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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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Experimental System Identification and Tower-Top Dynamic
Response of Monopile-Supported Offshore Wind Turbines
During Installation

Saravanan Bhaskaran, Max Kruse, Andrew Goupee and Amrit Verma

Abstract The upscaling of offshore wind turbines (OWTs) in pursuit of improved efficiency introduces new structural
dynamics challenges during the installation phase due to large hub heights. The blade–hub mating process, in particular,
demands high precision, and unpredictable tower-top motion during this phase can result in damage to blades or guide pins.
This paper presents a scaled experimental study on the dynamic response of monopile-supported OWTs based on the Inter-
national Energy Agency (IEA) 10 MW and 15 MW reference turbines fabricated at 1:70 Froude-scale. System identification
tests were conducted for both models to extract modal parameters such as natural frequencies, damping ratios, mode shapes,
and stiffness distributions. The tower-top motions of the 10 MW model were subsequently measured under regular waves in
a controlled flume environment. This work provides benchmark data to support predictive modeling, digital twin develop-
ment, and control strategies for future offshore wind turbine installations.

Keywords Offshore · Turbine · Dynamics · Modal · Installation

Introduction

Offshore wind energy is expanding worldwide as the demand for large-scale renewable power grows, leading to the de-
ployment of increasingly larger turbines. Monopile-supported offshore wind turbines (OWTs) have become the predominant
foundation solution for the deployment of wind energy infrastructure in shallow to intermediate water depths due to their
structural simplicity and cost-effectiveness. The installation phase of OWTs presents significant engineering challenges
distinct from their operational state, as the system experiences a variety of dynamic loads that include wind, wave, and
installation-induced forces prior to commissioning. A fundamental barrier to the robust and safe deployment of OWTs lies
in understanding and quantifying their dynamic response during installation. The blade–hub mating process represents one
of the most critical junctures in the installation of OWTs, as it requires precise alignment under dynamic environmental
conditions. At this stage, the monopile, tower and nacelle are already installed in the hammerhead configuration, while the
blades are lifted to the hub height by a crane vessel for attachment. OWTs are known to exhibit complex elliptical orbits with
rapidly changing directions at the tower top in the hammerhead configuration [1], which can lead to damage at the blade root
or the guide pins. Such risks underscore the potential to compromise equipment integrity, jeopardize personnel safety, and
disrupt project schedules, making it essential to thoroughly investigate and characterize these responses.

A practical and cost-effective approach to investigating the underlying physics of complex engineering systems is through
carefully designed scaled model tests conducted under controlled laboratory conditions [2]. Several studies have investigated
the dynamic behavior of monopile-supported offshore wind turbines during their design and operational phases, employing
scaled laboratory experiments and numerical simulations to evaluate modal properties and soil–structure interaction [3, 4,
5, 6, 7, 8]. These works have provided valuable insights into the long-term performance of monopile foundations under
combined environmental loading conditions, including the effects of scour, soil stiffness, and nonlinear vibrations in waves.
However, the majority of these efforts have focused on fully operational turbines, where the structural configuration and
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boundary conditions differ significantly from those encountered during installation. As a result, there remains a lack of
experimentally validated data capturing the unique dynamic responses that occur in the hammerhead configuration during
installation.

This paper presents an experimental study focused on the design and testing of fully flexible 1:70 scale models of the
International Energy Agency (IEA) 10 MW [9] and 15 MW [10] reference turbines in the hammerhead configuration. The
natural frequencies, damping ratios, mode shapes, and stiffness distributions of both models were derived through a series
of free-decay tests, roving accelerometer modal tests, and pull-out tests. The experimental findings were compared with
high-fidelity numerical predictions to validate the modeling assumptions and highlight the sensitivities critical to installation
planning. The 10 MW model was later installed in a wave flume where tower top motions were recorded for various regular
wave conditions.

Methodology

This study focuses on the design and experimental testing of fully flexible 1:70 Froude-scaled models of the IEA 10 MW
and 15 MW reference turbines in the hammerhead configuration, developed to replicate the dynamic response character-
istics of the corresponding full-scale systems. Firstly, the approach used to obtain the experimental models is illustrated in
Fig. 1, which depicts the progression from the full-scale distributed springs numerical model (baseline) to the final fabricated
experimental model.

Fig. 1 Development of the 1:70 Froude-scale experimental model of the IEA 10 MW turbine

The numerical models used in this study were developed using the ASHES software package [11], a finite element
analysis tool specifically designed for dynamic analyses of wind turbines. In the baseline representation, soil–structure
interaction was modeled using a series of linear springs distributed along the embedded section of the monopile. Each node
below the seabed was assigned three translational and three rotational stiffness constraints, with stiffness values calculated
according to the equations provided in the IEA 15 MW turbine reference document [10]. The shear modulus of the soil was
selected to represent dense sand conditions. The monopile and tower were modeled using Timoshenko beam elements, while
the rotor–nacelle assembly (RNA) was represented as a lumped point mass with an eccentric offset relative to the tower axis.
While the distributed springs model provides an accurate representation of the real soil–structure interaction, it is difficult to
reproduce experimentally. Therefore, the apparent fixity method is adopted to simplify the soil representation by replacing
the embedded section with an equivalent cantilever beam. The equivalent cantilever section below the seabed is required to
produce the same deflection and rotation at the mudline as obtained from the baseline model. To achieve this, the 50-year
return period load case was applied to the baseline model, assuming the turbine location along the U.S. East Coast near
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New York. The resulting forces and bending moments were thereafter used to determine the equivalent bending stiffness
and apparent fixity length, as described in [12]. The Froude scaling method was then used to reduce the structure to model-
scale in order to preserve dynamic similarity between the model and the prototype. Froude scaling was chosen because
wave–structure interactions are governed primarily by gravity, making the Froude number the controlling non-dimensional
parameter. The primary Froude scaling relationships applied in this study are: length with λ, time with λ0.5, mass and force
with λ3, and bending stiffness with λ5, where λ is the scale factor. Since the full-scale structure features a varying diameter
along its height, the model was divided into three uniform-diameter sections above the seabed and one section below the
seabed to represent the embedded portion. The bending stiffness of the three sections above the seabed was averaged to
match the overall stiffness distribution of the prototype, while the stiffness of the section below the seabed was accounted
for using the apparent fixity method. The effectiveness of this sectioning approach in replicating the stiffness distribution of
the prototype is shown in Fig. 2, where the modeled piecewise distribution of bending stiffness (EI) is compared with the
baseline distributed springs representation for both turbines. This sectioning approach simplifies fabrication while retaining
the essential dynamic fidelity of the prototype.

Fig. 2 Comparison of bending stiffness distributions: (a) IEA 10 MW (b) IEA 15 MW Note: all values are reported in
full-scale

The experimental structure was assembled by welding four steel tube sections, each selected to achieve the required
bending stiffness. An outer ring made of lightweight plastic was attached to the first section above the seabed to match the
correct hydrodynamic diameter. The section below the seabed was clamped to a foundation containing heavy concrete slabs
to enforce the fixed-end boundary condition at the base.

Results

System identification tests

Free decay tests

Free-decay tests were performed to identify the natural frequencies and damping ratios of the scaled turbine models. In these
tests, the tower was excited using a rubber mallet, allowing the structure to oscillate freely. The resulting acceleration time
histories were recorded with a piezoelectric accelerometer, and logarithmic decrement analysis was applied to estimate the
damping ratios.

Two sets of modes were identified in both the fore–aft (FA) and side–side (SS) directions for the scaled turbine models.
The corresponding natural frequencies and damping ratios for the 10 MW and 15 MW turbines are summarized in Tables 1
and 2, respectively. To align the first set of natural frequencies with the baseline model, the RNA mass was artificially
increased by approximately 13% for the 10 MW model and 8% for the 15 MW model. This study focuses primarily on the
first set of modes, as they are the most critical for capturing tower-top motions.
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Table 1 Comparison of natural frequencies for the 10 MW turbine model

Mode Baseline [Hz] Modeled [Hz] Experiment [Hz] Damping [%]
Mode 1 (SS) 0.296 0.293 0.295 0.092
Mode 1 (FA) 0.297 0.294 0.297 0.175
Mode 2 (FA) 1.606 2.437 2.235 0.365
Mode 2 (SS) 1.622 2.498 2.309 0.316

Table 2 Comparison of natural frequencies for the 15 MW turbine model

Mode Baseline [Hz] Modeled [Hz] Experiment [Hz] Damping [%]
Mode 1 (SS) 0.185 0.185 0.185 0.279
Mode 1 (FA) 0.185 0.185 0.185 0.308
Mode 2 (FA) 1.182 1.604 1.548 0.244
Mode 2 (SS) 1.208 1.633 1.582 0.229

Mode shapes

Mode shapes for both turbine models were obtained using roving accelerometer tests. An impulse force hammer was used
to excite the tower at both hub height and mid-height in order to capture the first and second sets of modes. Measurements
were taken at 18 elevations along the tower height in both the fore–aft and side–side directions. The acceleration time
histories and the impact forces were recorded for each case. Frequency response functions (FRFs) were computed, and the
modal displacements were normalized with respect to the maximum value. Multiple hammer strikes were performed at each
sensor location to account for variability in the manual excitation. To ensure consistency, only normalized displacements
that deviated by less than 5% from the baseline results were retained for analysis. Out of the eight mode shapes extracted,
two representative cases are shown in Fig. 3, and these exhibit good agreement with the baseline results, indicating that the
scaled models capture the dynamic behavior of the prototypes.

Fig. 3 Representative mode shapes (a) 10 MW 1st SS mode (b) 15 MW 2nd FA mode Note: all values are reported in
full-scale

Pull-out tests

The stiffness of the physical models was evaluated through pull-out tests. Six measurement points were marked along the
elevation of the tower, and varying known weights were applied near the tower top using a string and pulley arrangement
to simulate static horizontal loading. The resulting displacements were measured with a high-speed camera. A reference
image with a ruler was used to establish a pixel-to-millimeter conversion ratio, and the displacement of each marked point
was determined by comparing images taken before and after the application of the loads. Tests were performed in all four
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directions by rotating the foundation 90◦ for each iteration. Stiffness was calculated as the ratio of applied force to measured
displacement, and the inverse (flexibility) was also derived, as shown in Fig. 4.

Fig. 4 Inverse stiffness distributions (a) 10 MW -X direction (b) 15 MW +X direction Note: all values are reported in
full-scale

The results indicate strong linearity in stiffness and good agreement between the baseline and experimental observations.

Tower top motions
The 10 MW model was installed in a 10 m long wave flume to characterize its tower-top motion response under regular wave
conditions. Two single-axis accelerometers were mounted on the nacelle to record motions in the X and Y directions at the
tower-top. The tests were conducted at a model-scale wave height of 30 mm with periods of 0.4 s and 0.5 s, and an incident
wave angle of 45◦. Each load case was repeated six times, resulting in a total of 12 motion recordings. Each recording was
approximately 1.25 minutes in duration, corresponding to about 10 minutes at full-scale. The recorded acceleration time
histories were subsequently integrated twice, with appropriate filtering, to obtain the tower-top displacement trajectories in
both the X and Y directions. Figure 5a illustrates the two-dimensional (2D) motion path at the tower top for a resonance case,

Fig. 5 (a) 2D motion path at the tower-top for H = 30 mm, T = 0.4 s θwv = 45◦ (b) frequency-domain response Note: all
values are reported in model-scale
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where the wave period of 0.4 s is close to the fundamental natural period of the system. In the frequency-domain response
(Fig. 5b), a single sharp peak is observed at the resonant frequency of approximately 2.5 Hz. The time-domain trajectory
reveals pronounced elliptical orbits that continuously change orientation. Such motions present significant challenges during
the blade–hub mating phase, as the instability and rapid variation in orbital direction can hinder precise alignment.

Figure 6a shows the 2D motion trajectory at the tower top for the non-resonant case with a wave period of 0.5 s. The
motion amplitude is significantly smaller compared to the resonant case, and the orbit remains consistently aligned with
the incident wave angle of 45◦. In the frequency-domain response (Fig. 6b), the dominant peak corresponds to the wave
frequency of 2 Hz, accompanied by a smaller peak at the structural resonant frequency. Two additional secondary peaks are
observed near the wave frequency, which result from reflected waves interacting to form a standing wave with a frequency
offset of approximately 0.11 Hz. Minor noise contributions from the accelerometers are also visible, particularly due to the
small displacement amplitudes.

Fig. 6 (a) 2D motion path at the tower-top for H = 30 mm, T = 0.5 s θwv = 45◦ case (b) frequency-domain response Note:
all values are reported in model-scale

Conclusions

This study presented fully flexible 1:70 scale models of the IEA 10 MW and 15 MW turbines in the hammerhead configura-
tion, with system identification tests showing close agreement with numerical predictions of key dynamic properties. These
results confirm the validity of the modeling approach and the suitability of the scaled structures for dynamic investigations.
Tower-top motions of the 10 MW model were further characterized under regular wave forcing in a controlled wave flume.
Resonant excitation produced complex elliptical orbital motions with rapidly changing orientations, while non-resonant
conditions yielded small, stable orbits aligned with the wave direction. Such results highlight the dynamic instabilities that
can occur during the blade–hub mating phase and underscore the importance of accounting for tower-top orbital motions
in installation planning. Overall, the findings provide benchmark experimental data and validated modeling strategies that
can support predictive tools, digital twin development, and improved risk management practices for offshore wind turbine
installation.
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