench, the first stage involved calculating the stress–strain state (SSS) of the soil mass under
the effect of the bridge support (Figure 3). The results include stress and displacement fields,
as well as zones of equivalent plastic deformation within the soil foundation. The subse-
quent optimization was performed in ANSYS DesignXplorer using the screening method
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to identify key influencing parameters, a central composite design (CCD) of experiments,
the construction of response surfaces, and the formation of an optimization model aimed
at minimizing the distance between the bridge support and the trench edge, subject to
constraints on horizontal displacements, as defined by expressions (2) and (3). Figures 8–10
present the isofields of normal and shear stresses (σx, σy, τxy) along the corresponding
axes.

Figure 8. Isofield of normal stresses σx, MPa.

 

Figure 9. Isofield of normal stresses σy, MPa.

Figure 10. Isofield of shear stresses τxy, MPa.

Analysis of Figures 9 and 10 shows that the principal maximum stresses by absolute
value are concentrated directly beneath the bridge support, which is especially characteristic
for vertical compressive stresses σy.

Figures 11–13 illustrate the isofields of displacements (ux, uy) and the distribution zones
of equivalent plastic strains (εp

ed) in the soil mass under the influence of the bridge support.
The analysis of Figure 11 demonstrates that the largest horizontal displacements of

soil particles occur along the vertical trench wall, which may later cause its collapse during
bridge operation. The most significant vertical displacements are observed in the area
directly beneath the bridge support and gradually decrease with depth and distance from
this zone.
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The plastic deformation zones of the soil, as expected, are located at shallow depths
beneath the bridge support (Figure 13).

 
Figure 11. Isofield of horizontal displacements ux, mm.

Figure 12. Isofield of vertical displacements uy, mm.

Figure 13. Zone of equivalent plastic deformations ε
p
ed.

After calculating the stress–strain state (SSS) of the soil mass, the second stage of the
parametric optimization algorithm was performed, which involved determining the opti-
mization parameters and planning the virtual experiment. This stage was conducted using
ANSYS DesignXplorer (DX), a specialized module integrated into ANSYS WorkBench for
performing multi-parameter optimization and parametric studies. As the optimization
method, the built-in Screening Optimization Method [57,58] was used. This is one of the
simplest methods, based on sampling and sorting, that supports multiple parameters,
constraints, and input data types. The input optimization parameter, serving as the opti-
mization criterion, was the minimum distance of the bridge support from the trench edge
(Lmin In DX). This parameter was designated as P1 in the experiment scheme tab “Outline
of Schematic D2: Design of Experiments.” Considering the change in the support position,
the variable parameter was labeled P1-x. The default initial distance between the support
and the trench edge was set to 1.0 m, with an upper boundary of 3.4 m. The output param-
eters acting as constraints included the maximum allowable horizontal displacement of the
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trench wall (P2), determined according to boundary condition (2), as well as the calculated
stress–strain state (SSS) of the soil model. A central composite design (CCD) [59–61] was
selected for two factors: P1 (Lmin), the minimum distance of the bridge support from the
trench edge, and P2 (max(uxi )|CD), the maximum deformation of the trench wall CD (see
expression (2). The system automatically generated five design points (Table 4), which were
used for calculations after determining the soil mass’s stress–strain state at each iteration of
the optimization process.

Table 4. Outline A2: Design points of the central composite design plan.

Name of Point P1-x (m)
P2—Directional Deformation

Maximum (mm)

1 2.2 6.3794
2 1 13.355
3 3.4 5.1637
4 1.6 7.7809
5 2.8 5.4981

Next, the third stage of the parametric optimization algorithm was carried out, which
involved constructing the response line (Figure 4). In this case, for the two-factor design,
the response surface represented a function of one variable, P2 = f(P1) The response surface
approximates the output parameter values across the entire analyzed parameter space,
eliminating the need for complete calculations at every point. In ANSYS DesignXplorer
(DX), several types of response surfaces (or lines) are available, including second-order
polynomials [62], Kriging [63], nonparametric regression [64], neural networks, and sparse
grid models [65]. The quality of the approximation was evaluated using the coefficient
of determination (R2), root-mean-square error (RMSE), and relative errors [66–68]. The
corresponding results are presented in Table 5.

Table 5. Accuracy assessment of the distribution of design points on the response surface.

Accuracy Assessment P2—Directional Deformation Maximum

Coefficient of Determination R2 (Best Value = 1)
Learning Points 1
Cross-Validation on Learning Points 1

Root Mean Square Error (Best Value = 0)
Learning Points 2.6207 × 10−7

Cross-Validation on Learning Points 8.5555 × 10−7

Relative Maximum Absolute Error (Best Value = 0%)
Learning Points 0
Cross-Validation on Learning Points 3.8653 × 10−5

Relative Average Absolute Error (Best Value = 0%)
Learning Points 0
Cross-Validation on Learning Points 2.3295 × 10−5

The metrics in Table 5 indicate an almost perfect approximation (R2 = 1, very low errors
of the order 10−5–10−7). Therefore, a second-order polynomial response line, P2 = f(P1), was
adopted for further optimization. Based on these results, a response curve was constructed
(Figure 14), illustrating the dependence of the horizontal displacement parameter of the
trench wall (CD) on the position of the bridge support relative to the trench edge (CD)
(Figure 3), considering the stress–strain state (SSS) of the soil mass modeled using the
Drucker–Prager approach.
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Figure 14. Response curve of horizontal displacement of the trench wall CD depending on the bridge
support position.

The response curve is monotonically decreasing and nonlinear, and is approximated
by a second-order polynomial with high accuracy, as confirmed by the metrics in Table 5.
The coefficient of determination R2 = 1 indicates perfect agreement between the model
and the data, while the minimal errors ensure high prediction reliability. The decrease
in P2 from approximately 13 mm (at the minimum support position P1 = 1 m from the
edge) to about 5.1 mm (at the maximum P1 = 3.4 m) reflects clear physical logic: increasing
the distance between the bridge support and the trench edge enhances the trench wall’s
stability, reducing its horizontal displacement.

Next, the fourth stage of the parametric optimization algorithm was performed—the
creation of the optimization model. This involved defining the optimization objective,
constraints, and parameter admissible ranges (Table 6).

Table 6. Conditions of the studied optimization parameter.

Name Parameter Objective Constraint Lower Bound Upper Bound

Minimize P1 P1-x Minimize No Constraint

Minimize P2;
5.82 mm ≤ P2 ≤ 6.18 mm

P2—Directional
Deformation

Maximum
Minimize Lower Bound ≤ Values

≤ Upper Bound 5.82 6.18

The problem defined the conditions for minimizing the horizontal displacement of the
trench wall CD (Figure 3) within the range of 5.82–6.18 mm (Table 6), determined according
to condition (2) based on the preliminary calculation of the stress–strain state (SSS) of the
soil mass (Figure 11).

According to condition (2), [ux] = [h/(500 ÷ 1000)], where h is the height of the
trench wall. In the present study, the maximum value of the trench depth was adopted as
h = 3 m = 3000 mm (Figure 3). Therefore, [ux] = 3000/500 = 6 mm. By selecting an admis-
sible maximum deviation from this value of ±3%, the resulting range is (5.82–6.18 mm).

At the fifth stage of the parametric optimization algorithm, the optimization model
was launched using the screening method. As a result of the computation, three optimal
variants (candidate points) of the support position were obtained (Table 7).
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Table 7. Obtained optimal variants (candidate points).

Name

P1-x (m)
P2—Directional Deformation

Maximum (mm)

Parameter Value
Variation

from Reference
Parameter Value

Variation
from Reference

Candidate Point 1 2.4196 0.00% 6 0.00%
Candidate Point 2 2.518 4.07% 5.8506 −2.49%
Candidate Point 3 2.6164 8.13% 5.7146 −4.76%

The final solution selected is Candidate Point 1, as it satisfies the displacement con-
straint while preserving the baseline value of distance P1, without increasing the span and
the associated structural and economic costs. The remaining options provide only a minor
reduction in displacements but require an increased support installation distance, which
reduces their practical feasibility.

Based on the optimal position of the bridge support (Candidate Point 1), isofields of
horizontal displacements of the soil mass were constructed, calculated with consideration
of the stress–strain state (SSS) (Figure 15), as well as correlation dependencies between the
support installation distance L and the maximum horizontal displacement of the trench
wall CD (Figure 16).

Figure 15. Candidate isofields of horizontal displacements ux, mm.

Figure 16. Dependence of the maximum horizontal displacement of the trench wall CD on the
support position L.

By analyzing the soil displacement fields obtained for both the initial (design) support
position (Figure 10) and the optimized configuration (Figure 14), it can be concluded that in
both cases, the maximum displacements are concentrated in the zone of the vertical trench
wall CD, which remains the most vulnerable area subject to potential collapse. However,
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after the optimization, the displacements of the trench wall CD, as well as those throughout
most of the soil mass, decreased by more than half. This reduction significantly lowers
the deformation intensity in the soil mass, thereby reducing the likelihood of trench wall
failure during bridge operation.

Figure 15 presents the final results of the virtual optimization experiment—Samples
(displayed as blue squares)—along with the quadratic (Quadratic Trend Line) and linear
(Linear Trend Line) correlation curves. The determination coefficients (R2) are shown as
percentages, indicating the degree of agreement between the experimental Samples’ output
values and the corresponding correlation curves.

Each Sample value represents the maximum horizontal displacement of the vertical
trench wall CD (max(uxi )|CD), depending on the distance L from the bridge support to
the trench edge CD, obtained from the stress–strain state (SSS) analysis of the soil using
the nonlinear Drucker–Prager model. As shown by this relationship, it is possible to
determine the minimum trench wall deformation and the corresponding optimal support
position Lmin.

The obtained correlation distributions of the Sample values define the law of vari-
ation of the maximum displacements of the vertical trench wall CD (max(uxi )|CD) as a
function of the bridge support placement L. The quadratic correlation dependence of the
maximum displacements of the trench wall CD on the distance L from the support position
is expressed as follows (Figure 16):

uxi,max = 0.49884L2
i − 2, 7761Li + 8.628. (13)

Linear correlation dependence (Figure 16):

uxi,max − 0.58964Li + 6.4766. (14)

The determination coefficients for the quadratic and linear correlations are 99.3% and
76.12%, respectively. These values indicate a strong agreement between the output param-
eters of the virtual experiment and the fitted curve equations. The quadratic correlation
demonstrates the highest accuracy of fit.

From Equation (13), the optimal minimum distance Lmin of the bridge support from
the trench wall CD was determined, corresponding to the minimum value of the maximum
horizontal displacement of the trench wall CD:

Lmin = 2.78m, min(maxuxi) = 4.77mm. (15)

The design (initial) distance from the trench wall CD to the support was taken as
Lnp = 2.45 m. The difference between the design solution and the ANSYS DX optimization
is 0.33 m, which is 13.5%. This distance Lmin is a technological (constructability) factor
and must be accounted for in the work execution plan. The calculation procedure for
determining the optimal support location developed in this section is used in the overall en-
gineering methodology for the mobile overpass when analyzing the “bridge support—soil
foundation” system.

3.2. Results of Soil Compression Testing (Results from Section 2.3.1)

In the experimental study of soil compression using the KPr-1M oedometer, key
deformation characteristics of undisturbed clay soil with natural moisture content were
obtained. The tests were conducted in a stepwise manner, with applied pressures ranging
from 0 to 0.5 MPa, allowing the determination of absolute and relative deformations, void
ratios, compressibility coefficients, and deformation moduli.
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The collected data were processed in accordance with GOST 12248-2010 [55] and
presented in both tabular and graphical form for comparison with the results of numerical
modeling. Table 8 summarizes the parameters of the tested soil specimen at each loading
step (0.1–0.5 MPa).

Table 8. Results of compression tests.

Load, MPa
Deformation,

mm
Strain, mm

Compressive
Deformation

Modulus Ek, MPa
Void Ratio

Compressibility
Coefficient, MPa−1

Oedometer
Modulus Eoed,

MPa

0 0 0 0 0.89 0 0
0.050 0.23 0.009 2.222 0.873 0.340 5.556
0.100 0.40 0.016 2.941 0.860 0.257 7.353
0.200 0.50 0.020 10.000 0.853 0.076 25.000
0.300 0.57 0.023 14.286 0.847 0.053 35.714
0.400 0.60 0.024 28.571 0.845 0.026 71.429
0.500 0.65 0.026 22.222 0.841 0.034 55.556

From Table 8, using the iterative expressions (4)–(7), the following values were ob-
tained for the final loading step of 0.5 MPa: compressibility coefficient m0 = 0.047 MPa−1;
compressive deformation modulus Ek = 16 MPa; oedometer deformation modulus
Eoed = 40 MPa.

Based on the values from Table 8, Figure 17 presents the experimental deformation
curves for a single soil specimen. Since the specimen cannot fully return to its original state,
a single representative point is taken.

 
(a) (b) 

Figure 17. Experimental deformation curves of the soil (a) deformation, (b) relative deformation.

The dependence of absolute deformation on load, Δh(P), shows a nonlinear increase
in deformation with increasing load (Figure 17a). At low pressures (up to 0.1 MPa),
deformation increases rapidly, indicating a high initial compressibility. Thereafter, the
growth rate slows, reflecting soil densification and increased stiffness under load. The
overall curve is concave downward, typical of plastic clays.

The dependence of relative deformation on load, ε(P), follows a similar pattern: the
curve rises nonlinearly from 0 to 0.026 (Figure 17b). The steeper initial segment is followed
by gradual flattening, indicating a reduction in deformation rate at higher loads. This
behavior confirms the transition from elastic to plastic deformation, during which the soil
densifies and resists further compression.

The obtained parameters (Eoed = 40 MPa, Ek = 16 MPa, m0 = 0.047 MPa−1, ν = 0.3,
see Section 2.3.3) demonstrate pronounced nonlinear compressive behavior of the soil
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and justify their use in the ANSYS mathematical modeling and in the verification of the
Drucker–Prager model, ensuring engineering calculation accuracy for the “bridge support–
soil foundation” system.

3.3. Results of the Direct Shear Test of Soil (Results from Section 2.3.2)

Experimental studies of soil shear strength were conducted using the PSG-2M appara-
tus in the unconsolidated quick shear mode, allowing for the determination of key strength
parameters of the clay soil, namely the internal friction angle (ϕ) and cohesion (C The tests
were performed at three levels of everyday stress—0.1, 0.3, and 0.5 MPa—with continuous
recording of shear deformation and shear stress over time.

The obtained data were processed using the least squares method in accordance with
GOST 12248-2010 [55] and used to determine the shear strength parameters required for
numerical modeling.

The results of the direct shear tests are presented in Tables 9–11.

Table 9. Results of the test at σ = 0.1 MPa.

Vertical Stress σ = 0.1 MPa

Time from the Beginning of the Test, s Shear Deformation l, mm Shear Stress τ, MPa

122.0 0 0
122.0 0.14 0.005
141.6 0.26 0.01
202.1 0.29 0.015
211.6 0.32 0.02
273.5 0.34 0.025
290.2 0.37 0.03
354.8 0.4 0.035
374.1 0.44 0.04
438.1 0.47 0.045
483.4 0.55 0.05
618.3 0.68 0.055
656.4 0.78 0.06
726.8 0.86 0.065
788.5 0.95 0.07
863.5 1.03 0.075
919.2 1.08 0.08
995.8 1.18 0.085
1055.4 1.28 0.09
1163.6 1.4 0.095
1200.5 1.55 0.1
1294.5 1.78 0.105
1335.5 1.97 0.11
1459.7 2.1 0.115
1511.2 2.48 0.12
1615.5 7.1 0.125

In the last rows of Tables 9–11, the obtained values of shear stress τ correspond to
the failure stage of the tested specimens—that is, the maximum shear load (ultimate shear
strength. These results are summarized in Table 12.

Based on Table 8, the dependence τ = f(σ) was obtained and is shown in Figure 17.
According to expression (10) and the data from Table 12, the tangent of the internal

friction angle was determined as tgϕ = 0.125 and cohesion C = 0.11 MPa, from which
ϕ = 7.13◦. Thus, the required strength parameters of the tested specimen—internal friction
angle and cohesion—were established.
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Table 10. Results of the test at σ = 0.3 MPa.

Vertical Stress σ = 0.3 MPa

Time from the Beginning of the Test, s Shear Deformation l, mm Shear Stress τ, MPa

122.0 0 0
122.0 0.05 0.015
141.6 0.16 0.03
202.1 0.25 0.045
211.6 0.34 0.06
273.5 0.43 0.075
290.2 0.54 0.09
354.8 0.67 0.105
374.1 0.84 0.12
438.0 1.08 0.135
483.4 7.1 0.15

Table 11. Results of the test at σ = 0.5 MPa.

Vertical Stress σ = 0.5 MPa

Time from the Beginning of the Test, s Shear Deformation l, mm Shear Stress τ, MPa

122.0 0 0
122.0 0.54 0.025
141.6 0.69 0.05
202.1 0.8 0.075
211.6 0.95 0.1
273.5 1.28 0.125
290.2 1.76 0.15
354.8 7.1 0.175

Table 12. Determined ultimate shear strengths.

Test Number Vertical Stress, MPa Shear Strength, MPa

1 σ1 = 0.1 τ1 = 0.13
2 σ2 = 0.3 τ2 = 0.15
3 σ3 = 0.5 τ3 = 0.18

The obtained strength parameters (ϕ = 7.13◦ and C = 0.11 MPa) were derived from the
ultimate shear strengths at normal stresses σ = 0.1, 0.3, and 0.5 MPa using the least squares
method. The τ(σ) plot in Figure 18 exhibits a linear relationship, confirming the applicability
of the Mohr–Coulomb model for this soil. The obtained values (ϕ and C) serve as input
parameters for verifying the Drucker–Prager elastoplastic model in ANSYS, enabling more
accurate modeling of the soil foundation behavior under shear loads and substantiating
their use in engineering calculations for the “bridge support–soil foundation” system.

The consistency of the experimental results with regulatory standards confirms their
suitability for numerical modeling and optimization of the mobile overpass design.

3.4. Results of Soil Compression Modeling in ANSYS (Results from Section 2.3.3)

The modeling results, which include vertical deformations (displacements) uy and
relative deformations εy along the loading boundary, were compared with the experimental
data to assess the accuracy of the numerical model and its applicability for engineering
analysis of the “bridge support–soil foundation” system.
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Figure 18. Experimental dependence of stresses τ = f(σ).

According to numerical simulation results, similar to the experimental studies
(Section 3.2), the vertical displacements uy and the relative deformations εy were obtained
along the BC boundary (Figure 7). Along this line, the uy deformations reach their max-
imum absolute values. In contrast, along the other sections parallel to BC, the uy values
decrease in magnitude.

The BC boundary was selected for validation, as deformation measurements along this
line correspond directly to the experimental observations. The vertical relative deformation
εy remains nearly constant throughout the specimen height, confirming a uniform stress
distribution along the compression axis.

Figures 19 and 20 illustrate, respectively, the distribution of vertical displacements
(in meters) and relative deformations at the final loading stage, corresponding to a load
of q = 43.715 N/m. These results confirm the reliability of the Drucker–Prager soil model
used in ANSYS for reproducing the experimental compression behavior of the clay soil.

Figure 19. Vertical displacements uy [m].

Figure 20. Relative deformations εy.
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3.5. Analysis of the Consistency Between Numerical Modeling in ANSYS and Experimental
Test Results

A comparative analysis was carried out to evaluate the vertical deformations (uy) and
relative deformations (εy) obtained in the numerical simulation against the corresponding
experimental results from compression tests. The comparison covered a load range of 0.05
to 0.5 MPa, allowing assessment of the numerical model’s accuracy and validation of its
applicability to the developed methodology for optimal bridge support placement using
parametric optimization in ANSYS WorkBench (Sections 2.2 and 3.1).

The analysis of deviations across loading stages provides quantitative evidence of
model accuracy and convergence between numerical and experimental results.

The comparative results with the experimental soil compression data (Section 3.2) are
presented in Table 9 [68,69], while the graphical comparison is shown in Figure 20.

Analysis of Table 13 shows that at the initial loading stage, the deviation between
experimental and numerical values reaches approximately 70%. As the load increases, this
deviation decreases significantly, and at the final stages, it is just over 4%. At a load of 0.48
MPa, the experimental and numerical curves coincide, indicating complete agreement of
the results (Figure 21).

Table 13. Comparison of ANSYS modeling results with experimental test data.

Loading q, N/m

Displacements, mm Relative Deformations

Compression
Test of the
Specimen

ANSYS,
Drucker–

Prager Model
Deviation, %

Compression
Test of the
Specimen

ANSYS,
Drucker–

Prager Model
Deviation, %

4371.5 0.23 0.0677 70.6 0.009 0.002706 69.9
8743.0 0.40 0.135 66.2 0.016 0.005412 66.2
17,486 0.50 0.271 45.8 0.020 0.010825 45.9
26,229 0.57 0.406 28.8 0.023 0.016237 29.4
34,972 0.60 0.541 9.8 0.024 0.021649 9.8
43,715 0.65 0.677 4.2 0.026 0.027062 4.1

Figure 21. Comparison between experimental results and ANSYS modeling.

The significant deviation at the early stages is explained by the fact that the elasto-
plastic Drucker–Prager model behaves as an ideal elastic material under low loads. In
contrast, the actual soil does not exhibit perfect elasticity. This is further confirmed by the
deformation distribution patterns observed at the initial loading stages (Figure 21).

As the load increases, plastic potentials begin to act within the elastoplastic model,
reflecting the nonlinear deformation behavior and leading to a closer convergence be-
tween calculated and experimental values. Such behavior is typical for any nonlinear soil
deformability model based on an elastoplastic approach [70].
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The maximum absolute values of vertical stresses in the critical soil zone beneath
the support are σy = 0.15 MPa (node 907, Figure 22). The average contact pressure is
σavr = 0.138 MPa. The obtained stress level beneath the support does not fall within the low-
stress region (≈0.05 MPa), where the maximum model error is observed, and corresponds
to the range in which the discrepancy between experimental and numerical results does
not exceed approximately 46% to 4% (Table 13, Figure 22).

(a) 

 
(b) 

Figure 22. Distribution of vertical stresses in the soil beneath the support: (a) contour plot of vertical
stresses σy obtained from finite element analysis; (b) diagram of vertical stress distribution σy along
the contact zone between the support and the soil mass.

In addition, the finite element analysis results indicate that the maximum compres-
sive stresses are localized directly beneath the support and are also outside the low-stress
zone. That is, the operational stress level beneath the support does not correspond to
the lowest loading stages. Local (peak) stresses beneath the edges of the support may
exceed the average value (as evidenced by the stress contour plots beneath the support);
therefore, the actual soil behavior partially occurs in the region of higher stresses. Conse-
quently, the optimization results were obtained within the range of acceptable accuracy of
numerical modeling.

The actual behavior of the structure under maximum external loading, as well as the
stresses induced in the soil, generally correspond to the high-stress zone, in which the
calculation error is considered acceptable (on the order of 46% to 4%). If this condition is not
satisfied, it is necessary to introduce a safety correction factor k (≥1) into the optimization
results to ensure additional reliability of the calculation. In this case, the minimum optimal
support location is determined by the expression: L′

min = k·Lmin.

4. Discussion

In engineering practice, discrepancies between experimental and analytical results
derived from classical linear-elastic soil mechanics can exceed 100%. To improve accuracy,
advanced analysis methods and correction coefficients are introduced, resulting in better
agreement with experimental data and sufficient precision for evaluating soil deformability.

https://doi.org/10.3390/app16042075
74



Appl. Sci. 2026, 16, 2075

Deviations of 50–70% between analytical and experimental results are considered acceptable
in soil mechanics, especially when safety coefficients for stability and strength are factored
in [71].

In the present study, the average deviation between experimental data and ANSYS
numerical modeling results was 37.55% (Table 9), which is significantly lower than that
obtained with classical linear-theory methods. This level of accuracy is within the safety
margins defined by Eurocode and other standards [72–74]. Hence, the nonlinear Drucker–
Prager elastoplastic model shows good agreement with experimental results, consistent
with other studies investigating similar models.

The developed calculation methodology is universal and intended for application
not only to clay soils, but also to other soil types and a wide range of ground conditions.
For each specific site of operation, the physical and mechanical properties of the soil
are determined through core sampling followed by laboratory testing and subsequent
calibration of the parameters. The experimentally obtained parameters (C, ϕ, E, ν, ψ) are
then used as input data for numerical optimization for the given soil.

Thus, the optimal placement of supports is determined individually for each site,
which ensures the correctness and reliability of the mobile overpass application under
various geotechnical conditions.

Discrepancies between the experimental and numerical compression curves, espe-
cially in the low-stress range, are caused by several factors. First, the Drucker–Prager
model has limitations in reproducing the nonlinear stiffness and structural sensitivity of
clayey soils at small stress levels. Second, the boundary conditions and loading paths
in laboratory tests differ from those adopted in the numerical model, which affects the
initial portion of the deformation curve. Third, uncertainties in experimentally determined
parameters are associated with sample heterogeneity, moisture variability, and parameter
identification procedures.

Previous studies [75,76] report similar levels of agreement for elastoplastic soil models,
with deviations up to 70% at low stress levels and improved accuracy at higher loads,
emphasizing the importance of experimental calibration.

More advanced constitutive models, such as Hardening Soil and Hardening Soil
Small [77,78], may further improve accuracy, particularly at low strain levels, but at the
cost of increased model complexity and computational effort.

Recent studies employing advanced optimization and data-driven approaches [79–81]
demonstrate improved accuracy; however, their implementation requires extensive experi-
mental datasets and increased computational resources.

Despite its limitations at low stress levels, the Drucker–Prager model provides a reason-
able balance between accuracy and computational efficiency for engineering applications
involving soil–structure interaction.

Future work may refine the model through broader experimental validation and
advanced calibration techniques.

In conclusion, the experimental verification of the Drucker–Prager elastoplastic model
for the “bridge support–soil foundation” system confirms its scientific validity and engi-
neering applicability. The model enables optimization of bridge support placement by
considering key physical and mechanical soil properties, including deformability, strength,
and stability. The achieved agreement with experimental data provides a reliable founda-
tion for implementing this computational methodology in mobile bridge design.

The results obtained in this study are consistent with the findings of previous works
in which the parameters of Drucker–Prager-type models are identified through numerical
reproduction of laboratory tests followed by validation against experimental stress–strain
curves [82,83]. Similar to [84], the parameter identification in the present work is effectively
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formulated as an optimization problem. Moreover, the sensitivity of approximation accu-
racy to the calibration procedure and parameter set, as reported in inverse analyses [85],
confirms the necessity of explicit control over the sources of input parameters and their
experimental justification.

The use of parametric optimization and response surface techniques is in line with
modern approaches to inverse analysis and multi-criteria optimization of geotechnical
systems [86]. While the consideration of parameter uncertainty and solution robustness,
as discussed within Bayesian and surrogate-based frameworks [87–90], is only partially
addressed in the present study, this limitation is mitigated by the fact that the operational
stress levels lie outside the range of maximum model error, and the optimal solution
exhibits low sensitivity to parameter variations. The application of screening and surrogate-
based approaches is consistent with current trends aimed at reducing computational costs
in finite element optimization [88].

The results also correlate with conclusions emphasizing the usefulness of monitoring
data and parameter updating techniques to improve the reliability of predictive assess-
ments [89], which is regarded as a promising direction for further development of the
proposed methodologyx. Additional opportunities for extension are supported by studies
on parameter inversion based on numerical data and machine learning methods [91], which
may be employed for automated adaptation of the soil model during the operation of a
mobile overpass under varying site conditions.

5. Conclusions

A scientifically grounded methodology has been developed to optimize mobile bridge
support placement, preventing trench wall collapse and ensuring safe bridge operation,
using parametric optimization in ANSYS Workbench. The study accounts for the nonlinear
behavior of the soil foundation using the Drucker–Prager elastoplastic model, which pro-
vided a more accurate representation of the stress–strain state (SSS) of the soil, including its
physical and mechanical parameters—deformation modulus, Poisson’s ratio, internal fric-
tion angle, cohesion, and dilatancy angle. The optimization procedure aimed at minimizing
horizontal displacements of trench walls, which constitute the primary failure criterion.

Numerical modeling of the interaction between the supports and the soil foundation
was performed, accounting for both vertical and horizontal loads from the bridge structure
and moving vehicles. It was established that supports located too close to trench walls sig-
nificantly increase deformations, while excessive spacing enlarges the span and raises struc-
tural costs. The optimization determined an optimal minimum distance (Lmin = 2.78 m),
which is 13.5% greater than the original design value (Lnp = 2.45 m). This adjustment
reduced horizontal wall displacements by more than half, significantly decreasing the risk
of wall failure and improving overall operational safety.

Correlation analysis revealed a pronounced quadratic relationship between the maxi-
mum trench wall displacements and the support distance, with a determination coefficient
(R2) of 99.3%. The screening optimization method in ANSYS DesignXplorer enabled select-
ing the optimal support configuration from numerous alternatives. These results provide a
scientific and engineering basis for designing mobile bridge systems, offering an effective
and reliable framework for optimizing their construction and ensuring safe operation. The
proposed methodology can be adapted to different soil conditions, ensuring both structural
reliability and versatility.

Experimental studies were conducted to verify the Drucker–Prager model and justify
its use in the ANSYS WorkBench calculation methodology for optimal support placement.
The tests included compression tests (KPr-1M apparatus) and direct shear tests (PSG-2M
apparatus), as specified in GOST 12248-2010. The results obtained defined the deforma-
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tion parameters (deformation modulus and Poisson’s ratio) and the strength parameters
(cohesion and internal friction angle) of the clay soil.

A comparative analysis of the experimental and simulated data showed an average
deviation of 37.55%, with a maximum of 70% at low loads and a minimum of 4% at higher
loads. This confirms the high accuracy and applicability of the Drucker–Prager model for
engineering calculations, surpassing classical linear models, which can yield discrepancies
of up to 100%.

The obtained results have several limitations that should be considered when interpret-
ing the conclusions. Experimental calibration and numerical verification were performed
for clayey soils, which limits the direct transferability of the obtained parameters to other
engineering–geological conditions. In addition, the Drucker–Prager model employed is
characterized by increased uncertainty at low stress levels, while the numerical analyses
are based on assumptions of material homogeneity, idealized boundary conditions, and a
plane strain state, which may differ from real field conditions.

Therefore, prior to practical application of the methodology, it is necessary to conduct
site-specific engineering–geological investigations, laboratory testing, and calibration of
soil parameters for the particular location, followed by project-oriented optimization.
Future research perspectives include extending the methodology to various soil types,
applying more advanced constitutive models that account for small-strain behavior, and
implementing sensitivity analysis and uncertainty quantification methods for determining
the optimal distance Lmin.
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74. Muizemněk, A.Y.; Boldyrev, G.G.; Aref’ev, D.V. Identification of soil model parameters. Eng. Geol. 2010, 5, 36–41. Available online:
https://clk.li/Mfgt (accessed on 12 July 2025).

75. Boldyrev, G.G.; Idrisov, I.K.; Valeev, D.N. Determination of parameters for soil models. Soil. Mech. Found. Eng. 2006, 43, 101–108.
[CrossRef]

76. Boldyrev, G.G.; Muyzemnels, A.J. The modeling of deformation process in soils with use of ANSYS and LS-DYNA pro-
grams. In Proceedings of the International Conference on Case Histories in Geotechnical Engineering; Missouri University of Sci-
ence and Technology: Rolla, MO, USA, 2008; Paper No. 37. Available online: https://scholarsmine.mst.edu/cgi/viewcon-
tent.cgi?article=3326&context=icchge (accessed on 12 July 2025).

77. Chen, Y.; Luo, M.M.; Xia, N.W.; He, P. Statistical analysis of existing test results of HSS model parameters for soft soils. Chin. J.
Geotech. Eng. 2021, 43, 197–201. [CrossRef]

78. Wu, J.T.; Tung, C.Y.; Adams, M.T.; Nicks, J.E. Analysis of stress–deformation behavior of soil–geosynthetic composites in plane
strain condition. Transp. Infrastruct. Geotechnol. 2018, 5, 210–230. [CrossRef]

79. Zhao, X.; Schorr, J.; Peña Olarte, A.A.; Cudmani, R. A step towards quantifying the uncertainty of the soil mechanical response
through the use of genetic algorithms. In Proceedings of the International Conference of the International Association for Computer
Methods and Advances in Geomechanics; Springer: Cham, Switzerland, 2022; pp. 263–271. [CrossRef]

80. Thapa, I.; Ghani, S. Applying optimized machine learning models for predicting unconfined compressive strength in fine-grained
soil. Transp. Infrastruct. Geotechnol. 2024, 11, 2235–2269. [CrossRef]

81. Zhu, J.; Xu, R. Secondary development of modified Duncan–Chang model considering disturbance. Chin. J. Geotech. Eng. 2015,
37, 84–88. [CrossRef]

82. Hasanpouri Notash, N.; Dabiri, R.; Hajialilue Bonab, M.; Khodadadi, L.; Behrouz Sarand, F. A Finite Element Modeling of
Drained Triaxial Test on Loose Sand Using Different Constitutive Models. AUT J. Civ. Eng. 2022, 6, 339–358. [CrossRef]

83. Okimura, Y.; Imamura, R.; Shimo, K.; Hanai, T.; Kato, Y.; Hashimoto, K.; Faiz, M.K.; Okane, T.; Miyashita, T.; Yoshida,
M. Experimental Construction and Validation of Revised Drucker–Prager Model Using Finite Element Method for Moisture
Condensation Zone in Bentonite-Bonded Silica Sand. J. Mater. Eng. Perform. 2024, 33, 9145–9162. [CrossRef]

84. Davarpanah, S.; Allili, M.; Mousavi Ajarostaghi, S.S. Numerical Optimization of Drucker–Prager–Cap Model Parameters in
Powder Compaction Employing Particle Swarm Algorithms. Fluids 2024, 9, 262. [CrossRef]

85. Buljak, V.; Baivier-Romero, S.; Kallel, A. Calibration of Drucker–Prager Cap Constitutive Model for Ceramic Powder Compaction
through Inverse Analysis. Materials 2021, 14, 4044. [CrossRef] [PubMed]

https://doi.org/10.3390/app16042075
80



Appl. Sci. 2026, 16, 2075

86. Zhao, C.; Chen, L.; Ni, P.; Xia, W.; Wang, B. A Modified Back Analysis Method for Deep Excavation with Multi-Objective
Optimization Procedure. J. Rock Mech. Geotech. Eng. 2024, 16, 1373–1387. [CrossRef]

87. Zhang, T.; Abdallah, A.; Cuisinier, O.; Masrouri, F. Polynomial Chaos Kriging-Assisted Reliability-Based Design Optimization for
a Deep Mixing Wall. Comput. Geotech. 2025, 179, 107044. [CrossRef]

88. Ding, J.; Zhou, J.; Cai, W. An Efficient Variable Selection-Based Kriging Model Method for the Reliability Analysis of Slopes with
Spatially Variable Soils. Reliab. Eng. Syst. Saf. 2023, 235, 109234. [CrossRef]

89. Chen, R.; Zhou, X.; Yu, M.; Wu, J.; Tao, Y.; Xue, F.; Zhang, Y. Bayesian Updating for Ground Surface Settlements of Shield
Tunneling. Front. Earth Sci. 2023, 11, 1321883. [CrossRef]

90. Zhang, W.; El Naggar, M.H.; Ni, P.; Zhao, M.; Du, X. Bayesian Updating of Geotechnical Parameters with Polynomial Chaos
Kriging Model and Gibbs Sampling. Comput. Geotech. 2025, 180, 107087. [CrossRef]

91. Liu, D.; Shen, X.; Pan, D. Soil Parameter Inversion Considering the Influence of Temperature Effects. Appl. Sci. 2025, 15, 12511.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app16042075
81



Article

Adaptive MEC–RBF Neural Network-Based Deflection
Prediction for Prestressed Concrete Continuous Rigid Frame
Bridges During Construction

Chunyu Zhou 1, Qingfei Gao 1,*, Qijun He 1, Liangbo Sun 2 and Dewei Tian 2

1 School of Transportation Science and Engineering, Harbin Institute of Technology, Harbin 150090, China;
zhoucy060228@126.com (C.Z.); 24s032005@stu.hit.edu.cn (Q.H.)

2 The First Company of China Eighth Engineering Division Ltd., Jinan 250014, China;
sunlb1012@outlook.com (L.S.); 18644071076@163.com (D.T.)

* Correspondence: gaoqingfei@hit.edu.cn

Abstract: A deflection prediction approach based on an adaptive MEC–RBF neural network
was developed in this study. By dynamically optimizing the centres, widths, and weights
of the RBF network, the proposed method substantially increases the prediction accuracy,
and it achieves an R2 of 0.9789 and an RMSE of 1.4978 on the training dataset. It effectively
resolves the stability challenges that are associated with nonlinear construction conditions
in traditional models. An orthogonal experimental design analysis revealed that the
girder block length and the cantilever-to-span length ratio (d/L) were the most influential
factors that affected deflection, whereas the effects of uniformly distributed loads and
temperature were negligible, thereby providing a sound basis for parameter simplification.
The application of the model to the Hannan Yangtze River Bridge yielded a maximum
discrepancy of only 5.56 mm (17.7% error rate) between the predicted and measured
values, thus demonstrating its practical engineering reliability. By innovatively integrating
intelligent optimization techniques with neural networks, this approach overcomes the
limitations in terms of real-time responsiveness and long-term stability of conventional
methods and offers an efficient and reliable technical tool for the control of large-scale
bridge construction.

Keywords: deflection prediction model; adaptive MEC–RBF neural network; prestressed
concrete continuous rigid frame bridge; construction stage

1. Introduction

In the global infrastructure construction sector, bridge engineering plays a crucial role
as both a vital link that connects regional economies and an important indicator of a na-
tion’s civil engineering capabilities [1,2]. With sustained global economic development and
accelerated urbanization, increasingly sophisticated demands have been placed on bridge
span lengths, design, and construction technologies [3,4]. In particular, under complex geo-
logical and hydrological conditions, the demand for long-span bridges continues to increase
annually. Owing to their excellent structural performance and adaptability, prestressed
concrete continuous rigid frame bridges have become a mainstream choice in modern
bridge engineering [5]. In China, bridge construction has achieved globally recognized suc-
cesses and has resulted in numerous internationally influential bridge projects [6,7]. These
successes are attributable to the nation’s strong emphasis on and continuous investment in
infrastructure development, as well as ongoing innovations in bridge engineering technol-
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ogy. Under the guidance of the “Strong Transportation Nation” strategy, China’s bridge
construction is advancing towards intelligent, green, and sustainable development [8].

In recent years, onsite dynamic identification and numerical model updating have
been increasingly employed for monitoring the structural health of bridges. These ap-
proaches enable the continuous calibration of analytical models using measured modal
frequencies and mode shapes, improving the accuracy of deformation and stress prediction.
Such integration of field monitoring and simulation represents an essential link for reliable
construction control. Relevant advances can be found in recent studies [9,10]. However,
controlling deflection during the cantilever construction stage of prestressed concrete con-
tinuous rigid frame bridges remains a long-standing challenge in civil engineering. While
cantilever construction technology effectively reduces formwork and falsework require-
ments, thereby reducing construction costs, structural deflections during construction
are influenced by multiple factors and are difficult to predict accurately [11]. Insufficient
control of the deflection of a bridge may compromise both the durability and safety of the
bridge during service [12].

In bridge construction control and deformation adjustment, Zhou [13] studied pre-
stressing camber regulation for long-span prestressed concrete continuous rigid frame
bridges during cantilever construction by employing finite element methods and creep
testing. The study confirmed that the maximum cantilever end deflection occurs near the
mid-span and side-span closure regions under a concrete self-weight of 1.10γ and revealed
that the proposed creep correction model improved the accuracy of predicting deformation
and stress. Zhou [14] applied Bayesian updating to control the construction of a contin-
uous rigid frame bridge with high piers and combined finite element models with field
monitoring data to correct internal forces at control sections, which significantly reduced
stress errors. Wan [15] developed a GM(1,1)-based grey-prediction scheme, calibrated with
a finite-element model, to forecast the main-girder vertical deflection during staged tendon
tensioning and cantilever erection of a rigid-frame–continuous girder bridge. Comparisons
with field measurements revealed a maximum absolute error of 1.73 mm, underscoring the
method’s value for precamber setting and displacement control in construction monitoring.

Although these studies have made progress in terms of prestressing camber control,
internal force correction, and prediction methods, the adaptability of these methods to
complex construction conditions is limited. Considering the coupling effects of multiple
factors under extreme environments remains insufficient in existing methods, which makes
addressing comprehensive effects under special conditions such as large temperature
differentials and complex geological settings difficult. Moreover, existing methods lack
sufficient dynamic adjustment mechanisms for addressing scenarios that involve multiple
dynamically varying parameters. Under strongly nonlinear or abrupt changes in con-
struction conditions, the prediction stability and control capability are inadequate; thus,
these methods fail to provide systematic solutions for complex and dynamic construction
scenarios.

With respect to finite element model optimization, Dong et al. [16] updated continuous
girder bridge models via a cubic response surface method in combination with environ-
mental vibration testing and achieved frequency errors below 3% and a mode assurance
criterion (MAC) value above 85%. Wang [17] compared response surface models of various
orders and reported that while higher-order polynomials increase computational costs,
accuracy improvements are limited, and they proposed a robust estimation method for
suppressing error propagation. However, existing model optimization research faces clear
trade-offs between computational efficiency and accuracy. Although high-order models
can improve accuracy to some extent, the accompanying increase in the number of pa-
rameters leads to significantly higher computational costs, thus conflicting with economic
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requirements. Moreover, existing approaches are highly dependent on engineering condi-
tions and sample quality, which limits their adaptability for large-scale complex bridges or
insufficient sample sizes and makes maintaining stable optimization performance across
diverse engineering scenarios challenging.

To address these challenges, the integration of advanced numerical analysis tech-
niques with artificial intelligence algorithms for high-precision deflection prediction during
bridge construction has become a focal research topic in civil engineering [18,19]. Zhu [20]
developed a safety prediction framework for prestressed steel structures that is based on
BP neural networks and digital twins and validated the good agreement between predicted
and measured values through field verification. Li [21] proposed a hybrid GM–BP model
that reduced the average relative error in camera prediction from 8.69% to 3.01%. Wang [22]
presented a deflection prediction framework for wave-shaped steel web prestressed con-
crete rigid frame bridges that is based on an MEC–BP neural network and demonstrated
superior performance over conventional BP models in controlling the deflection of the
Liangqugou Bridge through MEC optimization.

While intelligent prediction technologies have achieved certain improvements in terms
of accuracy, challenges remain regarding real-time capability and long-term stability [23].
Some models lack sufficient real-time mechanisms for coupling virtual structures and dy-
namic field environments, which results in inadequate speeds in response to abrupt changes
in construction conditions [24]. Additionally, under long-term construction conditions, the
ability to control cumulative errors is weak, and maintaining stability in long-term predic-
tions is difficult, which results in the failure to fully meet the dual engineering demands for
immediate dynamic response and reliable long-term forecasting [25].

This study focuses on deflection prediction during the cantilever construction stage of
prestressed concrete continuous rigid frame bridges and aims to develop a prediction model
that balances accuracy and efficiency. An MEC–RBF neural network that integrates adaptive
MEC with an RBF is proposed for deflection prediction. To increase the prediction accuracy
and generalization ability, the adaptive MEC algorithm is employed to globally optimize the
centres, widths, and connection weights of the RBF network. Data samples are generated
by using a three-dimensional finite element model to simulate the cantilever construction
process, with the model accuracy validated against field tests. Latin hypercube sampling
is applied to address sample sparsity in high-dimensional spaces. A sensitivity analysis
that involves an orthogonal experimental design is conducted to identify the parameters
that exert the greatest influence on the construction deflection. Model performance is
assessed in terms of R2, RMSE, and MAE. Finally, a case study on the Hannan Yangtze
River Bridge is conducted to verify the effectiveness of the proposed method. The results
of this study provide effective technical support for intelligent prediction and construction
process control during long-span bridge construction stages. The remainder of this paper is
organized as follows. Section 2 describes the proposed adaptive MEC–RBF framework and
algorithmic design. Section 3 presents the case study setup, dataset preparation, model
validation, and discussion of the results, while Section 4 concludes the study and outlines
future research directions.

2. Deflection Prediction Method Based on an Adaptive MEC–RBF
Neural Network

The main innovation of this study lies in the integration of adaptive mind evolutionary
computation (MEC) with a radial basis function (RBF) neural network to enable real-time
parameter evolution and self-tuning capability. Unlike conventional MEC–BP hybrids, the
proposed approach dynamically adjusts the search variance and subgroup structure during
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optimization, resulting in greater convergence stability and robustness under nonstationary
construction conditions.

2.1. RBF Neural Network

The radial basis function (RBF) neural network is a three-layer feedforward model
that comprises input, hidden, and output layers. It addresses high-dimensional nonlin-
ear approximation problems through mapping via nonlinear basis functions [26]. The
core concept involves leveraging localized response characteristics to partition the input
space into multiple subregions, with each hidden layer neuron responsible for function
approximation within its respective local region [27]. A typical choice for the radial basis
function is the Gaussian function. We let n, m, and l denote the numbers of neurons in
the input, hidden, and output layers, respectively; the predicted output is then expressed
by Equation (1).

ok =
m

∑
j=1

wkjhj =
m

∑
j=1

wkj exp

(
−
∥∥x − κj

∥∥2

2ς j
2

)
(1)

where x denotes the input vector, κj represents the centre of the radial basis function for
the jth hidden layer neuron, ς j represents the width of the radial basis function for the
jth hidden layer neuron, and wkj represents the weight that connects the jth hidden layer
neuron to the kth output layer neuron. The cost function of the network output is given by
Equation (2).

E =
1

2S

s

∑
i=1

(Ti − Oi)
2 (2)

where S denotes the number of samples, Ti represents the target output from the experi-
ments, and Oi denotes the predicted output.

As indicated in Equation (1), the model’s accuracy depends on the hidden neuron
count m, the basis function width, and the weights between the hidden and output layers.
The values of the basis functions are influenced by their centres and widths, whereas the
output is controlled by the connection weights. Improper selection of these parameters can
directly impair network performance and lead to reduced convergence speed or even diver-
gence [28]. To address this issue, in this study, an adaptive mind evolutionary computation
(MEC) algorithm is employed to determine the parameters of the RBF neural network, and
a deflection prediction method for long-span continuous girder bridge construction that is
based on the adaptive MEC–RBF neural network is proposed.

2.2. Adaptive Mind Evolutionary Computation Algorithm

Mind evolutionary computation (MEC) is a swarm intelligence optimization frame-
work that was inspired by cognitive science and involves the construction of optimiza-
tion models by simulating the “convergence–divergence” mechanisms of human thought
processes [29]. The core idea involves guiding individuals towards local optima within
subgroups through convergence operations, while diversification operations enable indi-
viduals to break through the current search space and explore new regions. Additionally,
by combining mechanisms of competition and cooperation between subgroups, MEC
forms an optimization paradigm that coordinates global exploration and local exploita-
tion [30]. However, the adaptability of traditional MEC is limited when it is applied
to high-dimensional nonconvex optimization problems and dynamic environments be-
cause of fixed parameter settings and static population structures [31]. Adaptive MEC
introduces dynamic parameter adjustment and structural adaptation mechanisms [32],
thereby enabling real-time tuning of convergence search scales and diversification proba-
bilities. Moreover, by integrating “dynamic group replacement” and “maturity evaluation”
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strategies, it achieves global propagation of superior solutions and intelligent avoidance of
ineffective searches [33]. The specific process used to construct the adaptive MEC algorithm
is detailed in the following sections.

(1) Population and Subpopulations
A population P = [p1, . . . , pn] is formed by randomly generating n samples. The score

for each sample is calculated via Equation (3). The population is divided into multiple
subpopulations, which are classified into w winning subpopulations Psupi and r temporary
subpopulations Ptemi on the basis of their scores, as shown in Equation (4).

S = 1/(1 + E) (3)

⎧⎪⎪⎨
⎪⎪⎩

Psupi = {p1, . . . , pk} (i = 1, . . . , w)

Ptemi = {p1, . . . , ph} (i = 1, . . . , r)

n = w · k + r · h

(4)

(2) Bulletin Boards
Bulletin boards are used to record essential information about the population and

are classified into global bulletin boards and local bulletin boards that correspond to
each subpopulation. The global bulletin board stores information from local bulletin
boards, differentiation history, iteration details, and the average Euclidean distance among
individuals. Each local bulletin board records individual parameters and scores, the
position of the subpopulation winner, maturity status, historical records of the winner,
individual distribution statistics, and the search scale.

(3) Adaptive Convergence Operation
The scores for all the individuals within each subpopulation are calculated, and the

optimal sample pwin is continuously sought within each subpopulation. Centring on pwin,
new samples pnew are generated according to a normal distribution:

pnew ∼ N
(

pwin, σ2
t

)
(5)

where σt represents the adaptive variance range.

σt = σ0 · (1 − βt/T) (6)

where σ0 denotes the initial variance range, t represents the current iteration count, and
T indicates the maximum number of iterations. The scores for all individuals within the
subpopulation are repeatedly calculated, and the operation terminates once no individ-
uals with higher scores can be found. At this point, the corresponding subpopulation is
considered “mature”.

(4) Adaptive Diversification Operation
The process of continuously searching for the optimal subpopulations within the

population is referred to as diversification. During this process, multiple subpopulations
with high scores become new winning subpopulations, and the remaining subpopulations
are discarded on the basis of a probability Pdiss(t). After the diversification operation
concludes, new temporary subpopulations are randomly generated within the search space
to maintain the total number of subpopulations.

Pdiss(t) = P0 · e−γt/T (7)

where γ denotes the decay rate and P0 represents the initial diversification probability.
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2.3. Framework for the Construction of a Deflection Prediction Method Based on an Adaptive
MEC–RBF Neural Network

The framework of the adaptive MEC–RBF neural network-based deflection prediction
method is shown in Figure 1. It consists of dataset generation, adaptive MEC–RBF model
training, and model application for deflection prediction. The workflow is presented in
detail below.

 

Figure 1. Framework of the adaptive MEC–RBF neural network for deflection prediction.

(1) Dataset Generation
First, finite element analysis (FEA) is used to identify the primary deflection targets

that exhibit significant deformation during the construction stages of the structure. Next,
sensitivity analysis is employed to extract the key input parameters that affect these deflec-
tion targets. To address local sparsity in high-dimensional random sampling, input samples
are generated from the identified parameters via the Latin hypercube sampling (LHS) tech-
nique [34]. The method involves mapping n random variables into an n-dimensional space,
partitioning each dimension into m intervals, and randomly selecting one point per interval,
thereby yielding m nonoverlapping sample sets. This approach improves the uniformity
and representativeness of the samples. The corresponding output responses for these input
samples are then computed via finite element analysis, thereby forming a dataset to support
subsequent model building and predictive analysis. To ensure that the generated samples
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adequately represented the probabilistic properties of the variables, each parameter is
sampled according to its mean and standard deviation derived from engineering material
tests and historical monitoring data. The resulting sample distributions are compared with
the target distributions using the Kolmogorov–Smirnov test, showing deviations less than
5%, which confirms satisfactory probabilistic consistency.

(2) Setting of the Neural Network Training Parameters
To ensure prediction accuracy, the training parameters of the adaptive MEC–RBF

neural network, such as the number of neurons per layer, group size, and other learning-
related factors, are determined.

(3) Optimization of Centres, Widths, and Weights
Via the adaptive MEC algorithm, the centres κj, widths of the radial basis functions ς j,

and connection weights between the hidden and output layers of the RBF neural network
wkj are optimized. Detailed descriptions are provided in Section 3.2. The optimized widths
ς j and weights wkj are then used as initial parameters for the RBF network.

(4) Model Development and Validation
The training samples are fed into the adaptive MEC–RBF neural network, where the

objective function E (Equation (2)) is evaluated. The network is iteratively updated until E
satisfies the convergence criterion or until the maximum number of iterations is reached.
Model performance is then validated on test samples via predefined metrics; further details
are presented in Section 3.4.

(5) Model Application
The adaptive MEC–RBF model is applied to predict structural deflections. The pre-

dicted results are compared with actual response values obtained from field test data to
verify the model’s accuracy.

2.4. Evaluation Criteria

To quantitatively assess the prediction performance of the adaptive MEC–RBF model,
multiple statistical metrics, which are shown in Equations (5)–(8), are selected to evaluate
the quality of the predicted data. Specifically, these metrics include the coefficient of
determination (R2), root mean square error (RMSE), and mean absolute error (MAE).

R2 =

N
∑

i=1
(ti − oi)

2

N
∑

i=1

(
oi − oavg

)2
(8)

RMSE =

√√√√ 1
N

N

∑
i=1

(ti − oi)
2 (9)

MAE =
1
N

N

∑
i=1

|ti − oi| (10)

where oi represents the predicted value of the i-th sample, ti represents the actual measured
value, oavg represents the mean of the predicted outputs, and N represents the total number
of samples.

3. Case Study

3.1. Bridge Overview

The Hannam Yangtze River Bridge, which is located in Hubei Province, China,
is a prestressed concrete continuous rigid-frame bridge with a span configuration of
95 m + 160 m + 95 m. The main girder adopts a variable cross-section concrete box girder
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design, with C55 concrete used as the material. The girder height reaches 3.6 m at the
central span and up to 10 m near the piers. The construction method was the cantilever
casting method, with hanging scaffolds that feature a diamond-shaped structure. The
maximum number of cantilever segments is 20, with standard segment lengths of 3 m,
3.5 m, and 4 m, as illustrated in Figure 2b.

(a) Overall view (b) Segment division

Figure 2. Hannan Yangtze River Bridge.

3.2. Finite Element Model

The 3D finite element model in ANSYS 2024 R1 that was used to perform linear elas-
tic analysis of the deformation of the main girder at each construction stage is shown
in Figure 3. In the finite element analysis, the ANSYS Parametric Design Language
(APDL) [35] was employed, which accounts for parameter uncertainties. The C55 concrete
main girder—including the web, top flange, and bottom flange of the variable-section box
girder—was modelled by using SOLID65 solid elements, whereas the prestressing ten-
dons were numerically simulated with LINK180 elements. A multipoint constraint (MPC)
method was adopted, with the degree of freedom compatibility between different elements
coordinated via MPC184 elements to ensure force transmission between the prestressing
tendons and the concrete. The element birth and death technique [36] was employed to
simulate the construction sequence of the hanging-scaffold cantilever casting method.

Figure 3. Finite element model.

The model accounts for dead loads, including the self-weights of structural members,
the self-weight of the hanging scaffold (modelled as concentrated loads), temporary loads
(modelled as uniformly distributed loads), the initial tension of the prestressing tendon,
and the temperature loads that affect the structure. Actual boundary conditions were
modelled by fixing all degrees of freedom at the pier bases [37]. Notably, a linear elastic
material model was adopted in the finite element analysis. This assumption is reasonable
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because the deflection of cantilever segments was evaluated within short construction
intervals (approximately 24–48 h between successive segment castings), during which time-
dependent effects such as creep and shrinkage have only a minor influence. According to
field monitoring, the ambient temperature variation during the actual construction period
was within approximately ±5 ◦C, indicating limited thermal gradients and negligible
thermal curvature. Nevertheless, to examine a broader range of possible conditions, the or-
thogonal experimental design (Section 3.3) considered temperatures ranging from 2.5 ◦C to
27.5 ◦C. The close agreement between the predicted and measured deflections verifies that
these simplifications provide sufficient accuracy for the present analysis. Field deflections
were measured using a Leica TS60 high-precision total station equipped with reflective
prisms installed at the tip of each cantilever segment. Measurements were repeated three
times for each segment during the concrete curing stage and averaged to reduce random
errors. The measurement accuracy was within ±0.5 mm, which ensured reliable validation
of the numerical predictions presented in Figure 4. The computations were carried out
on a system that was equipped with an Intel Xeon E5-2680 2.4 GHz processor and 64 GB
of memory. A single finite element model run consumed approximately 0.5 h of CPU
time, thus indicating a high computational cost. Finite element model parameters were
iteratively adjusted to reflect actual construction conditions while balancing computational
efficiency and accuracy. Hence, the adaptive MEC–RBF method offers practical guidance
for bridge construction management.

 

Figure 4. Comparison of segmental deflections during the concrete casting stage.

Model accuracy was assessed through a comparison of field test and finite element
results for segmental deflections during construction (DZ-CS), as shown in Figure 4. The
analysis results are in good agreement with the measured deflections of the completed
10 segments. A maximum error of 0.8 mm was observed between the finite element results
and field data. However, as the cantilever length L increased, the finite element analysis ef-
fects became more pronounced in the unconstructed segments, segments #11 to #20. Specif-
ically, the DZ-CS value for segment #20 differs from that of segment #9 by approximately 19
mm, which indicates the necessity of deflection prediction for unfinished segments [38].

3.3. Parameter Selection and Sensitivity Analysis

A sensitivity analysis was performed to assess the importance of the input parameters,
with the aims of reducing the computational load and increasing the efficiency of the
adaptive MEC–RBF model [39]. In this study, eight parameters with significant variations
during the construction of the prestressed concrete continuous rigid frame bridge were
considered [40]. These parameters included the Young’s modulus values of the concrete and
steel, Ec and Es, respectively; the densities of the concrete and steel, γc and γs, respectively;
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the tensile stress of the prestressed tendon, σ; the structural temperature, T; the uniformly
distributed load, P; and the ratio of the beam segment length to the cantilever length, d/L.

The range (Rj), which was used as the sensitivity index for evaluating the orthogonal
experimental results, is defined in Table 1 as follows:

Rj = max
{

K1j, K2j, . . .
}− min

{
K1j, K2j, . . .

}
(11)

Kij =
1
n

n

∑
k=1

Yk (12)

where Kij represents the average value of parameter j at level i, n represents the number of
trials, and Yk represents the ith value of DZ-CS.

Table 1. Orthogonal experimental design and calculation results.

No.
1 2 3 4 5 6 7 8 DZ−CS

(mm)Ec(GPa) Es(GPa) γc(kN/m3) γs(kN/m3) σ(GPa) P(kN/m) d/L T(C◦)

1 1 (25.075) 1 (167.25) 1 (22.125) 1 (67.625) 1 (1.2255) 1 (3.75) 1 (0.063) 1 (2.5) −15.08
2 1 2 (189.9) 2 (23.85) 2 (73.25) 2 (1.3302) 2 (10.5) 2 (0.060) 2 (10) −19.57
3 1 3 (205) 3 (25) 3 (77) 3 (1.40) 3 (15) 3 (0.056) 3 (15) −23.45
4 1 4 (220.1) 4 (26.15) 4 (80.75) 4 (1.4698) 4 (19.5) 4 (0.053) 4 (20) −29.57
5 1 5 (242.75) 5 (27.875) 5 (86.375) 5 (1.5745) 5 (26.25) 5 (0.051) 5 (27.5) −31.55
6 2 (29.47) 1 2 3 4 5 1 2 −4.06
7 2 2 3 4 5 1 2 3 −6.28
8 2 3 4 5 1 2 3 4 −48.87
9 2 4 5 1 2 3 4 5 −56.85

10 2 5 1 2 3 4 5 1 −38.60
11 3 (32.4) 1 3 5 2 4 4 1 −43.92
12 3 2 4 1 3 5 5 2 −50.58
13 3 3 5 2 4 1 1 3 −23.80
14 3 4 1 3 5 2 2 4 −10.34
15 3 5 2 4 1 3 3 5 −35.86
16 4 (35.33) 1 4 2 5 3 5 3 −35.12
17 4 2 5 3 1 4 1 4 −28.00
18 4 3 1 4 2 5 2 5 −19.88
19 4 4 2 5 3 1 3 1 −23.78
20 4 5 3 1 4 2 4 2 −28.50
21 5 (39.725) 1 5 4 3 2 4 3 −38.57
22 5 2 1 5 4 3 5 4 −22.32
23 5 3 2 1 5 4 1 5 −6.61
24 5 4 3 2 1 5 2 1 −28.49
25 5 5 4 3 2 1 3 2 −32.39
26 1 1 1 4 5 4 3 2 −17.83
27 1 2 2 5 1 5 4 3 −55.68
28 1 3 3 1 2 1 5 4 −60.21
29 1 4 4 2 3 2 1 5 −25.18
30 1 5 5 3 4 3 2 1 −33.01
31 2 1 2 1 3 3 2 4 −22.85
32 2 2 3 2 4 4 3 5 −28.91
33 2 3 4 3 5 5 4 1 −35.53
34 2 4 5 4 1 1 5 2 −72.53
35 2 5 1 5 2 2 1 3 −17.35
36 3 1 3 3 1 2 5 5 −50.93
37 3 2 4 4 2 3 1 1 −22.79
38 3 3 5 5 3 4 2 2 −31.22
39 3 4 1 1 4 5 3 3 −18.86
40 3 5 2 2 5 1 4 4 −20.02

91



Appl. Sci. 2025, 15, 11326

Table 1. Cont.

No.
1 2 3 4 5 6 7 8 DZ−CS

(mm)Ec(GPa) Es(GPa) γc(kN/m3) γs(kN/m3) σ(GPa) P(kN/m) d/L T(C◦)

41 4 1 4 5 4 1 2 5 −20.28
42 4 2 5 1 5 2 3 1 −26.04
43 4 3 1 2 1 3 4 2 −31.25
44 4 4 2 3 2 4 5 3 −42.37
45 4 5 3 4 3 5 1 4 −17.00
46 5 1 5 2 2 5 3 4 −37.19
47 5 2 1 3 3 1 4 5 −18.28
48 5 3 2 4 4 2 5 1 −26.76
49 5 4 3 5 5 3 1 2 −9.34
50 5 5 4 1 1 4 2 3 −30.52
K1 −311.13 −285.81 −209.79 −316.10 −397.21 −292.64 −169.21 −293.98
K2 −331.83 −278.44 −257.55 −288.11 −352.50 −292.11 −222.44 −297.27
K3 −308.32 −307.58 −297.02 −278.35 −289.50 −292.83 −293.18 −291.99
K4 −272.22 −317.32 −330.83 −287.07 −236.07 −297.56 −358.16 −296.38
K5 −250.46 −284.80 −378.76 −304.32 −198.67 −298.81 −430.96 −294.32
Rj 8.14 3.89 16.90 3.78 19.85 0.67 26.18 0.53

The calculation results are presented in Figure 5. According to these results, d/L is the
parameter that has the greatest influence on the response of DZ-CS, followed by σ, γc, γs, Ec

and Es, which also have significant effects. Parameters P and T were insignificant, which
is attributed mainly to the relatively small temperature gradients observed during the
construction period. Although the ambient temperature levels explored in the orthogonal
design ranged from 2.5 ◦C to 27.5 ◦C, representing an extended envelope for analysis,
the corresponding thermal curvature remained minor compared with the effects of self-
weight, prestressing, and construction sequencing. These findings are consistent with
the justification provided in Section 3.2 and indicate that temperature influences play a
secondary role in short-term construction deflection. The model, however, can be readily
retrained with augmented temperature data should a project experience larger gradients
or seasonal variations. Thus, the neural network inputs were narrowed to six parameters:
d/L, σ, γc, γs, Ec, and Es. Notably, the range-based index (Rj) adopted in this study reflects
only the first-order (main) effects of each input variable and does not explicitly capture
potential interactions among variables. Nevertheless, the method provides an intuitive and
computationally efficient means to identify the dominant parameters influencing bridge
deflection. Future work will extend the analysis using variance-based techniques such as
the Sobol or Morris sensitivity methods to quantify higher-order interaction effects.

Figure 5. Histogram of Rj.
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3.4. Adaptive MEC–RBF Neural Network Prediction Model
3.4.1. Model Construction

Developed in Python 3.12.7, the adaptive MEC–RBF prediction model was trained
according to the procedure described in Section 3.3. Multiple training parameters, as
listed in Table 2, were employed in the experimental setup to develop the adaptive
MEC–RBF model.

Table 2. Parameter settings of the adaptive MEC–RBF model.

Algorithm Parameter Definition Levels

Adaptive MEC

M The population size 100, 200,. . ., 500
Msup The superior group size 6
Mtem The temporary group size 6
Imax The maximum number of iterations 300

RBF

N1 The number of neurons in the input layer 6
N2 The number of neurons in the hidden layer 4,. . ., 18
N3 The number of neurons in the output layer 1
ep The number of iterations 600
G The training accuracy 1 × 10−5

The RMSE values of the adaptive MEC–RBF models with various architectures are
shown in Figure 6. The RMSE decreased as the number of hidden neurons increased and
reached a minimum at 16 neurons with a population size of M = 500. Thus, the 6–16–1
architecture with M = 500 was chosen as the optimal model, as illustrated in Figure 7.

Figure 6. Performance of the adaptive MEC–RBF model at various N2 values.
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Figure 7. Structure of the three-layer RBF neural network.

Considering the probabilistic properties of the variables listed in Table 3, 300 input
samples were randomly generated via Latin hypercube sampling (LHS) techniques for
analysis. Among these 300 input samples, five levels of d/L (0.063, 0.060, 0.056, 0.053, and
0.051) were randomly distributed. The corresponding output samples were derived from
the validated finite element model calculations.

Table 3. Properties of random variables.

Variable Mean μ Standard Deviation σ Distribution Type Remarks

Ec 32.4 2.93 Normal distribution Young’s modulus (concrete)
Es 205 15.1 Normal distribution Young’s modulus (steel)
γc 25 1.15 Normal distribution Density (concrete)
γs 77 3.75 Normal distribution Density (steel)
σ 1.40 0.0698 Normal distribution Prestressing tendon tensile stress
T 15 4.5 Normal distribution Structural temperature
P 700 32.5 Normal distribution Uniformly distributed load

The statistical properties of the input samples (excluding d/L) are shown in Figure 8.
Among them, 250 samples were used for training, and 50 were used for testing the adaptive
MEC–RBF model. To further verify the robustness and generalizability of the adaptive
MEC–RBF model, a fivefold cross-validation procedure was performed. The entire dataset
of 300 samples was randomly partitioned into five equal subsets, where four subsets were
used for training and one was used for testing in each run. The process was repeated
five times so that every subset was used once as the testing set. The mean coefficient of
determination (R2) across the five folds was 0.972, and the corresponding mean RMSE was
2.18 mm, indicating that the model maintained stable performance on unseen data without
significant overfitting. The average training time of the adaptive MEC–RBF model was
approximately 138 s, which represented a substantial reduction compared with that of the
finite element analysis, which required approximately 0.5 h per run. Once trained, the
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MEC–RBF model generated deflection predictions in less than 1 s, confirming its capability
for near-real-time application in construction control.

Figure 8. Statistical characteristics of the input samples.

3.4.2. Model Validation

The performance of the adaptive MEC–RBF model was compared with that of the
conventional RBF model during the training and testing phases, as shown in Figure 9a
and 9b, respectively. The residual distributions illustrated in Figure 10a,b reveal that most
residuals lie within ±0.5 mm and are randomly scattered around zero, confirming the
model’s stability and the absence of systematic bias. These results demonstrate that, in
both phases, the DZ–CS values predicted by the adaptive MEC–RBF model exhibit much
closer agreement with those obtained from the finite element simulations. Moreover, based
on the comparison between the adaptive MEC–RBF and FEM-derived DZ–CS results, the
average prediction error of the adaptive MEC–RBF model was less than 5%, significantly
outperforming the conventional RBF model. This clearly confirms the superiority of the
adaptive MEC–RBF model over the traditional RBF approach.

 
(a) Training samples (b) Testing samples 

Figure 9. Comparison of the values predicted by the adaptive MEC–RBF and RBF models with the
FEA results.

 
(a) Training samples (b) Testing samples 

Figure 10. Comparison of residuals between the adaptive MEC–RBF and conventional RBF models
with respect to the FEA results.

Furthermore, the evaluation metrics [41] for both the adaptive MEC–RBF model
and the conventional RBF model are presented in Table 4. On the training samples, the
adaptive MEC–RBF model achieved a coefficient of determination R2 = 0.9789, an RMSE
of 1.4978, and an MAE of 0.1411. On the testing samples, R2 = 0.9751, the RMSE was
1.9491, and the MAE was 0.2341. In terms of all the metrics, the adaptive MEC–RBF model

95



Appl. Sci. 2025, 15, 11326

outperformed the conventional RBF model. These results confirm that the adaptive MEC–
RBF model offers superior efficiency and accuracy, which makes it well suited for deflection
prediction. To further evaluate the significance of the performance improvement achieved
by the adaptive MEC–RBF model, a paired t test was conducted on the prediction errors
obtained from the adaptive MEC–RBF and conventional RBF models. The resulting p value
(<0.05) indicates that the difference in performance between the two models is statistically
significant. This confirms that the observed improvement is not due to random variation
but reflects the enhanced learning capability of the adaptive mechanism.

Table 4. Statistical metrics of the DZ-CS prediction model.

Model
Training Samples Testing Samples

R2 RMSE MAE R2 RMSE MAE

Adaptive MEC–RBF 0.9789 1.4978 0.1411 0.9751 1.9491 0.2341
RBF 0.9711 2.7869 0.4211 0.9679 3.1807 0.5678

3.4.3. Analysis and Discussion of the Results

The application of the trained adaptive MEC–RBF model to the Hannam Yangtze River
Bridge yielded accurate deflection predictions. As illustrated in Figure 11a,b, the predicted
DZ-CS values obtained by the adaptive MEC–RBF model on the basis of field-measured
input parameters are in near-perfect agreement with the finite element analysis results
across most cantilever segments. Most residuals lie within ±0.5 mm and are randomly
scattered around zero in Figure 12a,b. The maximum discrepancy between the adaptive
MEC–RBF model predictions and the measured field deflections of the Hannan Yangtze
River Bridge was 5.56 mm, corresponding to a 17.7% relative error. These findings confirm
that the proposed model provides satisfactory accuracy for engineering applications. Given
the complexity of the construction environment and the effectiveness of the neural network,
this accuracy is acceptable for practical deflection control.

 
(a) Pier 1 (b) Pier 2 

Figure 11. Comparison of cantilever beam deflection development between pier 1 and pier 2.
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(a) Pier 1 (b) Pier 2 

Figure 12. Comparison of measured–predicted and FEA–predicted deflection residuals between
pier 1 and pier 2.

4. Conclusions

To increase control efficiency and prediction accuracy when construction schedules
are complex and time-constrained and large-scale finite element analyses of intricate
bridge structures are required, this study proposes a deflection prediction framework
that integrates sensitivity analysis with an adaptive MEC–RBF neural network. The main
contributions of this research are summarized as follows:

• The sensitivity analysis revealed that the parameter d/L had the greatest influence
on segment deflection, followed by the parameters σ, γc, γs, Ec, and Es, whereas the
other parameters exhibited relatively minor effects.

• A comparison with finite element analysis revealed that the adaptive MEC–RBF model
achieved higher accuracy and computational efficiency than the conventional RBF
model did, providing more precise deflection predictions during construction.

• Application of the adaptive MEC–RBF model to the Hannan Yangtze River Bridge
demonstrated that its predictions were in good agreement with field measurements,
confirming the accuracy and practical applicability of the proposed framework. These
findings suggest that the approach can effectively support deflection control for pre-
stressed concrete continuous rigid-frame bridges.

The adaptive MEC–RBF framework was validated using data from the Hannan
Yangtze River Bridge. It can be retrained and applied to other continuous rigid-frame
or prestressed concrete bridges by updating the input parameters and training datasets.
Although this flexibility allows the proposed model to serve as a general framework for
deflection prediction during construction, several limitations remain and will be addressed
in future studies. Verification of data reliability is required during the dataset generation
phase, so the finite element model may require adjustments and lead to additional com-
putational costs. Moreover, given the complexity of bridge construction, the probabilistic
characteristics of variables may vary under different practical conditions. Future work
will focus on extending the adaptive MEC–RBF model to stress prediction in prestressed
concrete continuous rigid-frame bridges and comparing its performance with that of other
hybrid optimization models, such as particle swarm optimization and grey wolf optimizer–
radial basis function neural networks. In addition, the proposed model was developed
and validated within a temperature range covered by both field observations (±5 ◦C)
and an orthogonal experimental design (2.5–27.5 ◦C). For bridge projects subjected to
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wider temperature variations or pronounced through-depth thermal gradients, the same
framework can be extended by incorporating additional temperature data to preserve
predictive accuracy.
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Abstract: The paper examines a thin-walled steel road bridge that has been in service for
over fifty years. Due to damage observed during detailed inspections, a comprehensive
investigation was necessary to evaluate the structural safety of the superstructure. For
this purpose, the new national guidelines for assessing the safety of existing road bridges
were used for the first time. These guidelines are based on the new Eurocode prEN 1990-
2, which provides the foundation for assessing existing structures. To enable reliable
and rational decisions regarding repair or strengthening, a finite element analysis was
performed considering the condition survey, NDT, and material testing. The analysis
showed that the resistance of some superstructure elements was exceeded by over 600%,
and about 180 elements are inadequately safe to carry the actual minimum traffic loads
according to the safety standards mandated by the new national guidelines. A comparison
between the analysis results and the condition survey identified the same elements where
local plastic deformations were observed. Based on the experimental and numerical results
within this new assessment framework, the final decision was made to close the bridge for
service and replace the existing steel structure.

Keywords: load-bearing capacity; thin-walled steel shell; finite element analysis; national
guidelines; maintenance decision

1. Introduction

Despite substantial funds from the European Union spent over the past twenty years
on Polish road infrastructure, a significant portion of Poland’s bridge stock remains rel-
atively old. It requires regular maintenance to guarantee adequate structural safety and
serviceability. Structural safety is a key assessment parameter for existing bridges, guiding
decisions on their continued use. Bridges built after World War II, during the reconstruc-
tion of war-damaged transport infrastructure, are now especially approaching the end
of their service life. Efficient and reliable safety assessments are crucial for maintaining
and managing the bridge stock. The condition of bridges directly affects traffic safety
and transportation costs, which tend to decline over time due to physical damage such
as corrosion, fatigue, overloading, or accidental impacts. Meanwhile, increasing traffic
volumes necessitate upgrading the load-bearing capacity of existing bridges. To prevent
the high costs of repairs, strengthening, or replacements, accurate assessments of bridge
safety are becoming increasingly important worldwide [1–6]. Road authorities can make
informed maintenance decisions and implement effective measures based on structural
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safety evaluations. Hence, there is a need for a systematic, cost-effective, quick, and precise
method for assessing bridge safety to support effective management.

A key part of bridge management is assessing the safety of bridge structures. In
simple terms, a bridge is considered safe if its load-bearing capacity exceeds the traffic
load it carries. It can be regarded as safe when there is a sufficiently low chance that the
traffic load will exceed its capacity. Extensive research has been conducted on methods to
evaluate the structural safety of bridges and their associated uncertainties, ranging from
basic approaches such as performance observation and design standards to more advanced
techniques, including the analytical hierarchy process (AHP), fuzzy assessment, and neural
networks. Recent assessment methods were briefly described, with their characteristics
summarised and compared, by Lu et al. [7] and Ferrara et al. [8]. Comparing various
bridge safety assessment methods shows both similarities and differences. For instance,
the design standard method has a solid theoretical foundation and has been widely used
in Poland until now [8–12]. However, notable differences exist between design standards
and assessment, especially in terms of information availability and updating, structural
condition, reliability requirements, verification procedures, and decision options. These
differences, briefly outlined in the contribution [13], can often lead to a high level of
conservatism when applying design standards for assessment. Typically, bridge safety
assessments are based on calculation methods, where inspection findings on local damages,
supported by non-destructive testing (NDT), are used to develop a realistic numerical
model for finite element analysis (FEA). In a standard assessment process, condition
surveys, material testing, and NDT provide valuable data for calibrating models, which in
turn leads to a comprehensive structural analysis [14–17]. A combined, rational approach
to these steps enables the detection, characterisation, and quantification of useful reserves
in load-carrying capacity or the identification of the weakest structural points. Nonetheless,
a calculation-based analysis begins with a deterministic calculation. A more advanced
method becomes necessary if the structural safety standards are not met. Probabilistic
methods are among such options [18–21]. Using a probabilistic approach involves an
analysis tailored to the specific bridge, incorporating information on load and material
property variations into the calculations. This method is well-suited for evaluating the
structural safety of existing bridges.

The field-loading test method is the most direct and reliable approach for assessing
bridge structural safety [22–26]. Strain data obtained from static load testing of the bridge,
together with modal information identified from the measured acceleration responses under
operational traffic, are used simultaneously to update the numerical bridge model’s mate-
rial properties and dynamic characteristics. Based on this revised model, the load-bearing
capacity is calculated to evaluate the bridge’s performance under the current design traffic
loading specified in various national guidelines or standards. However, the field-loading
test method’s cost is relatively high, and the technique is not very widespread. Additionally,
it may disrupt regular traffic, limiting its frequent application on highway bridges. It may
also cause severe structural damage, particularly for existing bridges that lack essential
original data. Another approach is to implement the structural health monitoring (SHM)
system [27–30] on a bridge. Through monitoring and evaluating the structure’s condition,
early warning signals are issued in cases of extreme climate conditions, severe traffic, or
operational issues. This provides the basis and guidance for maintenance and management
decisions. However, due to its high cost, SHM is mainly used for critical bridges and is
rarely applied to small and medium-span bridges. To lower the costs of SHM in such cases,
Jamali et al. [31] suggest a multi-level assessment procedure for evaluating the load-bearing
capacity of existing bridges, combining SHM techniques, advanced nonlinear analysis,
and probabilistic approaches to address safety effectively. Recently, Ko et al. [32] proposed
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a framework for assessing bridge structural safety using AI technology. This method
allows evaluation of bridges with limited information, such as missing design documents,
and does not require field tests. The framework relies on computational design strength
and includes procedures for calculating calibration factors to reflect current conditions.
Meanwhile, Liu & Zhang [33] have developed a deep learning-based method to model
bridge condition ratings using selected data from the National Bridge Inventory (NBI)
database. This research aims to develop a data-driven approach that predicts the future
conditions of highway bridge components based on archival inspection data, trained using
an online-accessible NBI dataset.

Over the past twenty years, extensive research efforts have been undertaken world-
wide to develop new assessment methods for existing bridges. The primary outcomes of
this research are recent standards and manuals for existing bridges approved for use in
the USA [34], Canada [35], China [36], Italy [37], Switzerland [38], and the UK [39]. There
are also two international standards [40,41]. For a review and discussion of most of these
standards, guidelines, and their frameworks, see [42,43]. These various national standards
and guidelines particularly include key elements such as: (a) the possibility of directly
applying probability-based methods, (b) the inclusion of structural system redundancy
and robustness criteria, (c) the use of site-specific live loads and dynamic amplification
factors, (d) the integration of field measurements and diagnostic test data, and (e) the con-
sideration of proof load testing. Wisniewski et al. [42] review how these key elements are
addressed in existing assessment standards and suggest possible improvements. Allaix &
Bigaj-van Vliet [43] recommend amending Eurocode design rules for assessment situations,
including the use of measured strengths and imperfections in calculations. Actions and
their combination formats are also examined, with recommendations for adjustments to
these aspects in bridge assessments. Ultimately, an overall evaluation of the scope of work
needed to develop an assessment suite based on Eurocodes is presented. However, the new
Eurocode prEN 1990-2 [44] for assessment only establishes principles for specific reliability
aspects. The consistent application of these general assessment rules in practice requires
further assumptions or even case-specific developments. Therefore, practical applications
are essential for identifying relevant issues in the future development of assessment meth-
ods and standards. This paper describes a new national method for the structural safety
assessment of existing bridges that combines condition surveys, material testing, NDT,
FE analysis, and Eurocodes’ calculation-based verification of ULS/SLS. The new method
is the national implementation of the provisions of the new Eurocode prEN 1990-2 [44],
to be published on 30 January 2026, which extends the basis of structural design for new
structures, as specified in standard EN 1990 [45], to existing structures. The assessment
framework is presented within the context of a case study involving a steel road bridge
that has been in service for half a century. In the 1960s, a unique and modern thin-walled
steel shell superstructure for highway bridges was designed and implemented for several
road bridges in Poland. The fully welded superstructure consisted of a thin-walled external
shell in a basket curve shape, stiffened with longitudinal trapezoidal ribs, and internal
longitudinal and transverse trusses that stiffened the shell and ensured its overall stability.
However, the superstructure has several structural and technological weaknesses that, in a
short time, have led to severe structural damage, as observed in these bridges just a few
years after service (e.g., weld cracks, local buckling, etc.). The national framework for the
structural safety assessment, as applied to the bridge in question, is presented in the article.
The research work confirmed, on the one hand, the need for quick maintenance decisions
regarding other bridges of this type, and on the other hand, the usefulness of the new
framework for assessing the structural safety of existing road bridges.
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2. The National Framework for Structural Safety Assessment of Existing
Road Bridges

A common issue in bridge management in Poland is determining the structural safety
of existing, deteriorated bridges and their actual load-bearing capacity. It is crucial to make
timely decisions on whether to continue, limit, or stop traffic operations, as this is vital
for effective maintenance and management of bridges. However, Poland has lacked a
consistent methodology for assessing the structural safety of road bridges. Consequently,
developing a simple, fast, cost-effective, and reliable method to evaluate the safety of
existing bridges, especially those that are damaged or deteriorated, has become increasingly
important and urgent.

The origins of the Polish system for assessing the technical condition of road bridges
date back to 1985, when the Act on Public Roads was enacted. This Act outlines the respon-
sibilities of the road authority, including conducting periodic inspections of the technical
state of road bridges. Following Poland’s political transformation, a new “Construction
Law Act” came into force in 1994, which mandated and clarified the road authority’s
obligation to carry out regular inspections, primarily to assess the technical condition of
bridges. However, neither Act provided detailed rules for how these inspections should
be performed. It was not until the 2004 regulation by the Minister of Infrastructure that
the fundamental requirements regarding the scope and criteria for assessing the technical
condition of key components and the entire bridge were defined.

Based on the regulation of the Minister of Infrastructure, the Polish national road
authority, the General Directorate for National Roads and Motorways (GDDKiA), com-
missioned Rzeszów University of Technology to develop an instruction for conducting
road bridge inspections, which came into force in 2005 [46]. The instruction introduced a
comprehensive inspection system for road bridges managed by GDDKiA, including cur-
rent inspections, basic inspections, extended inspections, detailed inspections, and expert
assessments. It also outlined, among other things, the frequency, purpose, methods, and
documentation procedures for these inspections. To standardise the process of assessing
road bridges by different bridge inspectors, in 2008, GDDKiA implemented rules for using
a scale to rate the technical condition and suitability for continued use of road bridges,
which were also developed by the Rzeszów University of Technology. The document pro-
vides guidelines and examples that, considering the inspector’s knowledge and experience,
should be followed when assessing individual elements of road bridges during inspections
(basic, extended, and detailed). The authors of both primary documents, which contain
the Polish system for evaluating the technical condition of road bridges (instructions and
rules), revised them in 2011 and 2020, respectively.

The system for assessing the technical condition of road bridges, which remains in
use in Poland today, is based on a six-point scale aligned with the criteria in Table 1 [46].
Elements of a road bridge evaluated under these criteria include, in particular: main
girders, deck slab, cables and their anchorages, expansion joints, road and pavement
surfaces, drainage system, kerbs, railings, protective barriers, cornices, abutments and
pillars, bearings, embankments and slopes of approach roads, riverbed and underbridge
space, and environmental protection devices. The exception is the insulation of the deck
slab, which is assessed on a three-point scale as specified in Table 2 [46]. Besides assessing
the technical condition of individual bridge elements as detailed in Tables 1 and 2, two
additional evaluations are performed: the average bridge rate and the main bridge rate,
as described in Table 3 [46]. This assessment system is supplemented by annual bridge
inspection training organised by the Rzeszów University of Technology on behalf of the
road authority. Bridge inspections and evaluations of the technical condition of road
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bridges in Poland can only be carried out by qualified bridge inspectors who hold an
appropriate training certificate and a construction licence.

Table 1. Scale and criteria for evaluating the technical condition of road bridges [46].

Rate Name Description of the Technical Condition of the Element

5 appropriate no damage or contamination was found during inspection

4 satisfactory shows impurities or the first signs of damage that deteriorate the aesthetic appearance

3 anxious shows damage, the failure to repair of which will shorten the period of safe operation

2 insufficient shows damage that reduces the service life, but can be repaired

1 failure shows irreversible damage, disqualifying the further service life of the bridge

0 emergency has been destroyed or ceased to exist

Table 2. Scale and criteria for the evaluation of the deck insulation of road bridges [46].

Rate Name Description of the Technical Condition of the Insulation

5 appropriate no symptoms indicating insulation leakage

2 insufficient there are a few minor stains; local repair can stop the process of deterioration of the element

0 emergency there are extensive leaks causing a reduction in the service life of the element

Table 3. Criteria for the assessment of the average and main bridge rating of road bridges.

Bridge Rating Description of How the Rating Is Determined

average arithmetic mean rating of all graded items

main

the lowest of the two:
• the arithmetic mean of all assessed elements;
• deck slab assessment;
• evaluation of the main girders;
• the arithmetic mean of the abutments and piers, that is, half of the

sum of the lowest abutment rating and the lowest pillar rating (in
the case of a single-span structure, this will be the lowest
abutment rating);

As in other countries, the Polish system for evaluating the technical condition of road
bridges serves as the basis for planning the funds required for bridge maintenance (repairs,
rehabilitation, strengthening, and reconstruction), as well as for planning investments
related to the replacement or construction of new bridges. This system is also frequently
used to assess the load-carrying capacity and the safe operational lifespan of the bridge.
The construction authority in Poland typically makes decisions on the further use of the
bridge (and, in extreme cases, on decommissioning the bridge) solely based on the average
or primary bridge rating (a single score).

However, the current Polish system for evaluating the technical condition of road
bridges, as presented in Refs [9,46], is increasingly criticised for being imprecise. The
final assessment does not account for all necessary criteria or their relative weights when
evaluating the condition of individual elements or the entire bridge. It is suggested that
the weights assigned to criteria related to load-bearing capacity or traffic safety should be
higher, while those associated with durability or aesthetics should be lower. Additionally,
a single overall score should not be the only criterion for determining whether a bridge can
continue to be used or under what conditions. Instead, each subsequent inspection should
be based on the assessments and conclusions from the previous one. The rating should
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be considered only as an auxiliary tool. The primary evaluation of a bridge’s technical
condition should be a professional opinion issued by an experienced bridge inspector
holding a valid certificate and a building licence. This is especially important for large
bridges, often with unusual structures.

To meet the bridge administration’s expectations, the Ministry of Infrastructure com-
missioned the Rzeszów University of Technology to develop a national method for assess-
ing the structural safety of existing road bridges. This method aims to complement the
current rating system and reflect the current state-of-the-art and latest trends in assessing
existing bridges. The technique is used to evaluate the safety of future operations of existing
bridges, considering actual service live loads and the condition survey, and to assess the
structural adequacy and fitness for the intended use of existing bridges, particularly in light
of increased traffic volumes. An assessment of structural safety involves a series of activities
carried out to ensure that relevant limit states are not exceeded, thereby demonstrating,
with sufficient reliability, the safety of an existing bridge. Such an assessment should
verify that the structure maintains adequate reliability without necessarily calculating the
reliability index; this can, for instance, be achieved through verification using partial factors
or qualitative methods. The assessment method for an existing bridge at relevant limit
states can be: a quantitative assessment based on calculations, a qualitative evaluation
based on past performance, or a combination of both approaches.

The method, which forms the basis for the new national guidelines [47], is based
on general recommendations and principles outlined in Eurocodes and is intended to be
used in conjunction with other Eurocodes. Existing structures designed and constructed
according to withdrawn standards may have material properties, detailing arrangements,
and execution tolerances that do not comply with, or are not covered by, current standards.
The Eurocodes primarily provide rules for designing new structures; however, the princi-
ples of EN 1990 [45] can also be applied to existing structures, with additional provisions.
The new standard prEN 1990-2 [44] offers further provisions that enable the structural
assessment of existing structures, including updates to basic data and structural models.
The method covers general principles regarding actions for assessment, complementing
standard EN 1991-2 [48], and the rules for determining the ultimate load-bearing capacity
of existing elements are based on the provisions of design standards, i.e., EN 1992-2 [49], EN
1993-2 [50], and EN 1994-2 [51], applied according to the type of material from which the
existing bridge is built. The method assumes that an existing bridge’s structural safety (as
required by the Eurocodes) is guaranteed when the ultimate limit states, verified through
the partial safety factors method, are satisfied. The procedure allows checking whether
all vehicles approved for use on public roads in Poland can cross the existing road bridge
without total weight and axle load restrictions, without risking a reduction in the structural
safety level, and with a minimised likelihood of severe structural damage or loss of the
bridge’s basic functions.

The assessment of the structural safety of the existing bridge should follow a stepwise
framework with increasing levels of detail and accuracy (Figure 1). The first level involves
analysing archival documents, inventorying the bridge’s geometry (if necessary), conduct-
ing a condition survey (inspection), performing basic diagnostic tests, and executing simple
computational analyses. Additional information, such as historical standards, construction
strategies, and operation & maintenance experiences, is also essential. The assessment must
consider the current condition of the bridge. Initial material properties can be derived from
historical standards for different materials. Computational analysis involves re-evaluating
the existing structure based on action forces and material parameters. At the second level,
advanced diagnostic tests are required to identify detailed damage, among other things.
Generally, updated characteristic values of materials are defined according to EN 1990,
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Appendix D [44], based on material testing. Structural safety and serviceability verifi-
cations are carried out using these updated characteristic material values and modified
partial factors, in accordance with the primary design equations of prEN 1990-2 [43] within
the partial factor framework. The advanced analysis (usually performed using the finite
element method, FEM) considers the impact of identified failures on the bridge’s structural
safety. The third level involves specialised diagnostic tests of the bridge under proof or
service loads to evaluate its performance. The outcomes of these tests are primarily used
to update and validate the FEM model employed in the final assessment of structural
safety. Throughout each assessment level, the structural safety is evaluated to determine
if it is adequate for continued use or if further analysis is advisable. Based on this, the
bridge authority can decide on additional maintenance actions (e.g., traffic or service load
restrictions, repairs, strengthening). Any interventions should, where possible, be designed
in accordance with standards (Eurocodes) for new structures.
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Figure 1. The framework for assessing the safety of an existing bridge according to the new Polish
guidelines [47].

The criteria for selection and the scope of application for the appropriate assessment
levels are as follows:
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• Basic level—used in the safety assessment of bridges where no damage could compro-
mise the structure’s safety.

• Advanced level—used in safety assessments of bridges where some failures might
threaten the structure’s safety, and these failures can be fully detected using standard
non-destructive or mildly destructive diagnostic tests, regardless of loads.

• Special level—used in the safety assessment of bridges where some failures might
impact the structure’s safety, and their detection requires non-standard diagnostic
tests, including tests under proof and/or service loads (bridge performance tests).

The decision regarding which level of assessment to select should be based on the
results of the initial condition survey of the bridge (inspection), conducted in consideration
of the analysis of archival documentation and basic diagnostic tests. The recommenda-
tions for analysing the archival documentation of the bridge, as well as the methods and
techniques used in diagnostic tests within the framework of assessing structural safety,
complement the framework outlined in the specific guidelines [47].

3. Bridge Description

The paper discusses a 55-year-old road bridge with a superstructure made from a
steel-welded shell structure. In the 1960s, it was an innovative steel shell design inspired
by shipyard structural solutions. It served as a load-bearing structure for belt conveyors,
supported industrial installations, and was used in road bridge construction. Between 1970
and 1989, several similar bridges were constructed in southern Poland, with two still in
operation today. Despite their innovative structural concept at the time, these steel shell
bridges exhibited numerous structural and quality issues, which led to cracks in welded
joints and local deformations after some years of service. For example, the superstructure
of the first bridge, built in 1970, exhibited numerous cracks in the welded joints of the
stiffening trusses within the shell just one year after its completion. Additionally, minor
local deformations were observed in some truss elements, indicating possible overloading.
Analysis revealed that vibrations from the tram rolling stock on the bridge caused these
cracks. After two years, a new tram track with vibration isolation was installed, and the
cracks were repaired. Nevertheless, similar damages occurred later in other bridges of this
type, primarily due to their location on less busy roads. The extreme form of these issues is
evident in the structure of the bridge discussed in this paper.

The bridge was constructed in 1970 and designed to withstand live loads according
to the old Polish bridge standard from the early 1960s. It has a total length of 288.0 m
and a static scheme of a five-span continuous beam with span lengths of 48.0 m, 60.0 m,
72.0 m, 60.0 m, and 48.0 m (Figure 2). The overall width is 11.20 m, comprising a roadway
with two lanes (2 × 3.50 m) and two sidewalks (2 × 2.10 m). The spans of the bridge
were constructed as a steel shell structure, with a depth of 2.0 m and a width of 9.0 m
(Figure 3). The shell, shaped like a basket curve, is made of steel sheets stiffened with
longitudinal trapezoidal ribs. The top steel sheet with ribs forms an orthotropic steel deck.
The shell superstructure is internally stiffened with steel trusses: four longitudinal trusses
(arranged as two pairs) and numerous transverse trusses spaced every 2.0 m (Figure 4).
The first type of trusses features a standard triangulated system, acting both as longitudinal
stiffeners for the shell and as the main load-bearing girders. The other, a Vierendel truss
(or rigid frame), functions as a cross-beam. Both types are made from rolled or welded
I-beams, with welded joints connecting all elements of the steel superstructure. Reinforced
concrete prefabricated slabs are attached atop the steel sheets on both sides to form the
bridge sidewalks.
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Figure 2. The general view of the bridge.

Figure 3. Cross-section of the steel shell superstructure.

 

Figure 4. Interior of the steel superstructure showing longitudinal and transverse stiffening trusses,
with shell sheets reinforced by longitudinal trapezoidal ribs.

4. Basic Level of Assessment Framework

The initial stage of the bridge assessment involved analysing archival documents.
All available information was included in the evaluation, such as the original design and
construction (including workshop) documentation (i.e., calculations and drawings from
1969) and subsequent inspections and previous assessment reports conducted during the
structure’s service life. The inventory of the structure’s geometry confirmed that it was
built strictly in accordance with the archival drawings. No structural modifications were
made after the original construction, nor were any documented or discovered on site.
Material or product properties were determined based on relevant documents from the
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time of construction. The bridge was designed for live loads according to the old Polish
bridge standard, dated 1966, and the basic load-bearing capacity and safety conditions
for the steel structure were checked using the allowable stress method, as outlined in
the Polish standard for steel structures from 1958. Therefore, the existing steel structure
did not meet modern safety standards for bridges based on limit states and partial safety
factors. In particular, welded joints were designed and inspected using outdated methods,
and the designer at that time did not evaluate the fatigue limit state of these connections.
Furthermore, the static analysis of the complex spatial superstructure was performed using
simple (one-dimensional) calculation models.

The current condition of the existing steel structure, including ongoing deterioration
processes and present defects, was determined based on available information from in-
spection reports. A condition survey was conducted to update the understanding of the
structure’s technical state, focusing on aspects critical to load capacity, safety, and reliability.
The primary emphasis was on the structural elements that most significantly affect the safe
performance of the steel structure. During the survey, the accuracy of as-built information
was verified, and the superstructure’s actual main dimensions and boundary conditions
were confirmed. All data collected during the study were incorporated into the modelling
for structural analysis.

The condition survey showed that the steel shell, some longitudinal ribs, and parts of
the trusses were superficially corroded (Figures 2 and 4), mainly near equipment elements
such as expansion joints, drainage inlets, and where the lighting lantern is attached to
the structure, as well as at points where the prefabricated concrete slabs connect to the
orthotropic bridge deck. Measurements of the thickness of these steel sheets and compo-
nents indicated significant corrosion losses, reaching up to 3.0 mm in critical areas. The
inspection also identified numerous (more than 100) severe plastic local deformations of
the elements forming the trussed cross-beams (Figure 5). These deformations reduce both
the load-bearing capacity of the cross-beams and the overall stiffness of the spans. Their
high number, plastic deformation, and localisation mainly in the support zones of the spans
may point to overloading as the primary cause of their occurrence.

 

Figure 5. Local plastic deformations of the upper chord (left) and post (right) of the cross-beams.

The most serious damage to the steel structure, identified during the condition survey
of the bridge, was cracks in the welds (Figure 6). At this assessment level, most superstruc-
ture welds were examined using a combination of visual inspection and penetrant tests.
The inspection revealed the poor condition of the butt welds of the shell’s longitudinal
stiffening ribs. More than 40 cracks were discovered in the butt joints of the trapezoidal ribs,
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particularly located in the orthotropic deck at the support zones of the spans. These cracks
disrupt the continuity of the longitudinal ribs, alter their static scheme and local internal
force distribution, and negatively impact other structural elements, ultimately leading to
their deterioration. For example, they caused cracks in adjacent fillet welds connecting the
deck ribs to the upper chords of the cross-beams. More than 100 cracks (!) were found in
these locations. The cracks varied in development, from hairline cracks that initiated weld
destruction to complete joint break.

 

Figure 6. Typical weld cracks in the butt joints of longitudinal ribs (left) and an example of a crack in
the fillet weld connecting the longitudinal rib to the upper chord of the cross-beam (right).

In most cases, the cracking of these joints was progressive, occurring 10 years after
the initial repair of the welds, which revealed a permanent structural defect in this type
of connection. Finally, several cracks were discovered in the welded joints between the
upper cords of the main truss girders and cross-beams, particularly in the zones where
the spans are supported. The primary cause of most cracks in welded joints is their poor
quality, along with overloading and fatigue in some instances.

Following the assessment framework (Figure 1), it was necessary to determine whether
the observed failures of the steel structure had affected the safety of individual elements or
the entire superstructure of the bridge. As is well known, cracks, plastic deformations, and
severe corrosion are the leading causes of performance degradation in steel bridges. Cracks
threaten the safety of the bridge and can even lead to collapse. In this case, most cracks in
welded joints resulted from poor and faulty quality (many initial defects) and distortion
caused by overloading or restraint issues. Furthermore, steel bridges, especially those with
orthotropic decks, are susceptible to fatigue cracking due to prolonged wheel loading and
high cyclic stresses. The significance of the crack for the bridge’s structural safety is of
primary importance. If the crack is perpendicular to the tension direction induced by the
service load, as shown in Figure 6, it may compromise the bridge’s load-bearing capacity.
Additionally, extensive plastic deformations in the cross-beams and local corrosion damage
to the shells can substantially reduce the load-carrying ability. In summary, the damages
observed in the steel superstructure, particularly their type and extent, may impact the
structural safety of the bridge. Therefore, advancing to the second (more detailed) level of
the assessment framework was necessary, as shown in Figure 1.

5. An Advanced Level of Assessment Framework

An advanced assessment should be undertaken if the basic assessment has not demon-
strated the bridge’s adequacy. According to the standard prEN-1990-2 [43], an advanced
assessment may include: detailed documentary searches and reviews; further structural
investigations to update information about the structural system, actions and influences—
including possible damage and deterioration mechanisms, material properties, ground
conditions, etc.; structural analysis and verifications; recommendations for immediate
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interventions; and other suggestions such as additional assessment stages, potential future
interventions, and future use of the structure. All these measures are encompassed in the
new national framework (Figure 1), with nearly all being applied in the case of the bridge
in question. Since all archival documents found were used in the basic assessment, no
detailed documentary search or review was necessary. Using archival static calculations, it
was identified which elements and connections bear the most significant loads, and the
structure’s load-bearing capacity was established. Identifying these critical points limited
the scope of advanced inspections. The advanced assessment started with further structural
investigations (such as measurements or tests) to update information about the structural
system, including possible damage and deterioration mechanisms, covering aspects like
structural conditions, behaviour, actions, and influences.

5.1. Advanced Bridge Testing

The purpose of the material tests was to determine the grade of structural steel
(confirming compliance with the design documentation in this respect), its mechanical
parameters necessary for structural analysis, and to assess the degree of steel weldability
in case it would be required to strengthen the structure. The steel grade was determined
using a spectral examination of the material composition with the Spectroport F emission
spectrometer. The tests revealed that the structure was made of low-carbon steel type St3m
(formerly the national steel designation), corresponding to the modern steel type S235
according to the standard EN 10025-2:2017-03 [52]. Based on this, the characteristic yield
strength of steel was assumed to be 235 MPa. The maximum carbon equivalent for the
tested steel was calculated at 0.323%, which is below the threshold of 0.4%, indicating that
the structural steel used to construct the bridge is easily weldable.

The advanced testing of welds aimed to identify damage that could affect the bridge’s
load-carrying capacity. Welds without visible defects were selected for testing. Two types
of welds were fully identified using NDT methods: the transverse butt welds in the
longitudinal trapezoidal ribs of the orthotropic deck and the fillet welds connecting the
longitudinal ribs of the deck with the upper chords of transverse cross-beams. Based on
weld type and size, the first were tested using ultrasound, while the latter were tested
using the magnetic-particle method. Ultrasonic testing of the selected transverse butt welds
was conducted using an ultrasonic flaw detector, type Epoch 600, in accordance with the
standard EN ISO 1764:2018-01 [53]. The purpose was to detect subsurface discontinuities
in the welds. The entire surface of the transverse joints was examined along their length.
A total of 23 welds were tested, and no cracks were observed during visual inspection.
However, all tested welds revealed severe discontinuities such as cracks and/or lack of
penetration, indicating very low quality. The most extensive cracks reached up to three-
quarters of the weld’s length. The poor quality of the welds was mainly responsible for the
large cracks. Additionally, numerous structural notches and cyclic loading of the bridge
decks contributed to fatigue, which accelerated the growth of cracks.

Magnetic particle tests on selected welds were performed using a magnetic jet flaw
detector AC42 K+D Flux Technic type, following standards EN ISO 9934-1:2017-02 [54] and
EN ISO 17638:2017-01 [55]. The purpose was to detect surface and subsurface discontinu-
ities in the fillet welds connecting the longitudinal ribs of the deck to the upper chords of
the transverse cross-beams. The examination covered 22 welds, which showed no cracks
based on visual inspection. The surface and subsurface of the joints were inspected over
an approximately 20 mm area. On all tested welds, several inadmissible indications (i.e.,
flaws with l > 2 mm and/or d > 1 mm) were found on the surface, indicating very low
weld quality (Figure 7).
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Figure 7. Surface discontinuities of the fillet welds connecting the longitudinal ribs of the deck with
the upper chords of transverse cross-beams.

The observed discontinuities in the fillet-welded joints connecting the orthotropic
deck and the cross-beams may lead to a lack of composite action between these elements,
as assumed in the original design. Consequently, it was also investigated whether these
discontinuities had a significant impact on the overall stiffness of the superstructure. The
potential change in stiffness was evaluated by measuring the permanent deflection at the
midpoint of the longest span (L = 72.0 m) using precision levelling. The average measured
permanent deflection was 105 mm (L/686), which is considered substantial after 55 years
of bridge operation, especially since the superstructure was initially built with reverse
deflection. This indicates that the flaws found in the welded joints of the steel structure
considerably reduce the overall stiffness of the spans.

5.2. Structural Analysis

The next step in the advanced-level assessment framework is the structural analysis
(assessment by calculation). If an evaluation by calculation is performed, the values of
actions and resistances should be considered for the limit states in the calculation situations
being assessed. The rules for action combinations should also be consistent with the
assessment situations relevant to the structure. The combination rules were taken from
EN 1990 [44]. The identified damage and deterioration rates, along with their impact on
structural performance and load-carrying capacity, are incorporated into the calculation
models based on the available information obtained to date.

The structural analysis of the steel superstructure was conducted using the finite
element method with a three-dimensional numerical model created in SOFISTIK version
2024 software. Information related to the structural system—such as the layout of the
structure, arrangement of individual structural elements, and overall dimensions—was
obtained from design documents. The numerical model accurately reflected the structure’s
geometry and components based on these documents, which, in some cases, were verified
through inspection data (e.g., thickness of steel sheets). If the records did not contain the
necessary information or if there were doubts about their accuracy, the structural model
was updated during the initial inspection of the inventory. The assumptions regarding the
static and kinematic boundary conditions of the structural system, including those related
to support conditions, were confirmed to be valid.

Shell (quad) and beam finite elements were used to model the superstructure. De-
pending on the structure’s geometry, the appropriate type of finite elements and meshing
techniques were selected to generate the mesh. A general meshing approach was employed
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to ensure all nodes in contact areas converged. An ordered reticulation method was ap-
plied. The four-node shell elements discretised the superstructure shell with a maximum
size of 300 × 500 mm. Mesh refinement using shell elements of size 150 × 500 mm was
carried out for the longitudinal trapezoidal ribs. Various shell sheet thicknesses, as well
as different types and sizes of ribs and truss sections, were considered. Two-node beam
elements were used to model the internal trusses of girders (posts, diagonals, and both
transverse chords). The actual thicknesses of individual truss elements, which vary across
the cross-section of the bridge span and along its length, were incorporated into the model.
The truss connections were modelled as rigid, transmitting the bending moment, on a
standard grid of nodes. In the key connections between the transverse upper chords and
the trapezoidal longitudinal ribs, restrictions were introduced using spring elements (spri).
The spring elements connecting the nodes of the upper chord with those of the longitudinal
ribs were given maximum rigidity by modelling the welded joint. Axial stiffnesses of 1016

kN/m3 were assumed in three orthogonal directions. Additionally, the spring elements in
the three orthogonal bending planes have flexible stiffnesses of 1016 kN/rad/m in each
plane. This node model represented a welded joint with full rigidity, free from damage.
The visualisation of the numerical model of the steel superstructure is shown in Figure 8.

 

Figure 8. Numerical model of the superstructure.

The results of the condition survey and advanced bridge testing were integrated into
the model, including corrosion losses of deteriorated elements and cracks in the fillet welds
between the longitudinal ribs of the deck and the upper chord of the cross-beams. The
latter failures were simulated by removing the axial stiffness in the (x) and (y) directions,
along with the corresponding bending stiffnesses in the same planes. An axial stiffness
of 1 kN/m3 in these two directions and a matching bending stiffness of 1 kN/rad/m
in the same planes were introduced. In the (z) direction, the full axial stiffness, namely
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1016 kN/m3, and the corresponding full bending stiffness of 1016 kN/rad/m were retained,
thereby modelling the pressure in the gravitational direction.

The material properties of the finite elements were assumed to be derived from and
updated based on analysis of design specifications and construction records, corroborated
by the condition survey and material testing results. Based on the material tests conducted,
the parameters of the structural steel were found to align with those of modern S-235
steel. At this stage of the structural analysis, steel was modelled as a linear-elastic isotropic
material using two engineering constants: E and ν. The material constants for steel and
strength parameters were assumed to be E = 210 GPa, ν = 0.3, and fy = 235 MPa.

According to prEN-1990-2 [43], traffic loads on existing bridges should be assumed
using the same live load models established in EN 1991-2 [48] for designing new bridges.
However, case-specific traffic load models may be specified by the relevant authority, based
on the actual traffic characteristics and the traffic forecast over the remaining service life. In
our case, the traffic load models used to evaluate the bridge’s load-bearing capacity were
adopted in accordance with the requirements of the Polish road administration [9]. The
vehicle schemes, loads, and markings, as adopted as actual traffic loads in the structural
analysis, are shown in Figure 9.

Figure 9. Models of traffic vehicles for assessing the structural safety of existing bridges, as per [9].
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The single vehicles, as shown in Figure 9, were used in the numerical analysis as a
surface load (pressure) of a single wheel, acting on the actual surface of the upper deck
plate, considering a wheel load area of 0.30 × 0.40 m. An example of the load position of
the traffic vehicle, marked as 2×S10, is shown in Figure 10.

Figure 10. Wheel load of the 2×S-10 single traffic vehicle [kN/m2].

The following traffic vehicles, according to Figure 9, were set to move along the length
of the bridge spans, assuming two possible combinations:

1. Unrestricted traffic: single vehicles moving individually in both directions on each
lane of the bridge roadway, occupying the most disadvantageous position from the
perspective of the calculated static value.

2. Shuttle traffic: individual vehicles moving separately in one direction on a single lane
of the bridge road, occupying the least favourable position from the calculated static
value’s perspective.

The analysis also assumed that no other vehicles were on the bridge roadway apart
from the single vehicles of each type.

Other actions were implemented in accordance with the relevant Eurocodes. The self-
weight of the structure or its elements, as well as other permanent actions, was determined
based on the relevant geometrical properties and material densities. The pedestrian load,
with a characteristic value of 5.00 kN/m2, was applied to the actual contact area between
the prefabricated concrete slabs and the orthotropic deck, spanning a width of 0.50 m and
the entire length of the bridge. The pedestrian load was modelled as a surface load on
the top plate of the steel deck, acting in the gravitational direction with the corresponding
bending moment related to the transfer of the load’s centre of gravity (Figure 11). The load
was modelled separately for both sidewalks, varying along the length of the bridge. The
analysis also included the effect of temperature changes at the depth of the steel structure.
The temperature difference for the simplified model at the extreme fibres was assumed to
be 18 ◦C for heating and 13 ◦C for cooling (Figure 12). The scenario of uniform heating and
cooling actions on the structure was not considered in the calculation.
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Figure 11. Pedestrian load on sidewalks.

Figure 12. Temperature actions: heating (top) and cooling (bottom).

The action combinations followed EN 1990 [44], using the partial safety and combina-
tion factors shown in Table 4. These combinations were created to simulate the most severe
conditions of the considered actions.

Table 4. Partial safety factors and combination factors applied in structural analysis.

Type of Action γG,sup γG,inf Ψ0 Ψ1 Ψ2

Self-weight 1.35 1.35 1.00 1.00 1.00
Permanent actions 1.35 1.35 1.00 1.00 1.00
Traffic live load 1.35 1 0.00 1 0.75 1 0.75 1 0.00 1

Pedestrian load 1.35 0.00 0.40 0.40 0.00
Thermal actions 1.50 0.00 0.60 0.60 0.50

1 taken as for tandem TS of the LM1 model in Eurocode.

5.3. Structural Safety Verification

The ultimate limit state (ULS) verification (or structural safety verification) was per-
formed using the limit state method with the inequality given by Formula (1):

Ea ≤ Ra, (1)
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where
Ea is the assessment value of the effect of actions;
Ra is the assessment value of the resistance.
Ea and Ra can be expressed as functions of the assessment values of the basic variables,

including the relevant partial safety factors and combination factors. In our case, the
equivalent stress according to the Huber-Mises-Hencky strength criterion (H-M-H) was
taken as the assessment value of the effect of actions Ea, while the design strength of
structural steel, determined based on material tests and archival documents, was used
as the assessment value of the resistance Ra. The relevant load and material partial
safety factors, as well as combination factors, were applied to both assessment values
in accordance with the Eurocodes. Consequently, using Formula (1), the ultimate limit
state (ULS) of individual superstructure elements was verified. Since the structure lacked
sufficient ductility for the required deformations (due to cracks), plastic redistribution was
not considered for assessment at the ultimate limit state. The selected results of the ULS
analysis, presented as H-M-H stress plots, are shown in Figures 13–15.

Figure 13. Maximum H-M-H stresses for the diagonals of the longitudinal stiffening truss (under
2 × S-10 vehicle load).

 

Figure 14. Maximum H-M-H stresses for the cross-beam elements (under 2 × S-10 vehicle load).
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Figure 15. Maximum H-M-H stresses for the shell sheets at the P-3 support section of the span (under
2 × S-10 vehicle load).

Although the FEA results are displayed visually in the figures above, tabulated stress
values or safety margins for key elements would enhance transparency and clarity. There-
fore, in Table 5, these values are additionally provided for selected elements of the steel
superstructure.

Table 5. H-M-H stress values and safety margins for key elements of superstructure.

Superstructure Element Location
H-M-H Stresses 1 Steel Design Strength Exceeding the ULS

[MPa] [MPa] [%]

Upper chord P3 support 1509.0

235

542.1
Bottom chord P3 support 1692.0 620.0
External post P3 support 1422.0 505.1
Internal post P3-P4 span 446.8 90.1

Shell P3 support 261.9 11.4
Upper rib P3 support 198.1 ----
Bottom rib P3 support 306.6 30.5
Diagonal All supports 246.4 4.9

1 under 2 × S-10 vehicle load.

The assessment of the steel superstructure revealed that the structure lacks a sufficient
safety margin regarding the ultimate limit state (ULS), even when subjected to the weight of
a traffic vehicle of the lowest class, 2 × S-10 (a vehicle with a total weight of 10 tonnes). The
main steel elements responsible for the superstructure’s insufficient safety are as follows:

• Longitudinal truss diagonals—the assessment value of the resistance (Ra) is exceeded
by up to 5%; number of deficient elements—4;

• Upper chord of cross-beams—the assessment value of the resistance (Ra) is exceeded
by up to 550% (!!!); number of deficient elements—20;
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• Lower chord of cross-beams—the assessment value of the resistance (Ra) is exceeded
by up to 620% (!!!); number of deficient elements—20;

• Cross-beam posts—the assessment value of the resistance (Ra) is exceeded by up to
505% (!!!); the number of deficient elements is 120.

The shell sheets of the superstructure, its longitudinal stiffening ribs, and its upper
part, the orthotropic deck, have sufficient safety regarding ULS; however, only for the
lowest class 2 × S-10 traffic vehicle. Additionally, the analysis showed that the resistance
values of some of the elements mentioned above were exceeded under self-weight and
permanent load (by up to 200%). A comparison between analysis results and the condition
survey indicated the same elements, where local plastic deformations were observed
(Figure 5). The structural analysis revealed that more than 180 superstructure elements are
insufficiently safe to carry the actual minimum traffic loads with the safety level required
by the new national guidelines [47] and the European standard prEN 1990-2 [43].

5.4. Maintenance Decisions

According to the European standard EN 13306:2010 [56], the general definition of
maintenance is given as the “combination of all technical, administrative, and managerial actions
throughout the life cycle of an item intended to keep it in, or restore it to, a state in which it
can perform the required function”. It is clear that determining appropriate maintenance
actions is a complex decision-making process; that is, several decisions must be made
regarding which actions are relevant, how they should be implemented, when they should
be executed, who should be responsible, and how many resources should be allocated.
To optimise these decisions, they need to be supported by information about the actual
technical condition (including load-carrying capacity) of the specific asset.

Considering the poor technical condition of the steel superstructure (corrosion, nu-
merous cracks in welds, and local deformations) and the results of the structural safety
assessment, which essentially disqualified the continued use of the steel structure for the
bridge’s operation, the fatigue life analysis (typically conducted in such cases, see [57]) and
the special bridge testing were deemed unnecessary. Because of the very low structural
safety of the superstructure (even under self-weight and permanent load) revealed during
the assessment, the bridge authority decided not to impose any traffic restrictions (such as
vehicle load or speed limits, or operational constraints). Instead, they ordered the imme-
diate closure of the bridge until a decision was made on whether to repair/strengthen or
replace the superstructure. However, repairing or strengthening the steel structure would
involve extensive work and high direct costs. Furthermore, the life cycle cost analysis
comparing repair versus replacement convinced the road authority to replace the super-
structure completely. Over the following two years, the old steel superstructure will be
replaced with a modern steel–concrete composite structure supported on new piers with
reinforced existing foundations.

6. Conclusions

The structural safety assessment of the existing steel bridge, considering the technical
condition of the structure and current traffic loads, showed that the steel superstructure
did not meet the required safety standards according to the new national Polish guidelines,
based on the prEN-1990-2 standard for assessing existing structures. The following detailed
conclusions were drawn from the assessment:

• More than 180 superstructure elements are insufficiently safe to support the actual
minimum traffic loads with the safety level required by the new national guidelines
and the European standard prEN 1990-2.
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• The resistance values of some structural elements were exceeded even under self-
weight and permanent load (by up to 200%).

• The condition survey indicated local plastic deformations in the same elements, demon-
strating a lack of load-bearing capacity based on the assessment.

• The remaining superstructure elements have sufficient safety concerning ULS; how-
ever, only for the lowest class 2 × S-10 traffic vehicle.

The structural analysis revealed a very low level of structural safety, significantly
below the standards established by the Eurocodes. This is primarily due to the inadequate
structural analysis of the highly complex steel structure conducted during the bridge’s de-
sign in 1969. Additionally, observed failures such as cracks in welds and local deformations
significantly compromise the bridge’s safety. In this situation, permitting any traffic load
on the bridge would pose a direct threat to its safety and that of its users. Therefore, it was
recommended that the bridge be closed to public traffic and replaced with a new structure.

The new guidelines for the structural safety assessment of existing road bridges act as a
tool to support decision-making by road authorities. According to the initial assumptions of
the Ministry of Infrastructure, the guidelines may be utilised, among other things, in cases
such as (needs): lack of maintenance information from the previous operational period
of the bridge; doubts or irregularities observed during bridge monitoring; an increase in
service load due to changes in road classification; determining the military load class (MLC)
for bridges on public roads; evaluating the extent of structural modifications needed for
rehabilitation or strengthening of existing structures; and so on.

The application of the new guidelines has eased the assessment of the complex steel
bridge in accordance with the unified principles introduced across the European Union
through the implementation of the prEN 1990-2 standard. This new standard represents a
significant step forward, as it is among the first international design codes to specifically
focus on assessment. The new Polish guidelines standardise, at a European level, methods
for evaluating existing structures and outline the criteria to consider when investigating and
appraising existing bridges, while also establishing differences compared to conventional
design for new structures. The authors emphasise that particular importance was given to
understanding the structural configuration and the most probable failure modes in existing
structures, as this provides a crucial basis for planning and conducting verifications most
suitable and necessary for each case to evaluate the safety, durability, and functionality of
the structure.

The application of these new national guidelines to assess the structural safety of an
existing 55-year-old bridge, as discussed in the paper, highlights their practical significance.
The scientific significance of the paper lies in presenting new Polish national guidelines
for assessing existing bridges, developed with the authors’ participation as a national
implementation of the new Eurocode prEN 1990-2. The paper illustrates the application
of these guidelines using a complex steel bridge structure with poor technical condition.
This example could serve as a benchmark for similar assessments carried out in accordance
with the new Eurocode, making it of considerable practical importance. However, it should
be noted that the assessment procedure was not completed (i.e., the special level was not
used) due to the critical condition of the bridge and the urgent need to close it.
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The following abbreviations are used in this manuscript:
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FEA Finite element analysis
SHM Structural health monitoring
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CNN Convolutional Neural Network
GDDKiA General Directorate for National Roads and Motorways, Poland
H-M-H Huber-Mises-Hencky strength criterion
ULS Ultimate Limit State (load-bearing capacity)
MLC Military load class
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Abstract: To enhance the uplift capacity and facilitate the installation of multi-row perfobond con-
nectors at shallow burial depths, this study puts forward a novel notched T-perfobond connector.
The design incorporates an integrated flange at the bottom of the connector and a notch at the edge
of the hole. Through pull-out model tests on four notched T-perfobond connectors, this research
investigates their failure mechanisms and pull-out capacities. Utilizing the explicit dynamics method
in ABAQUS, a finite-element model of the pull-out resistance test for notched T-perfobond connectors
is established and verified against experimental data. Furthermore, a detailed parametric analysis in-
volving 54 models is conducted, examining crucial parameters such as rib dimensions, hole geometry,
flange size, notch width, bar diameter, and material properties. Based on the combined experimental
and numerical results, this paper assesses the suitability of current formulas for calculating the
pull-out capacity of perfobond connectors and proposes a refined calculation method specifically for
notched T-perfobond connectors. All the findings reported in this paper can serve as a reference in
the design and construction of composite structures.

Keywords: composite structures; perfobond connectors; flange; notch; pull-out performance;
finite-element analysis

1. Introduction

As pivotal interfacing elements in composite structures, perfobond connectors have
been widely utilized in various structural systems, such as composite beams, hybrid beams,
composite towers, bridge decks, and composite anchorages [1–4], due to their outstanding
shear resistance and fatigue resistance, as well as ease of installation.

In recent years, extensive research has been conducted on perfobond connectors,
employing a variety of methodologies. Physical modeling, the first of these methodologies,
involves the creation of scaled or full-sized replicas of the connectors and the structures
they are a part of. In particular, push-in, push-out, and pull-out model tests are usually
used to obtain the shear and tensile behavior of perfobond connectors [5–10]. This hands-on
approach allows researchers to observe, firsthand, the mechanical interactions that occur
under real-world conditions, such as the distribution of forces and the development of
stresses within the composite system. Physical models are particularly useful for studying
complex interactions that cannot be fully captured by computational methods alone.

The second methodology is computational simulation, which leverages advanced soft-
ware tools, such as ABAQUS (https://www.3ds.com/products/simulia/abaqus accessed
date 10 August 2024) and ANSYS (https://www.ansys.com/ accessed date 10 August
2024), to create virtual models of perfobond connectors and the composite structures they
are used in [11–16]. These simulations can account for a wide range of variables, including
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material properties, loading conditions, and environmental factors. By simulating various
scenarios, researchers can predict the behavior of perfobond connectors under different
circumstances, which is invaluable for optimizing their design and application.

Theoretical analysis, the third methodology, involves the development of mathematical
models to describe the behavior of perfobond connectors [17–22]. This approach is based
on established principles of mechanics and materials science and can provide deep insights
into the fundamental mechanisms at play. Theoretical models can be used to derive
equations that predict shear performance and pull-out characteristics, offering a basis for
the design and evaluation of perfobond connectors.

Substantial research has been devoted to the fundamental mechanical attributes of
perfobond connectors within conventional concrete slabs, yet some knowledge deficits
persist [23–25]. For example, specific composite structures such as ultra-thin bridge decks
possess an exceptionally thin concrete layer, raising the slab’s out-of-plane uplift resistance
to a critical concern. Nevertheless, current literature mainly focuses on shear performance,
frequently neglecting pull-out behavior.

Moreover, the insertion of steel bars to enhance connector performance is highly ad-
vantageous, but the closed circular holes of conventional perfobond connectors impede
this procedure, necessitating the exploration of the mechanics of notched perfobond con-
nectors. Enlarging the notch to align with the hole size might compromise the pull-out
capacity, resulting in our proposal to incorporate a flange into the design of the notched
perfobond connector.

In addition, although thin concrete components are prone to tensile cracking, the
utilization of ultra-high-performance concrete (UHPC) could significantly enhance crack
resistance. In spite of this, there is a marked scarcity of studies investigating the mechanical
properties of perfobond connectors in UHPC settings.

Our research presents a novel notched T-perfobond connector devised to surmount
the obstacles of insufficient pull-out bearing capacity in shallow-embedded multi-row
connectors and the difficulty of steel bar penetration. The model test provides the pull-
out bearing capacity of this new connector, and an ABAQUS finite-element model is
constructed and validated with experimental data. Subsequently, 54 parametric models
are formulated to analyze the key factors influencing performance. The study concludes
with the proposition of a calculation method for the pull-out bearing capacity of the
redesigned connector.

2. Pull-Out Test

2.1. Test Program

As shown in Table 1, four pull-out tests were conducted on the T-perfobond connectors
and notched T-perfobond connectors. The aims were to obtain the failure mode, ultimate
pull-out resistance, and load-separation behavior of the notched T-perfobond connectors
and to verify the reliability of the finite-element analysis. Depending on the type of
connection, these specimens can be evenly divided into the following two groups: PFR
specimens with a flange of the same material at the bottom of the perfobond connector to
enhance the pull-out resistance of the specimens and PMFR specimens with a notch at the
bottom edge of the perfobond including the flange. The main parameters of the pull-out
test specimens are the hole length (dl), hole height (dh), rib thickness (tp), rib length (lp),
the width of the flange of the perfobond connector (bf), the thickness of the flange (tf), the
length of the flange (lf = lp), the width of the notch (cw), and the diameter of the rebar (dr).
P denotes the connecting piece, R represents for the penetrating rebar, F corresponds to the
flange, and M represents the notch.
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Table 1. Model grouping and experimental results.

Specimen dl (mm) dh (mm) dr (mm) tp (mm) tf (mm) bf (mm) lp (mm) cw (mm) Tu (kN) Tu,avg (kN)

PFR–1 40 20 8 6 6 26 80 0 140
132.0PFR–2 40 20 8 6 6 26 80 0 124

PMFR–1 40 20 8 6 6 26 80 16 102
100.5PMFR–2 40 20 8 6 6 26 80 16 99

2.2. Specimen Layout

Figure 1 presents the constructional forms of the pull-out model specimens for the per-
fobond connector. The standard-model UHPC cube has a size of 500 mm × 500 mm × 500 mm.
The T-perfobond rib is physically attached to the steel beam through welding. In the
pull-out test, the prototype steel beam only needs to retain its steel flange and a portion
of the web, forming a T-beam. Perfobond shear connectors are vertically welded to the
T-beam, and the actuator is connected to the T-beam to transfer the force to the perfobond
rib. Considering that the penetrating rebar is not truncated for its full length in the actual
project, it is designed to be equal to the side length of the UHPC cube at the geometric
center of the hole. The buried depth (h) of the notched T-perfobond shear connectors is
40 mm. A 6 mm-thick flange is added to the bottom of the connectors to increase the
thickness, with an actual buried depth of 46 mm. A 30 mm space is left between the T-beam
and the concrete surface to facilitate the observation of damage to the concrete and the
perfobond rib. Four specimens are embedded along all four sides of the UHPC cube. Due
to the shallow buried depth of the specimens, they do not affect each other, and the design
can reduce the use of UHPC materials by approximately 40%.

 

 
(a) (b) 

 
(c) (d) 

Figure 1. Layout of pull-out test specimens. (a) Front view; (b) side view; (c) top view; (d) 3D view.
(Note: The black lines indicate the concrete cube, the black triangles indicate the concrete fill; the blue
lines indicate the steel plate; and the red lines indicate the rebars.)
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2.3. Details of Perfobond Ribs

Figure 2 shows the detailed structure and dimensions of the pull-out specimens
of perfobond connectors. The material properties and construction dimensions of the
perfobond connectors are the same, except for the presence or absence of notches, and
the two groups of pull-out specimens are provided with penetrating rebars. Since the
embedment depth of the perfobond connectors is only 40 mm, to increase the pull-out
resistance of the members, all specimen holes are long and transverse.

  
(a) (b) 
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Figure 2. Details of perfobond ribs. (a) T-perfobond rib; (b) notched T-perfobond rib. (Note: The blue
lines indicate the perfobond connectors, and the red lines indicate the rebar.)

2.4. Material Properties

As depicted in Figure 3, steel fibers, accounting for approximately 6.78% of the mass
fraction, are integrated into the ultra-high-performance concrete (UHPC) to enhance its
ultimate tensile resistance. These steel fibers are in the form of straight lengths with a
length of 14 mm, a diameter of 0.2 mm, and a tensile strength of 2200 MPa. The concrete’s
cubic compressive strength, denoted by fcu, is measured at 118.75 MPa. Correspondingly,
the uniaxial compressive strength, represented by fc, stands at 95.00 MPa, which is 80% of
fcu. The tensile strength of the concrete, determined using a specimen shaped like a dog
bone and labeled as ft, is recorded at 10.38 MPa. For the reinforcing bars, the yield strength
(fry) and ultimate tensile strength (fru) are 351.30 MPa and 691.50 MPa, respectively. In the
case of the perfobond rib and its flange, the yield strength (fsy) and tensile strength (fsu) are
384.67 MPa and 531.33 MPa, respectively.

 
Figure 3. Steel fibers.

2.5. Test Setup and Instrumentation

Figure 4 illustrates the loading apparatus used for the pull-out test. A vertical pull-
out force was exerted on the upper section of the specimens utilizing an MTS 50t push–
pull actuator. The UHPC base of each specimen was firmly anchored to the floor girder
through two short steel girders affixed to the floor girder by four screw connectors. A
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specially designed π-connector plate facilitated the linkage between the T-beam and the
actuator, with the assembly secured using high-strength tension bolts. To ascertain the
separation between the perfobond rib and the concrete, two displacement transducers
were symmetrically positioned on the lateral surfaces of the specimens—one on each side.
The pull-out load of the actuator increased monotonically until the T-perfobond connector
and the notched T-perfobond connector were completely damaged and lost their bearing
capacity. During the loading process, the pull-out load was continuously recorded by the
actuator, and the separation displacement was collected by LVDT displacement gauges.

Figure 4. Test setup and instrumentation.

3. Test Results and Analysis

3.1. Failure Mode

The pull-out resistance of the specimens in pull-out tests is shown in Table 1. The PFR
specimens were not notched at the hole edge. With an increase in vertical displacement,
the constraint of concrete on the flange of the perfobond ribs was enhanced. The damage
mode consists of the perfobond ribs on both sides of the hole of the perfobond connector
being pulled off, which results in the loss of bearing capacity of the connectors. The surface
of the UHPC was intact, without obvious bulges and cracks. The PMFR specimens were
notched at the hole edge. Compared with the specimens without notches, the restraining
area of the concrete on the flange of the perfobond connector was small. The UHPC was
lifted upward diagonally along the edge of the flange at a certain angle to form a conical
damage surface, which then pulled the perforated rebar out from the UHPC. The failure
mode of the specimens is shown in Figure 5.

  
(a) (b) 

Figure 5. Uplift failures of specimens. (a) Fracture damage of perfobond ribs of PFR; (b) concrete
punching damage of PMFR.
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3.2. Load–Separation Behavior

Figure 6 presents the load—-separation curves, illustrating the progression of sepa-
ration between the steel beam and the concrete slab in response to the applied pull-out
force. The curves delineate three distinct stages. Initially, upon specimen loading, the load
increased linearly with separation, indicating a period of elastic behavior. As the specimens
approached the damage stage, a noticeable reduction in stiffness was observed, reflecting
the initiation of inelastic deformation. Post-ultimate load, separation persisted, augmenting
while the pull-out force diminished, signifying the onset of the post-peak softening phase.

 
(a) (b) 

Figure 6. Load–separation curves. (a) PFR; (b) PMFR.

In this experiment, the average pull-out bearing capacity for the T-perfobond (PFR)
and notched T-perfobond (PMFR) connectors was 132.0 kN and 100.5 kN, respectively,
while the average peak separation was 8.83 mm and 7.73 mm, respectively. The introduction
of notches decreased the pull-out bearing capacity by 23.86% and the peak separation by
12.46%. Nevertheless, due to the limited number of model specimens, additional parametric
analysis is necessary to affirm the influence of notches on pull-out bearing performance.

3.3. Pull-Out Mechanism

The tensile strength of the perfobond connectors is a collective result of the perfobond
rib, the flange, the concrete, and the rebar that passes through the perforations. An external
force applied to the perfobond rib was transmitted from the rib, through the concrete, and
into the rebar and flange. The force exerted on the perfobond rib and its immediate vicinity
was the most significant and diminished axially towards the rebar ends. The concrete
dowel effect and the rebar’s role are analogous to that of an elastic foundation beam. The
surrounding concrete serves as a foundation, providing the reaction force for this composite
elastic beam. When the perfobond rib’s strength is less than that of the concrete dowel
within the hole, the constraining effect of the rebar on the flange becomes critical. The
fracture of the perfobond rib is the decisive factor that leads to the specimen’s loss of
load-bearing capacity. On the other hand, if the concrete dowel’s strength predominates,
an inverted pyramid-shaped wedge of concrete is formed diagonally upwards from the
flange’s edge. In this scenario, the concrete’s punching shear failure is the determining
factor that causes the ultimate loss of the specimen’s load-bearing capacity, as depicted in
Figure 7.
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(a) (b) 
Figure 7. Pull-out mechanism. (a) T-perfobond; (b) notched T-perfobond.

4. Numerical Simulation

4.1. General

Figure 8 displays the simulated pull-out test for the notched T-perfobond shear con-
nector, which was conducted utilizing the finite-element method. The numerical analysis
aimed to elucidate the damage and pull-out resistance mechanisms inherent to these con-
nectors. The simulation was executed using ABAQUS versatile analysis software [26],
which served as a cost-effective and time-efficient alternative to physical pull-out tests.
The analysis employed a dynamic explicit method, accounting for both material and geo-
metric nonlinearities. Given the slow loading rate of the test, the loading was treated as
quasi-static.

Figure 8. Finite-element model.

4.2. Finite-Element Type and Mesh

Figure 9 illustrates the meshing strategy for the pull-out model of the notched
T-perfobond connectors, which incorporated both solid and rigid elements. The con-
crete slab, T-shaped steel plate, perforating rebar, and perfobond rib were represented
using eight-node reduced integration hexahedral elements (C3D8R). A rigid body element
(R3D4) discretized the upper surface of the T-shaped steel plate to simulate perfect bonding.
To optimize analysis time, a global mesh with an average element size of 20 mm was
implemented. However, for enhanced accuracy, a locally refined mesh was applied to
critical areas. Specifically, the bond region of the UHPC was meshed with a minimum size
of approximately 10 mm, while the perfobond ribs were further refined with a minimum
mesh size of about 5 mm to accurately capture the detailed stress distribution.
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Figure 9. Finite-element type and mesh.

4.3. Interaction and Boundary Conditions

Figure 10 depicts the setup where the reference point of the rigid body is constrained
against all translational and rotational movements. An upward displacement was imposed
on this reference point to simulate the pull-out action. To precisely simulate the connection
between the steel beam and perfobond connectors in the finite-element model, tie-binding
constraints were applied. At the interfaces between the concrete and both the perfobond
connectors and the rebar, generalized contact interactions were established. To prevent
interpenetration, a “hard” contact condition was specified in the normal direction. In
the tangential direction, a “penalized” friction model was implemented to account for
the sliding resistance. To simplify the model’s actual loading boundary conditions, fixed
constraints were applied to the upper surface of the concrete slab, creating a base rib. This
approach effectively replicates the experimental setup within the numerical simulation.

Figure 10. Interaction and boundary conditions.

4.4. Material Constitution of Concrete

Figure 11 illustrates the nonlinear response of concrete under compression and ten-
sion, characterized by the uniaxial compressive stress–strain curves and the relationships
between tensile stress and crack width.

  
(a) (b) 
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Figure 11. Material constitution of concrete. (a) Compression; (b) tension.
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The intrinsic compressive behavior of concrete is articulated by Equation (1) [27].
As depicted in Figure 11a, the stress–strain curve commences with an initial linear elas-
tic branch. Subsequently, the curve transitions into a nonlinear parabolic segment, fol-
lowed by a descending branch, each reflecting different phases of the material’s response
under compression. ⎧⎪⎨

⎪⎩
σc = fc · n·ξ−ξ2

1+(n−2)·ξ εc ≤ εcp

σc = fc · ξ

2·(ξ−1)2+ξ
εc > εcp

(1)

The model outlined by CEB-FIP (1993) governs the ascending segment of the curve,
where σc denotes the compressive stress in MPa and fc represents the concrete’s axial
compressive strength, also in MPa. The strain at the peak stress is defined as εcp = 0.0035,
and ξ quantifies the strain relative to the peak strain, expressed as ξ = εc/εcp. Furthermore,
n is the ratio of the initial modulus of elasticity (Ec) to the modulus of the descending
branch at the peak point (Ecp), calculated as n = Ec/Ecp [27].For uncracked concrete, a linear
stress–strain relationship captures the material’s elongation characteristics. In contrast,
the cracked section, as illustrated in Figure 11b, necessitates a nonlinear description of the
stress–crack width relationship. This is articulated through Equation (2) [27].

σt

ft
=

[
1 +
(

c1 · w
wc

)3
]
· exp

(
−c2 · w

wc

)
− w

wc
·
(

1 + c3
1

)
· exp(−c2) (2)

In the provided model, σt signifies the tensile stress in MPa, while ft is the concrete’s
tensile strength, also expressed in MPa. The crack width is denoted by w in mm, and wc
represents the crack width at complete stress relief, defined as wc = 5.14 GF/ft (mm), where
GF is the fracture energy required to generate a unit area of stress-free crack, as expressed
by GF = 0.073 fc0.18 (N/mm). The model incorporates constants of c1 = 3 and c2 = 6.93 [27].

The concrete damage plasticity model encapsulates the degradation response of con-
crete under stress. This model employs two independent uniaxial damage variables,
namely dc and dt, to quantify concrete damage resulting from compressive crushing and
tensile cracking, respectively [27].

For concrete under compression, the progression of dc is linked to the plastic strain
(εl

cp). It is determined to be proportional to the inelastic strain (εc
in = εc − σc/Ec) with a

constant factor of bc (0 < bc < 1), as delineated in Equation (3) [27].

dc = 1 − σc

Ec · ε
pl
c · (1/bc − 1) + σc

(3)

In this context, dc represents the compressive damage component of concrete. The
ratio of plastic to inelastic strain is denoted by bc, as defined by bc = εc

pl/εc
in, and bc is

assigned a value of 0.7 according to [27].
For concrete under tension, the damage evolution component (d) is correlated with

the “plastic” crack width (wpl). This component is proportional to the actual crack width (w)
with the proportionality governed by the constant factor (bt, where 0 < bt < 1), as described
by Equation (4) [27].

dt = 1 − σt · l0
Ec · wpl · (1/bt − 1) + σt · l0

(4)

Here, dt signifies the tensile damage component of the concrete. The term l0 is con-
sidered a reference unit length for normalization purposes. Additionally, bt denotes the
ratio of the ‘plastic’ crack width to the actual crack width, expressed as bt = wpl/w, with a
designated value of 0.1, in accordance with [27].
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4.5. Material Constitution of Steel

Figure 12 illustrates the stress–strain relationship for perfobond ribs and bars, modeled
with three linear segments. Initially, the relationship is characterized by an elastic phase
with a Young’s modulus denoted as Es. This is succeeded by a yielding phase, culminating
in a strain-hardening phase. It is presumed that the stress–strain behavior mirrors that of
steel under compression.

Figure 12. Material constitution of steel.

4.6. Verification of Finite-Element Model

The numerical simulation outcomes closely resemble the pull-out damage patterns
observed in perfobond connectors, as depicted in Figure 13. In the case of notched T-
perfobond connectors, an increase in pull-out force intensifies the concrete’s constraint on
the flange, predisposing the perfobond rib and flange to a wedge-shaped inverted pyramid
damage mechanism, as illustrated in Figure 13a. Conversely, for T-perfobond connectors,
the larger area of the flange in contact with the concrete during upward pull-out results
in enhanced anchorage. This robust anchorage ultimately culminates in the fracture of
the perfobond connectors, as shown in Figure 13b. Specifically, the peak stress in the
perfobond rib reached 667.99 MPa, a threshold sufficient to confirm the rib’s fracture. In the
notched T-perfobond connectors, the shallow embedment depth coupled with the flange’s
influence means that the perforated rebar’s loss of bearing capacity plays a limited role,
predominantly in anchoring.

In Figure 14, the load–separation curves derived from the finite-element model (FEM)
are juxtaposed with the outcomes of the pull-out tests. The experimental curves for
T-perfobond connectors comprise three distinct phases, namely the elastic phase, the
nonlinear parabolic phase, and the descending branch. With the concrete dilation angle set
at 30◦, the finite-element analysis predicted pull-out forces of 106.51 kN for the notched
T-perfobond connectors and 111.52 kN for the T-perfobond connectors. These values
correspond to 106.0% and 107.5% of the average experimental results, respectively. The
initial stiffness observed in the numerical simulation’s load–separation curves exceeds the
experimental values, possibly due to the idealized boundary conditions in the simulation,
which do not account for the deformations present in the experimental setup. Additionally,
discrepancies may arise from the inherent variability in the mechanical properties of the
steel fiber-reinforced UHPC (ultra-high-performance concrete) material used in the tests.
Therefore, the stiffness of the loaded steel beam was adjusted between 4 and 800 kN/mm
by trial calculation so that the load–separation curves of the simulations were in better
agreement with the model test results.
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(a) 

(b) 

Figure 13. Tested and analyzed failure modes. (a) Concrete damage verification; (b) perfobond rib
fracture verification.

  
(a) (b) 

Figure 14. Tested and analyzed load–slip curves. (a) T-perfobond; (b) notched T-perfobond.

5. Parametric Study

As shown in Table 2, a total of 54 simulations were conducted to further investigate
the effects of the connectors’ dimensions and material properties on the pull-out resistance
of notched T-perfobond connectors. The considered parameters encompass the perfobond
connector flange thickness (tf), width (bf), and cut width (cw) and perfobond rib-hole
height (dh), hole length (dl), thickness (tp), width (lp), rebar diameter (dr), concrete axial
compressive strength (fc), rebar yield strength (fry), and perfobond rib yield strength (fsy).
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Table 2. Generalization of parametric models.

Model
tf

(mm)
bf

(mm)
cw

(mm)
dh

(mm)
dl

(mm)
tp

(mm)
lp

(mm)
dr

(mm)
fc

(MPa)
fry

(MPa)
fsy

(MPa)
Tu

(kN)

TF-02 2 26 16 20 40 6 80 8 95 400 390 103.44

TF-04 4 26 16 20 40 6 80 8 95 400 390 98.39

TF-06 6 26 16 20 40 6 80 8 95 400 390 106.51

TF-08 8 26 16 20 40 6 80 8 95 400 390 117.64

TF-10 10 26 16 20 40 6 80 8 95 400 390 117.82

BF-06 6 6 16 20 40 6 80 8 95 400 390 66.71

BF-12 6 12 16 20 40 6 80 8 95 400 390 114.31

BF-18 6 18 16 20 40 6 80 8 95 400 390 112.2

BF-26 6 26 16 20 40 6 80 8 95 400 390 106.51

BF-34 6 34 16 20 40 6 80 8 95 400 390 99.43

CW-00 6 26 0 20 40 6 80 8 95 400 390 111.52

CW-08 6 26 8 20 40 6 80 8 95 400 390 109.01

CW-16 6 26 16 20 40 6 80 8 95 400 390 106.51

CW-24 6 26 24 20 40 6 80 8 95 400 390 108.45

CW-40 6 26 40 20 40 6 80 8 95 400 390 107.27

DH-10 6 26 16 10 40 6 80 8 95 400 390 108.3

DH-15 6 26 16 15 40 6 80 8 95 400 390 110.02

DH-20 6 26 16 20 40 6 80 8 95 400 390 106.51

DH-25 6 26 16 25 40 6 80 8 95 400 390 105.19

DH-30 6 26 16 30 40 6 80 8 95 400 390 88.66

DL-20 6 26 16 20 20 6 80 8 95 400 390 103.98

DL-30 6 26 16 20 30 6 80 8 95 400 390 107.93

DL-40 6 26 16 20 40 6 80 8 95 400 390 106.51

DL-50 6 26 16 20 50 6 80 8 95 400 390 106.51

DL-60 6 26 16 20 60 6 80 8 95 400 390 65.55

TP-02 6 26 16 20 40 2 80 8 95 400 390 43.22

TP-04 6 26 16 20 40 4 80 8 95 400 390 83.51

TP-06 6 26 16 20 40 6 80 8 95 400 390 106.51

TP-08 6 26 16 20 40 8 80 8 95 400 390 110.95

TP-10 6 26 16 20 40 10 80 8 95 400 390 107.13

LP-60 6 26 16 20 40 6 60 8 95 400 390 63.1

LP-70 6 26 16 20 40 6 70 8 95 400 390 91.62

LP-80 6 26 16 20 40 6 80 8 95 400 390 106.51

LP-90 6 26 16 20 40 6 90 8 95 400 390 117.26

LP-100 6 26 16 20 40 6 100 8 95 400 390 115.54

DR-04 6 26 16 20 40 6 80 4 95 400 390 109.9

DR-06 6 26 16 20 40 6 80 6 95 400 390 109.77

DR-08 6 26 16 20 40 6 80 8 95 400 390 106.51

DR-10 6 26 16 20 40 6 80 10 95 400 390 108.29

DR-12 6 26 16 20 40 6 80 12 95 400 390 109.53
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Table 2. Cont.

Model
tf

(mm)
bf

(mm)
cw

(mm)
dh

(mm)
dl

(mm)
tp

(mm)
lp

(mm)
dr

(mm)
fc

(MPa)
fry

(MPa)
fsy

(MPa)
Tu

(kN)

FC-80 6 26 16 20 40 6 80 8 80 400 390 97.83

FC-95 6 26 16 20 40 6 80 8 95 400 390 106.51

FC-110 6 26 16 20 40 6 80 8 110 400 390 120.13

FC-130 6 26 16 20 40 6 80 8 130 400 390 122.59

FC-140 6 26 16 20 40 6 80 8 140 400 390 122.57

RY-235 6 26 16 20 40 6 80 8 95 235 390 106.51

RY-335 6 26 16 20 40 6 80 8 95 335 390 106.51

RY-400 6 26 16 20 40 6 80 8 95 400 390 106.51

RY-500 6 26 16 20 40 6 80 8 95 500 390 106.51

SY-235 6 26 16 20 40 6 80 8 95 400 235 75.1

SY-345 6 26 16 20 40 6 80 8 95 400 345 106.38

SY-390 6 26 16 20 40 6 80 8 95 400 390 106.51

SY-420 6 26 16 20 40 6 80 8 95 400 420 106.11

SY-460 6 26 16 20 40 6 80 8 95 400 460 114.61

Note: The datas in the gray background represent the same set of parameters.

5.1. Influence of Flange Size

Figure 15 demonstrates the significant impact of flange thickness on the pull-out
performance of notched T-perfobond connectors. Increases in flange thickness from 2 mm
to 4 mm, 6 mm, 8 mm, and 10 mm resulted in corresponding pull-out resistance changes
of −4.88%, 2.97%, 13.73%, and 13.90%, respectively. The findings indicate that enhancing
flange thickness augments the pull-out resistance of these connectors. The primary rationale
is the pronounced anchorage effect of the notched perfobond rib’s bottom flange. Between
2 mm and 8 mm flange thickness, the flange is the weaker constraint, and the pull-out
resistance increases linearly with flange thickness. However, when the flange thickness
exceeds 8 mm, the notched perfobond rib or the concrete becomes the limiting constraint
and further increases in flange thickness yield minimal changes in pull-out resistance.

Figure 16 illustrates the substantial effect of flange width on the pull-out performance
of notched T-perfobond connectors. Increasing the flange width from 6 mm, which matches
the connector’s thickness, to 12 mm, 18 mm, 26 mm, and 34 mm, resulted in increases in
pull-out resistance of 71.35%, 68.19%, 59.66%, and 49.05%, respectively. The data indicate
that broadening the flange width from 6 mm to 12 mm significantly enhances the pull-out
resistance due to the robust anchorage provided by the bottom flange of the connectors.
However, as the flange width extends beyond 12 mm, there is a gradual decline in the
ultimate pull-out resistance. This decrease may be attributed to the excessive length of the
flange, which leads to a more pronounced upward force on the concrete at the junction
of the notched perfobond rib and the flange. The resultant moment at the flange’s outer
edge due to this force is larger and may cause stress concentration, leading to premature
concrete failure at the flange’s outer edge and a consequent reduction in pull-out resistance.
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Figure 15. Influence of flange thickness. (a) Load–separation curves; (b) influence analysis; (c) failure mode.
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Figure 16. Influence of flange width. (a) Load–separation curves; (b) influence analysis; (c) failure mode.

5.2. Influence of Cut Width

Figure 17 displays the impact of notch width on the pull-out performance of notched
T-perfobond connectors. In this study, the notched ratio (cw/lf) was varied from 0 to
0.50 across the specimens. The conventional T-perfobond connectors featured a notched
width of 0 mm, corresponding to a notched ratio of 0. The notched T-perfobond connectors
had notched widths of 8 mm, 16 mm, 24 mm, and 40 mm, with notched ratios of 0.10, 0.20,
0.30, and 0.50, respectively. The findings indicate that an increase in notch width has a
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minor influence on the pull-out resistance of notched T-perfobond connectors. When the
notch width is less than 16 mm, corresponding to a notch ratio below 0.20, the reduction in
pull-out resistance does not exceed 4.50%. Beyond a notch width of 16 mm up to 40 mm,
the ultimate pull-out resistance of the specimens remains relatively stable. This constancy
could be due to the flange providing the necessary pull-out resistance to counteract the
effects of the notch.

  
(a) (b) 
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Figure 17. Influence of cut width. (a) Load–separation curves; (b) influence analysis; (c) failure mode.

5.3. Influence of Hole Size

Figure 18 illustrates the impact of hole height on the pull-out performance of notched
T-perfobond connectors. When the hole height was increased from 10 mm to 15 mm,
20 mm, 25 mm, and 30 mm, the corresponding changes in pull-out resistance were 1.59%,
−1.65%, −2.87%, and −18.13%, respectively. The data reveal that while an increase in
hole height from 10 mm to 15 mm slightly enhances pull-out resistance, further increases
result in a decline. This trend is primarily attributed to the reduction in the perfobond
rib’s thickness at the lower edge of the hole as the hole height increases. Concurrently, the
moment at the notch of the perfobond rib and the inner edge of the hole at its maximum
length intensifies. Despite this, the projected area of the concrete dowel and the contact
area of the perfobond connectors remain constant, potentially causing earlier yielding
and damage at the inner edge of the hole, which, in turn, diminishes pull-out resistance.
Examination of the load–separation curve indicates that a larger hole height correlates with
an extended ductile section.
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Figure 18. Influence of hole height. (a) Load–separation curves; (b) influence analysis; (c) failure mode.

Figure 19 demonstrates the influence of hole length on the pull-out performance of
notched T-perfobond connectors. As the hole length increased from 20 mm to 30 mm,
40 mm, 50 mm, and 60 mm, the pull-out resistance of these connectors changed by 3.8%,
2.43%, 2.43%, and −36.96%, respectively. The results indicate that increasing the hole length
up to 50 mm slightly augments the tensile strength of the connectors; however, a further
increase to 60 mm significantly reduces the pull-out resistance. This phenomenon can be
primarily attributed to the reduction in the perfobond rib’s thickness at the hole’s edge
as the hole length expands. Consequently, the moment at the notch of the perfobond rib
within the hole and at the inner edge of the hole at its maximum length increases. Although
the projected contact area between the concrete dowel and the perfobond connectors may
increase, the earlier yielding and damage of the perfobond rib at the inner edge of the hole
at its maximum length occur, leading to a decrease in pull-out resistance.

5.4. Influence of Perfobond Size

Figure 20 illustrates the significant impact of the perfobond connector’s thickness
on the pull-out performance of notched T-perfobond connectors. The pull-out resistance
increased dramatically as the thickness of the notched perfobond rib was incremented from
2 mm to 4 mm, 6 mm, 8 mm, and 10 mm, with respective increases of 93.22%, 146.44%,
156.71%, and 147.87%. The enhancement in pull-out resistance is primarily attributed to the
robust anchoring effect of the bottom flange of the perfobond rib. For thicknesses between
2 mm and 6 mm, the perfobond rib weaker than the other structural elements; thus, the
pull-out resistance increases linearly with the thickness of the perfobond rib. Once the
thickness exceeds 6 mm, the perfobond rib’s strength surpasses the constraints imposed by
the concrete and rebars in the holes. Consequently, further increases in the perfobond rib’s
thickness lead to a continued rise in pull-out resistance. However, beyond a certain point,
additional thickness does not yield a significant change in pull-out resistance.
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Figure 19. Influence of hole length. (a) Load–separation curves; (b) influence analysis; (c) failure mode.
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Figure 20. Influence of perfobond thickness. (a) Load–separation curves; (b) influence analysis;
(c) failure mode.
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Figure 21 demonstrates the significant impact of the notched perfobond rib’s length on
the pull-out performance of notched T-perfobond connectors. As the perfobond rib’s length
increased from 60 mm to 70 mm, 80 mm, 90 mm, and 100 mm, the pull-out resistance of the
notched T-perfobond connectors correspondingly rose by 45.2%, 68.8%, 85.83%, and 83.11%,
respectively. The enhancement in pull-out resistance is primarily due to the substantial
anchoring effect of the bottom flange of the perfobond rib. Between lengths of 60 mm and
90 mm, the perfobond rib is weaker than the other structural constraints, and the ultimate
resistance of the connectors increases linearly with the length of the perfobond rib. When
the length exceeds 90 mm, the strength of the perfobond rib surpasses the constraints
imposed by the concrete and rebars in the holes, suggesting that further increases in rib
length may not significantly enhance pull-out resistance.

 
(a) (b) 

 
(c) 

lp

lp

lp

lp

lp

lp

Figure 21. Influence of perfobond length. (a) Load–separation curves; (b) influence analysis; (c) fail-
ure mode.

5.5. Influence of Rebar Diameter

Figure 22 illustrates the impact of rebar diameter on the pull-out performance of
notched T-perfobond connectors. Increments in rebar diameter from 4 mm to 6 mm, 8 mm,
10 mm, and 12 mm resulted in minimal changes in pull-out resistance of −0.12%, −3.08%,
−1.46%, and −0.34%, respectively. The findings indicate that the rebar diameter exerts a
negligible influence on the ultimate pull-out resistance of the specimens. This outcome is
likely attributed to the dominant anchorage effect provided by the flange and the notches,
which overshadows the impact of rebar diameter variations on the ultimate resistance to
pull-out.
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Figure 22. Influence of rebar diameter. (a) Load–separation curves; (b) influence analysis; (c) failure mode.

5.6. Influence of Material Strength

Figure 23 demonstrates the influence of concrete strength on the pull-out performance
of notched T-perfobond connectors. As concrete strength escalated from 80 MPa to 95 MPa,
110 MPa, 130 MPa, and 140 MPa, the corresponding increases in pull-out strength were
8.87%, 22.79%, 25.31%, and 25.29%, respectively. The data indicate that the pull-out
resistance of these connectors increases significantly with rising concrete strength, likely
due to the strong anchorage effect of the flange. The predominant mode of specimen
damage is concrete punching, and the pull-out resistance correlates linearly with concrete
strength. Therefore, utilizing high-strength concrete can enhance the pull-out resistance of
notched T-perfobond connectors. However, beyond a concrete strength of 110 MPa, there
is a tendency for the pull-out resistance to plateau. This saturation may occur because, at
certain strength levels, the concrete’s anchoring effect on the flange surpasses the strength
of the notched perfobond rib, making the rib itself the limiting factor.

Figure 24 illustrates the impact of rebar strength on the pull-out performance of
notched T-perfobond shear connectors. Notably, the pull-out resistance remained essen-
tially constant as rebar strength increased from 235 MPa to 335 MPa, 400 MPa, and 500
MPa. The findings indicate that variations in rebar strength have a negligible effect on
the pull-out resistance of the specimens. This outcome is likely due to the overwhelming
anchorage effect of the flange and the notches, which diminishes the influence of rebar
strength changes on pull-out resistance.
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Figure 23. Influence of concrete strength. (a) Load–separation curves; (b) influence analysis;
(c) failure mode.
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Figure 24. Influence of rebar strength. (a) Load–separation curves; (b) influence analysis; (c) failure mode.

Figure 25 demonstrates the impact of the perfobond rib’s strength on the pull-out
performance of notched T-perfobond connectors. As the strength of the perfobond rib
increased from 235 MPa to 345 MPa, 390 MPa, 420 MPa, and 460 MPa, the pull-out strength
correspondingly rose by 41.65%, 41.82%, 41.29%, and 52.61%, respectively. The results
indicate that the pull-out resistance of the notched T-perfobond connectors increases signif-
icantly with the strength of the notched perfobond ribs. This substantial increase may be
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attributed to the linear relationship between pull-out resistance and the strength of the per-
fobond rib, facilitated by the exceptionally strong anchorage provided by the bottom flange
of the notched perfobond rib, which is relatively weaker than other restraining elements.
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Figure 25. Influence of steel strength. (a) Load–separation curves; (b) influence analysis; (c) failure mode.

6. Analytical Work

The damage modes are categorized into the following two types: perfobond rib
fracture and concrete punching. For each specimen, the ultimate pull-out resistance,
denoted as Tu, is defined as the minimum value between the calculated resistances for
perfobond rib fracture (Ts) and concrete punching (Tc).

Tu = min{Ts, Tc} (5)

6.1. Fracture Damage of Perfobond Ribs

When the strength of the perfobond rib is lower than the anchoring effect provided by
the concrete and the perforating rebar on the flange, the perfobond rib typically experiences
stress concentration at the hole’s maximum length first. This concentration of stress initiates
at the point where the rib is most likely to fracture. The fracture damage of the perfobond
rib can be assessed using the calculation detailed in Equation (6).

Ts = fs As = fs
(
lp − dl

)
tp (6)

where fs represents the tensile strength of the perforated steel plate, a measure of its capacity
to withstand pulling forces before breaking. Meanwhile, As denotes the cross-sectional area
at the point where the perforated steel plate fractures, which is considered to be the largest
area involved in the breakage.

6.2. Punching Damage of Concrete

As depicted in Figure 26, the model resembles a wedge-shaped inverted pyramid
with diagonal edges, each forming a 45◦ angle with the horizontal plane. Owing to the
exceptionally strong anchorage provided by the flange, once the concrete is lifted and
damaged, the concrete dowel and the rebar within the hole no longer contribute to the
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ultimate tensile resistance. Consequently, Equation (7) considers the concrete damage as
the determining factor based on the specimens’ damage patterns, and Equation (8) accounts
for the effects of a reduction in the flange area of the notched specimens on the pull-out
resistance, with the discounting factor being a piecewise function.

Tc = ftSh = fth
[
2
(

b f + h
)
+ 2
(

l f + h
)]

(7)

Tc = β ftSh = β fth
[
2
(

b f + h
)
+ 2
(

l f + h
)]

(8)

where Tc signifies the pull-out resistance corresponding to the concrete damage mode.
The tensile strength of the concrete, represented by ft, is considered to be one-tenth of the
concrete’s compressive strength (fc). Furthermore, Sh denotes the projected area of the
concrete subjected to punching damage. The discount factor for the notch width (β) is
defined as β = 1 − cw/lf ≥ 0.8, with the constraint that 0 ≤ cw/lf ≤ 0.2.

  
(a) (b) 

h

l f

cw

dldh

wedge-shape 
concrete

b f
h

wedge-shape 
concrete

Figure 26. Punching damage of concrete. (a) Side view; (b) front view.

6.3. Comparison and Validation

Figure 27 presents a comparison of the calculated pull-out resistance with the results
from pull-out tests and parametric analyses to validate the previously proposed equation.
As illustrated in Figure 27a, Equation (7) tends to overestimate the pull-out resistance of
notched T-perfobond connectors. This discrepancy may stem from the omission of the
effect caused by discounting the notched area in Equation (7). The pull-out resistance
calculated using a modified version of Equation (8) aligns more closely with both the test
and numerical simulation outcomes, as shown in Figure 27b. Therefore, Equation (5), which
is a combination of Equations (6) and (8), is deemed suitable for assessing the pull-out
resistance of notched T-perfobond connectors in steel–concrete composite structures.

 
(a) (b) 

Figure 27. Comparison of calculation and tested results. (a) Equations (6) and (7); (b) Equations (6) and
(8).
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7. Conclusions

Based on the pull-out tests, numerical analyses, parametric studies, and analytical
work on notched T-perfobond connectors, the following conclusions are drawn:

(1) The pull-out damage modes for notched T-perfobond connectors consist of perfobond
rib fracture and concrete punching damage. As the pull-out force increases, the
interaction between the perforating rebar and the notched T-perfobond rib diminishes,
making the connectors more susceptible to concrete damage in a wedge-shaped
inverted pyramid pattern. In contrast, for un-notched T-perfobond connectors, the
strong interaction between the perforating rebar and the perfobond rib, along with
the anchorage effect of the concrete, leads to the fracture of the perfobond connectors.
Notably, these damage modes do not exhibit the extensive fine cracks on the concrete
surface that are typical of conventional concrete.

(2) The proposed finite-element method is verified by comparison with the pull-out test
results, demonstrating a favorable similarity to the observed pull-out damage. The
analytical pull-out resistance values are 106.0% and 84.5% of the average test results
for notched and un-notched T-perfobond connectors, respectively. This suggests that
the finite-element model can generate rational parametric results for the pull-out
performance of these connectors.

(3) A total of 54 parameter simulations indicate that pull-out performance is mainly
affected by flange size, connector thickness, and perfobond rib strength. Rebar
diameter and strength have little effect. Concrete strength has a notable impact up to
a point. Specifically, the flange thickness increases resistance from 2 to 8 mm, then
plateaus. The flange width increases resistance significantly from 6 to 12 mm, then
declines. The notch width has a minor influence and stabilizes beyond 16 mm. The
hole height leads to a slight increase at 15 mm, then a decline. The hole length leads
to an increase up to 50 mm, then a significant decrease. The perfobond rib thickness
results in a dramatic increase, then plateaus. The perfobond rib length results in a
linear increase up to 90 mm. The concrete strength leads to a significant increase and
plateaus beyond 110 MPa. The perfobond rib strength leads to a significant linear
increase. Design should balance these parameters for the desired resistance.

(4) An analytical model is proposed to estimate the pull-out resistance of notched
T-perfobond connectors. This model’s formula for calculating pull-out resistance
correlates well with test and numerical simulation results, demonstrating its utility
for evaluating the pull-out resistance of these connectors.
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Nomenclature

dl hole length
dr diameter of the rebar
tf flange thickness
lf flange length
cw cut width
Tu pull-out resistance
fcu concrete cube strength
fry yield strength of the reinforcing bar
fsy yield strength of the perfobond rib
σc compressive stress of concrete
εcp peak strain of concrete
Ec Young’s modulus of concrete
n ratio of peak point cut-line modulus to initial modulus of elasticity
ft tensile strength of concrete
wc crack width upon the complete release of stress
ci constants (i = 1, 2)
dt uniaxial damage variables of concrete due to tensile cracking
εc

in inelastic strain of concrete
wpl “plastic” crack width of concrete
l0 unit length
Tu pulling resistance
Ts tensile resistance calculated based on the strength of the perfobond connectors
Sh projected area of concrete punching damage surface
dh hole height
tp perfobond rib thickness
bf flange breadth
lp perfobond rib length
h perfobond rib burial depth
Tu,avg averaged pull-out resistance
fc uniaxial compressive strength
fru tensile strength of the reinforcing bar
fsu tensile strength of the perfobond rib
εc compressive strain of concrete
ξ ratio of strain to peak strain
Ecp peak point cut-line modulus
σt tensile stress of concrete
w crack width of concrete
GF fracture energy required to create a unit area of stress-free crack
dc uniaxial damage variables of concrete due to compressive crushing
εc

pl plastic strain of concrete
bc constant factor for concrete damage in compression
bt constant factor for concrete damage in tension
Es Young’s modulus of steel
Tc tensile bearing capacity calculated based on concrete strength
As fractured cross-sectional area of perfobond connectors
β influence factor of the notch
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Abstract: Based on a damaged continuous rigid-frame bridge in Shaanxi Province, this study deduced
the crack damage simulation algorithm and the vehicle-bridge coupling numerical algorithm. Then,
it established a finite element analysis model using ANSYS APDL. The Newmark-β iterative method
was used to study the dynamic response of different speeds, vehicle weights, and damage degrees
before and after the structural damage. In the analysis of the influence of different speeds, the results
showed that the dynamic stress responses of key sections of the undamaged bridge reached the
maximum when the speed was 80 km/h, indicating that the undamaged bridge was sensitive to
a speed of 80 km/h. The peak response of the damaged bridge was 90 km/h. In addition, the
displacement peaks and the stress peaks rose and fell together. The analysis of different vehicle
weights and damage degrees showed that with the increase in them, the displacement and impact
coefficients of each section increased significantly. It can be concluded that the dynamic performance
of the in-service bridge decreases continuously with the aggravation of the damage. Therefore, the
influence of vehicle-bridge coupling should be emphasized in maintenance, and the frequent cracking
area at the midspan should be strengthened in time to prevent further damage.

Keywords: bridge engineering; vehicle-bridge coupling; impact coefficient; continuous rigid-frame
bridge

1. Introduction

With the continuous development of the highway transportation industry, the number
of highway bridges is steadily increasing. The continuous rigid-frame bridge has large
longitudinal and transverse stiffness and remarkable mechanical performance and span
capacity. It integrates the mechanical advantages of the continuous beam and T-type rigid-
frame bridge and also retains certain characteristics; thus, it allows a reduction in the daily
maintenance of the expansion joints and the avoidance of the replacement of large tonnage
supports in the later period [1–3]. These characteristics make it one of the main bridge
types built in mountainous and canyon areas in northwest China.

The existing research on the vehicle-bridge coupling vibration of high-pier and long-
span continuous rigid-frame bridges is relatively well-established, and the factors involved
are comparatively comprehensive. For example, Li et al. [4] developed a vehicle-bridge
coupling analysis program based on Intel Visual Fortran language. Combined with the
corresponding finite element model, the effects of carriageway position, vehicle-bridge
mass ratio, and the bridge support form on vehicle-bridge coupling vibration were studied.
Zhang et al. [5] studied the vehicle-bridge coupling response of a curved bridge using
a finite element simulation method. The results showed that vehicle weight and road
roughness were the most influential factors. Peng et al. [6] established a finite element
model of a five-span continuous beam bridge according to the general drawings of bridges

Appl. Sci. 2024, 14, 6950. https://doi.org/10.3390/app14166950 https://www.mdpi.com/journal/applsci150



Appl. Sci. 2024, 14, 6950

and culverts and applied the numerical simulation method to analyze the dynamic response
of the bridge under vehicle load according to the two aspects of deflection and stress. Finally,
it was concluded that there would be a sizable dynamic amplification factor in the middle
of the side span and in the middle of the secondary side span and midspan and that the
simple support structure at one end of the side span had a greater influence on this factor.
Li et al. [7] took a three-span continuous beam bridge with a variable cross-section as a
research object to carry out variable parameter analysis and studied the effect of jump-off on
the vehicle-bridge coupling response. In addition, Lu et al. [8] further studied the coupling
response of continuous rigid-frame bridges under the action of random traffic flow, fitted
the critical dynamic deflection, and then provided the reliability index of the bridge under
the corresponding working conditions. Lin et al. [9] studied the impact coefficient of a
high-speed railway continuous rigid-frame–arch-combined bridge and obtained the fitting
formula of the impact coefficient for each component. A. Camara et al. [10] established
an analytical framework for the wind–vehicle-bridge interaction and analyzed driving
comfort based on 2-D road roughness. Thomas J. Matarazzo et al. [11] proposed a simplified
analysis method of vehicle-bridge coupling and proved that it can significantly reduce
computational costs. Liu et al. [12] proposed a new method of reordering finite element
model numbers using the improved Gibbs–Poole–Stockmeyer algorithm and pointed
out that the method could significantly improve the iterative calculation of vehicle-bridge
coupling efficiency. Sandro Carbonari et al. [13] combined the mass change method with the
OMA method to obtain the modal scaling factors for the mass normalization of mode shapes.
The effects of vehicle-bridge coupling effect are considered in the study, and the cases that
need to be considered and can be ignored are distinguished. Soheil Sadeghi Eshkevari
et al. [14] used STRIDEX algorithm to process the mobile sensor data and identify the modal
characteristics of the bridge under different road roughness level. Li et al. [15] established
a 2-D vehicle model and 3-D vehicle model, and the effects of the different models on the
coupling vibration of the vehicle-axle are analyzed. Arturo Gonzalez et al. [16] carried out
a parameterization study on the uncoupled vehicle-bridge interaction and calculated the
influence of different factors on the algorithm error.

Through the above investigations, it can be seen that the theory of vehicle-bridge
coupling vibration under the continuous rigid-frame bridge system is now mature after
nearly 70 years of research. However, the research focus is mainly on the vehicle-bridge
coupling vibration response of the undamaged continuous rigid-frame bridge, while the
research on the dynamic response of the damaged continuous rigid-frame bridge under
vehicle-bridge coupling vibration is still insufficient. Using modified concrete bridge
damage parameters [17,18], Yin et al. [19] carried out a vehicle-bridge coupling analysis of a
damaged three-span continuous concrete box beam with variable sections and pointed out
that the impact coefficient of the multi-span variable sections of the damaged beam varied
with the vehicle speed and was related to the crack parameters. Xie et al. [20] studied the
vehicle-bridge coupling response of an old concrete truss arch bridge by combining a real
bridge detection method and finite element modeling and then gave the impact coefficient
of different bridge locations under different vehicle speeds. Zhou et al. [21] analyzed
the vehicle-bridge coupling vibration of an in-service curved-string truss bridge based
on an analysis method that considered the jump-off period and calculated the dynamic
response of the space vehicle fleet crossing the bridge. However, structural diseases
such as beam cracking, steel corrosion, and the local spalling of concrete are also very
common in continuous rigid-frame bridges. In addition, this type of bridge has developed
rapidly and in large numbers in northwest China (especially in Shaanxi Province). With
the increase in their service lives, a large number of in-service bridges with cracks are in
continuous operation. When cracks appear in the beam body, their damage develops under
the repeated influence of vehicle-bridge coupling vibration, which has an impact on the
structural durability and load-bearing safety of the concrete bridge. If it is not controlled in
time, when the cracks expand to a certain extent, the collapse of the bridge structure will
become a threat to people’s lives and property.

151



Appl. Sci. 2024, 14, 6950

Therefore, this study mainly investigates the dynamic response of the high-pier and
long-span continuous rigid-frame bridge with crack damage under different vehicle pa-
rameters and the degrees of structural damage; then, it analyzes the influence of the bridge
stress, displacement, and impact coefficient.

2. Crack Damage Simulation Algorithm

Based on the statistical analysis of the number, length, width, and height of the cracks
in the continuous rigid-frame bridge, this study simulates the crack damage by reducing
the stiffness in the areas with high concentrations of cracks and establishes a crack model
accordingly. This can improve the accuracy of the results and can also establish a theoretical
foundation for the subsequent influence of the coupling vibration of the vehicle bridge on
the dynamic response of the bridge structure.

According to Wu Xiaoguang’s [22], the investigation of 74 continuous rigid-frame
bridges in Shaanxi Province, the section cracking of continuous rigid-frame bridges is
serious in the L/4, L/3, and midspan closure sections. Among them, the longitudinal
cracks in the bottom plate of L/4 and the assembly section, such as the midspan closure
section, are particularly serious and have become the most serious disaster [23] area for
crack development. Therefore, L/4, L/3, and the midspan in the following text refer to the
corresponding position of the second span (middle span). The cracks are divided into four
categories, and each category is shown in Figures 1–4.
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Figure 1. Distribution ratio of cracks in the first type of bridge.
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Figure 2. Distribution ratio of cracks in the second type of bridge.
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Figure 3. Distribution ratio of cracks in the third type of bridge.

Beam end L/4 L/3 Midspan
0

2

4

6

8

10

12

14

16

18

C
ra

ck
 d

is
tri

bu
tio

n 
ra

tio

Position

 Longitudinal in bottom
 Longitudinal in web
 Oblique in web
 Longitudinal in top
 Longitudinal in flange

Figure 4. Distribution ratio of cracks in the fourth type of bridge.

The first type of bridge cracks is mainly distributed on the bottom plate, running
longitudinally along the bridge span direction. The second type of bridge cracks is mainly
distributed on the web of the beam body, and the longitudinal, vertical, and oblique cracks
extend from the end of the beam to the middle of the span in an increasing trend. The
third type of bridge cracks is mainly distributed in the web, roof, and flange plate. These
cracks include longitudinal, vertical, and oblique cracks. Of these, the top plate and flange
plate mainly have longitudinal cracks, while the web plate mostly has inclined cracks. The
fourth type of bridge cracks is mainly distributed in the top plate, bottom plate, web and
flange plate. The top plate, bottom plate and flange plate have longitudinal cracks, while
the web has longitudinal cracks and oblique cracks.

The beam cracks mainly appear at the midspan, and the length of the cracks along
the longitudinal position (near the end, one-fourth, one-third, and the midspan) typically
measures around 1.5 m; in addition, a small number of cracks are longer than 2 m and
concentrated in the area from one-third to the midspan. From the perspective of crack
width, cracks larger than 0.2 mm are mainly concentrated in the area from one-fourth
span to approximately middle span position. Therefore, this research focused on the areas
around these three positions. According to the results of the crack field investigation, a
cracked beam section was selected as the research object (as shown in Figure 5), where
hcri represents the degree of concrete withdrawal from the work in the tension area; δcri
is the degree of cracking, i.e., the crack width; lcri is the crack spacing, which represents
the number of cracks in the curved section beam; and lcr represents the range of crack
distribution and is related to the position of the external load form.
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Figure 5. Schematic diagram of cracks in beam bending section.

Zhao Yu [24] pointed out that the statistical parameters of the cracks in the section
are as follows: the average height of the cracks is hcr, the average statistical spacing of the
cracks is lcr, the total width of the cracks is Δcr, etc.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

hcr =

n
∑

i=1
hcri

n

lcr =

n
∑

i=1
lcri

n − 1
=

lcr

n − 1

Δcr =
n
∑

i=1
δcri

(1)

According to the bridge appearance survey, the cracks with similar length and width
were merged to form an overall gradient beam model (see Figure 6). Specifically, the cracks
with similar heights in the crack section (the difference between the crack heights should
be less than one-tenth of the beam height) were merged, the section of the cracked section
was reduced, and the reduction was compensated by the dead weight.

Figure 6. Overall gradient beam model.

Then, as shown in Figure 6, a mechanical analysis of the structure was carried out to
solve the internal force distribution of the structure with cracks. At this point, the nominal
tensile stress (strain) of the concrete on the tensile side can be expressed as:

εcr = Δcr/lcr (2)

σnt = Ecεcr (3)

By making the tensile stress of the concrete at the lower edge of the section equal to
the nominal tensile stress, the stress state of the reinforcement of the concrete in the tensile
zone can be obtained based on statistics and detection; the stress balance relation of the
crack section can be established on this basis, as shown in Figure 7, where σcc is the stress at
the edge of the pressure zone; σnt is the nominal stress on the edge of the tension zone; αEs
is expressed as the ratio of the elastic modulus between the ordinary reinforcement and the
concrete; and αEp is the ratio of the elastic modulus between the prestressed reinforcement
and the concrete.

Through the balance of the cross-sectional stress relationship, the actual compression
height of the concrete, the position of the neutral axis, and the edge stress of the concrete in
the compression zone can be solved numerically.
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Figure 7. Stress (strain) equilibrium state of the section of the crack area.

As the height x of the compression zone and the bending curvature ϕ of the section
are unknown, a trial algorithm can be used to solve the problem. When the calculated
bending moment of the current round is close enough to that of the previous round, the
result is considered final.

According to the calculated concrete crack model, the stiffness of the cracked concrete
beam was reduced. It was assumed that the initial flexural rigidity of the box girder section
is Ec I, and the flexural rigidity becomes αEc I when cracks appear. α is the reduction
coefficient of the flexural stiffness:

α =
Mi

ϕEc I
(4)

where Mi represents the bending moment of the section, and ϕ represents the bending
curvature of the section.

The process used to solve the reduction coefficient α of the flexural rigidity is shown
in Figure 8. Since the height x of the compression zone and the bending curvature ϕ of
the section are unknown, a known initial value x and a changing value ϕ can be assumed
first, making the relative error satisfy Nt =

∣∣Ni − Np0
∣∣/∣∣Np0

∣∣ and Mt = |Mi − M0|/|M0| .
When the results of the last two iterations are close enough, the obtained value can be put
into Formula (4) to find α. In order to avoid the interaction of multiple factors, the single
control variable method was used in this study to obtain the average stiffness damage
degree of the three sections and to reduce the stiffness of the solid elements in the finite
element model in this area, so as to simulate the bridge crack damage. It can be seen from
the trial calculation that the reduction coefficient of the flexural stiffness α is 0.76.

Through crack investigation obtain lcr and cr

Bring known cross sections into the analysis

Calculate average strain at lower edge of crack 
section and nominal stress nt

Correct pe to pei, find nti, let nti = nt then 
calculate Acri, Icri and xi

Modify finite element model with above 
parameters and calculate Mij

Find stiffness coefficient 

|Mij Mij-1|/Mij-1 1%No

Yes

Figure 8. Process of solving the reduction coefficient α of flexural stiffness.
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3. Numerical Algorithms of Vehicle-Bridge Coupling

The vehicle and bridge models were established by assuming that the wheel and bridge
deck maintain favorable contact and that there would be no temporary separation due
to turbulence vibration during the driving process. Using the displacement coordination
at the contact point and the mechanical equation, an ANSYS model was established to
achieve the vehicle-bridge coupling simulation algorithm.

The bridge model built in this study adopted the linkage and solid element model.
For the existing bridge after cracking, its dynamic equation can be expressed as

Mb
..
Yb + C′

b

.
Yb + K′

bYb = Fb (5)

where Mb, C′
b, and K′

b represent, respectively, the structural unit mass matrix, the modified

damping matrix, and the modified stiffness matrix of the bridge;
..
Yb,

.
Yb, and Yb represent,

respectively, the acceleration vector, velocity vector, and displacement vector of the bridge
structural unit nodes; and Fb represents external force. The vehicle is modeled using the
spring–damp–mass model, and the equation of motion can be expressed as

M
..
Y + KY + C

.
Y = G + Fb (6)

where M is the vehicle body mass matrix; K is the stiffness matrix of the car body; C is the
damping matrix of the car body; G is the gravity load vector; and Fb is the instantaneous
coupling load between the tire and the ground contact point.

To solve iteratively the coupled vibration equations of the beam arch VBI system, the
detailed processes are summarized as follows.

Step 1: determine the working conditions to be analyzed and build the finite element
model of the bridge.

Step 2: input the relevant calculation parameters according to the working condition
and generate vehicle file, track irregularity file and coupling analysis macro
command file.

Step 3: engage ANSYS transient dynamic analysis and obtain the coordinates of the
contact points between each wheel and the bridge, node displacement D(n,ti),
node velocity V(n,ti), and node acceleration A(n,ti) of node n at time ti.

Step 4: calculate the interaction force between vehicle and bridge at corresponding time
based on the displacement coordination condition.

Step 5: Check whether all vehicles are off the bridge or not. If so, proceed to the next step.
If not, set i = i + 1 and repeat from Step 3.

Step 6: Read the RST result file and export the results. Then check if all working conditions
finished and repeat from Step 2 when negative. The analysis process is shown in
Figure 9.

3.1. Build the Bridge Model

This study is based on a prestressed concrete continuous rigid-frame bridge in Shaanxi
Province. The length of the main bridge is 292 m, and the span combination is 76 + 140 + 76 m.
The main span is a 140 m continuous prestressed concrete rigid frame with a variable
section comprising a single box and a single chamber. The roof width of the box girder
is 12 m, the width of the bottom plate is 6.5 m, and the length of the flange cantilever is
2.75 m. The top plate of the box girder is provided with a bidirectional 2% transverse slope,
and the transverse bridge direction of the bottom plate is horizontal. The overall layout of
the main bridge type is shown in Figure 10.
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Build bridge model in finite element program 
ANSYS
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bridge?

Switch to POST26 and view the results

i = i + 1

Calculate the impact coefficient and other 
parameters

No

Yes

Determine the calculation condition and input the 
corresponding vehicle modeling parameters: 

Input the driving parameters of each vehicle, and 
generate the vehicle model

Enter ANSYS transient dynamic analysis, 
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conditions to obtain the parameters of node n at ti 
time

Calculate the interaction force between vehicle 
and bridge at corresponding time based on 

displacement coordination condition

Figure 9. Process of vehicle-bridge coupling analysis.

Figure 10. General layout of the main bridge type.

In this study, a multi-scale mixed-elements model was established according to the
different requirements of the modeling accuracy. Solid65 (3-D-reinforced concrete solid
element) element modeling was used to simulate the cracking, crushing, and stress release
state of the concrete. In addition, beam44 (3-D elastic tapered asymmetric beam element)
and link8 (3-D rod or truss element) were used to simulate other components. Considering
that the in-service bridge could no longer meet the linear stress characteristics, nonlinear
analysis was required. The constitutive relation of the concrete adopted the “miso” model,
and the constitutive relation of the steel bar adopted the “biso” model. The FE model is
shown in Figure 11.
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Figure 11. Multivariate hybrid finite element model.

3.2. Establishment of Vehicle Model

Through the image analysis of the surveillance video of the continuous traffic flow in
a section of Shaanxi Province over a period of 24 h, the frequency of each vehicle on the
highway was obtained. The types of vehicles that travel on the highway bridges in this
area are mainly dual-axle vehicles. Therefore, in the analysis of the vehicle-bridge coupling
vibration, spatial dual-axle (car) and spatial dual-axle (bus) were selected as the research
objects, as shown in Figure 12. The higher the number of vehicle dimensions and degrees of
freedom, the higher the accuracy of the vehicle model and the more realistic the vibration
process [25,26]. According to Section 1, The research on the stiffness matrices of various
vehicle models is very extensive; therefore, it is not necessary to go into detail here.

(a)

(b)

Figure 12. Schematic diagram of the bus. (a) The longitudinal and transverse mechanics of the car.
(b) The longitudinal and transverse mechanics of the bus.

3.3. Bridge Deck Roughness Simulation

At present, the roughness data of a bridge (bridge deck) are usually obtained via
field measurement or numerical simulation. The application cost of the measured data is
high, while the numerical simulation method is lower in cost and may be more efficient.
Based on the inverse Fourier transform method, the numerical calculation model of the
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road surface (bridge deck) smoothness sequence generated in this study is shown in
Formulas (7) and (8).

r(x) =
1
N

N−1

∑
i=0

Xie
2πikm

N (m = 0, 1, 2, · · · , N − 1) (7)

Xi = |Xi|ekϕi (i = 0, 1, 2, · · · ,
N
2
) (8)

In accordance with the ISO standard [27], MATLAB was used to simulate and generate
the first three levels of the pavement smoothness sequence obtained via Fourier inversion,
as shown in Figure 13.
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Figure 13. Roughness sequence of three levels of pavement (bridge deck).

In the investigation of continuous rigid-frame bridges in Shaanxi Province, it was
found that most of the highway pavement grades had reached Class B; therefore, the road
roughness examined in this study is mainly Class B.

4. Results of Vehicle-Bridge Coupling Analysis

4.1. Impact Analysis of Vehicle Parameters
4.1.1. Influence of Different Vehicle Speeds

In the study of speed parameters, the 35 t spatial dual-axis vehicle model was adopted,
and the analyzed speeds were 60 km/h, 80 km/h, 90 km/h, 100 km/h, and 120 km/h. The
stiffness reduction coefficients were 1 (undamaged) and 0.76 (damaged), with a total of
10 working conditions. According to the discussion in Section 2, crack damage is realized
by stiffness reduction. The positions of stiffness reduction are mid-span, one-third, and
one-fourth of the middle span. When analyzing these conditions, the stiffness of the beam
segment at the corresponding positions in the numerical model is multiplied by the stiffness
reduction factor.

Through the analysis of the dynamic response of the bridge under different vehicle
speeds, the stress peak value of the concrete at the lower edge of the cross-section was
extracted, and the change rule is shown in Figures 14 and 15.

By comparing the stress values of the damaged bridges and undamaged bridges, it can
be seen that the vehicle-bridge coupling vibration response of each section changes greatly
after the bridge is damaged. Taking the maximum stress peak values of 80 km/h and
90 km/h as examples, the midspan stress increases by 84.71% and 107.89%, respectively. The
stress of the one-fourth section of the midspan increases by 49.07% and 81.64%, respectively.
The stress of the one-third section of the middle span increases by 40.07% and 68.39%,
respectively. From the above data, it can be seen that the vehicle-bridge coupling vibration
response of the damaged bridge is more significant. From Figure 14, the stress at the speed
of 80 km/h is significantly greater than that of the other three speed conditions for any of
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the sections. Therefore, when the bridge is undamaged, the bridge response under vehicle-
bridge coupling vibration is sensitive to the speed of 80 km/h. As can be seen in Figure 15,
the peak value of the vehicle-bridge coupling vibration response is the highest when the
vehicle speed is 90 km/h at the midspan and one-fourth section positions. However, at the
one-third section of the midspan, the structural response is greater than that at the other
speeds when the vehicle speed is 80 km/h, and the peak stress value is 2.14% larger than
that at the 90 km/h speed. This indicates that although the dynamic response of the bridge
at the one-third section of the midspan is the largest when the vehicle speed is 80 km/h,
the dynamic response is also obvious at the 90 km/h speed.
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Figure 14. Stress peaks of different sections of undamaged bridges at different speeds.
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Figure 15. Stress peaks of different sections of damaged bridges at different speeds.

Taking the damaged bridge as the research object, the reduction coefficient is 0.76, and
the other vehicle parameters remain unchanged. According to the above research on the
relationship between the vehicle parameters and the damaged bridge, the vehicle speeds
in this section are still 60 km/h, 80 km/h, 90 km/h, 100 km /h, and 120 km/h. The vehicle
weight is 35 t, and the vehicle type is the spatial dual-axis model; the road roughness grade
remains Class B, and the dynamic response of different vehicle speeds to the bridge is
studied. Figures 16 and 17 show the variation diagrams of the peak displacement law and
the impact coefficient.

As shown in Figure 16, the dynamic response of each section of the middle span to the
speed is different. For the damaged bridge, the fluctuation of the displacement curve of
each section corresponds to the peak stress, reflecting the law that the peak displacement
and peak stress increase and decrease at the same time. In combination with the vehicle
speed, the peak displacement of both the midspan section and the midspan one-fourth
section reaches its maximum when the vehicle speed is 90 km/h. At the one-third cross-
section of the middle span, the displacement reaches the maximum when the speed is
80 km/h. However, when the speed is from 80 km/h to 90 km/h, the displacement change
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rate at the cross-section is −3.46%, and the displacement peak does not change much.
These data also show the correlation between the peak displacement and the peak stress.
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Figure 16. Peak displacement of each section at different vehicle speeds.
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Figure 17. Dynamic amplification factor of each section at different vehicle speeds.

As shown in Figure 17, when the vehicle speed reaches 90 km/h, the impact coefficient
at the one-fourth section of the midspan and the midspan is the largest. When the vehicle
speed reaches 80 km/h, the impact coefficient at the one-third section of the midspan is the
largest. When the speed is 60 km/h, the impact coefficient of each section is the smallest.
According to the change in the peak displacement and impact coefficient, the bridge is
more sensitive to the speed of 90 km/h when the damage occurs.

4.1.2. Influence of Different Vehicle Weights

With the continuous development of the highway traffic industry, the phenomena
of heavy loads and excessive loads are becoming more and more frequent. The above
situation will cause the static load stress of the bridge to become very large over a period
of time; furthermore, it will make the damage caused by the dynamic load on the bridge
more serious. Therefore, this section chooses six working conditions to study the dynamic
response of the bridge. The vehicle weights are 35 t, 45 t, and 55 t, respectively. The stiffness
reduction coefficients are 1 and 0.76, respectively.

Through the analysis of different vehicle weight conditions, the stress peak values of
the lower edge of the concrete section at the midspan, the one-fourth section of the middle
span, and the one-third section of the middle span were obtained, and the change rule is
shown in Figure 18.
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Figure 18. Stress peak values of each section under different vehicle weights.

It can be seen from Figure 18 that the peak stresses of each section of the damaged
bridge under different vehicle weight conditions have obvious changes. When the vehicle
weight increases from 35 t to 55 t, the increase rate of the peak stress of the middle section
of the middle span is 16.21%, that of the one-fourth section of the middle span is 38.11%,
and that of the one-third section of the middle span is 58.58%. Although the dynamic
response of the midspan section is the largest, the one-third section has the fastest stress
increase rate.

For the undamaged bridges, with the increase in vehicle weight the stress change of
each section is similar to that of the damaged bridges. Under different vehicle weights,
the stress at the midspan position is the largest, followed by the one-fourth section, and
the one-third section is the smallest. When the vehicle weight increases from 35 t to 55 t,
the stress increase rate of the middle span section is 31.03%, the stress increase rate of the
one-fourth section is 32.76%, and the stress increase rate of the one-third section is 34.65%.
It can be seen that the vehicle weight parameter has a significant effect on the dynamic
response of the bridge under the vehicle-bridge coupling vibration, and the impact on the
dynamic response of the damaged bridge is more significant.

The variation laws of the peak value and impact coefficient of the displacement
at the one-fourth section and one-third section are shown in Figures 19 and 20. It can
be seen that with the increase in vehicle weight, the displacement of each section also
increases significantly. Among them, the increase is more obvious in the midspan position.
When the vehicle weight increases from 35 t to 55 t, the peak increase rate of the midspan
displacement is 22.49%. Figure 20 shows that the displacement impact coefficient of each
section of the damaged bridge is different under the condition of vehicle weight, and the
impact coefficient keeps increasing with the increase in vehicle weight. The increase in
vehicle weight occurs at the same rate, but the impact coefficient increases in a nonlinear
way. When the vehicle weight increases from 35 t to 55 t, the midspan impact coefficient
increases by about 16.24%. The impact coefficient at the position of the one-fourth section
increases by about 13.15%, and the impact coefficient at the position of the one-third section
increases by about 11.10%. Although the increase in vehicle weight did not result in a
large increment in the impact coefficient, the impact coefficient only reflected the ratio
relationship between the dynamic response and the static response. The increase in the
dynamic response of each section can indicate that the increase in vehicle weight has a
significant impact on the dynamic response of the bridge.
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Figure 19. Peak displacement of each section under different vehicle weights.
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Figure 20. Impact coefficient of each section under different vehicle weights.

4.2. Impact Analysis of Damage Parameters

Based on the research above on the dynamic response of different vehicle parameters
to the damaged bridge, this section studies the dynamic response of the vehicle-bridge
coupling vibration to the bridge with sustained damage. The vehicle speed is 90 km/h, the
vehicle weight is 35 t, and the vehicle is a spatial dual-axle model. As the bridge continues
to serve after damage, the stiffness of the bridge itself will decrease with the passage of
time. Assuming that the stiffness reduction coefficient starts at 0.76, six working conditions
are considered: 0.76, 0.7, 0.65, 0.6, 0.55, and 0.5.

According to Figure 21, it is obvious that with the continuous damage to the bridge, the
stress of each section continues to increase. The stress growth trend is different at different
cross-section locations. For the midspan position, the stiffness reduction coefficient is from
0.76 to 0.5, and the change in stress value shows obvious fluctuation. When the reduction
coefficient is from 0.76 to 0.7, the stress changes faster, and the growth rate is 12.5%. In
the range of 0.7–0.65, the stress changes slowly, and the growth rate is 1.78%. In the range
of 0.65–0.6, the stress growth rate is 7.02%, which is faster than the stiffness decay in the
second stage. When the reduction coefficient is in the range from 0.6 to 0.5, the curve of
the stress change is almost linear, and the average stress growth rate is 8.83%. It can be
inferred that with the continuous damage to the bridge, the stress increase rate will be
larger and larger. If the stress in the span continues to increase until the tensile strength is
reached or even exceeded, the concrete will be damaged. For the position of the one-fourth
section of the middle span, the stress value fluctuates to a certain extent. In the range of
the stiffness reduction coefficient from 0.76 to 0.5, the slope of each straight line changes as
follows: k0.6–0.55 > k0.76–0.6 > k0.55–0.5. It can be seen from the slope that the stress increases
slowly and linearly in the range of 0.76 to 0.60. In the range of 0.60 to 0.55, the stress
increases rapidly; from 0.55 to 0.50, the rate slows down again. As the damage continues,
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the growth rate of the stress at the position of the one-fourth section first increases and then
decreases for the damaged concrete. For the position of the one-third section of the middle
span, the stress growth rate does not change rapidly in the range of 0.76 to 0.6 and always
maintains a gentle rate of increase. In the range of 0.6 to 0.55, the stress growth rate has a
large change and becomes smaller again after 0.55 to 0.5. It can be inferred that the stress
growth rate will increase up to failure at the position of the one-third section as the stiffness
continuously attenuates.
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Figure 21. Stress of each section under different damage degrees.

The results of the dynamic displacement peak value and impact coefficient also show
similar rules. As can be seen from Figure 22, in the process of the continuous damage to
the bridge, the displacement of each section is increasing, and the displacement increment
of the midspan section is the largest. When the stiffness reduction coefficient reaches 0.6,
the displacement increases almost linearly. When the stiffness of the one-fourth section
reaches 0.6, the displacement growth fluctuates a little. The displacement change is gentler
than that in the previous stage when the reduction coefficient is 0.55 to 0.5. When the
reduction coefficient is in the range from 0.76 to 0.5, the displacement is relatively gentle at
the one-third section compared with the other two places. When the damage coefficient
decreases from 1 to 0.76, the displacement of each section increases rapidly, with an increase
of 86.36% in the midspan, 114.08% in the one-fourth section, and 192.13% in the one-third
section. When the reduction coefficient increases from 0 to 0.5, the displacement growth
rate of the midspan section is 335.86%, that of the one-fourth section is 316.9%, and that
of the one-third section is 452.8%. It can be seen from these data that with the continuous
damage to the bridge, the displacement of each section will continue to increase and that
the growth trend is the fastest in the midspan.
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Figure 22. Peak displacement of each section under different damage degrees.
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As can be seen from Figure 23, the impact coefficient of the bridge also changes greatly,
and the impact coefficient at the midspan increases the fastest. By comparing the change
curves of the impact coefficients at the three cross-section locations, the approximate slope
of each reduction coefficient curve is ordered as follows: k0.65–0.5 > k0.76–0.7 > k0.7–0.65.
When the reduction coefficient of stiffness reaches 0.65, the growth trend of the impact
coefficient of each cross-section increases significantly compared to that before 0.65, and
the three curves are almost linearly distributed. However, before the reduction coefficient
reaches 0.65, the impact coefficient curves of each section fluctuate to a certain extent.
Therefore, the impact coefficient obviously increases after the damage occurs.
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Figure 23. Impact coefficient of each section under different damage degrees.

In summary, when the stiffness reduction coefficient is in the range of 0.65 to 0.6, the
stress growth rate of each section does not change much. In other ranges, the stress growth
rate of the different sections is different. According to the stress growth mode shown in
the figure, the stress on the lower edge of the concrete in the midspan section will first
reach the tensile strength and crack, followed by the one-fourth section and, finally, the
one-third section. With the continuous damage to the bridge, the displacement and impact
coefficient of each section will have an increasing trend, with the fastest growth in the
midspan. Therefore, when these two indexes of the bridge structure increase significantly,
it indicates that the structural stiffness is decaying, and certain reinforcement measures
should be taken at this time.

5. Conclusions and Prospect

This study investigated the dynamic response of an in-service continuous rigid-frame
bridge under vehicle load based on the crack damage report, the finite element software
ANSYS 17.0, and custom software. The main findings and conclusions are as follows:

(1) The crack damage of continuous rigid-frame bridges in Shaanxi Province was inves-
tigated, and it was found that the positive cracks of the structure floor were mostly
concentrated in the midspan, the one-fourth section, and the one-third section of the
middle span. The characteristic parameters and damage model of the cracks were
established, and the simplified crack zone unit was obtained. The stress state of the
crack element area was analyzed using a numerical method, and the total bending
moment of the section and the resultant force of the reinforcement were solved. The
process was iterated until convergence was achieved, and the resulting coefficient of
the sectional flexural rigidity reduction for the cracked area was obtained. Based on
this parameter, the in-service damage to the bridge was simulated.

(2) The investigation of traffic flow and vehicle types on highway bridges concluded that
the largest proportion of the highway traffic consisted of dual-axle vehicles; therefore,
the dual-axle vehicle model was adopted in this study. According to the analysis of
different vehicle parameters, the results showed that under different speed conditions,
the undamaged bridge was more sensitive to the speed of 80 km/h, and the damaged
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bridge was more sensitive to the speed of 90 km/h at the midspan and one-fourth
span sections. For the one-third section, the sensitive speed of the damaged bridge
was still 80 km/h, but the difference between the stress peak and the value at 90 km/h
was very small. Therefore, it is generally recommended to focus on a speed limit of
90 km/h for damaged bridges.

(3) In the investigation of the dynamic responses under different vehicle masses, the
results showed that the dynamic response was obvious for the damaged bridge and
that the increase in the concrete stress at the lower edge of each section was prominent.
Therefore, it is recommended to strengthen the middle span of the bridge in the crack
disaster area in time to prevent further cracking.

(4) The results of the analysis of the dynamic displacement and impact coefficients of
the bridge showed that the dynamic response of vehicle mass to bridge structure
was more obvious. With the increase in vehicle mass, the displacement response and
impact coefficient response of each section continued to increase. With the continuous
damage to the structure, the dynamic response and impact coefficient of each section
continued to increase, and the growth rate of the impact coefficient increased. This
indicates that the dynamic performance of the in-service bridge will continue to
decline with the aggravation of the damage. Therefore, the influence of vehicle-bridge
coupling should be emphasized in the maintenance of the in-service bridge.

In this study, only the factors of speed, vehicle weight, and damage degree were
considered. In the subsequent research, more factors can be introduced for analysis, and the
superposition of multiple factors can also be considered. In addition, this study investigated
the dynamic response of damaged bridges based on single-vehicle crossing conditions;
thus, the influence of multi-vehicle conditions and random traffic flow can be considered
in the future.
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Abstract: This study introduces a novel Unmanned Aerial Vehicle-mounted (UAV-mounted) Laser
Doppler Vibrometer (LDV) system for detecting debonding damage in Hidden Frame-Supported
Glass Curtain Walls (HFSGCW). The established system enables UAVs to transport the LDV to high
altitudes for operation. The vibration signals acquired by the UAV-LDV system are decomposed
into different energy bands by wavelet packet analysis, and then the occurrence and location of the
damage are identified by the Sum of Squared Differences (SSD) of the wavelet packet bands’ energy.
This paper investigates the potential factors affecting the performance of the Unmanned Aerial
Vehicle-Laser Doppler Vibrometer (UAV-LDV) system, including the arrangement of measuring
points, measuring distance, noise level, and wind speed through the first-order natural frequency,
the normalized frequency response functions, and the SSD indicator. Experimental and simulation
results confirm the effectiveness of the UAV-LDV system, highlighting its advantages over traditional
methods by offering remote, non-contact, and efficient debonding detection. This method not only
indicates the presence of the damage, as traditional indicators do, but also pinpoints the exact location
of it, ensuring safety and cost-effectiveness in high-rise inspections. The proposed method and
indicator offer advantages in terms of convenience, visualization, and efficiency. The study discusses
the impact of measurement point arrangement, measuring distance, noise levels, and wind speed on
the system’s performance. The findings demonstrate that while the UAV-LDV system introduces
new capabilities in rapid and reliable structural damage assessment, operational challenges such as
wind and noise levels significantly influence its accuracy.

Keywords: building curtain wall; structural damage detection; laser doppler vibrometer; remote
vibration measurement; unmanned aerial vehicle

1. Introduction

The glass curtain wall is an aesthetically innovative method of architectural wall
decoration and a distinctive feature of modernist high-rise buildings [1]. However, the
extended life of glass curtain walls may result in sudden and dangerous detachment which
can cause serious injury or property damage [2]. For instance, structural adhesives can
suffer from deterioration and debonding problems. Debonding damage to existing glass
curtain walls is mainly identified by visual inspection [3], manual inspection [4], contact
sensors [5], numerical simulation [6], health monitoring systems [7], etc. These methods
rely on experienced workers or contact sensors for stationary testing, which are insufficient
to cope with the increasing height of skyscrapers, the emerging variety of curtain walls and
the various extreme working conditions in modern buildings. Since these conventional
stationary inspection approaches are inefficient [8], hazardous [9], complicated [10], and
hard to employ [11], despite being very effective at detecting debonding damage of glass
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curtain walls, they cannot be widely used. In light of the rapid development of Unmanned
Aerial Vehicle (UAV) and new laser vibrometry technologies, mobile inspection approaches
show promising advantages in application [12] and further investigations.

The increasing demand for structural inspections, focusing on safety [13], durabil-
ity [14,15], and comfort [16,17], makes the intelligent inspection of UAVs an inevitable trend
in health monitoring processes [18]. The development of UAV technology has provided
formidable technical support for this demand, including improved stability [19], enhanced
wind resistance [20], increased load capacity [21], extended endurance [22], strengthened
obstacle avoidance capability [23], etc. For example, the DJI Mavic 3 is a powerful and
efficient drone available to the consumer designed by SZ DJI Technology Co., Ltd. (Suzhou,
China). It can bear strong winds up to 12 m/s (strong breeze) and has a vertical hover-
ing accuracy of ±0.1 m and a horizontal hovering accuracy of ±0.3 m when the visual
positioning system is working properly [24]. These outstanding properties make such
UAVs reliable for inspecting structural health in windy scenarios, such as high-altitude
inspections of curtain wall structural damage, seismic performance of bridges [25], blade
damage of wind turbines [26], etc.

Additionally, UAVs have been involved in numerous civil engineering applications
for structural health inspections. They have been used for detecting bridge cracks [27],
identifying dynamic parameters of bridge components [28], measuring geometry shapes
of bridge components [29], and the 3D reconstruction of bridges [30]. The utilization of
UAVs under certain weather conditions can improve efficiency and ensure the safety of
the inspection personnel compared to manual inspections [31]. Similarly, wind turbines
are often constructed in remote locations, such as offshore [32], in deserts [33], on moun-
taintops [34], and other areas where wind energy is abundant but difficult for humans to
access. The application of UAVs replaces manual detection and shutdown maintenance,
making regular inspections of wind turbines possible [35]. UAVs are also increasingly em-
ployed in other inspection processes, such as power transmission lines [36], pipelines [37],
dams [38], and water towers [39]. This technology has become a promising solution for
labor-intensive, accessibility-challenging, and sometimes dangerous inspection tasks in
civil engineering [40].

There are a variety of practical difficulties associated with detecting debonding dam-
age on glass curtain walls using traditional methods. Manual inspections on the facade
of an office building can be disruptive to the normal work of the building’s occupants,
challenging for the inspector [4], and costly for the maintenance company. Wall-climbing
robots struggle with the diverse shapes of glass curtain walls and often require manual
assistance [41]. Health monitoring systems are not commonly used for checking the condi-
tion of glass curtain walls due to their high cost and difficult installation [42]. Moreover,
not all damage conditions result in large areas of peeling and stripping of the structural
adhesive. In many cases, the structural adhesive may appear to be intact from the outside
but is already failing or delaminating from the inside. This issue hinders identification
using traditional vision-based methods. Conventional methods often rely on periodic
inspections, and the time between inspections can lead to prolonged damage and delayed
repairs. Therefore, the detection method of debonding damage on glass curtain walls
should be efficient, immediate, safe, and cost-effective. These problems can be avoided
by identifying damage using the vibration characteristics of the curtain walls [13]. Laser
technology provides benefits of range, accuracy and efficiency. However, the power of a
laser is limited, which makes ground-based damage assessment an impossible task.

The combination of UAV and laser vibration measurement technology effectively
addresses the challenge of detecting debonding damage on glass curtain walls. Remote,
non-contact, and low-error vibration measurements can be achieved by attaching the
Laser Doppler Vibrometer (LDV) to a UAV. Some researchers have identified hidden
vehicles in the forest by using LDVs placed at high altitudes to detect the vibrations of
leaves [43]. Although the effect of wind turbulence on leaf vibration was considered, the
interference with the LDV signals was not. Previous research also proposed the concept
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that LDVs could be transported in aerial platforms for testing, but their experiment still
used a lift vehicle, which is no different from a stationary LDV. Other scholars claimed
that they have built a UAV-LDV system to achieve aerial testing. However, the utilization
of the UAVs in these systems is limited to the placement of reflective targets [44], for
the enhancement of the reflected laser intensity or the carriage of acoustic exciters [45],
for the replacement of manual tapping, or carrying mirrors to reflect the laser light from
stationary LDVs [46,47]. Their actual tests still rely on stationary LDVs, and the purported
UAV-LDV systems have not been fully realized. The UAV-LDV system is susceptible
to factors that can cause interference, which in turn compromises the accuracy of the
measurements. It is only used for vibration monitoring in situations with a significant
degree of displacement, such as dynamic lateral displacements in railways [48]. While
some studies have optimized UAV-LDV systems based on the assumption that the target
remains in a steady state of vibration [49] and that the main source of error is induced
by vibrations from the UAV [50], it is crucial to recognize that the UAV-LDV system is
notably prone to inaccuracies resulting from the UAV’s aerial instability, and more damage
detection methods are based on transient vibration. Specifically, the vibration monitoring
of LDVs relies on detecting differences in the optical path, which is significantly affected by
the deflection of the UAV-LDV system during flight. Consequently, the most substantial
errors in these systems typically stem from strong winds and difficulties in the attitude
adjustment of UAVs during operation.

The dynamic response of the curtain wall can be obtained by the subsequent analysis
of the filtered vibration signals, which can ultimately reveal the debonding damage of
glass curtain walls. This study investigates multiple sets of test conditions that differed
in the location and extent of damage to the structural adhesive on curtain walls. The ob-
tained signals were analyzed using the first-order of natural frequency, frequency response
function, and the Sum of Squared Differences (SSD) of wavelet packet band energy as
indicators. The reliability of the vibration signals obtained from the UAV-LDV system
is verified by comparing them with those obtained from the fixed LDV. The results of
the study demonstrate that the proposed SSD indicator based on the UAV-LDV system
provides a more accurate identification of debonding damage to curtain walls in transient
vibration. The study also explores the factors affecting the accuracy of the UAV-LDV system
and their respective degrees of influence, including distance, noise, number of measuring
points, and wind strength. The research provides a useful reference for the combination
of UAV and laser vibration measurement technology for debonding damage detection on
Hidden Frame-Supported Glass Curtain Walls (HFSGCW).

2. UAV and LDV Selection

There are two main types of UAVs: fixed-wing and multi-rotor. Fixed-wing UAVs are
mainly suitable for long-duration, long-range, and wide-area flight operations [51]. They
have high-speed flight capability, longer endurance, and larger load capacity, making them
suitable for agricultural and environmental missions. Multi-rotor UAVs are designed for
tasks that require small-scale, aerial hovering, and minor space shuttling capabilities [52].
They consist of multiple rotor blades, enabling vertical takeoff and landing, and hovering
in the air. These characteristics enable the systems to be suitable for energy surveying,
electrical power inspection, etc. Consequently, they are more commonly employed in
detailed image acquisition and inspection of stationary structures, such as power lines and
wind turbines.

Multi-rotor UAVs are preferred in this study owing to their excellent weight-carrying
capability for carrying equipment such as LDVs. Additionally, they can hover steadily and
align themselves with the measuring points to obtain the acceleration time history during
the test. The advanced DJI Mavic 3 was then chosen for testing due to its potential use
in curtain wall inspection. Table 1 shows the specifications, and Figure 1a,b illustrate its
appearance, respectively. The vibration signal of HFSGCW is measured using the LDV
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(MV-H100) from OMNISENSING PHOTONICS in China. Figure 1c depicts the appearance
of the LDV and Table 2 shows the specifications of it.

Table 1. DJI Mavic 3 specifications.

Specific Items Specifications

Bare Weight 895 g

Dimensions (Folded/Unfolded)

Folded (without propellers) 221 × 96.3 × 90.3 mm
(Length × Width × Height)

Unfolded (without propellers) 347.5 × 283 × 107.7 mm
(Length × Width × Height)

Max Flight Time (no wind) 46 min
Max Hovering Time (no wind) 40 min

Max Wind Speed Resistance 12 m/s
Operating Temperature −10◦ to 40◦ C (14◦ to 104◦ F)

GNSS GPS + Galileo + BeiDou

Hovering Accuracy Range

Vertical: ± 0.1 m (with Vision Positioning); ± 0.5 m
(with GNSS Positioning)

Horizontal: ± 0.3 m (with Vision Positioning); ± 0.5 m
(with High-Precision Positioning System)

Maximum Take-off Weight with Payload 1200 g

Figure 1. Instruments. (a) Unfolded form. (b) Folded form. (c) LDV.

Table 2. LDV specifications and weight of the system.

Frequency
Range

Laser
Wavelength

Displacement
Resolution

Maximum
Speed Range

Displacement
Repeatability

Output Signal Weight

DC~2.5 MHz 1310 mm 1.28 nm 1500 mm/s 10 nm Digital 213.7 g

Weight of the bracket Weight of the system

90.2 g 1198.9 g

Figure 2 shows the constructed testing system. The LDV is first attached to the bracket
using a carbon fiber plate and stainless-steel screws. Then, the bracket is fitted onto
the UAV’s fuselage. A system for acquiring acceleration time history is constructed by
combining the selected UAV and LDV. The LDV directly captures and transmits signals to
a PC for analysis, enabling efficient detection of acceleration time history at high altitudes
without an additional data acquisition system, as it is an integrated device.
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Figure 2. Testing system for examining vibration signals.

3. Influence Factors of the UAV-LDV System

The number and distribution of the measuring points, as well as the testing distance,
are first considered when using the LDV to acquire the acceleration of the HSFGCW. It
is important to compare the results of the mobile test with the stationary test to verify its
accuracy, as the stationary test has shown great efficiency and reliability [53]. However,
since the mobile test is susceptible to noise and wind disturbances, it is essential to assess
their impact.

3.1. Selection of Assessment Indicators

Modal analysis can be used to detect the safety state of glass panels due to the sig-
nificant impact of sealant failure on modal parameters. The first-order modal frequency
is considered as the safety condition evaluation indicator because of its stability and ac-
cessibility [54]; therefore, this indicator is used in this paper to evaluate the impact of
each disturbance. The inspection method based on the accumulated change rate of the
frequency response function (FRF) can efficiently, accurately, and expeditiously identify the
sealant failure of HFSGCW. This study employs the normalized FRF at different locations to
identify the number and distribution of measuring points, according to the literature [55].

Assume that the natural frequency and mode vector of the glass panel system with n
degrees of freedom are θr and {ϕ}r(r = 1, 2, · · · , n), where the {ϕ}r can be expressed as{

ϕr
1 ϕr

2 · · · ϕr
n
}T . Thus, in the p-th degree of freedom, the acceleration FRF Hpp(ω) is [56]

Hpp(ω) =
App(ω)

Qpp(ω)
=

n

∑
r=1

−ω2 ϕr2
p

−ω2mr + iωcr + kr
(1)

where App(ω) and Qpp(ω) are the Fourier transforms of the displacement and force,
respectively, at frequency ω; the modal mass is mr = {ϕ}T

r [M]{ϕ}r, the stiffness coefficient
is kr = {ϕ}T

r [K]{ϕ}r, and the modal damping coefficient is cr = {ϕ}T
r [C]{ϕ}r.

The wavelet packet of the structural dynamic response under vibration excitation can
be decomposed into a number of independent frequency bands. Then the changes in the
energy spectrum of the wavelet packet bands can indicate the occurrence of structural
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failure. This energy change can be identified by the Sum of Squared Differences (SSD) of
the wavelet packet band energy, which can be defined as [57]

SSD =
m

∑
i=1

[(Ei)b − (Ei)a]
2 (2)

where m is the number of the main frequency bands, (Ei)a and (Ei)b represent the signal
energy from the intact and damaged structure, respectively. The SSD indicator has been
demonstrated to be effective in detecting structural sealant failure [13]. In this paper, the
reliability of the UAV-LDV system and the factors affecting its operation are also verified
by this indicator.

3.2. Similarity Relationship

The number and distribution of the measuring points are related to the location of
the excitation and structural sealant failure during the test. Theoretically, the number
of measuring points should be as high as possible to accurately localize the occurrence
of structural adhesive damage. However, a large number of measuring points reduce
detection efficiency and increase the difficulty of analyzing the acquired data. This acts
against the original purpose of developing a UAV-LDV system for rapid and mobile
inspection. Due to the difference in the frequency response function at different locations
of the glass curtain wall panel system [55], this section examines the effect of the measuring
point location on the identification.

As depicted in Figure 3, twelve measuring points were arranged diagonally across
the panel. The method of excitation at the measuring points is employed to obtain a
driving point Frequency Response Function (FRF). Point A is the hammering excitation
point which is located at the geometric center of the glass panel to obtain the average
first-order natural frequency. In the area where measurement points 2, 4, and 6 are located,
a simulated excitation experiment was performed according to the literature [13]. The first-
to fifth-order modal frequencies of the glass panel obtained by modal analysis and LDV
tests are shown in Table 3.

Figure 3. Diagram. (a) The distribution of measuring points. (b) Composition of HFSGCW.

Table 3. Glass panel frequency of the first five-step mode.

Order
Frequency/Hz

Numerical Simulation [13] Point 2 Test Point 4 Test Point 6 Test

1st 101.0 99.2 95.7 93.1
2nd 234.3 / 227.1 228.9
3rd 354.2 329.6 330.8 /
4th 364.3 378.4 375.9 /
5th 449.8 436.4 435.2 433.3
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After testing and analysis, the normalized frequency response functions of the acceler-
ation at points 2, 4, and 6 are shown in Figure 4. It shows that point 4 has five resonance
peaks between 0 and 500 Hz, while point 2 has four resonance peaks, and point 6 only has
three resonance peaks. Table 3 shows that in the first fifth-order frequency range, the reso-
nance peak of the frequency response function does not include the second-order modal
frequency at point 2, and only includes the first-, second- and fifth-order modal frequencies
at point 6. As the acceleration time history should be recorded at a location where more
modal frequencies can be obtained [55], point 4 is selected as a relatively preferred location.

Figure 4. Normalized FRF at different locations.

Similarly, the optimal locations for the measuring points’ arrangement are selected
at points 3, 4, 9, and 10. In order to complete the damage assessment mapping based on
the SSD indicator, the number of measuring points was finalized to 9, arranged in a square
(similar to the geometry of the glass curtain wall). Points 3, 4, 9, and 10 are the corners of
the square as shown in Figure 5.

Figure 5. Arrangement of measuring points on HFSGCW.
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3.3. Testing Distance

Remote testing allows for a wider field of view and more comprehensive coverage,
which enables effective detection of a wide range of injuries. However, proximity testing
is also indispensable for specific applications, such as damage detection based on mobile
platforms such as UAVs or wall-climbing robots. Therefore, it is necessary to investigate
the effect of testing distance on the system.

Comparative experiments were conducted for typical conditions of intact, unilateral,
bilateral, and multilateral debonding damage, as illustrated in Figure 6. The diagram
shows the glass panel (dotted shadow), the border of the specimen (blue area), and the
length of the structural adhesive where damage occurred (yellow area). The four types of
structural adhesive damage conditions are as follows: intact condition, complete damage
on one side, half of the damage on each of the two sides, and complete damage on all three
sides. The distances tested were 1 m and 10 m from the specimen, respectively.

 
Figure 6. Testing conditions. (a) Condition 1. (b) Condition 2. (c) Condition 3. (d) Condition 4.

The first-order natural frequencies of samples under each condition were measured
using the nine-point method identified in Section 3.2. Photographs of the laboratory tests
are shown in Figure 7. Manual tapping is employed to create an incentive for the curtain
wall. As the natural frequency is an inherent property of the structure which is independent
of the magnitude of the excitation force, there is no need to deliberately ensure the same
force’s magnitude.

 

Figure 7. Testing photographs. (a) 1 m ranging fixed test. (b) 10 m ranging fixed test. (c) 1 m ranging
mobile test. (d) 10 m ranging mobile test. The hammering excitation is labeled as an example in (c).

Table 4 compares the average first-order natural frequencies obtained from the numer-
ical simulations with the experimental results of 1 m and 10 m ranging. The four identical
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panels were subjected to the same experimental procedure. The findings demonstrate that
the fixed test conducted at a closer range exhibits a smaller error than the one conducted
at a longer range under greater damage conditions. This is attributed to the shorter laser
path, which results in a reduction in the power loss of the laser. Meanwhile, under all
conditions, the mobile test consistently has a greater error than the fixed test. However,
the maximum measuring error for the mobile tests was 12.91% (10 m ranging test under
Condition 4). Since most curtain wall boundaries have failed, the sample is easily disrupted
by external factors, resulting in unstable results. The remaining error is no more than
10%. This indicates the reliability of the UAV-LDV system for first-order natural frequency
testing. The system has acceptable testing errors at various distances, but tests should be
performed as closely as possible for the stability of results.

Table 4. Comparison of first-order natural frequency results.

Conditions

First-Order Natural Frequency (Hz)

Numerical Simulation
Fixed Test Mobile Test

1 m Error 10 m Error 1 m Error 10 m Error

Condition 1 101.00 101.43 0.43% 101.27 0.27% 104.34 3.30% 106.15 5.10%
Condition 2 66.11 65.13 −1.48% 64.47 −2.48% 69.64 5.34% 70.48 6.61%
Condition 3 75.37 72.04 −4.42% 71.86 −4.66% 74.07 −1.72% 80.67 7.03%
Condition 4 15.34 15.10 −1.56% 14.09 −8.15% 15.92 3.78% 13.36 −12.91%

The effectiveness of the UAV-LDV system in identifying the debonding damage on
HFSCGCW also requires verification. The acceleration time history under four conditions
is tested and analyzed using the nine-point method identified in Section 3.2. In Figure 8, the
results obtained by the UAV-LDV system for detecting debonding damage on HFSGCW
closely align with the results predicted by numerical simulation and those obtained through
fixed LDV testing. This alignment mainly refers to the intuitive indication of where the
damage occurred and the clear reflection of the extent of the damage. It demonstrates
the system’s capability to effectively identify the occurrence and location of debonding
damage. The testing distance did not significantly affect the system when using the SSD
indicator to detect debonding damage.

Figure 8. Comparison diagrams of SSD. Note: The results of each test under the same condition are
listed in the same row.
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3.4. Noise Level

The LDV exhibits self-vibration caused by machinery, transportation, passersby, wind,
etc. These natural noises can be mitigated by incorporating vibration sensors on the
LDV and analyzing the combined data from them, or alternatively by using two LDVs
together [54]. However, random noise from the environment affects the measuring accuracy,
which necessitates further investigation. Four unilateral damaged conditions are used as
examples to test the performance of the UAV-LDV system under different noise levels, as
illustrated in Figure 9. The damage all occurs unilaterally, which distinguishes it from the
four conditions depicted in Figure 6. In the case of unilateral damage, most of the structural
sealants work properly, and the overall structure remains relatively stable. If noise levels
significantly interfere with structural damage detection in this situation, more severely
damaged conditions will further deteriorate. Therefore, the unilateral damaged conditions
are chosen for testing. The damage lengths of the four conditions are intact, 1/4 length
damaged, 1/2 length damaged, and completely damaged on one side. The measuring
points are arranged according to the nine-point method presented in Section 3.2. Based on
the results of the study in Section 3.3, the measuring distance was set to 1 m.

Figure 9. Testing conditions. (a) Condition 1. (b) Condition 2. (c) Condition 3. (d) Condition 4.

During the test, to simulate the actual environment, a stereo system is established
using two Apple HomePod minis to play the recorded construction noises with a frequency
distribution range of 0–500 Hz, as shown in Figure 10. They are located 2 m apart and
symmetrically distributed along the central axis of the specimen, 0.5 m away from it. This
allows them to interfere with both the curtain wall vibration and the LDV test results,
resulting in a more realistic simulation of ambient noise. A decibel meter is used to measure
the ambient noise level, and the test is performed when the noise level reaches 20 dB, 30 dB,
40 dB, 50 dB, 70 dB, and 100 dB, respectively.

Figure 10. Test site setup.

Table 5 compares the average first-order natural frequencies obtained from the numer-
ical simulations with the tests. The same panel was tested under different conditions with
the same technique. The results indicate that the noise level has a significant impact on
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the reliability of the UAV-LDV system. Even in the case of unilateral damage, the error in
the first-order natural frequency always exceeds 5% or even 10%, and it will be larger for
the cases with bilateral and multilateral damage where boundary failure is more severe.
Consequently, to acquire first-order natural frequencies, it is recommended to perform the
test during night-time or at low noise levels to minimize the effect of noises on accuracy.
Photos of the tests under different noise levels are shown in Figure 11.

Table 5. Comparison of first-order natural frequency results.

Conditions Noise Level (dB)
First-Order Natural Frequency (Hz)

Numerical Simulation Fixed Test Error Mobile Test Error

Condition 1

20

101.00

101.73 0.72% 105.97 4.17%
30 101.92 0.91% 105.92 3.92%
40 102.1 1.09% 92.48 −9.42%
50 103.21 2.19% 93.28 −9.62%
70 98.43 −2.54% 92.65 −5.87%
100 96.62 −4.34% 86.26 −10.72%

Condition 2

20

91.09

91.61 0.57% 96.37 5.80%
30 90.63 −0.50% 88.67 −2.66%
40 92.83 1.91% 92.48 1.53%
50 91.25 0.18% 94.34 3.57%
70 94.12 3.33% 84.05 −7.73%
100 88.24 −3.13% 101.04 10.92%

Condition 3

20

88.52

88.81 0.33% 80.32 −9.26%
30 88.1 −0.47% 86.58 −2.19%
40 89.29 0.87% 92.72 4.74%
50 90.79 2.56% 95.31 7.67%
70 86.02 −2.82% 94.68 6.96%

100 85.31 −3.63% 96.95 9.52%

Condition 4

20

66.11

66.28 0.26% 64.1 −3.04%
30 66.9 1.19% 64.47 −2.48%
40 66.1 −0.02% 61.94 −6.31%
50 63.04 −4.64% 62.88 −4.89%
70 68.77 4.02% 71.94 8.82%

100 70.12 6.07% 73.67 11.44%

 

Figure 11. Testing photographs under noises. (a) 1 m ranging fixed test under noises. (b) 1 m ranging
mobile test under noises.

The study also verified the effectiveness of the UAV-LDV system in identifying debond-
ing damage to the HFSCGCW at noise exposure, and the results are shown in Figure 12.
The research findings indicate that noise levels do affect the test results, as the outcomes
at different noise levels vary significantly from those predicted by the numerical simula-
tion. The results show that the damage detection capability of the UAV-LDV system is
significantly affected when the noise levels are 20, 30, and 40 dB. The assessment diagrams
do not accurately reflect the location and severity of the damage. This is attributed to the
excitation energy level at this time, which is similar to that of the ambient noise, causing
the energy level of the structure to fluctuate more and have a larger absolute value. As the
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background noise level continues to rise, it eventually reaches the threshold for disturbing
the curtain wall vibration. At this stage, the SSD index is more sensitive to the vibration
characteristics of the structure, and the system’s recognition ability is gradually recovering.
However, if the noise level is smaller than 20 dB or larger than 40 dB, either excitation or
noise will dominate while others attenuate this tendency. As a result, the absolute value
of the energy level will be smaller, leading to a smaller range of overall energy variations.
Therefore, it is advisable to perform HFSGCW damage detection in a quiet environment.

Figure 12. Comparison diagrams of SSD. Note: The results of each test under the same condition are
listed in the same column.
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3.5. Wind Speed

Controlling the attitude and stability of UAVs in windy conditions has been a signifi-
cant technical challenge [58]. The UAV-LDV system is designed to inspect curtain walls,
which requires long-term operation at high altitudes, making it subject to wind interference.
This section conducts a wind resistance test to investigate the impact of wind speed on the
system’s performance.

The tests of the first-order natural frequency are conducted for Condition 3 in Sec-
tion 3.4 under the influence of wind speed. This condition is primarily selected due to
the shorter damaged length and the fact that most of the structural adhesive is still in use.
The glass panel will perform better in high winds during this time, while the wind speed
mainly affects the performance of the UAV-LDV system. If there were significant errors in
the results under this condition, the conditions of greater severity of damage would have
larger errors. The measuring points were arranged and the distances were measured in
accordance with the provisions of Section 3.4 (1 m). The working UAV-LDV system was
subjected to lateral wind at three different speeds: 1.5 m/s, 3.0 m/s, and 5.0 m/s (produced
by an electric fan). Figure 13 shows the arrangement of the tests. Photos of the tests in the
wind are shown in Figure 14.

 

Figure 13. Test site setup.

 

Figure 14. Testing photographs in the wind. (a) 1 m ranging fixed test in the wind. (b) 1 m ranging
mobile test in the wind.

Table 6 presents the average first-order natural frequencies obtained from the nine
measuring points. The results indicate that the wind speed has a significant impact on the
reliability of the UAV-LDV system. Therefore, it is recommended to acquire the first-order
natural frequency with this system in a windless environment or use an error correction
algorithm to minimize the effect of wind speed on accuracy.
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Table 6. Comparison of first-order natural frequency results of Condition 3.

Average of 1st Order Natural Frequency (Hz)

Numerical Simulation Wind Speed (m/s) Fixed Test Error Mobile Test Error

88.52
1.5 88.68 0.18% 85.41 −3.51%
3.0 88.97 0.51% 83.48 −5.69%
5.0 88.13 −0.44% 96.13 8.60%

The study verifies the effectiveness of the UAV-LDV system in identifying debonding
damage to the HFSCGCW under the influence of wind. Figure 15 validates the results
of different wind speeds through numerical simulation and fixed tests. The assessment
chart can give a general indication of the locations of damaged structural adhesives, but
it is not very effective in pinpointing the exact location. When the wind speed reaches
5.0 m/s, it is difficult to provide useful information about the damaged side. The results
indicate that the wind greatly affects the detection capability of the UAV-LDV system.
The SSD indicator has a large numerical error in windy conditions and does not clearly
indicate the exact location of the damage, even in the case of lighter damage. During
the test, high winds interfered with the hovering and stabilization of the UAV. Even
aligning the measuring points was difficult at times. To maintain alignment in strong
winds, the drone continuously maneuvers through turns and side shifts. In contrast to the
drone’s camera, which is stabilized by a gimbal, the LDV is fixed directly to the fuselage.
This configuration leads to the laser beam deviating from the target as the orientation
of the fuselage changes, and passing through transparent glass. Consequently, the laser
intensity that reflects the LDV is insufficient for stable data acquisition, resulting in failed
assessments. As demonstrated in Figure 15, at a wind speed of 5 m/s, the processed results
suggest extensive and severe debonding damage along both boundaries, even when the
actual damage is minor. This contradicts the actual conditions. In subsequent research, it is
recommended that a gimbal structure be developed to stabilize the LDV device, in order
to minimize the errors in optical path differences caused by attitude adjustments. This
approach is simpler and more efficient than developing complex algorithms. As a result, it
is not recommended to perform tests in windy weather now.

Figure 15. Comparison diagrams of SSD.

4. Conclusions

In this paper, based on previous research, an identification method of debonding
damage of HFSGCW based on a UAV-LDV system is proposed. The established system
enables UAVs to transport the LDV to high altitudes for operation rather than utilizing a
fixed LDV which works with the assistance of a UAV. It solves the previous problem of
relying on manual inspection for debonding damage, which was inefficient, costly, and risky.
The new assessment indicator (SSD) based on wavelet packet band energy decomposition
has the additional advantage of providing a visual representation of the precise location
of the damage, which is a superior feature compared to traditional indicators such as
first-order natural frequency. In addition, potential factors affecting the performance of
the UAV-LDV system were investigated, including the arrangement of measuring points,
measuring distance, noise level, and wind speed. The study demonstrated that a wider
distribution of measurement points and closer proximity of the UAV to the curtain wall
enhance the detection efficiency by increasing data density in assessment diagrams and
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reducing laser energy loss. The results demonstrate that despite the influence of ambient
noise and wind speed on the system performance, the system is still able to provide accurate
and reliable detection results under reasonable operating conditions. Compared with
traditional methods, the UAV-LDV system has significant advantages. Firstly, the system
is able to complete large-area inspection tasks in a shorter time, which greatly improves
inspection efficiency. Secondly, the system realizes non-contact detection, avoiding the
safety hazards in the traditional method. Finally, the SSD indicator is able to accurately
identify the damage location, providing more intuitive damage detection results.

The main innovations of the study include the introduction of a novel UAV-LDV
system for damage detection in Hidden Frame-Supported Glass Curtain Walls, the develop-
ment of a new SSD indicator that offers visualization benefits and outperforms conventional
indicators, the investigation of potential factors affecting the UAV-LDV system’s perfor-
mance, the conduction of an indoor full-scale experiment to examine the efficiency of the
novel approach and the provision of valuable guidelines for utilizing the UAV-LDV system
to inspect glass curtain walls.

The establishment of the UAV-LDV system provides a low-cost, remote method for
the early warning of HFSGCW, similar to the health monitoring of bridges and building
structures. The results of our study indicate that the proposed nine-point measuring
arrangement method should be adopted. It is inadvisable to utilize the UAV-LDV system
for the identification of damage in windy or noisy environments, given the potential for
a reduction in accuracy. In the future, we will further optimize the wind resistance of
the UAV-LDV system and methods to reduce noise interference and will integrate the
system with other technologies, such as incorporating machine learning methods to further
improve inspection accuracy and efficiency. Finally, more field tests will be conducted to
verify the stability and reliability of the system under different environmental conditions.
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Abstract: Earthquakes and floods in Albania are devastating, but combining these two different
hazards in terms of action on bridge structures may lead the bridge to collapse. This article presents
a seismic risk assessment of a code-conforming precast reinforced concrete bridge located in a region
prone to earthquakes and where local scour induced by floods is a significant concern. The seismic
action is considered using a group of ground motion accelerograms generated by matching the
accelerogram of the 29 November 2019 earthquake in Durres (M = 6.4), Albania, to the target response
spectrum. The scouring effects on the bents of the bridge are characterized by the scour depths. A set
of non-linear time-history analyses of the bridge are performed to assess the bridge’s performance.
The bridge fragility curves are generated and analyzed for multi-hazard scenarios at both element
and system levels for different flow discharge values and PGA levels. The result shows a low seismic
risk of the bridge with bearings when considering the local scour induced by flood events in the
seismic analysis due to their flexibility to adapt to changes in structure geometry and significant
foundation stiffness. This research also emphasizes the significance of choosing the right foundation
type and depth for bridges located in areas prone to local scour induced by floods.

Keywords: seismic and flood hazards; local scour; failure probabilities; fragility curves; damage
limit states

1. Introduction

Every nation relies on its infrastructure as a cornerstone, with bridges playing vital
roles in highway and railway transportation networks. Bridges are critical in supporting
first responders during the aftermath of destructive earthquakes and facilitating post-
disaster rescue operations, particularly in remote areas. Bridges are susceptible to various
natural hazards, including earthquakes, high winds, landslides, floods, and other hazards
like explosions and vehicle collisions at bridge bents and abutments. Studying the causes
that have led to damage up to the collapse of bridges throughout history, mainly under
strong seismic actions and flood-induced scours, has significantly improved design codes
and structural health monitoring techniques.

Combining two different natural hazards of earthquakes and floods in terms of action
on bridge structures may lead a bridge to collapse. Albania is identified as a region with
significant seismic activity resulting from the interaction of the Adriatic and Aegean Seas’
multiple tectonic plates and complex tectonic processes in the Carpathian region [1]. The
damage potential of active seismic faults has been evident in numerous earthquakes,
such as the 30 November 1967 earthquake measuring M = 6.6 in Dibra and Librazhd,
the 15 April 1979 earthquake measuring M = 6.9 in Montenegro, and the earthquakes
on 21 September and 26 November 2019, registering magnitudes of M = 5.8 and M = 6.4,
respectively, in Durres, Albania. Floods in Albania happen more frequently, and the
sum of the impact of every single one of them may cause a substantial loss. Bridge
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flood-induced scour is a significant concern in areas prone to earthquakes and can be
compounded by climate change. Hydraulic events are the primary cause of bridge failures
globally, with flood-induced scour representing a significant factor in hydraulic-related
failures [2]. Scouring results from the erosive force exerted by flowing water, which
removes and transports sediment from the streambed and banks and the surrounding
areas near the bents and abutments of the bridge [3]. As a result, the restraining conditions
of bents at the foundation may be modified. Consequently, the lateral capacity of bents
might decrease. This additional flexibility leads to varying dynamic characteristics of
the structure, which can exacerbate the detrimental impact of seismic ground motions on
structure performance [4].

Avşar (2009) [5] meticulously formulated a fragility analysis for road bridges in Turkey
built and constructed post-1990s, a crucial step in understanding their vulnerability. These
fragility curves address three levels of damage states (DS), primarily influenced by the
relative movement of the deck. In 2015, Yilmaz [6] conducted a comprehensive investigation
on two actual river-crossing highway bridges and two representative examples, providing
invaluable insights into regional multi-hazard scenarios, including earthquakes and floods,
across diverse regions in California. These bridges were built at varying points in time,
making the study’s findings even more significant. The study involved the generation of
fragility curves and surfaces in predicting the probability of bridge failures under different
levels of earthquakes and floods, a crucial tool for risk assessment.

European design codes currently lack guidelines to guarantee adequate bridge foun-
dations that are resistant to scouring and subjected to earthquake lateral loading. This gap
in our knowledge and practices is a call to action for all of us, as Eurocodes do not cover
the scour and flood effects approach in bridge foundation design. The Italian Code for
Construction (NTC 2018, 17 January 2018, 5.1.2.3) for new bridges suggests avoiding, where
possible, bents placed in the riverbed. If necessary, the distance between consecutive bents
or between a bent and bridge abutment must be at least 40 m measured perpendicular to
the mainstream [7]. Much research revolves around analyzing the risk and reliability of
bridges during specific extreme occurrences like earthquakes, storm surges, winds, floods,
and collisions, typically relying on proprietary computational models. Recent findings
underscore the reality that bridges are exposed to extreme events over their operational
duration. Albania faces multiple sources of hazards. Hence, it is imperative to reevaluate
the design criteria that have traditionally been formulated using a single-hazard approach.
Clarke and Obrin (2016) [8] implemented a stress testing approach focused on assessing the
combined risk posed to critical infrastructure networks by various severe hazard events,
including earthquakes, landslides, and floods, and to assess how effectively the entire
network can endure highly unlikely yet severe natural hazard events. This framework
offers a valuable tool for transport infrastructure owners and managers to address the
challenges posed by extreme natural hazards and enhance the resilience of transportation
networks. Crespi et al. (2020) [9] and Crespi et al. (2022) [10] emphasized the importance of
evaluating the impact of the corrosion effects caused by the carbonation phenomenon (for
three different levels) on the seismic performance of existing concrete and precast bridges.
The corrosion effects are applied by reducing the cross-section of steel rebars. The proposed
procedure identifies the first structural component reaching failure providing valuable
insights into retrofitting strategies.

Compared with current research on continuous concrete bridges, the study work
carried out by Wang et al. (2014) [11] shows that the multi-span, simply supported bridge
is more sensitive to flood hazards than a continuous concrete bridge. Also, both bridges
benefit from scouring due to longer modal periods. This paper suggests enhancing the
stiffness of foundations to mitigate the seismic risk of bridges with a scoured foundation,
which leads to the same conclusion as the results achieved by this study.

The aim of this work is to assess the bridge’s performance using a probabilistic-based
approach under multi-hazard scenarios involving seismic action and local scour induced
by floods to the bridge by utilizing fragility functions. This study examines how the bridge
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responds when facing the sequential and combined effect of local scour and an earthquake,
assessing its performance under these circumstances. Moreover, the study area is situated in
a region with a notably elevated annual likelihood of experiencing floods. Fragility analyses
are developed, and the probabilities of bridge failure considering different earthquake
levels and local scour depths are calculated. These tools are valuable for determining the
likelihood of bridge failure across various potential damage scenarios, correlating ground
motion intensity with local scour depths [12–14]. This article emphasizes the importance of
making bridges more resilient by adapting their structural capacities to the combined effect
of natural hazards compounded by climate change.

2. Methodology

A comprehensive multi-hazard framework is developed to evaluate the reliability
of a bridge situated in a region in Albania prone to seismic activity and flooding. This
framework aims to measure the risk confronting the bridge when affected by both earth-
quake activity and local scour simultaneously. At the outset, a case study is initiated, and
information is compiled from existing research sources. Subsequently, an FE model is built
using the collected information. In parallel, earthquake accelerograms are generated and
scour depths are calculated. Four damage limit states (DLS) are delineated, and fragility
curves for its components and the system are developed. The outcomes are depicted
through curves and surfaces of fragility function and risk evaluation, illustrating different
multi-hazard scenarios.

The methodology outlined below consists of six steps and is visually depicted in a
flowchart (Figure 1).

Figure 1. Framework for assessment of bridge under earthquake and flood hazards.

2.1. Case Study Bridge and Numerical Model

As a case study, a road bridge is considered for the bridge assessment under seismic
action and local scour. The bridge is situated in Urake, Diber and spans the Kurvajt River.
All the information is gathered from the original project and other studies, and an FEM
is built on CSIBridge v25.0.0. software considering time history accelerograms and scour
depths for different probabilities of exceedance.
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2.2. Engineering Demand Parameters

Defining damage limit states and aligning them with meaningful parameters for
evaluating bridge conditions is vital to ensure the reliability of analytical fragility curves.
These definitions, specific to various bridge components, are determined through the input
of experts, empirical data, or analytical models. The meticulous definition of damage limit
states plays a pivotal role in shaping the resulting fragility curves, making it a critical
element in the overall process of developing analytical fragility curves and surfaces. No
particular method establishes a direct correlation between the damage to the bridge and the
different damage states. Threshold limits for different component damage states have been
derived from earlier studies and are succinctly outlined in Table 1 for three Engineering
Demand Parameters (EDP).

Table 1. Damage threshold limits.

Component EDP Slight Moderate Extensive Complete

Bents Curvature ductility, μφ
≥1.0 and

<4.0
≥4.0 and

<8.0
≥8.0 and

<12.0 ≥12.0

Abutment Longitudinal deformation, Δa,long
[mm]

≥35 and
<55

≥55 and
<79

≥79 and
<276 ≥276

Elastomeric
bearings

Longitudinal deformation,
Δbearing [mm]

≥30 and
<60

≥60 and
<90

≥90 and
<120 ≥120

There is no indication of shear failure in any bents under the specific ground motions.
The evaluation of bridge bents is based on their capacity to withstand bending, with
curvature ductility μφ, to assess flexural damage. The threshold values for curvature
ductility are sourced from Ramanthan’s research (2012) [15] for post-1990 ductile columns.
For abutment damage, the longitudinal deformation is considered (Δa,long). Threshold
limits are taken from Stefanidou (2016) [16]. The condition of elastomeric bearings is
assessed according to their horizontal longitudinal deformation. For moderate damage and
complete failure, the threshold limits are established based on longitudinal deformation.
In particular, a moderate damage state is characterized by the initiation of sliding at the
interface between concrete and elastomer. At the same time, complete failure occurs
when the bridge superstructure becomes detached from the pads. The threshold limit
for extensive DS is computed by arithmetic mean between the thresholds associated with
moderate damage and complete state [6].

When any bridge element reaches or exceeds a DLS, the entire bridge system is
categorized into the same DS, regardless of the conditions of other bridge elements.

2.3. Intensity Measures (IM) and Flood and Earthquake Hazards

The expected strong and ground motion characteristics are delineated to generate
fragility curves derived from real accelerograms and spectrum-matching techniques. A
group of real earthquake accelerograms matched to the target response spectrum employing
the wavelets algorithm introduced by Al Atik and Abrahamson [17] are generated and
reflect seismic properties specific to the area of the bridge ensuring alignment with the soil
conditions prevalent in the locality. Spectral matching adjusts the selected time history
record to align with the target response spectrum. The spectrum functions as a reference
point as the produced accelerograms will undergo refinement to align with its response
spectrum. Eurocode 8 target response spectrum will be defined to produce the necessary
adjusted records for each seismic level (agR = 0.05 g, 0.10 g, 0.20 g, and up to 0.5 g).

The impact of scouring on the bridge will be assessed based on the depths of the scour.
Various equations have been proposed to forecast local scour depth under different riverbed
conditions. Drawing from model-scale experiments, two commonly utilized equations are
tailored for sand and clay bed streams. Since sand is the most susceptible to erosion, this
study will concentrate on a bridge in a sand-bed stream.
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This study addresses scour, which arises from the erosive impact of the river, by
assessing the maximum depth of local scour induced by floods at the bent and abutment
foundations. Scour can manifest in three forms: long-term riverbed degradation, local scour
at bents and abutments foundations, and contraction scour at the bridge [3]. This study
primarily examines the scouring of bents and abutment foundations caused by flowing
water. The scour depths (ys) at bents and abutments are determined with the expression of
HEC-18 [3]:

ys

a
= 2.0·K1·K2·K3·

(y1

a

)0.35·Fr0.43
1 (1)

Correction factor K1 accounts for the nose shape of the bents, K2 accounts for the angle
of the flow direction, and K3 accounts for the riverbed condition, y1 is the flow depth, a is
the width of the bent, and Fr1 is the number of Froude. The equation provided is suitable
for assessing local bent scour for a live bed and clear water. However, for this particular
case study, the focus is on evaluating live-bed bent scour. Bridge scour depths calculated
from Expression (1) will be incorporated into finite element analyses.

2.4. Analysis of Numerical Model

A 3D FEM was developed on CSIBridge v25.0.0 software using data related to bridge
dimensions and materials gathered from the original project.

2.5. Damage Assessment

The damage assessment for the selected bridge components is conducted for each
earthquake and scour scenario.

2.6. Fragility Curves and Surfaces Development

In the case of the studied bridge, each point along the fragility curve indicates the
probability of achieving/surpassing a specific damage threshold due to seismic action at
various scour depths. IM represents this motion on the fragility curve.

2.6.1. Fragility Curves at the Component Level

A two-parameter log-normal distribution (log-ND) characterizes the seismic fragility
curve and is defined as follows [18]:

F
(

xj; θk, βk
)
= Φ

(
ln
(

xj/θk
)

βk

)
(2)

The function of fragility function F(xj;θk,βk) gives the probability of a seismic action
with IM (PGA) = xj will lead to bridge element failure at DS k (slight, moderate, major,
and complete). The function Φ( ) represents the cumulative distribution (CDF) with
fragility parameters, θk (median) and βk (standard deviation), of the log-ND at damage
state k, respectively. Given the logical presumption that xj for each seismic level operates
independently, the fragility parameters are evaluated with the maximum likelihood method
for truncated incremental dynamic analysis (IDA) [12]:

L =

(
m

∏
j=1

Φ

(
ln
(

xj/θk
)

βk

))(
1 − Φ

(
ln(xmax/θk)

βk

))n−m
(3)

For n seismic levels used, there will be m seismic levels that cause failure at xj levels
less than xmax, and n−m seismic levels that result in failure prior to the termination of the
analyses.

2.6.2. System-Level Fragility Curves

The overall damage condition of the bridge, under a particular seismic level and scour
depth induced by flood events, is established by pinpointing the most severe damage
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across all critical bridge elements. The parameters that characterize the fragility curve at
the system level are computed utilizing the maximum likelihood approach.

2.6.3. Fragility Surfaces

Fragility surfaces illustrate the cumulative impact of seismic action in the presence
of local scour on the likelihood of bridge failure across different damage states. Statistical
independence is assumed among random variables of the intensity measures, which
depict flood and earthquake hazards. The joint CDF of seismic action and local scour
induced by flood yields the structural failure probability in a combined-effect scenario.
Fragility surfaces are derived using the maximum likelihood method of bivariate log-
normal distribution.

L =

(
m

∏
j=1

F
(

x1,j,x2,j; θ1,k, θ2,k, β1,k, β2,k
))(

1 − F
(

x1,j,x2,j; θ1,k, θ2,k, β1,k, β2,k
))n−m (4)

In this expression, the random variables of x1,j and x2,j denote peak ground acceleration
and the annual peak flow discharge, respectively. The values of medians θ1,k and θ2,k and
log-standard deviations β1,k and β2,k are given for damage state k. The bivariate log-
normal distribution’s probability density function is derived using the Jacobian of the
transformation and can be articulated as follows:

f
(

x1,j,x2,j; θ1,k, θ2,k, β1,k, β2,k
)
=

1
2πx1,jx2,jβ1,kβ2,k

exp

⎛
⎜⎜⎜⎝−

(
ln(x1,j/θ1,k)

β1,k

)2
+

(
ln(x2,j/θ2,k)

β2,k

)2

2

⎞
⎟⎟⎟⎠ (5)

2.7. Risk Evaluation

The expected risk associated with earthquake and flood hazards concerning the
bridge is delineated through risk curves. These curves present the annual probabilities
of exceedance across different types of bridge rehabilitation expenses within the multiple
impacts of seismic action and local scour induced by flood context. In the multi-hazard
scenario denoted as m, the bridge rehabilitation cost for repair or replacement, designated
as CRPm, is explicitly defined as follows [19]:

CRPm =
4

∑
1

pm(DS = k|am, dm)Cnrk (6)

The probability pm(DS=k|am, dm) signifies the likelihood for which the examined
structure can endure DS k given seismic level am (PGA), derived from the bridge’s fragility
data, occurring alongside local scour dm. Cn denotes the replacement cost of the bridge.
The values of damage ratios, rk, associated with damage k, as outlined in Table 2 and
recommended in HAZUS (2022) [20], are employed.

Table 2. Different damage ratios of bridge element.

Definition of Damage State Optimal Damage Ratio

DS1 (Slight) 0.03
DS2 (Moderate) 0.08
DS3 (Extensive) 0.25
DS4 (Complete) 0.33 *

* When the number of spans surpasses two, the optimal estimate for complete damage ratio is determined as
[2 divided by the total number of spans]. For the specific bridge under examination, this equates to 2/6 spans,
resulting in 0.33.
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In this research, the cost of repairing the bridge is determined in relation to its replace-
ment value, with the damage ratio serving as the proportionality factor.

3. Case Study

Most Albanian bridges have short spans consisting of simply supported single-span
or multiple-span with reinforced concrete or precast pre-stressed girders. This bridge
class is of interest to assess the vulnerability and estimate the performance. Most of them
are supported by pile foundations, offering protection against additional seismic action
stemming from local scour induced by floods. Nevertheless, local scour can amplify
the fragility of bridges, particularly at slight and moderate DS, as scouring adversely
affects elements of the bridge superstructure. These insights will streamline bridge design
considerations within the specified effect of combining earthquake and flood hazards.

3.1. Study Bridge

The bridge is on the segment of the “Urake—Ura e Shoshajve” road, crosses the Kurvajt
River, and has six simply supported spans. The bridge was built in 2013, and drawings
and details are given in Figure 2. The length of the bridge is 178.65 m. The foundation of
the bridge is on a fine sandy layer. The bridge’s superstructure is constructed from precast
post-stressed concrete I-girders and reinforced concrete slab connected monolithically
with girders. The bridge’s superstructure relies on elastomeric bearings to support its I-
girders. Each bridge bent consists of two reinforced concrete columns, each with a diameter
of 1.50 m, interconnected with a monolithic bent cap. All bents exhibit identical cross-
sectional dimensions and material characteristics. Each group of bents is supported by a set
of reinforced concrete piles, each with a diameter of 1.2 m, capped with reinforced concrete
pile caps. Expansion joints are installed at abutments and bents numbers 2 and 4 of the
bridge. These joints create a separation of 50 mm within the bridge structure.

(I) 

Figure 2. Cont.
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(II) (III) 

Figure 2. Bridge details: (I) plan and longitudinal view; (II) cross-section of bents and piles; (III) cross-
section of bridge at bent.

3.2. Flood and Earthquake Hazards
3.2.1. Earthquake Hazard

In conducting this study, the earthquake hazard is evaluated by referring to the seismic
hazard map of Albania (PGA, 10% probability of exceedance in 50 years, and VS30 site
condition of 800 m/s) [21], which provides information about peak ground acceleration for
a 475-year RP and ground motion of the 26 November 2019 earthquake in Durres, Albania.
The time history analysis focuses on the horizontal orthogonal directions of the earthquake.
The bents are not subjected to high bending moments due to vertical permanent loads of
superstructure, and so the vertical component of seismic action is not considered [22]. The
time history acceleration chosen from a location near the bridge site is adjusted to align
with the response spectrum outlined in Eurocode 8-1 [23], and the matched records for each
seismic level (agR = 0.05 g, 0.10 g, 0.20 g, and up to 0.5 g) are generated. The defined target
spectrum is Type 1 of the horizontal elastic response spectrum with a damping ratio of 5%
and C-ground type. The importance factor for the bridge is equal to γI = 1.0 (importance
class II, average importance).

Seven monitoring stations (www.geo.edu.al (accessed on 8 January 2024)) detected a
significant earthquake on 26 November 2019 (M = 6.4), spanning an epicentral distance
range of 15 to 130 km [24]. Figure 3 illustrates the recorded ground motions in Tirana,
displaying both the (N-S) and (E-W) directions (accelerometric station TIR1, 33.7 km
from the epicenter). As shown in Figure 3, the horizontal peak ground acceleration is
approximately 0.12 g, and in Durres, near the epicenter, this value was approximately
0.2 g [25].
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(a) Direction in East West (b) Direction in North South 

 
(c) Elastic spectrum in East West (d) Elastic spectrum in North South 

Figure 3. Accelerograms and elastic spectra obtained from the earthquake that took place on Novem-
ber 26 (M = 6.4), 2019, as observed by the accelerometric station located in Tirana.

3.2.2. Flood Hazard

Table 3 presents the peak flow discharges observed at the bridge site for flood events
characterized by different annual exceedance probabilities [26]. The annual peak discharge
data are obtained from original studies of the project.

Table 3. Local scour depths at bent foundations.

Flood Probability of Exceedance 1% 2% 5% 10% 20%

Q [m3/s] 661 595 528 463 397

Scour depth (ys),
[m]

Bent No. 1 3.48 2.94 2.59 2.32 2.12
Bent No. 2 3.40 2.86 2.51 2.24 2.03
Bent No. 3 3.54 2.99 2.64 2.37 2.18
Bent No. 4 3.62 3.07 2.72 2.45 2.27
Bent No. 5 3.53 2.99 2.42 2.12 1.91

3.2.3. Local Scour at Bents Foundations Induced by Flood

In conducting an assessment of the multiple impacts of the case study bridge, flood
occurrences for annual probabilities of exceedance of 20%, 10%, 5%, 2%, and 1% are studied.
Bridge bent foundation scour depths, denoted as ys, are estimated using Equation (1).
Table 3 gives the resulting values at all bent foundations. The slopes on both abutments
have river protection, and no local scour is expected.

3.3. FE Modeling of Elements

The structure of the bridge is analyzed using CSIBridge v25.0.0 software. The effec-
tiveness of the analytical model for the bridge relies on its elements’ functionality and
interconnectivity. The FE model of the bridge shown in Figure 4 includes some assumptions
and idealization, as described below. Characteristic values of materials are used as given
in the project details. Concrete class C30/37 is used for reinforced concrete components
and C45/55 for precast girders. The increment of existing concrete strength due to the

193



Appl. Sci. 2024, 14, 5174

aging of concrete is not considered. The steel class of B500C is used for reinforcing rebars.
In the seismic analysis, the permanent masses of self-weight of structural elements, wear-
ing surfaces, sidewalks, and barriers are considered, and the moving loads are excluded
(EN1998-2) [22]. Also, referring to the research works carried out by Pietro et al. (2020,
2022) [9,10], the bridge is visually inspected, and it is concluded that the reinforced concrete
elements and precast girders have adequate concrete cover and no exposed steel rebars are
observed. So, the influence of corrosion induced by the carbonation phenomenon is not
considered in the analysis.

 
Figure 4. 3D FE model of bridge built in CSIBridge v25.0.0 Software.

3.3.1. Superstructure

The superstructure comprises a composite section incorporating a cast-in-place re-
inforced concrete slab and precast post-tensioned girders, synergistically operating as a
unified entity. The superstructure is anticipated to maintain its elasticity and remain un-
damaged during seismic events. The girders are linked to bent caps or abutments through
spring elements. The modulus of elasticity of concrete is estimated according to Section 3.1
of EN 1992-1-1:2004 [27]. For the composite section of the superstructure, no stiffness
reduction is applied. An ideal bond between steel rebars and concrete, ensuring that the
structural components retain their planar configuration following the application of loads,
is considered.

3.3.2. Bents

The bridge bents are made up of columns and cap beams. The orientation of the
bents’ strong axes aligns with the bent’s transverse direction, attributed to the stiffness
contributed by the cap beam with multiple column bents. Finite element discretization-
based displacement is employed to perform nonlinear modeling of both bents and cap
beams. The concrete material model proposed by Mander et al. (1988) [28] is utilized to
define the stress–strain relations for unconfined and confined sections, shown in Figure 5.

Figure 5. Material stress–strain plot for unconfined and confined concrete.
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3.3.3. Abutments

The abutments interact with the earthfill behind the back wall. Therefore, soil structure
is considered in abutment modeling. The space between the abutment wall and girders
is represented utilizing elastic-perfectly plastic gap components. The backfill soil on the
abutment wall is modeled as suggested by Caltrans (2013) [29], and for dynamic loading,
the passive pressure will be raised by 50%. The abutment resistance in the bridge axis
direction does not incorporate the influence of active soil pressure. Therefore, in the active
direction, piles are the only resisting components. Spring elements are arranged in parallel
along the bridge axis direction. The stiffness of the abutment wall is calculated using
Equation (7).

Kabut = Ki·w·
(

h
1.7

)
(7)

Given the parameters, w represents the width and h signifies the height of the backwall.
The backfill soil stiffness is taken as Ki = 14.35 kN/mm/m as proposed by Caltrans. The
maximum passive pressure of 239 kPa given by Caltrans is increased by 50%, and 368 kPa
of soil pressure is utilized for dynamic and earthquake loads. This pressure is utilized to
calculate the passive pressure force opposing movement at the abutment:

Fabut =

(
h2·w·360

1.7

)
(8)

3.3.4. Elastomeric Bearings

Under each precast post-tensioned girder of the superstructure, elastomeric bearings
have been positioned and are considered free to move. The schematic models of the bridge
components are shown in Figure 6. The horizontal stiffness of the elastomeric bearings
is significantly lower when compared to the adjacent substructure and superstructure.
In both horizontal directions, the elastomeric bearings demonstrate a behavior that can
be accurately described using non-linear elements (elastic-perfectly plastic model). At
the same time, the yield force aligns with the frictional force that arises at the interface
between the concrete surface and the bearings. The bridge elastomeric bearings have a
shear modulus of Gbearing = 0.90 N/mm2 with a friction coefficient set at 0.4 [30]. For
this type of bridge, bearings are deemed sacrificial components, requiring inspection for
damage and subsequent replacement in the aftermath of a significant seismic event.

  
1 and 2. Longitudinal and transverse directions of abutment springs. 
3 and 4. Longitudinal and transverse directions of elastomeric bearing. 
5. Abutment back wall or bent cap with a gap property. 
6. Complete restraint except for unrestricted movement in the transverse direction. 

(a) Abutment (b) Bent cap 

Figure 6. Analytical model of the bridge components: (a) modeling of abutment; (b) modeling of
bent cap (schematic model referring to details in original drawings).
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3.3.5. Pounding Elements

Pounded elements are utilized to simulate the collision among neighboring bridge
superstructures or the bridge superstructure and the wall of abutments and piers in the
bridge axis direction. For the lateral direction, pounding arises as the superstructure
interacts with the concrete shear keys. The space distances for the pounding elements
in both directions are set at 50 mm. Figure 7 illustrates the possible pounding location
considered in the FE model analytically, taking into account the bridge’s amplified response
due to the potential impact of structural elements (e.g., slab and back wall of abutment).

 

Figure 7. Pounding location at the abutment under seismic actions (schematic model referring to the
original drawings used in the FE model).

3.3.6. Foundations

The connection points between the soil and structure are depicted using a collection
of non-linear soil springs distributed along the foundation piles and modeled using p-y
spring elements for both horizontal directions. In contrast, the pile’s bottoms are fixed.

3.4. Non-Linear Time History Analysis

The bridge undergoes nonlinear time history analyses to assess its behavior under the
ground motions generated as described above for different seismic levels by matching the
real accelerogram of the Durres earthquake of Mw 6.4 to the target response spectrum with
different seismic levels of Eurocode 8, as presented in Appendix A.

4. Results

In this paper, a multi-span, simply supported concrete girder bridge, which is the most
common bridge type in Albania, is analyzed. The bridge is modeled with finite elements
in CSIBridge v25.0.0 software and considers soil–structure interactions for different local
scour depths and seismic levels. Then, the fragility curves are generated by utilizing the
gathered analysis output data for the key elements.

4.1. Modal Analysis of Bridge

The bridge is analyzed in its original state. Figure 8 illustrates the fundamental mode
shapes in the actual condition. Table 4 gives the fundamental modal periods for all levels
of flood probabilities of exceedance. The permanent masses of self-weight of structural
elements, wearing surfaces, sidewalks, and barriers are considered. The bridge is assessed
with normal traffic, and the quasi-permanent values of variable actions are taken to be
equal to zero.
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(a) Long., T1 = 0.955 s. (b) Long., T2 = 0.902 s. 

  
(c) Long., T3 = 0.894 s. (b) Tors., T4 = 0.853 s. 

Figure 8. Fundamental periods of bridge.

Table 4. Fundamental modal periods.

Flood Probability of
Exceedance

No Flood 1% 2% 5% 10% 20%

Maximum Bent Scour [m] - 3.62 3.07 2.72 2.45 2.27

First mode (long.) [s.] 0.955 0.975 0.970 0.967 0.966 0.966
Second mode (long.) [s.] 0.902 0.915 0.912 0.910 0.909 0.908
Third mode (long.) [s.] 0.894 0.904 0.901 0.900 0.899 0.898

Fourth mode (transv.) [s.] 0.853 0.854 0.854 0.854 0.854 0.853

Figure 8 shows that the bridge is dominated by a fundamental mode of vibration in
the longitudinal direction due to the smaller stiffness of bent columns in this axis.

As the local scour depths increase, the modal periods also exhibit a corresponding
slight increase. The pile foundations of the bridge have larger stiffness values than the
bent columns, and the vibration modes show low sensitivity to increasing the local scour
depths.

4.2. Generation of Fragility
4.2.1. Element-Level Fragility

Critical elements of the structure are subjected to seismic assessments at various
depths of local scour to develop fragility curves, utilizing specific engineering demand
parameters. Bents, abutments, and bearings are recognized as elements with a high
damage potential. The threshold limits specified in Table 1 are utilized to compare the
structural response of elements, aiding in determining the damage states of the bridge.
The results of non-linear response history analyses, conducted under the influence of
generated accelerograms at various seismic levels, are utilized to develop fragility curves
at the element level. The maximum structural response for each ground motion of the
bridge element is determined by identifying the absolute maximum from the response non-
linear time history analysis for each ground motion, considering the relevant engineering
demand parameters. In this research work, truncated incremental dynamic analysis is
performed only up to the maximum intensity measure IMmax = 0.5 g, above which no
further analyses are performed [12]. In the analysis of the bridge, n = 10 ground motions
were applied, among which m motions led to collapse at IM (xj) values less than IMmax
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(xmax). Meanwhile, the remaining n − m ground motions did not result in collapse before
the end of the analysis. The given data are assessed using the maximum likelihood method.
Equation (9) provides the mathematical expression for estimating the fragility function
parameters for a specific damage limit state.

{
θ̂k, β̂k

}
= argmaxθ,β

m

∑
j=1

{
ln Φ

(
ln
(

xj/θk
)

βk

)}
+ (n − m) ln

{
1 − Φ

(
ln(xmax/θk)

βk

)}
(9)

Figure 9 illustrates the fragility curves of structural elements at different local scour
depths. The parameters, including median and log-normal values, are provided in these
figures.

 
(a) (b) 

 

 

(c)  

Figure 9. Element-level fragility curve: (a) flexural damage of bent at complete state, (b) deformation
of abutment wall, and (c) deformation of elastomeric bearing at longitudinal direction.

This figure highlights that bents are the sole elements of the bridge affected by seismic
activity, regardless of the local scour depths, which could potentially lead to complete
collapse. Variations in the fragility of the element are noted in the scenario without local
scour compared to bents with varying scour depths at different flood hazard levels. The
heightened bents with scour depths enhance the flexibility of bridge bents, consequently
decreasing vulnerability to seismic actions in this bridge’s case.

4.2.2. System-Level Fragility Curves

If a damage threshold is reached or exceeded by any individual part of the bridge,
the entire structure is deemed to be in the same DS, irrespective of the conditions of other
bridge elements. Figure 10 illustrates the bridge’s system-level fragility curves. Bent
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damage determines the complete damage state, while elastomeric bearings and abutments
influence the extensive, moderate, and slight states. Additionally, increased local scour
depth induced by flood events does not alter bridge seismic fragility.

Figure 10. Fragility curves of bridge at the system level.

This paper emphasizes the importance of providing proper foundation stiffness and
depth to reduce the possibility of bridge failure due to local scour induced by flood events
in areas prone to earthquakes.

4.2.3. Fragility Surfaces

Figure 11 shows the fragility surfaces of the multiple impacts of seismic actions and
floods treated as statistically independent random variables. The fragility surfaces are
generated using the parameters outlined in Table 5 and mathematically estimated according
to Equation (4). The formation of the fragility surface occurs exclusively when there is
slight damage. Conversely, in the remaining three DS, no changes in the θ values of fragility
curves are noted with increasing local scour depths induced by flood events. Consequently,
the surfaces at these three DS extend linearly and represent the intensity measure of floods,
following the respective fragility curves.

Figure 11. Fragility surface of bridge at slight DS.

Table 5. Values of θ and β at DS k.

Damage State θ1,k θ2,k β1,k β2,k

Slight 0.295 0.025 0.56 1.15

The slight DS has notably small values of θ of flood hazard. This suggests a mini-
mal impact of the multiple impacts of seismic actions and local scour induced by floods.
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The fragility analysis developed at the same damage conditions further supports this
observation, demonstrating only small variations in bridge fragility characteristics.

4.3. Risk Evaluation

The average cost per unit area for construction of a new bridge of this type is
1150 Euro/m2. This is the average cost of constructing bridges at current prices for the
same type of structure. Also, the real cost of the bridge built in 2013 is used as a reference.
Figure 12 shows the risk curve for multi-hazard scenarios. The risk curve is generated
using the information gathered from the fragility surface and curves and seismic hazard
curves.

Figure 12. Seismic risk curves of bridge.

In the case of the study bridge, there is no noticeable shift in the bridge risk curve as
the local scour depth induced by floods increases. This lack of change is expected, as the
bridge’s seismic fragility displays minimal sensitivity to scour induced by floods. In the
case of slight DS, minor changes in the fragility curves of the bridge are noted for different
scour depths. However, these changes are deemed insufficient to significantly alter the
overall bridge risk curve.

5. Discussion

The presence of local scour induced by flood events can heighten the vulnerability
of bridges imposed by later loads, such as that caused by an earthquake. Conversely,
bridge flexibility might increase and help reduce earthquake load. However, the design
philosophy and criteria used in the project could influence the overall safety of the bridge
in scenarios involving local scour caused by flood hazards. In the last decade, several
bridges in Albania, similar to the bridge under study, have had their foundations with piles
uncovered by several meters due to the increase in flood events and, therefore, the increase
in the risk of local scour. This situation significantly affects the structural stability of the
bridge by causing a loss of lateral support at the foundations. Therefore, assessing the
performance of the bridge for different local scour depths resulting from various annual
peak flow discharges is crucial.

The results show that the fundamental periods of the bridge do not increase signif-
icantly with the scour depth, and this is due to the considerable stiffness of piles. The
fragility curves of the study bridge for element and overall system levels, developed for
multi-hazard scenarios, exhibit minor sensitivity to regional flood hazards. The bridge
collapse is governed by the flexural failure of the bent (comprised of two columns each)
due to seismic actions regardless of the local scour depths. A similar observation is also
made by analyzing the graph of surface fragility and seismic curves. Also, the bridge is
outfitted with elastomeric bearings, demonstrating reduced vulnerability to the harmful
consequences of local scour. This is due to the damping characteristics and flexibility

200



Appl. Sci. 2024, 14, 5174

inherent in elastomeric materials. Additionally, the elastomeric bearings allow for greater
adaptability to variations in load and movement. However, the increase in the local scour
depth increases the probability of unseating the bridge superstructure in strong seismic
activity.

The results are summarized as follows:

• The multi-span simply supported concrete bridge comprising elastomeric bearings
and stiff foundations has low sensitivity to flood hazards.

• The seismic risk of a scoured bridge can be reduced by increasing the stiffness and
depth of the foundations.

This study increases the attention of research communities and government agencies
for the importance of studying bridges in areas prone to local scour induced by floods
and earthquakes, which can be compounded by climate change. It will also serve as a
basis for future research on implementing comprehensive bridge design that accounts for
the potential impacts of earthquakes and changing climate conditions in multi-hazard
scenarios, including the increased frequency and intensity of extreme weather events.
Further research should focus on the impact of local scour induced by flood events on the
seismic risk of these bridges (i.e., supported single or multi-span concrete bridges) and
compare them with integral or continuous bridges. For the same type of bridge, the impact
of foundation types on the bridge fragility will be of interest. It should also compare the
components of the bridge that affect their functionality.
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Appendix A

Generated accelerograms used in time history analysis.

  
(a) Matched accelerogram for ag = 0.05 g (b) Matched accelerogram for ag = 0.10 g 

Figure A1. Cont.
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(c) Matched accelerogram for ag = 0.15 g (d) Matched accelerogram for ag = 0.20 g 

  
(e) Matched accelerogram for ag = 0.25 g (f) Matched accelerogram for ag = 0.30 g 

(g) Matched accelerogram for ag = 0.35 g (h) Matched accelerogram for ag = 0.40 g 

  
(i) Matched accelerogram for ag = 0.45 g (j) Matched accelerogram for ag = 0.50 g 

Figure A1. Matched acceleration time histories.
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