
Chapter 5Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Outcomes from Field Measurements on the Magerholm Ferry
Quay: System Identification, Finite Element Model Updating
and Sensitivity Analysis

Ba Tung Le, Bartosz Siedziako, Torodd Skjerve Nord, and Luigi Sibille

Abstract Structural health monitoring (SHM) has become an essential practice in the research community due to the neces-
sity of maintaining the longevity and safety of critical infrastructure. The Magerholm ferry quay examined in this study is an
example of coastal infrastructure exposed to harsh environmental conditions and complex operational loads. As an important
part of the region’s transportation network, the quay accommodates significant daily traffic, including both local commuters
and commercial vehicles. Despite that, previous SHM research has mainly focused on traditional bridge structures, leaving
a considerable gap in our understanding of the health and performance of these equally vital maritime structures. This study
explores various aspects of structural health monitoring for a linkspan (ferry docking bridge) using field measurements, sys-
tem identification, finite element model updating (FEMU), and sensitivity analysis of the Magerholm linkspan.

Keywords Structural Health Monitoring · Link-span · System Identification · Finite Element Model Updating · Sensitivity
Analysis

Introduction

The development of human society is linked to infrastructure development. As more and more structures near or exceed
their design life, monitoring and maintenance have become increasingly challenging and expensive [1–3]. This issue is
exacerbated by the increasingly harsh weather conditions attributed to global warming, particularly accelerating the deterio-
ration of coastal infrastructure. To address this, researchers have been developing innovative techniques for asset condition
monitoring, maintenance optimization, and life prediction [4–7].

Ferry terminals and their supporting infrastructure, for example linkspans, are critical components of the economies of
coastal and island nations like Norway. These structures are subjected to harsh marine conditions and the excessively repeated
impact of docking ferries [8], leading to structural damages [9]. One such damage example is the reduction of support
provided by the lifting tower (Fig. 1), a critical component of a linkspan that supports the docking platform vertically and
houses the jack used to adjust the bridge’s height to accommodate varying tidal levels. Excessive operation can compromise
the structural integrity of these towers. Despite their significance, our understanding of the behavior of lifting towers remains
limited. It is clear that there is a need for further research on linkspans, with a particular focus on the behavior and health of
lifting towers.

This study investigates the dynamic behavior of Magerholm linkspan through a combination of field experiments, system
identification, and finite element modeling. Firstly, FEMU is also applied to accurately determine the actual condition of the
lifting tower through the stiffness of the springs representing it. Afterwards, a sensitivity analysis was conducted to evaluate
the influence of lifting tower stiffness on the dynamic behavior of ferry docks, with the aim of determining whether such
damage could be easily detected. The results demonstrate that the natural frequencies of ferry docks are highly sensitive to
lifting tower stiffness, particularly the first bending and first torsion modes.

B. T. Le (�) · Bartosz Siedziako · Torodd Skjerve Nord · Luigi Sibille
Department of Ocean Operations and Civil Engineering, Norwegian University of Science and Technology, Larsgårdsvegen 2, 6009
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Field measurement

Magerholm Ferry Dock

The Magerholm ferry quay is part of Route 60, which connects Magerholm and Sykkylven. This route plays a vital role
in the transportation system of the Møre og Romsdal area, with an average daily traffic of up to 2,500 vehicles [10]. This
structure is composed of two main components: the steel docking bridge or so called linkspan and the side support quay
(concrete bridge), as illustrated in Figs. 1 and 2. The linkspan is 16m long, 7m wide and constructed of steel. The bridge
deck consisting of main longitudinal beams connected by cross beams and diagonal braces for structural stabilization. Since
the structure is used for ferry docking, it must accommodate varying tide heights by adjusting the height of the ferry quay to
match the ferry. To achieve this, lifting towers are employed; they are connected to a lifting beam located beneath the deck,
serving as the support for the docking bridge. The other support is provided by the abutment, which includes conical fenders

Fig. 1 Magerholm ferry quay with its structural components

Fig. 2 Magerholm ferry dock sensor layout
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beneath the main beam to absorb the impact from docking ferries. Above these components, steel grating are installed to
accommodate movement of vehicles and passengers. It should be noticed that when the ferry is successfully docked, the
lifting towers then release the jacks and the new support to the dock is the ferry itself. Field experiments presented in this
studies were conducted in the ”free state” when ferry dock bridge was supported by the lifting towers.

Field Measurement Setup
The installation and measurement of sensors on the ferry dock were conducted on May 31, 2022. For this measurement,
G-Link 200 wireless sensors from MicroStrain were utilized, offering significant convenience compared to the conventional
wired sensors. The use of wireless sensors allows for a rapid and flexible layout on the ferry dock without disrupting its
operating schedule. A total of 16 G-Link 200 3-axis sensors with waterproof covers were deployed. These sensors transmit
data to a WSDA-2000 gateway, which is capable of communicating with a computer equipped with software from the sensor
provider. The sampling frequency was set to 128 Hz, and the accelerometer’s range was adjusted to the lowest possible
setting of ±2 g to enhance noise density, which the supplier specifies as 25 µg/

√
Hz. The sensors are mounted directly to

the steel deck using magnetic plates from the sensors. The sensor layout is shown in Fig. 2.

System Identification

Modal Analysis
Acceleration time series graphs from the field measurement are illustrated in Fig. 3. It is possible to recognize notable events
when the ferry docks, such as the adjustment of the lifting towers to allow the ferry to dock and leave, or the movement from
vehicles on the docking bridge. After the ferry was undocked from the docking bridge, walking excitation was performed to
simulate ambient noise, a crucial input for operational modal analysis.

The acceleration recorded from walking excitation has been used to perform modal analysis. Before applying covariance
driven stochastic subspace identification (SSI) algorithm to identify modal information, the data was high-passed filtered

Fig. 3 Time series of accelerometer 147 during docking event of a Ferry. Direction X, Y and Z refer to longitudinal,
transverse and vertical direction of the ferry dock
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Fig. 4 Modal information from SSI: mode shapes, eigenfrequencies and damping in free state operation. Five modes noted
in bold red color are chosen for the updating process

with a cut-off frequency of 0.5 Hz. The following parameters were used for SSI procedure: the number of orders was set
to 200, number of blockrows was set to 100 and the number of blocks for covariance of the subspace matrix was set to 20.
Finally, the mode shapes and natural frequencies are summarized in Fig. 4.

Figure 4 shows that, aside from the translation mode (mode 1), both bending and torsion modes have been identified.
Modes 2, 3, 5, 6, and 7 correspond to the first and second bending modes of the entire bridge, while modes 8 to 11 indicate
bending in the transverse direction of the bridge’s tip. Torsional behavior is observed in modes 4 and 12. In some cases,
two modes exhibit similar mode shapes, making it difficult to distinguish between them. The reason for this is believed to
be the stiffness of the lifting towers. Since these towers lift the bridge using jacks, their stiffness is not stable, leading to
similar mode shapes with different natural frequencies. It is important to note that modes 5, 10, and 12 exhibit unsymmetrical
behavior. Given that the main structural elements are symmetric, this unsymmetrical behavior could indicate a change in the
bridge’s stiffness on one side over time. Five modes noted in bold red color in Fig. 4 are chosen for the updating process.

Finite Element Model Updating

Finite Element Model
An Finite element (FE) model, shown in Fig. 5, was constructed using ABAQUS [11] based on the existing drawings
provided by the municipality [12]. However, some information regarding the side balconies was missing and therefore thick-
nesses were based on field measurements. The following cross sections were assigned to the main structural components:
main beam: HE550B; cross beam: IPE240, HE240A, and UNP220; lifting beam: HE450B; diagonal bracing (L-shape):
200x200x16; and various plates with thicknesses ranging from 10 mm to 45 mm. These parts are constructed from St52-3N
or RSt-37-2 steel, which have mechanical properties equivalent to the S235 and S275 steel types, respectively. Quadrilateral
finite membrane-strain shell elements with reduced integration (S4R) were selected for the FE model. A mesh size sensitivity
analysis for the ferry quay was conducted in [13], revealing that a mesh size between 50 mm and 100 mm is optimal. In this
study, a mesh size of 50 mm was selected.

Only the structural components were modeled in ABAQUS. To accurately simulate the total mass of the docking bridge,
non-structural mass was introduced to account for elements such as railings and steel gratings. The weight information for
these parts was obtained from the existing drawings. The steel gratings were modeled at 90 kg/m², the large railings at
approximately 81 kg/m, and the small railings at 19.25 kg/m. Ultimately, the entire structure weighed 53.64 tons.
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Fig. 5 Finite element model of Magerholm ferry dock in ABAQUS

As described in section 2.1, the docking bridge is supported by the abutment and lifting towers in its free state. Conse-
quently, constraints in the transverse and vertical directions are introduced at the abutment. Springs with a stiffness of 2000
kN/m (as specified by the provider) are modeled in the longitudinal direction at the positions of the conical fenders. The
lifting towers, which support the bridge vertically, are represented by vertical springs. The initial stiffness of these springs
was set at 10 000 kN/m, as the exact value is unknown and will be updated later. The mode shapes extracted from FE model
are depicted in Fig. 6.

Model Updating Methodology

In this study, Mottershead’s sensitivity method [14] is applied to update the finite element model. This process is similar to
an optimization problem, where the goal is to minimize the error between the FE model’s output and the field measurement
results, thereby improving the approximation of the computer model to the actual state of the structure. The output used
for comparison in this study is the natural frequency of the linkspan. To align the model output as closely as possible with
the measured data, the input parameters θ of the FE model—such as material density, Young’s modulus, cross-sectional

Fig. 6 First six modes of FE model
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properties, etc—are systematically adjusted. This adjustment is represented by ∆θ, where ∆θi = θ − θi. These parameters
are iteratively modified, until this quantity gradually approaches an acceptable small value:

J(∆θ) = ϵTz Wϵz (1)

Here, W is a weighting matrix that accounts for the importance of different terms in the vector ϵz . It is defined as a
diagonal matrix with diagonal values equal to 1/f2

i , where fi are the measured frequencies in Hertz (Hz). The vector ϵz
represents the difference between the FE model-calculated results z(θ) and the measured results zm:

ϵz = zm − z(θ) (2)

In the iterative process, this difference can be expressed as ri = zm − z(θi). To minimize the error in each iteration, ϵz
is updated by linearizing the non-linear relationship between θ and z(θ) as follows:

ϵz ≈ ri −Gi∆θi (3)

Gi is the sensitivity matrix computed by

Gi =

[
∂zj
∂θk

]
θ=θi

(4)

To avoid matrix singularity and ill-conditioning problem, it should be noted that all mentioned vectors and matrices
should be normalized as presented in [15]. Replacing ϵz in Eq. (1) by (3) one can define the objective function:

J(∆θi) = ∥−W 1/2Gi∆θi +W
1/2
i ri∥ (5)

When Eq. (5) is applied in this study, with natural frequency as the quantity of interest, it is transformed as follows:

J(∆θi)
∗ =

5∑
j=1

[W ]j,j

(
fm,j − fn,j

f0,j

)2

(6)

Here fm,j and fn,j are the jth measured and numerical frequencies respectively while f0,j is the jth initial numerical
frequencies.

This optimization problem is solved using the scipy.optimize.lsqn function in Python. During each iteration, the parame-
ters are updated by an amount ∆θ, which is the solution from the previous iteration:

θi+1 = θi +∆θi (7)

The iteration process continues until the error between the FE model and the measurement results is reduced to an acceptable
level, or when the values of θi+1 and θi converge and are sufficiently close to each other. The workings of this algorithm
have been previously presented by [15], where they also provide a code implementation of this method [16].

In practice, the FE model and measurement results yield various natural frequencies and mode shapes. Selecting which
natural frequencies and mode shapes from the FE model to compare with the measured data is a challenge that needs to
be addressed. To tackle this, a Mode Matching Index (MMI) has been introduced to find the natural frequencies and mode
shapes of the FE model that closely match those of the measurement results. This is done based on the natural frequency
values and the similarity in mode shapes, as quantified by the Modal Assurance Criterion (MAC) value

MMI = (1− γ)MACm,n − γ
|fm − fn|

fm
(8)

where fm and fn are measured and numerical frequencies respectively. To weight between mode shapes and frequencies,
coefficient γ is introduced and has the range between 0 and 1. The value of γ is chosen as 0.5 in this study. For the updating
purpose, only FE modes that have MAC value above 0.6 compare to measure modes, are selected for updating process.

Updating Parameters
It is important that the number of natural frequencies used for updating needs to be larger than the number of parameters
to ensure unique solutions to the optimization problem [15]. The number of parameters also depends on the availability of
the measured modes. In this study, four parameters were chosen; therefore, at least five natural frequencies must be used for
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Table 1 Used parameters for updating routine and their limits

Paremeter Initial value Allowable change between iterations Global bounds
ρsteel 7850 kg/m3 ±5% no bounds
k1 10000 kN/m ±20% no bounds
k2 10000 kN/m ±20% no bounds

Esteel 210 GPa ±5% no bounds

finite element model updating. The first parameter chosen is the material density, ρsteel, which accounts for possible errors
in estimating non-structural mass and modeling errors. This is followed by Young’s Modulus, Esteel, that can be associated
with uncertainties in structural stiffness due to corrosion and degradation. The stiffness of the lifting towers, k1 and k2, is
also included, as the support characteristics of this type are unknown. The parameters and their ranges are summarized in
Table 1. Based on the study conducted in [13], the initial values for the stiffness of lifting towers were set to be 10000 kN/m.
Allowable change of 5% was applied for steel density and Young’s modulus since these two parameters were not expected
to change much. However, considering the potential variability in lifting tower stiffness, a more substantial allowable change
of 20% was established.

Results
The FEMU process was conducted for six iterations to minimize the objective function J(∆θi)

∗, as detailed in Fig. 8. A
significant reduction in this quantity occurred within the first three iterations, followed by a gradual convergence. Updated
parameter values are presented in Table 2, while the FEMU process’s effectiveness in matching natural frequencies and mode
shapes between the measured state and FE model is summarized in Table 3.

As anticipated, the stiffnesses of the lifting towers underwent the most substantial changes. Given that all measured
frequencies exceeded those of the initial FE model, indicating a stiffer-than-estimated actual ferry dock state, the FEMU
process increased values of the stiffness of the lifting towers. This is also reflected by a slight increase in Young’s modulus.
Conversely, a minor decrease in steel density might be attributed to modeling errors at joints and an inaccurate estimation of
the side balconies’ weight.

Figure 7 presents sensitivity index values (calculated using Eq. (4)) for the four considered parameters. The sensitivity
indices of the lifting tower stiffnesses, Gk1 and Gk2, reveal their primary influence on the natural frequencies of the first
bending and first torsional modes. Their impact on other modes is less pronounced.

(a) Scaled sensitivity matrix of first iteration (b) Scaled sensitivity matrix of last iteration

Fig. 7 Scaled sensitivity matrix of FEMU process
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Fig. 8 Objective function J(∆θi)
∗ through iterations

Table 2 Parameter values before and after finite element updating

Paremeter Initial value Updated value Change
ρsteel 7850 kg/m3 7039 kg/m3 -811 kg/m3

k1 10000 kN/m 20736 kN/m 10736 kN/m
k2 10000 kN/m 20736 kN/m 10736 kN/m

Esteel 210 GPa 218.9 GPa 8.9 GPa

Table 3 Natural frequencies and MAC values before and after updating

Mode Frequency, f[Hz] MAC value
Measured Initial Error[%] Weighted errors[%] Updated Error[%] Weighted errors[%] Initial Updated Change

1 3.15 2.48 -21.27 -11.92 3.18 0.95 0.53 0.957 0.981 0.024
2 4.42 3.42 -22.62 -6.44 4.26 -3.62 -1.03 0.953 0.977 0.024
3 8.83 7.95 -9.97 -0.71 8.63 -2.27 -0.16 0.649 0.664 0.015
4 10.19 10.1 -0.88 -0.05 10.84 6.38 0.34 0.960 0.958 -0.002
5 13.52 14.39 6.43 0.20 15.2 12.43 0.38 0.699 0.703 0.004

Absolute average 10.2 4.3 0.70 0.71

The updating process yielded a commendable reduction in average frequency errors from 10.2% to 4.3%. Notably, the
most significant improvements were observed for the first two modes, aligning with the amplified weighting assigned to
these modes. A slight increase in the MAC value suggests a closer approximation of the FE model’s mode shapes to those
extracted from measurements.

Sensitivity Analysis of Lifting Towers
One of the motivations for performing studies at Magerholm as a case study stems from the collapse of its ferry dock during
Ingunn storm, one of the most powerful storms to impact Norway in 30 years [17], on 31st January 2024. Following the
storm, the entire deck of the structure detached from the lifting towers and sank into the water, necessitating a salvage
operation and reattachment to the towers. Although the exact cause of the collapse remains uncertain, the authors suspect
that similar damages can be caused by failure of the lifting towers. Consequently, the authors conducted a sensitivity analysis
on the updated model of lifting tower stiffness to assess its impact on the dynamic behavior of the linkspan.

The results are presented in Figs. 9 and 10. Figure 9 captures the sensitivity of frequencies when changing the stiffness
of one tower and keep the other one constant at k = 20736kN/m which is the stiffness of the towers after updating. On the
other hand Fig. 10 capture that when changing the stiffness of both towers at the same time.

As expected, there is a clear correlation between tower stiffness and modal behavior. Most modes are sensitive to stiffness
variations, except for mode 6, which remains relatively unaffected. The first bending mode (mode 1) is particularly sensitive
to stiffness changes, while modes 3 and 6 show minimal sensitivity. Interestingly, the first torsional mode (mode 2) exhibits
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Fig. 9 Percentage changes in natural frequencies of 6 modes corresponded to different lifting tower stiffness values -
Altering stiffness in a single tower. k = 20736kN/m is the stiffness of the towers after updating process

Fig. 10 Percentage changes changes in natural frequencies of 6 modes corresponded to different lifting tower stiffness
values - Altering stiffness in both towers. k = 20736kN/m is the stiffness of the towers after updating process

significantly increased sensitivity when both tower stiffnesses are adjusted. Other modes experience a gradual frequency
increase with rising stiffness.

Conclusion

This study provides a better understanding of the modal behavior of linkspans and examines the possibility of detecting
lifting tower damage modeled by reduction in its stiffness using modal information. The key points can be summarized as
follows:

• When employing wireless accelerometers, walking excitation serves as an effective input for the SSI algorithm in
determining the modal characteristics of linkspans.
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• There are challenges in selecting modes for FEMU application due to multiple modes with similar mode shapes and
closely spaced natural frequencies. This is caused by the variable stiffness of the jacks used in lifting towers, which
can fluctuate slightly during operation, resulting in nearly identical modes.

• Sensitivity-based FEMU has proven highly effective in constructing a FE model that replicates the actual condition of
the linkspan. The error between the FE model and field measurement results was reduced to less than 5% within just
six updating iterations.

• The sensitivity analysis shows a strong correlation between lifting tower stiffness and the docking bridge natural
frequencies, especially when the stiffness of lifting towers is below 20,000 kN/m.

• While most modes are sensitive to stiffness variations, the first bending and first torsional modes are particularly
susceptible to changes in lifting tower stiffness. This suggests that damage to the lifting towers would likely be reflected
in changes to the natural frequencies of these two modes. After the updating process, the stiffness of lifting towers is
estimated to be approximately 20,000 kN/m.
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