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High-fidelity analysis of service life extension for steel beam bridges retrofitted 
with external adaptive tensioning systems

Dshamil Efingera, Khairina A. Cannyb, Martin Dazera, Lucio Blandinib and Gennaro Senatoreb 

aInstitute of Machine Components (IMA), University of Stuttgart, Stuttgart, Germany; bInstitute for Lightweight Structures and Conceptual 
Design (ILEK), University of Stuttgart, Stuttgart, Germany 

ABSTRACT 
This study investigates the use of External Adaptive Tensioning (EAT) systems as a retrofit strategy to 
reduce the structural response and fatigue damage in steel bridges. A high-fidelity three-dimensional 
model, including detailed welded-joint sub-models, is combined with the Active System Utilisation 
(ASU) metric to account for actuator reliability and fallback configurations. Results show that EAT 
reduces the stress response by up to 66% relative to the unretrofitted condition and achieves near- 
zero fatigue damage at critical welded details under representative traffic loading. Even with partial 
downtime (ASU < 1), EAT provides substantial gains in remaining service life compared with passive 
external post-tensioning. These findings demonstrate the structural benefits of retrofitting with active 
components and establish a computational framework for evaluating fatigue and reliability effects in 
actively controlled bridge systems.
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1. Introduction

The growing global demand for bridge retrofitting is pri
marily driven by ageing infrastructure. In many countries, 
approximately 40–50% of bridges have exceeded their 
intended service life of 50 years (Frangopol & Kim, 2022). 
Ageing structures face challenges including corrosion- 
induced material deterioration (Li et al., 2025), increased 
loads beyond original design assumptions (Kalkowsky 
et al., 2024), and fatigue damage from repeated stress 
cycles (Eberle & Oberguggenberger, 2023). Many older 
bridges also fail to meet modern safety and functionality 
standards. Environmental factors such as harsh weather 
and de-icing salts accelerate degradation, while detecting 
hidden damage requires advanced inspection technologies 
(Yoon et al., 2022). These issues pose significant safety 
and economic risks, highlighting the urgency for innova
tive retrofitting, reliable monitoring, and predictive main
tenance to sustain critical infrastructure (van Dinter 
et al., 2022). Fatigue is a particularly critical concern for 
steel bridges, arising from repetitive loading by traffic, 
wind, and environmental effects (Du et al., 2024). Welded 
and bolted connections, as well as stress concentration 
zones like joints and stiffeners, are especially susceptible 
(Bertolesi et al., 2021). If unaddressed, fatigue can lead to 
catastrophic failures, threatening safety and transport 
continuity (Wu et al., 2018). Effective monitoring, main
tenance, and retrofitting strategies are essential to miti
gate fatigue-related deterioration and extend service life.

Conventional retrofit methods for steel bridges typically 
involve adding materials or elements to restore or enhance 
capacity (Fatemi et al., 2011), including external post-ten
sioning, steel plate bonding, and composite reinforcements 
(Zhang et al., 2021). While effective against issues such as 
settlement, cracking, or construction defects, these 
approaches have limitations. Steel plates and jacketing may 
improve strength yet fail to mitigate fatigue or corrosion, 
particularly in chloride-rich environments, and can obscure 
existing damage, complicating inspections (Soliman & 
Frangopol, 2015). Their effectiveness is generally constrained 
under unforeseen loading and heavily reliant on timely 
damage detection (Avci et al., 2021). Moreover, adding or 
replacing structural components can introduce unintended 
stress concentrations that exacerbate existing weaknesses 
(Delzendeh Moghadam et al., 2024). Heavy reinforcements 
may alter stress distributions, creating new failure points (R. 
Wang, Leander, et al., 2023). For example, retrofitting in a 
Mississippi River bridge accelerated fatigue crack propaga
tion, leading to a deck beam failure (Horgan, 2021). A more 
critical case was the 1996 collapse of the Koror–Babeldaob 
Bridge in Palau, caused by a retrofit that removed the cen
tral hinge and added post-tensioned continuity, imposing 
concentrated compressive forces on an under-reinforced top 
flange (Burgoyne & Scantlebury, 1996). This intervention 
transformed a stable hinged system into a statically indeter
minate structure, where stress redistribution and progressive 
delamination led to loss of composite action and ultimate 
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shear failure within weeks (Ba�zant et al., 2012). This case 
highlights that inadequate understanding of existing stresses 
and material degradation can turn a retrofit into a source of 
failure rather than repair.

Alternative strategies include passive, semi-active, and 
active control systems. Passive devices such as viscous, fric
tion, and metallic dampers are installed in bracing or key 
connections to dissipate energy (Tell et al., 2021). Buckling- 
restrained braces (BRBs) improve ductility under cyclic 
loads (Wei et al., 2019), while tuned mass dampers (TMDs) 
and slosh tanks mitigate wind and seismic vibrations by 
transferring energy from the primary structure (Møller 
et al., 2019). Recent developments, such as tuned mass 
damper inerters (TMDIs) (B. Chen et al., 2022) and spe
cially configured viscous dampers (C. Yang et al., 2024), 
offer enhanced performance over a broader excitation range, 
bridging the gap between traditional passive and more adap
tive systems, yet still lack real-time adjustability. Semi-active 
devices adjust stiffness and damping properties in real time, 
acting as programmable passive systems (Gkatzogias & 
Kappos, 2016). Deployments like magnetorheological (MR) 
bearings on the Dongting Lake Bridge reduced stress ranges 
by about 25%, delaying fatigue initiation (Z. Q. Chen et al., 
2003). Variable stiffness bearings similarly enhance vibration 
control and load redistribution by dynamically adapting to 
loads (Cao et al., 2022). Adjustable joints in buildings and 
bridges have also demonstrated substantial vibration mitiga
tion under varied scenarios (Q. Wang et al., 2021). 
Nonetheless, under extreme events such as strong earth
quakes, severe winds, or heavy overloading, passive and 
semi-active systems may provide insufficient protection, 
given their limited adaptability to changing loads or evolv
ing structural conditions and their tendency to impose local
ised force demands that require careful detailing (Banerjee 
et al., 2025; Saeed et al., 2023).

Active control strategies surpass passive approaches by 
employing feedback systems that adapt in real time. Recent 
applications include aerodynamic flaps to suppress wind- 
induced flutter in long-span bridges (Z. Wang, Zhao, et al., 
2023) and active tuned mass dampers (ATMDs) to control 
vortex-induced vibrations (Dai et al., 2022), illustrating 
active systems’ superior adaptability. Integrated structure- 
control designs have achieved significant reductions in mass 
and embodied carbon for high-rise buildings (Senatore 
et al., 2025) and long-span floor slabs (Reksowardojo et al., 
2024a) relative to optimised passive solutions. By actively 
adjusting the response of the structure, actuators lessen reli
ance on material-based stiffness and strength. Topology- 
optimised adaptive structures achieve exceptional material 
efficiency while meeting strength and serviceability require
ments – outcomes unattainable without adaptivity (Senatore 
& Wang, 2024). This approach leverages modest operational 
energy, deployed selectively during critical events, optimis
ing total energy demands encompassing both embodied and 
operational shares (Reksowardojo & Senatore, 2023).

External post-tensioning has long been applied to miti
gate structural damage in beam bridges by introducing com
pressive forces through high-strength tendons. While 

effective in enhancing load capacity and extending service 
life, these conventional approaches lack adaptivity, often 
failing to address localised deterioration under evolving load 
demands or material degradation (Alsharari et al., 2021). In 
contrast, External Adaptive Tensioning (EAT) systems inte
grate under-deck cables guided by linear actuators that 
dynamically adjust to reduce displacements and redistribute 
stress. Previous numerical investigations into EAT systems 
have demonstrated their potential to enhance the global 
dynamic performance of bridges. Reksowardojo et al. 
(Reksowardojo et al., 2024b) formulated a computational 
methodology for the design and control of single-span high- 
speed railway bridges equipped with EAT, employing a sim
plified two-dimensional representation to evaluate dynamic 
performance and control effectiveness. The study demon
strated that EAT can effectively suppress resonance at criti
cal train–bridge velocities, maintaining mid-span deflections 
within serviceability limits. A complementary parametric 
investigation across different span lengths (20, 30, and 40 m) 
further showed that EAT can enable longer spans and 
lighter superstructures, with the largest mass reduction of 
about 32% achieved for the 40 m span compared with the 
equivalent passive design.

Dakova et al. (2023) proposed a model-predictive-control 
strategy for EAT using a simplified two-dimensional model 
of a simply supported 40 m steel railway bridge with three 
actuated under-deck struts. Simulations under Eurocode 1 
(CEN, 2003) train loading showed that EAT reduced vibra
tion amplitudes by up to 65%, corresponding to an effective 
� 50% increase in damping, while keeping actuator forces 
within practical limits (� 200–285 kN). Using the same 
40 m single span bridge model, Zeller et al. (2023) developed 
a state- and disturbance-estimation framework for EAT- 
equipped railway bridges. Closed-loop simulations combin
ing an augmented Kalman filter with LQR control showed 
that EAT reduced vibration amplitudes by up to 53% using 
estimated states, confirming that accurate online estimation 
can enable effective real-time control and enhanced damp
ing performance without requiring full-state measurements. 
Canny et al. (2025) applied EAT to an existing prestressed- 
concrete bridge to recover long-term prestress losses and 
reduce service-load effects. Using a two-dimensional finite- 
element model, they found that EAT restored near-original 
tendon forces, reducing peak bending moments local stress 
ranges in the deck and anchor zones by about 20% relative 
to the unretrofitted condition. The study focused on static 
performance recovery and did not address dynamic, fatigue, 
or reliability aspects. Generally, prior work has shown that 
while well-designed actuation reduces global stresses, local
ised stress increases may arise near actuator connections, 
necessitating more detailed analyses to prevent unintended 
damage (Efinger et al., 2022).

2. New contribution

Previous investigations into EAT systems have focused pri
marily on idealised or newly designed bridges, without 
assessing their use as retrofitting strategies for existing 
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structures. None of these studies considered weld/stiffener 
details or actuator–structure interfaces to quantify potential 
service-life extension through fatigue-damage reduction, nor 
did they consider system reliability, as continuous, failure- 
free operation of the active components was generally 
assumed. Table 1 summarises the scope of the studies most 
directly related to this work. The present study closes these 
gaps by integrating high-fidelity 3D modelling of welded 
and actuator-interface details with a reliability-informed 
assessment based on Active System Utilisation (ASU) and 
explicitly defined fallback configurations. This study adopts 
a two-step control–simulation framework in which control 
forces are first computed using a reduced-order two-dimen
sional model and subsequently applied to the high-fidelity 
three-dimensional model. This hierarchical approach cap
tures the controlled structural response with geometric 
detail while keeping computational demands tractable, pro
viding an effective balance between modelling accuracy and 
efficiency. This approach enables a fatigue-based life-exten
sion evaluation of an EAT-retrofitted steel bridge under 
realistic operational conditions.

This work makes several novel contributions that system
atically address these shortcomings:

� High-fidelity fatigue analysis: this study is the first to 
quantify EAT effectiveness in mitigating fatigue damage in 
steel bridges by explicitly modelling geometric discontinu
ities, including welds, stiffeners, cut-outs, and actuator- 
structure interfaces, through refined shell and sub-models, 
thereby achieving a level of detail well beyond conven
tional global beam or shell models.

� Detailed local stress assessment: demonstrates that EAT 
reduces von Mises stresses by up to 66% compared to 
the non-retrofitted case and by 43% relative to an 
equivalent external post-tensioning system without actua
tors, here referred to as ‘passive’ (EPT), while accurately 
capturing shear lag and local stress amplification effects.

� Robust fatigue life quantification: shows that for critical 
fatigue-prone locations, EAT reduces damage accumula
tion to near zero under typical operational scenarios, 
resulting in substantial theoretical Remaining Useful Life 
(RUL) extensions well beyond those achievable with con
ventional measures, where EPT, for comparison, may 
locally extend life by factors up to �5.8 under specific 
conditions, but with less uniformity and potential draw
backs at other points.

� Integration of operational reliability: introduces the 
concept of Active System Utilisation (ASU) to explicitly 
quantify the impact of EAT system availability on fatigue 

performance, assessing fallback scenarios (partial or com
plete loss of active functionality) and their effects on 
long-term service life.

� Clear durability benchmarking: establishes a structured 
comparative framework that quantifies the added value 
of adaptive retrofit strategies over conventional 
approaches in fatigue-critical steel bridge applications.

By addressing these aspects within a unified high-fidelity 
and reliability-informed framework, this study significantly 
advances the understanding of EAT systems’ long-term 
effectiveness in extending the service life of ageing steel 
infrastructure.

3. System description

3.1. Methodology

To assess the effect of actuation on the bridge response 
using a high-fidelity model, a framework is developed based 
on the methodology initially established for a 2D model. A 
flowchart of this methodology, tailored to the case study 
examined in this work, is presented in Figure 1. For simpli
city, a simply supported steel box-girder bridge is consid
ered. However, the methodology can be applied to other 
bridge types. The framework incorporates order reduction 
by deriving control inputs from the 2D model and subse
quently extending them to the 3D model.

Given the increased complexity associated with the 3D 
model, detailed design of the actuator components is 
required, including connections and interfaces with the 
housing elements and the beam bridge. Parameters from the 
2D model are adjusted to closely align with the behaviour of 
the 3D model, ensuring consistency between the two. This 
two-step approach offers a practical balance between com
putational efficiency and modelling accuracy, avoiding the 
high computational cost associated with solving the full con
trol problem directly in 3D, which involves a significantly 
greater number of degrees of freedom and integration 
points. The following sections detail the structural system, 
control strategy, and damage assessment methodology, pro
viding a comprehensive overview of the approach employed.

3.2. External adaptive tensioning vs external passive 
tensioning

This section introduces the three key configurations through 
a conceptual yet analytical examination of their distinct 
structural behaviour, namely the unretrofitted state, the 

Table 1. Scope of previous EAT studies and aspects addressed in this work.

Study Model fidelity
Fatigue / durability 

assessment Reliability / fallback considered Retrofit analysed

Reksowardojo et al. (2024b) 2D simplified dynamic model No, global response No No, new design
Dakova et al. (2023) 2D simplified dynamic model No, global response No No, new design
Zeller et al. (2023) 2D simplified dynamic model No, global response No No, new design
Canny et al. (2025) 2D simplified static model No, static analysis No Yes, existing structure
This study 3D shellþ sub-model 

representation
Yes, detail-resolved fatigue 
and RUL evaluation

Yes, ASU-based reliability 
þ fallback

Yes, explicit retrofit
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bridge retrofitted with external post-tensioning or External 
Passive Tensioning (EPT), and the bridge equipped with 
External Adaptive Tensioning (EAT). Figure 2 illustrates a 
benchmark comparison of the bending moment response 
under moving loads for these three configurations. Two 
load cases are considered: LC1, representing the train posi
tioned at mid-span, and LC2, with the train located at quar
ter span. The results clearly show that the EAT system 
significantly reduces the bending moment response com
pared to both the unretrofitted case and the EPT system. In 
the EAT configuration, the struts effectively act as inter
mediate supports. Their ability to adjust length dynamically 
enables substantial reduction of mid-span bending moments 
without inducing unintended stress increases elsewhere, 
such as at the quarter and three-quarter spans where the 
other struts are located. This is evident when comparing the 

bending moment response under LC1 for EPT (Figure 2a) 
and EAT (Figure 2b), where the adaptive system achieves a 
markedly lower stress level.

EPT is typically employed as a global remedial measure. 
However, it may not sufficiently address localised damage or 
deterioration, which often requires targeted load redistribu
tion to critical structural members. In cases where original 
members are already compromised, EPT alone may fail to 
achieve the necessary redistribution. Because the EPT config
uration remains unchanged under different load positions, it 
performs poorly under LC2, when the load is at quarter span. 
Here, the stress reduction is ineffective near the load applica
tion, and stress reversal occurs, evidenced by the negative 
bending moments (placing the top fibre in tension) shown in 
blue in Figure 2c. This unintended behaviour can exacerbate 
fatigue-induced damage and deterioration. In contrast, the 

Figure 1. Flowchart methodology, actuators are represented with thicker purple lines.

Figure 2. Benchmark bending moment response: no retrofit, EAT and EPT.
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EAT system’s ability to adapt strut lengths in response to 
moving loads ensures efficient stress reduction even under 
LC2 conditions, as demonstrated in Figure 2d. This highlights 
the superior capacity of the adaptive system to mitigate 
stresses dynamically and protect the structure from localised 
fatigue damage.

3.3. Structural-control system

A simply supported steel box-girder beam bridge is consid
ered. The bridge is assumed to be retrofitted with an 
External Adaptive Tensioning (EAT) system, comprising 
three strut-actuator assemblies that deviate a cable con
nected to the ends of the beam bridge. The actuators are 
installed in series with their housing element. In this config
uration, the housing element and the actuator are subjected 
to the same force. Table 2 presents a conceptual framework 
of the response states analysed in this study, along with 
their corresponding loading conditions. The conceptualisa
tion of these states builds upon a framework similar to that 
established in previous studies (Canny et al., 2025), which is 
briefly summarised here for the sake of completeness and to 
ensure clarity of notation. The bridge response before retro
fitting is characterised by two deformation states:

a. The deformation state under permanent loads psw þ pdl 

(self-weight and dead load).

b. The deformation state under the combined effects of 
permanent and train loads ptðtÞ:

When the bridge is retrofitted with an EAT system, the 
states are:

c.  The uncontrolled state under permanent load.
d.  The initial pretension state under permanent loads. 

This is conceptualised as a prestressed state achieved 
through a one-time external actuation (e.g. jacks) pps;

compensating for the effects of permanent loads and 
preventing sagging in the cables. For clarity, it is 
assumed that the train enters the bridge in this pre
stressed state. This state also represents the bridge ret
rofitted with an External Passive Tensioning (EPT) 
system.

e.  The uncontrolled state under train load, where no 
actuator force pactðtÞ is applied, resulting in a typical 
response due to the train load.

f.  The controlled state under train load, where actuator 
forces pactðtÞ are applied to reduce the response 
induced by the train load.

These states provide a structured framework for evaluat
ing the effectiveness of the EAT system in minimising the 
bridge’s structural response, with the ultimate goal of miti
gating fatigue-induced damage.

Table 2. Structure-control system states, actuators represented with thicker purple lines.

State Loads

No retrofit

a) Response under permanent load  

psw þ pdl    

b) Response under train load  

psw þ pdl þ ptðtÞ

EAT retrofit

c) Uncontrolled state under permanent load  

psw þ pdl     

d) Uncontrolled state with initial pretension  

p0 ¼ psw þ pdl þ pps  

pps ¼ D1ps    

e) Uncontrolled state under train load with initial pretension  

pncðtÞ ¼ psw þ pdl þ pps þ ptðtÞ

f) Controlled state under train load

pcðtÞ ¼ psw þ pdl þ pps þ ptðtÞ þ pactðtÞ

STRUCTURE AND INFRASTRUCTURE ENGINEERING 5



3.4. FE model

The three-dimensional model of the bridge is developed 
using ABAQUS with the Dynamic Implicit solver to simu
late the bridge response under external and actuation loads. 
The bridge is supported by pins on the left ends and rollers 
on the right end as depicted in Figure 3. The box girder 
consists of the deck, upper and lower flanges, webs, longitu
dinal stiffeners, and diaphragms. Each strut–actuator assem
bly includes three beam elements, each housing an actuator, 
as shown in Figure 3. To ensure effective load transfer and 
minimise stress concentrations at the actuator–structure 
interface, a capping beam is installed between the actuator 
housing and the lower flange of the girder. The system is 
configured to maintain structural stability under failure sce
narios, ensuring no collapse occurs in the event of actuator 
malfunction or control system failure.

The box girder is modelled (Figure 4) using S4R shell 
elements four-node, reduced-integration shell elements that 
offer a balance of computational efficiency and structural 
accuracy. The struts and capping beams are represented 
with B31 beam elements, which are two-node linear inter
polation elements suitable for 3D structural analysis. To 
avoid nonlinear effects from slackness, the cables are 

modelled using T3D2 truss elements, assuming continuous 
tension is maintained due to the initial prestressed state, 
thereby preventing load reversal. The upper slab is modelled 
as a composite system comprising a steel plate and a con
crete layer. Tie constraints are applied between the actuator 
housing elements, the capping beam, and the lower flange 
of the bridge, as illustrated in Figure 5.

To take a conservative approach in modelling the 3D glo
bal behaviour, the tie constraint is restricted to the weld 
seamline (Figure 5c). This method reduces the load applica
tion region, resulting in higher stress concentrations, par
ticularly in scenarios where the capping beam undergoes 
pull-out forces. By focusing on localised stress accumulation, 
this approach provides a conservative estimation of stress 
distribution, aiming to accurately capture variations in load 
transfer under both compressive and tensile loading condi
tions, such as when the capping beam is subjected to pull- 
out forces. To ensure a more accurate assessment of the 
actuator-bridge interface and evaluate potential failure 
mechanisms, a high-fidelity sub-model is implemented. This 
approach compensates for the limitations and reduced 
degrees of freedom inherent in the simplified model, which 
uses beam elements to represent the interface between the 
actuators and the bridge. This region is prone to multiple 
complex failure modes, necessitating a more detailed and 
accurate evaluation. The sub-model incorporates critical 
components such as welds and stiffeners. Kinematic condi
tions from the global model are applied to the sub-model to 
ensure consistency at the boundaries. The welding seamline 
is modelled in greater detail, physically representing the 
load transfer and stress distribution characteristics specific 
to a welded joint:

Figure 3. Support conditions, actuators represented with purple lines.

Figure 4. FE model, beam bridge (a) and equipped with EAT (b).

Figure 5. Tie constraint implementation: (a) constraint region; (b) actuator housing and capping beam; (c) capping beam and weld lines.
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� Under compressive loads, full contact is modelled 
between the elements,

� Under tensile loads, contact is concentrated along the 
weld seam.

Figure 6 shows the actuator-bridge interface sub-model, 
highlighting the detailed representation of the welds and 
surrounding components. The sub-model includes welds 
and cross-sectional elements illustrated in Figure 6b, which 
are modelled with C3D10 elements, a general-purpose tetra
hedral element with four integration points. To address local 
buckling, two additional stiffeners are incorporated for each 
actuator housing element. To further enhance the design, 
cut-outs are introduced at the corners of the stiffeners and 
the capping beam to minimise stress concentrations and 
mitigate stress localisation effects (Figure 6c).

3.5. Loading conditions

The loading conditions are based on train loads specified by 
Eurocode 1 (CEN, 2003), specifically employing the High- 
Speed Load Model A (HSLM-A). These train loads are 
applied as moving point loads in 2D and moving distributed 
loads in 3D. The distributed loads are modelled as pressure 
loads applied to the upper flange of the beam bridge, simu
lating the load transfer from the train’s axles. Figure 7 pro
vides an illustration of the applied train loads.

The parameter nco denotes the number of intermediate 
cars, lb represents the wheel-to-bogey distance, and lw indi
cates the length of the cars. For the distributed load in the 
3D model, a contact area of 500 mm � 500 mm is assumed, 
with a track gauge spacing of 1,500 mm. Based on the 
HSLM-A parameters, multiple train types are analysed to 
identify the one that induces the highest stress response in 
the steel box girder deck. The T2 train type is selected for 
further analysis, as it results in the highest stress response in 
the uncontrolled state. The T2 train consists of nco ¼ 17 
intermediate cars, each lw ¼ 19,000 mm long, with a wheel- 
to-bogey distance lb¼ 3,500 mm and an axle load of p ¼
200 kN.

3.6. Computation of control inputs

The moving load on the bridge is modelled as a point load, 
excluding the effects of vehicle-bridge interaction. This study 
adopts a conservative approach by representing the vehicle 
load solely as a point force, thereby neglecting dynamic inter
actions such as vehicle suspension effects, road surface irregu
larities, and bridge deck flexibility. This simplification ensures 
a higher estimation of localised stress concentrations, provid
ing a worst-case scenario assessment of the bridge’s structural 
response. This assumption is consistent with the findings 
(Reksowardojo et al., 2024b), where coupled vehicle–bridge 
interaction simulations showed that the train suspension 
behaves as a dynamic damper, absorbing vibration energy 

Figure 6. Sub-model of the actuator–structure interface: (a) capping beam and actuator housing; (b) refined mesh; (c) stiffener welds and cut-outs.

Figure 7. Train loads: (a) HSLM-A dimension in m; (b) point load in 2D; (c) distributed load in 3D.
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and thereby reducing bridge displacement and stress ampli
tudes compared with the moving-point-load model. The 
equation of motion under a moving point load is:

M€dðtÞ þ C _dðtÞ þ KdðtÞ ¼ p0 þ ptðtÞ þ pactðtÞ (1) 

where M, C; K 2 Rnd�nd are the mass, damping, and stiff
ness matrix respectively. The terms d; _d; and €d 2 Rnd 

denote displacement, velocity, and acceleration responses. 
As described in Table 2 the external load in the initial state 
p0 (i.e. before the train enters the bridge) contains a pre
stress load applied through actuation pps ¼ DDlps: Train 
ptðtÞ and actuation load pactðtÞ are time dependent.

The actuation load pactðtÞ models the effect of the actu
ator length changes Dl: The actuator action is treated as 
equivalent external load:

pactðtÞ ¼ DDlðtÞ (2) 

where the input matrix D 2 Rnd�nact collates column-wise 
the equivalent loads causing a unitary length change of the 
actuator housing elements:

D ¼ d1 d2 ::: dnact

� �
, di ¼ TT

i − EiAi
li 0 0 EiAi

li 0 0
h iT

(3) 

For simplicity, the notation for time dependent ‘(t)’ is 
omitted hereafter. The vector di 2 R

nd is constructed by 
assembling the components of di 2 R

6 into the correspond
ing global degrees of freedom. Ei; Ai; and li denote the 
Young’s modulus, cross-sectional area, and length of the i-th 
actuator housing element, and Ti 2 R6�6 is the local-to-glo
bal transformation matrix for 2D beam elements. The vector 
pact therefore represents the equivalent nodal forces that, 
when applied to the structure, reproduce the same deform
ation state as that induced by actuator elongations Dl. Note 
that active strut length variations result from inelastic length 
changes of the actuators. For simplicity, equivalent external 
loads are employed to model the effect of such changes, 
which is correct for defining the deformation state.

However, the force produced in the housing element 
must be computed by eliminating the inelastic part from the 
total strain of the element. Accordingly, the internal force 
vector in each housing element fc

i 2 R
6 is obtained as:

fc
i ¼

Ki Ti dc
i − TT

i − EiAi
li 0 0 EiAi

li 0 0
h iT

Dli, if i 2 Sact ,

Ki Ti dc
i , otherwise:

8
<

:

(4) 

where Ki 2 R6�6 is the stiffness matrix of the i-th element, 
dc

i 2 R6 the displacement vector, and Sact the set of actuator 
housing elements. The matrix Ki 2 R6�6 denotes the stiff
ness matrix of the i-th element, and the vector dc

i 2 R6 rep
resents the corresponding element displacement vector, 
containing the six components of dc 2 Rnd associated with 
the degrees of freedom of the i-th element.

The steady state is derived using the state-space formulation:

_z ¼ Azþ BDlþHpt (5) 

A ¼ 0 I
−M−1K −M−1C

� �

, B ¼ 0
M−1D

� �

, H ¼ I
M−1

� �

(6) 

The state vector zðtÞ 2 R2nd collates displacement and 
velocity responses:

z ¼ dc

_d
c

� �

(7) 

The control inputs, i.e. the actuator length changes, are 
computed using a Linear Quadratic Regulator (LQR):

J ¼
1
2

ð1

0
zTQzþ DlTRDl
� �

dt (8) 

The LQR formulation is based on the minimisation of 
the performance index of J that quantifies the energy associ
ated with the closed-loop system. The weighting matrices 
Q 2 R2nd�2nd and R 2 Rnact�nact are set to achieve a balance 
between response reduction and control effort. In this work, 
the coefficients are calibrated to ensure that the uncon
trolled peak displacement is reduced below the serviceability 
limit state (SLS) through actuator length adjustments of less 
than 100 mm. The reader is referred to Reksowardojo et al. 
(2024b) for further formulation details.

3.7. Control-force transfer and stress-constrained 2D–3D 
matching

The control input used in the reduced-order 2D analysis 
and subsequently applied to the high-fidelity 3D finite-elem
ent model is obtained through an iterative matching proced
ure between the two systems. The purpose of this procedure 
is to transfer the actuator force history derived from the 2D 
control analysis to the 3D model, while ensuring that both 
global and local stress limits are satisfied throughout the 
design process. To enable consistent force transfer, the fun
damental frequencies of the 2D and 3D models are aligned. 
This allows the actuator force to retain the same temporal 
waveform in both analyses, ensuring that the imposed signal 
accurately reproduces the critical train velocity associated 
with resonance behaviour.

Let pactðtÞ denote the actuator force history obtained 
from the 2D control analysis, and let pact�ðtÞ denote its 
adjusted version applied to the 3D model. The correspond
ing structural response of the 3D system is expressed as:

r3DðtÞ ¼ r3D pact�ðtÞ
� �

(9) 

where rðtÞ denotes the structural response and the subscript 
indicates the dimensionality of the model. In this study, the 
governing limit state is stress-based; therefore, the response 
quantity used for matching is the stress response.

The adjustment of the actuator force history is formulated 
as a min–max problem to ensure that stress-based ultimate 
limit state requirements are satisfied at all time instants dur
ing the loading event. Since both the actuator input and the 
resulting structural response are time-dependent, the 
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governing condition is dictated by the maximum stress excur
sion over time rather than by an average or integrated meas
ure. Accordingly, the residual stress margin is defined as:

DrðtÞ ¼ rULS − r3DðtÞ (10) 

where r3DðtÞ is the stress response of the 3D model induced 
by the adjusted actuator force history and rULS denotes the 
admissible stress limit. The adjusted actuator force pact�ðtÞ is 
obtained by solving the following min–max problem:

min
pact�ðtÞ

min
t2 0, T½ �

DrðtÞj j

s:t: DrðtÞ � 0 8t 2 0, T½ �
(11) 

where 0, T½ � denotes the duration of the simulated loading 
event. This formulation enforces the stress constraint uniformly 
over time, such that the actuator force is adjusted to prevent 
exceedance of the stress limit at the most critical instant. In 
practice, this min–max statement represents an iterative match
ing and verification procedure rather than a formally solved 
continuous optimisation problem. It reflects the design intent 
that the actuator force history transferred from the 2D control 
model must remain admissible in the 3D model under the 
worst-case stress demand during the entire loading cycle.

4. Bridge response under external and actuation 
loads

4.1. Structural design

The structural components of the box girder are fabricated 
from S355 structural steel. The geometry is defined by a gir
der depth of 2,000 mm, an upper flange width of 4,700 mm, 
and a lower flange width of 2,400 mm. The upper flange is 
designed as a composite section comprising a 300 mm rein
forced concrete layer bonded to an 18 mm steel plate, pro
viding increased stiffness and load-carrying capacity. The 
bottom flange and web plates have a uniform thickness of 
18 mm, consistent with the diaphragm plates, which are also 
18 mm thick. A diaphragm cut-out with an in-plane dimen
sion of 500 mm is included. Structural stiffening is provided 
by longitudinal stiffeners with a height of 150 mm and a 
thickness of 10 mm. Connection detailing is realised through 
welded joints with a specified throat thickness of 8 mm. The 
welded joints are modelled with S355 base steel and a weld 
consumable with a minimum ultimate tensile strength of 
approximately 490 MPa, corresponding to AWS E7018 or 
EN ISO 2560-A E 42 class electrodes, in accordance with 
standard bridge fabrication practice.

The mechanical structure of the EAT system consists of a 
capping beam, struts, and a steel cable. The capping beam is 
composed of S355 structural steel and is designed with an 
HEB 200 cross section. Stiffeners with a thickness of 10 mm 
are integrated into the beam configuration. The strut mem
bers are also manufactured from S355 steel and are specified 
with a rectangular hollow section (RHS) of 120 mm edge 
length and a wall thickness of 12 mm. The employed steel 
cable has a nominal diameter of 110 mm. Table 3 provides 
detailed specifications for the box girder and the EAT sys
tem, including material properties, geometric parameters, 

and load-carrying capacities. These specifications have been 
verified in accordance with Eurocode 3 (CEN, 2005a), con
firming that the structure satisfies Ultimate Limit State 
(ULS) requirements without the need for active control. The 
Fatigue Limit State (FLS) is addressed in subsequent sec
tions, focusing on damage accumulation and service life 
estimation under repeated loading.

4.2. Dynamic characteristics

The critical velocity v inducing resonance is related to the 
bridge eigenfrequencies as per (Y.-B. Yang et al., 1997):

v
s
�

xk

2p
8k ¼ 1, 2, 3, :::f g (12) 

where s is the train axle spacing and xk the kth eigenfre
quency. For simplicity, the train axles are assumed to be 
regularly spaced, with a spacing equal to the train car length 
lw: For the T2 train load applied to the non-retrofitted 
bridge, the critical velocity that induces resonance with the 
first eigenfrequency is calculated as v ¼ 67:64 m s−1: As 
also observed by Reksowardojo et al. (2024b), excitation at 
this velocity predominantly activates the first vibration 
mode. Accordingly, the present study focuses on this most 
critical resonance scenario associated with the T2 train type 
travelling at the critical velocity.

To ensure consistency between the reduced-order 2D 
model and the high-fidelity 3D model, their dynamic behav
iour is calibrated by aligning eigenfrequencies and associated 
mode shapes. Figure 8 compares the fundamental frequency 
obtained from the 2D and 3D models. The first mode 
exhibits negligible discrepancy, indicating good agreement 
in the global dynamic response. In contrast, higher modes 
show increasing differences due to the higher modelling 
fidelity of the 3D model, particularly the explicit representa
tion of diaphragms and local structural features that 

Table 3. Technical specifications box-girder and EAT system.

Box-girder

Material specification S355

Overall dimension Height: 2,000 mm 
Upper plate width: 4,700 mm 
Lower plate width: 2,400 mm

Upper plate Composite layup: 
Concrete layer: 300 mm 
Steel layer: 18 mm

Bottom plate and side plate Thickness: 18 mm

Diaphragm Thickness: 18 mm 
Cut-out in-plane thickness: 500 mm

Stiffener Height: 150 mm 
Thickness: 10 mm

Welding Throat thickness: 8 mm 
AWS E7018 (UTS � 490 MPa) or EN ISO 

2560-A E 42

EAT system

Capping beam Material: S355 
Cross section: HEB 200 
Stiffener thickness: 10 mm

Strut Material: S355 
Cross section: RHS – Diameter 120� 12 mm

Cable Diameter: 110 mm
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primarily affect higher-order modal behaviour. For the pur
poses of this study, such discrepancies are not critical. Since 
resonance under moving train loads is governed by the fun
damental frequency and the associated global mode shape, 
accurate alignment of the first mode is sufficient to repro
duce the dominant dynamic response and to carry out the 
subsequent fatigue damage assessment.

4.3. Actuator force input

Figure 9 shows the actuation force for the 2D model, pre
sented in both frequency and time domains. The fre
quency-domain analysis highlights the dominant excitation 
frequency, primarily associated with the first mode, guid
ing the required control effort. This actuator force profile 
is then applied to the 3D model, with iterative adjustments 

ensuring compatibility with the higher-fidelity configur
ation as described in 3.7.

4.4. Stress response

4.4.1. Global response
Regarding the stress response obtained from the 3D model, 
there is generally good agreement with the results of the 2D 
analysis. The primary differences arise from shear lag effects 
at the intersections of webs and diaphragms, which are 
inherently captured in the 3D representation. These effects 
lead to a more nuanced stress distribution across the cross- 
section, as illustrated in Figure 10.

Figure 10 illustrates the global reduction in von Mises 
stress, shown here for visualisation purposes. All fatigue ver
ifications are performed using principal stress histories 

Figure 8. Fundamental frequency match (a) 2D, and (b) 3D analysis.

Figure 9. Actuation force input in time (a) and frequency (b) domains.

Figure 10. Von Mises stress distribution in the steel box girder deck, t¼ 5 s (deformation scale 1:150): (a) before retrofit; (b) with External Passive Tensioning (EPT); 
(c) with External Adaptive Tensioning (EAT).
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extracted at welded details, consistent with Eurocode 3 
(CEN, 2005b), whereas the von Mises field is used solely to 
illustrate overall stress redistribution under adaptive control. 
The stress distribution analysis reveals a significant reduc
tion in stress within the steel deck due to the implementa
tion of retrofitting systems. The EPT system achieves a 
stress reduction of approximately 40% relative to the un-ret
rofitted configuration (case d vs. case b in Table 2). The 
EAT system further improves performance, yielding a stress 
reduction of 66% compared to the same baseline (case f vs. 
case b). When comparing the two retrofitting strategies dir
ectly, the EAT system reduces stress by approximately 43% 
relative to the EPT system (case f vs. case d), demonstrating 
its superior effectiveness.

4.4.2. Capping beam and active strut interface
The capping beam is designed to effectively transfer actuator 
forces to the box girder while avoiding unintended stress con
centrations. Its performance is verified for both Ultimate 
Limit State (ULS) and Fatigue Limit State (FLS) in accordance 
with Eurocode 3 (CEN, 2005a), ensuring structural integrity 
under extreme and cyclic loading. An HEB 200 section is 
selected for its balance of structural efficiency and practicality, 
with a 10 mm stiffener thickness to enhance fatigue resistance 
and load-bearing capacity. Figure 11 illustrates the von Mises 
stress distribution in the capping beam resulting from the 
force transmitted by the active struts.

Figure 12 illustrates the stress response at the critical 
location governing the Ultimate Limit State (ULS) design of 
the capping beam–strut connection. The analysis yields a 
maximum equivalent (von Mises) stress of 297 MPa, which 
remains below the yield strength of S355 steel. This con
firms that the structural response remains within the elastic 
regime under ULS loading conditions. As no plastic deform
ation is observed, the integrity of the capping beam–strut 
connection is preserved, and the design complies with 
strength and serviceability requirements.

5. Damage assessment

5.1. Damage scenarios

The primary objective of this study is to evaluate the effect
iveness of the EAT system in mitigating fatigue-induced 

deterioration in railway bridge structures. The principal 
metric adopted for this assessment is the Remaining Useful 
Life (RUL), defined as the number of additional train pas
sages the bridge can sustain before cumulative fatigue dam
age exceeds allowable thresholds at one or more critical 
locations. Fatigue accumulation results from repeated load 
cycles, with each train passage contributing to damage 
through quasi-static effects associated with the train’s weight 
and, more critically, through dynamic excitations induced 
by vibrations. The RUL metric serves as a predictive indica
tor of the structure’s residual capacity under continued 
operational loading.

When the EAT system is integrated at the construction 
stage, its influence extends over the entire design life of the 
bridge, potentially optimising long-term performance and 
delaying the onset of fatigue-critical conditions. Conversely, 
if the system is deployed as a retrofit intervention, its 
impact is confined to prolonging the structure’s remaining 
service life from the point of installation onward, without 
altering the cumulative fatigue accrued prior to activation. 
To evaluate the effectiveness of the EAT system, this study 
compares three configurations:

� The initial condition prior to the implementation of any 
retrofitting measures (NR). This configuration serves as 
the baseline assessment of fatigue accumulation without 
retrofit-induced stiffness enhancements and corresponds 
to case b in Table 2.

� The bridge retrofitted with an External Passive Tensioning 
(EPT) system, which provides the same prestressed state as 
the EAT system but lacks dynamic adaptability to loading 

Figure 11. Local stress peak induced by the punching force at the strut–capping beam interface.

Figure 12. Stress response at the critical location along the interface between 
the actuator housing and the box-girder bottom flange.
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variations. The implementation of this retrofitting measure 
results in cases d and e in Table 2.

� The bridge retrofitted with an External Adaptive 
Tensioning (EAT) system (case f in Table 2).

The benchmark between EAT and NR evaluates the 
added value of EAT in comparison to the non-retrofitted 
configuration. However, an equally important consideration 
is whether the additional investment in an active system is 
justified and under what conditions it becomes economically 
and structurally viable. To address this, a comparison with 
an External Passive Tensioning (EPT) system is included. 
An EAT system is a mechatronic solution consisting of sen
sors, actuators, control mechanisms, power supply, and sig
nal transmission components. Due to variations in design 
complexity, component reliability, maintenance schedules, 
and operational conditions, the system may experience peri
ods of reduced functionality or downtime. The implications 
of a non-operational EAT system on bridge performance 
and fatigue damage must be clearly defined. To evaluate 
these effects, two EAT system failure scenarios are consid
ered: EAT-NO1 and EAT-NO2.

5.1.1. EAT-NO1: partial loss of active functionality
In this failure variant, the EAT system becomes non-oper
ational, leading to the loss of active tensioning and damping 
capabilities. However, the initial pre-tensioning remains 
intact, allowing the bridge to function similarly to an EPT 
system. Under these conditions, the bridge behaviour aligns 
with cases d and e in Table 2. From a technical perspective, 
this scenario requires the EAT system to be designed so that 
pre-tensioning remains effective even in the event of active 
component failure. This can be achieved mechanically by 
pre-tensioning the system when actuators are positioned at 
their end limits. In case of failure:

� All actuators are locked, ensuring that the pre-tensioning 
remains stable.

� Alternative safety mechanisms may be required, such as 
actuator safeguarding systems or safety locking devices 
for the adjustment mechanisms.

If maintenance activities involve the replacement of load- 
bearing components and cannot be performed between two 
train passages, an alternative load path must be established 
during maintenance to maintain structural stability.

5.1.2. EAT-NO2: complete loss of functionality
In this failure variant, the EAT system becomes entirely 
non-operational, resulting in a complete loss of both ten
sioning and damping functions. This scenario is equivalent 
to a non-retrofitted bridge, where the structure operates as 
if no active or passive system were ever installed. 
Consequently, the bridge behaviour corresponds to case b in 
Table 2. This scenario highlights the importance of redun
dancy and fail-safe mechanisms in the design of mecha
tronic structural enhancement systems, ensuring that failure 

conditions do not lead to unexpected stress accumulation or 
excessive fatigue deterioration.

5.1.3. Active System Utilisation
To systematically account for operational variances, the con
cept of Active System Utilisation (ASU) is introduced as a 
key performance indicator, quantifying the proportion of 
train passages during which the EAT system remains fully 
operational:

� 100% ASU: The EAT system is functional during every 
train passage, providing maximum fatigue mitigation.

� 0% ASU: The EAT system remains in constant downtime 
reducing performance to a passive (EAT-NO1) or non- 
retrofitted state (EAT-NO2).

ASU is defined as the average availability of the EAT sys
tem during train passages over the interval ½Ncrs, Ncre� and 
is expressed as:

ASU ¼
1

Ncre − Ncrs

XNcre

Ncr¼Ncrs

ASUðNcrÞ (13) 

where Ncr denotes the train-passage index, Ncrs the first pas
sage after implementation of the EAT system, and Ncre the 
passage at which the cumulative fatigue damage threshold is 
exceeded, marking the end of service life. Each train passage 
includes both the actual crossing and the subsequent oscilla
tion phase of the bridge. Equation (13) extends Ebeling’s 
formulation of interval availability (Ebeling, 2019) to a pas
sage-based framework. In this discrete representation, each 
train passage is treated as a single event during which the 
availability of the EAT system remains constant. 
Consequently, ASU varies between successive passages 
rather than within an individual passage. This formulation 
reflects the operational nature of the metric while remaining 
consistent with Ebeling’s concept of average interval avail
ability. ASU quantifies the fraction of train passages during 
which the EAT system is operational after installation. It is 
used as a parametric indicator linking the system’s func
tional availability to the bridge’s fatigue performance, rather 
than as a full probabilistic model of component reliability 
(actuators, sensors, power supply, control units, and soft
ware). This representation of EAT system availability is dis
tinct from the structural fatigue behaviour of the bridge 
itself, which is evaluated through cumulative damage ana
lysis in accordance with Eurocode 3 (CEN, 2005b), using 
ASU as an input parameter to account for system downtime 
effects.

By incorporating Active System Utilisation (ASU) into 
fatigue analysis, the impact of system failures and mainten
ance-related downtimes can be better predicted. The range 
of operational scenarios, from full functionality (100% ASU) 
to complete failure (0% ASU), allows for a realistic evalu
ation of how EAT retrofitting influences the long-term per
formance and service life of the bridge. These insights 
contribute to life-cycle assessments, ensuring that design 
strategies and maintenance plans are robust enough to 
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maintain structural integrity and minimise fatigue-related 
failures over time. Both EAT-NO1 and EAT-NO2 are classi
fied as non-safety-critical failure scenarios, as neither com
promises the structural stability of the bridge. Additionally, 
the fatigue damage induced by train passages in these failure 
states does not exceed the levels observed in the non-retro
fitted (NR) condition. However, the implementation of 
EAT-NO1 may require greater technical effort compared to 
EAT-NO2, as it necessitates mechanisms that maintain pre- 
tensioning despite the failure of active components. This 
includes locking mechanisms or safeguard systems to ensure 
structural performance is preserved in the absence of active 
control. The decision between EAT-NO1 and EAT-NO2 
should be made on a case-by-case basis, considering the 
trade-off between implementation effort and expected bene
fits (see Section 5.3).

5.2. Damage assessment

5.2.1. Methodology
In fatigue assessment, lifetime models estimate the service 
life of structural components under cyclic loading by inte
grating variable-amplitude load characterisation, fatigue 
resistance, and cumulative damage evaluation. Load spec
tra derived from operational data are processed using 
rainflow counting to extract representative stress cycles, 
which are evaluated against material S-N curves while 
accounting for geometric effects such as weld-induced 
stress concentrations. Cumulative damage is typically 
assessed using linear models such as Palmgren-Miner, 
with fatigue failure assumed upon reaching a critical dam
age threshold. The choice of verification method, nominal 
stress or local approaches, is critical for accurately captur
ing stress amplification due to geometric and weld-related 
discontinuities.

For bridge structures under repeated train loading, indi
vidual fatigue models are assigned to critical locations. 
These models estimate the number of cycles to failure and 
track damage accumulation to compute the Remaining 
Useful Life (RUL). The analysis point reaching the critical 
damage threshold first defines the system-level RUL, ena
bling a reliability-based assessment of structural integrity 
under continued service conditions. For scenarios involving 
the EAT system, damage evaluation incorporates propor
tional weighting based on the Active System Utilisation 
(ASU) and the assumed failure mode EAT-NO1 or 
EAT-NO2:

� EAT-NO1: Damage at each analysis point is computed 
by proportionally combining results from the EAT and 
EPT scenarios, representing partial degradation of active 
control.

� EAT-NO2: Damage integrates outcomes from the EAT 
and NR cases, simulating a complete loss of both active 
and passive tensioning effects.

This methodology captures variability in system perform
ance and downtime, ensuring accurate Remaining Useful 

Life (RUL) estimation under degraded conditions. The 
maximum damage across all inspection points defines 
the critical location and governs the RUL for each sce
nario. This comparative framework enables a robust 
assessment of how adaptive (EAT) and passive (EPT) 
tensioning strategies influence fatigue life and structural 
reliability.

5.2.2. Critical points and damage accumulation
The methodology for fatigue damage quantification fol
lows a structured sequence aimed at accurately predicting 
component lifespan under cyclic loading. The process 
begins with the identification of potentially critical 
regions where fatigue failure is most likely to occur. 
These include locations characterised by stress concentra
tions, geometric discontinuities, and welded joints, as well 
as regions subjected to high stress amplitudes or frequent 
stress fluctuations. The final selection of critical locations 
is based on a combined assessment of stress magnitude 
and loading variability, ensuring that detailed fatigue 
analyses are concentrated on the most fatigue-vulnerable 
components.

For the bridge under investigation, given the prevalence 
of tensile stresses, the underside of the box girder is priori
tised as the primary area of concern. Two categories of loca
tions are examined in detail:

� Mid-span region: in the non-retrofitted (NR) configur
ation, peak tensile stresses occur at mid-span due to 
excitation of the fundamental vibration mode.

� Actuator-free regions: when actuator forces are applied, 
the stress field is redistributed; however, areas not dir
ectly affected by these forces, particularly near stiffness 
discontinuities, may still accumulate fatigue damage. 
These actuator-free zones, are therefore included in the 
analysis to ensure a comprehensive assessment of fatigue 
performance across the structure.

Three specific locations are analysed within each selected 
region, which are illustrated in Figure 13:

� Diaphragm Cut-out Edge: located along the upper edge 
of the diaphragm, this area features abrupt stiffness dis
continuities introduced by cut-outs, making it a likely 
hotspot for stress concentration.

� Diaphragm-to-Side/Bottom Plate Transition: this location 
includes the connection between the diaphragm and the 
side plate, as well as the transition to the bottom plate. 
Both interfaces are prone to complex stress states due to 
geometry and load redistribution.

� Diaphragm-to-Longitudinal Stiffener Transition: this 
region encompasses the connections between the dia
phragm and the longitudinal stiffener, the diaphragm 
and the bottom plate, and the longitudinal stiffener and 
the bottom plate. These intersecting interfaces are struc
turally critical and require detailed analysis for fatigue 
assessment under dynamic loading.
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For all areas labelled as ‘B’, a detailed examination of the 
heat-affected zones (HAZ) at weld seam terminations is 
conducted to assess localised fatigue risks.

Figure 14 presents the longitudinal normal stress 
response at locations B1 and B5 over the first 20 s following 
train entry onto the bridge. Stress histories at the identified 
critical points cover a 98-second period, including approxi
mately 7 s of active train loading followed by 90 s of free 
vibration to allow the structure to return to a stationary 
state. Unlike global analyses that provide a macro-scale 
view, these localised stress histories are extracted directly at 
critical locations, capturing both the amplitude and tem
poral evolution of fluctuations induced by train passages 
and offering detailed insight into fatigue-relevant loading. 
As expected, the EPT system moderately reduces stresses 
compared to the non-retrofitted (NR) case, with only slight 

effects on peak amplitudes and vibration decay. By contrast, 
the EAT system achieves a substantial stress reduction and 
significantly faster damping, highlighting its superior cap
ability to mitigate fatigue-critical stresses and improve 
dynamic performance.

For fatigue verification in line with Eurocode 3 (CEN, 
2005b), the stress components are transformed into prin
cipal stresses, enabling a damage-focused evaluation by 
isolating the most critical tensile stresses that drive crack 
initiation. This transformation also ensures coordinate- 
independent assessment under multiaxial stress states typ
ical of welded joints and complex geometries. The rain
flow counting method is then applied to these principal 
stress histories, decomposing irregular time signals into 
discrete load cycles to classify amplitudes, mean values, 
and frequencies, thus forming the load spectra for 

Figure 13. Critical stress location: (a) areas B1, B2, B3, B4, B5, B6; (b) area B1, B3, and B5 critical point detail; (c) area B2, B4, and B6 critical point detail; (d) dia
phragm C1, C2, C3.

Figure 14. Stress fluctuation of normal stress longitudinal to the bridge in: (a) B1 and (b) B5.
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cumulative damage analysis. For example, Figure 15
shows the principal stress cycles and corresponding amp
litude history at area B2, point 5 under the EPT scenario.

Fatigue life at each critical detail is evaluated using S-N 
curves in accordance with Eurocode 3 (CEN, 2005b), ensur
ing alignment with the appropriate detail category (e.g. 
welded joints, notches). These curves relate stress amplitude 
to the number of cycles to failure and form the basis for 
cumulative damage assessment. Fatigue strength (FAT) 
classes are assigned to standardised structural details, par
ticularly welded joints, based on factors such as weld type 
(e.g. fillet, butt), connection geometry, and loading direc
tion. Each FAT class corresponds to a specific S-N curve, 
which is integrated into the fatigue life model. Figure 16

presents the three key structural details identified in this 
study, along with their associated S-N curves:

� the longitudinal weld seam joining the bottom and side 
plates (splice),

� the heat-affected zones (HAZs) at welds connecting 
plates and flanges of built-up sections on the bottom 
plates,

� the HAZ at the stiffener-to-diaphragm transition.

These details are highlighted due to their criticality in 
the subsequent fatigue analysis. All relevant locations 
described in Section 5.2.2 are also evaluated using the corre
sponding FAT classes.

Figure 15. Rainflow analysis in area B2 point 5: (a) principal stress r1 and (b) principal stress r2.

Figure 16. Design details used to define notch types and corresponding S–N curves for welded structural elements exhibiting sharp notch effects (based on 
Eurocode 3 (CEN, 2005b)).
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The interaction between loading and structural cap
acity is established by mapping the extracted load spec
trum onto the fatigue life framework, forming the basis 
for cumulative damage assessment. This process follows 
the linear damage accumulation hypothesis, typically 
represented by Palmgren-Miner’s rule. Each stress mag
nitude identified in the spectrum is associated with a 
fatigue life value Ni from the appropriate S–N curve, in 
accordance with Eurocode 3 (CEN, 2005b). The corre
sponding number of cycles ni is used to compute the 
damage contribution ui ¼

ni
Ni
: Total fatigue damage is 

then expressed as:

U ¼
X

ui ¼
X ni

Ni
(14) 

This cumulative damage is evaluated per train passage to 
quantify fatigue progression at critical locations. A damage 
sum U � 1 indicates potential fatigue failure, signifying that 
the accumulated loading has reached the structural fatigue 
limit. This approach ensures fatigue life predictions are con
sistently based on material properties, stress histories, and 
actual loading conditions.

Following Eurocode 3 (CEN, 2005b), compressive stress 
ranges are treated equivalently to tensile ranges for welded 
details without stress relief annealing, and no mean stress 
correction is applied. Consequently, only the stress magni
tudes obtained from rainflow counting are used in the 
fatigue assessment. This simplifies the damage evaluation 
process, as contributions can be calculated directly from the 
principal stress ranges using a cumulative damage model, 
without additional stress classification. For each critical 
detail, total fatigue damage is computed by summing the 
individual contributions from all principal stress cycles, pro
viding an accurate representation of fatigue accumulation at 
sensitive structural locations.

5.3. Remaining useful life (RUL) benchmark

5.3.1. NR vs EPT vs EAT
For each configuration non-retrofitted (NR), EPT, and 
EAT the most critical points are identified and analysed. 
Since the effectiveness of EPT and EAT depends on the 
timing of their application (see Section 5.1), the analysis 
uses a relative reference to the Remaining Useful Life 
(RUL) of the NR case, computed individually for each 
point. The relative damage ratio compares the damage 
under EPT or EAT to that of the NR configuration. A 
ratio below 100% indicates reduced damage, whereas a 

value above 100% implies increased fatigue accumulation. 
The corresponding RUL for EPT or EAT is derived by 
multiplying the NR-based RUL by the inverse of the dam
age ratio. System-level fatigue life is governed by the first 
critical point to reach a damage sum of U � 1: Table 4
summarises the key critical points, reporting damage per 
train passage for each configuration, along with the dam
age ratios EPT/NR and EAT/NR. These ratios provide a 
direct estimate of the lifetime extension potential relative 
to the NR case. While operational energy demands and 
maintenance requirements of the EAT system are disre
garded here, the damage ratios can serve as a basis for a 
simplified cost-benefit comparison.

Among all configurations, area B2, point 5 remains the 
most critical location. The EPT system reduces damage at 
B2 point 5 to 17.2% of the NR case, corresponding to a the
oretical RUL extension by a factor of approximately 5.8. 
Notably, EPT causes a substantial increase in damage at B1 
point 4 (>25,000%), but this location is not life-limiting due 
to its low absolute damage level. This highlights the impor
tance of evaluating all critical points across configurations 
rather than focusing solely on those critical in the NR case. 
In contrast, the EAT system fully mitigates fatigue damage 
from train passages at all critical locations under the exam
ined conditions, indicating its superior performance in pre
serving structural integrity.

5.3.2. Sensitivity to FAT class variation
To evaluate the robustness of the fatigue assessment against 
uncertainties in weld classifications, a sensitivity analysis 
was conducted by varying the assigned FAT class by ± 1 
category. This variation corresponds to approximately ±12% 
change in allowable stress range per Eurocode 3 (CEN, 
2005b). Table 5 presents results for the critical point 5 in 
area B2. The cumulative damage variation remains marginal 
across all cases and does not alter the relative performance 
ranking among configurations. The EAT case consistently 
demonstrates negligible fatigue damage across all FAT class 
variations. Damage per train passage in the NR case 
responds non-linearly to FAT class changes: decreasing the 
FAT class increases damage by 44.2%, while increasing it 
reduces damage by 31.8%.

Consequently, EAT’s effectiveness in extending structural 
lifetime becomes more pronounced with lower FAT classes, 
as the baseline damage reduction potential increases. In con
trast, EPT exhibits reduced effectiveness at lower FAT 
classes. This suggests that EPT requires the structure to 
retain a minimum strength threshold to achieve meaningful 

Table 4. Summary of the most critical fatigue-prone locations for the NR, EPT, and EAT configurations.

Description of critical point

Damage per train passage Damage ratio

NR EPT/NR EAT/NR

Area B1 point 4 1:51� 10−8 250-fold increase �0%
Area B2 point 4 7:91� 10−5 15.7% �0%
Area B2 point 5 1:19� 10−4 17.2% �0%
Area B4 point 4 4:55� 10−5 23.1% �0%
Area B4 point 5 4:41� 10−5 23.8% �0%
Area B6 point 4 5:86� 10−5 10.6% �0%
Area B6 point 5 5:87� 10−5 10.5% �0%
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benefits. These findings confirm that fatigue-life predictions 
remain robust despite reasonable uncertainties in FAT class 
selection, with the observed variations insufficient to change 
the fundamental performance hierarchy of the analysed 
configurations.

5.3.3. RUL with active system utilisation
This section evaluates the Remaining Useful Life (RUL) of 
the bridge in terms of allowable train passages, accounting 
for both the individual performance of the three dynamic 
configurations (NR, EPT, EAT), as previously analysed, and 
the impact of EAT system downtime, introduced in Section 
5.1. Such downtime may result from actuator failures, con
trol system malfunctions, or sensor issues. Depending on 
the failure type, the system may either:

� Operate an External Passive Tensioning (EPT) system 
(EAT-NO1).

� Cease to provide support entirely, reverting to the non- 
retrofitted condition (EAT-NO2).

As defined in 5.1, ASU is the proportion of train passages 
during which the EAT system is fully operational and actively 
engaged in load mitigation. The complementary proportion, 
i.e. 1 − ASU represents the EAT system downtime, during 
which the system is non-functional due to actuator failures, 
control issues, sensor malfunctions or scheduled maintenance. 
This operational definition of ASU is consistent with the con
cept of interval availability as defined by Ebeling (Ebeling, 
2019). Figure 17 illustrates the relationship between ASU and 
the bridge’s RUL under varying levels of EAT system down
time. The EAT-NO1 and EAT-NO2 configurations therefore 
represent practical realisations of fail-safe behaviour during 
periods when the active system is unavailable. The analysis 
references two baseline conditions:

a. NR baseline: no EAT or EPT system is present.
b. EPT baseline: a passive tensioning system (EPT) is in 

place throughout the bridge’s service life.

In both plots, the horizontal axis shows ASU, and the 
vertical axis indicates the RUL relative to the selected base
line, plotted on a logarithmic scale. The results quantify 
how decreasing ASU, i.e. increased EAT downtime, impacts 
fatigue performance and remaining service life under differ
ent fallback conditions.

5.3.3.1. NR baseline, Figure 17a. When evaluating whether 
to implement an EAT or EPT system on a bridge currently 
lacking both, a comparative analysis of Remaining Useful 
Life (RUL) extension and associated costs offers a rational 
decision-making framework. The baseline fatigue life 
improvement achievable through passive pre-tensioning can 
be inferred from the 0% ASU condition in the EAT-NO1 
curve of Figure 17a, which effectively reflects the perform
ance of an EPT system alone. To assess the added value of 
the EAT system, its incremental contribution to RUL is 
evaluated relative to this EPT baseline, with consideration of 
its behaviour during periods of downtime:

� EAT-NO1: If the EAT system defaults to EPT functional
ity during downtime, the RUL values are taken from the 
EAT-NO1 scenario.

� EAT-NO2: If no fallback mechanism is available and the 
EAT system is non-functional during downtime, the rele
vant RUL values correspond to the EAT-NO2 scenario.

Relative to the NR baseline, EAT with EPT fallback 
(EAT-NO1) offers orders-of-magnitude improvements in 
RUL, particularly at high ASU values. In contrast, the per
formance of EAT without fallback (EAT-NO2) is markedly 

Figure 17. RUL based on Active System Utilisation: (a) NR baseline, (b) EPT baseline; 100% ASU ! always functional, 0% ASU ! always down.

Table 5. Effect of FAT class variation on cumulative damage at critical point 5 in area B2.

Critical point: area B2 point 5

Damage per train passage NR Damage ratio

Absolute j Relative to FAT EPT/NR EAT/NR

FATþ1 0:83� 10−4 69.2% 15.6% �0%
FAT 1:19� 10−4 100.0% 17.2% �0%
FAT-1 1:72� 10−4 144.2% 18.5% �0%
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lower, with the RUL benefit diminishing rapidly as ASU 
decreases.

5.3.3.2. EPT baseline, Figure 17b. Compared to the EPT sys
tem baseline shown in Figure 17b, the relative advantages of 
the EAT system diminish as ASU decreases. At low ASU lev
els, the RUL ratio approaches that of the EPT baseline, indi
cating minimal additional benefit. While an EPT fallback 
configuration (EAT-NO1) offers partial mitigation of down
time effects, the full performance gains of the EAT system 
are only realised when ASU exceeds approximately 82.5%. 
Below this threshold, system reliability becomes a limiting 
factor, particularly in the absence of fallback mechanisms, as 
in the EAT-NO2 scenario. These findings remain consistent 
across ± 1 category variation in FAT-class assumptions, con
firming the robustness of the assessment. Furthermore, sys
tem effectiveness varies with FAT class: lower classifications 
diminish EPT (EAT-NO1) benefits while amplifying EAT 
performance gains, demonstrating EAT’s superior resilience 
under more demanding conditions.

6. Discussion

6.1. Practical implementation and operational 
robustness

Translating EAT from simulation to field deployment entails 
addressing practical aspects related to sensing, control 
robustness, and hardware reliability. Real-time control 
depends on accurate state information, which in practice 
can be achieved using a combination of displacement or 
strain sensors and disturbance estimators as demonstrated 
by Zeller et al. (2023). Since sensor and actuator faults may 
occur, robust and fault-tolerant control algorithms, such as 
model-predictive or gain-scheduled LQR controllers with 
redundancy in the measurement and actuation networks, 
are essential to maintain stability under partial system 
degradation.

In the present context, redundancy can be implemented 
both physically and algorithmically. Physically, redundant 
actuators or load-sharing mechanisms among struts can pre
vent local overstressing in case of a single actuator failure. 
Algorithmically, fallback modes corresponding to reduced 
control authority (as modelled through the EAT-NO1 and 
EAT-NO2 cases) ensure that the bridge remains safe and 
serviceable even when the adaptive system is temporarily 
inactive. Control robustness is further supported by system
atic calibration of the control gains against modelling uncer
tainties and environmental variability, following the adaptive 
control and MPC approaches tested by Dakova et al. (2023). 
Integration with existing monitoring systems also enables 
periodic health checks of the electromechanical components, 
limiting unplanned downtime. In addition, the hierarchical 
two-step framework used in this study, where control forces 
are derived from a reduced 2D model and applied to the 
high-fidelity 3D representation, provides a computationally 
practical basis for implementation in digital-twin 

environments, facilitating continuous model updating and 
predictive maintenance planning.

6.2. Reliability perspective and system availability

This study’s fatigue assessment assumes theoretically infinite 
life when stress amplitudes remain below the fatigue 
strength threshold, yet experimental evidence suggests dam
age can still accumulate under such conditions (Bathias, 
1999). The Eurocode 3 (CEN, 2005b) framework adopted 
here does not account for mean stress effects or distinguish 
between tensile and compressive ranges, unlike the FKM 
guideline which incorporates mean stress through 
approaches such as Haigh diagrams (Rennert, 2020). While 
the nominal stress method aligns with Eurocode provisions, 
it may under- or overestimate damage depending on detail 
geometry (Haibach, 2006). More advanced notch stress or 
fracture mechanics approaches could provide enhanced local 
accuracy but require extensive weld modelling, finer meshes, 
and significantly higher computational costs. Nevertheless, 
the uncertainty introduced by the nominal stress approach 
is comparatively small relative to that arising from traffic 
loading variability, simplified boundary conditions, and 
material property scatter.

This study examines the interaction between adaptive 
control interventions and fatigue damage, explicitly incorpo
rating EAT system downtimes through the Active System 
Utilisation (ASU) metric. ASU is applied as a concise, stand
ardised measure of system availability rather than a full 
probabilistic reliability model. Although broader lifecycle 
interactions, such as material degradation, traffic variability, 
or seismic events, were not addressed, they underline the 
potential for extending this framework towards probabilistic 
reliability and resilience analyses in future work, thereby 
enhancing predictive robustness and supporting more 
informed design and maintenance strategies for adaptive 
retrofitted bridge systems.

7. Conclusions

This study demonstrates that External Adaptive Tensioning 
(EAT) systems significantly reduce the stress response, by 
approximately 66% relative to the unretrofitted case, and 
nearly eliminate fatigue damage across all critical locations 
under typical operational scenarios. By introducing the con
cept of Active System Utilisation (ASU), the analysis quanti
fies how system reliability and fallback configurations affect 
long-term performance, underscoring the need for robust 
maintenance strategies and fail-safe mechanisms to maxi
mise operational benefits. Compared to the localised and 
often uneven improvements offered by passive retrofit sys
tems, EAT provides consistently superior fatigue mitigation, 
significantly extending the remaining service life of ageing 
steel bridges.

Beyond direct fatigue benefits, the results highlight the 
structural value of adaptivity in retrofit strategies. By 
dynamically redistributing internal forces, EAT systems 
more effectively address both global and local stress 
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concentrations than passive post-tensioning, helping to 
avoid detrimental effects such as stress reversal or unin
tended amplification, phenomena sometimes observed in 
conventional approaches. These findings support the role of 
adaptivity as a key enabler of improved safety, durability, 
and serviceability in bridge retrofitting.

Future work should incorporate probabilistic models to 
capture uncertainties in loading, material degradation, 
and system reliability. Experimental validation of numer
ical predictions will also be essential to demonstrate feasi
bility under real-world conditions. Additionally, 
optimisation of actuator placement and control logic 
could further improve performance while minimising 
operational demands. Together, these avenues offer a 
strong foundation for advancing adaptive retrofitting as a 
reliable and effective solution for extending the service 
life of bridge infrastructure.
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