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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. 
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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. 

G. Tsialiamanis (�) 
Dynamics Research Group, Department of Mechanical Engineering, University of Sheffield, Sheffield, UK 
e-mail: g.tsialiamanis@sheffield.ac.uk 

C. R. Farrar 
Engineering Institute, MS T-001, Los Alamos National Laboratory, Los Alamos, NM, USA 
e-mail: farrar@lanl.gov 

© The Society for Experimental Mechanics, Inc. 2024 
M. R. W. Brake et al. (eds.), Nonlinear Structures & Systems, Volume 1, Conference Proceedings 
of the Society for Experimental Mechanics Series, https://doi.org/10.1007/978-3-031-36999-5_1

1

Energy Dissipation Measurement Under Cyclic Torsional
Loading Using Infrared Thermography

Daiki Shiozawa, Motoki Yoshiike, and Takahide Sakagami

Abstract In fatigue design, it is necessary to obtain the fatigue strength of the materials used; the conventional method of
obtaining the fatigue strength by preparing an S-N curve requires the repeated application of stress to a large number of
specimens in the order of 10∧7 cycles, which is enormously time-consuming and costly. A rapid fatigue limit estimation
method based on dissipated energy measurements has attracted attention. This method can estimate fatigue limits in a shorter
time and at a lower cost than conventional methods. Its applicability to fatigue limit estimation of materials under axial load-
ing has been investigated. In this study, fatigue limit estimation based on dissipated energy measurements was carried out
for SCM435 subjected to cyclic torsional loading to investigate whether the method can be applied to torsional loading as
well. A compact torsional fatigue testing machine and a microscopic measurement system were constructed. Visible-infrared
synchronous measurement was applied to correct the position of torsional deformation. Fatigue limit estimation based on
the dissipated energy under torsional loading obtained by the developed fatigue testing machine and measurement system
was found to be in good agreement with the fatigue limit obtained from the S-N curve.
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Introduction

The dissipated energy is measured by infrared thermography, and the fatigue limit of the material can be estimated from the
stress amplitude at which the dissipated energy increases rapidly [1–4]. Compared to conventional methods, this method can
estimate the fatigue limit using a smaller number of test pieces and on the order of 104 cyclic loadings, which is expected
to reduce time and costs. Although this method has been widely applied to axial loads, there have been few cases of its
application to torsional loads. In order to prevent fatigue failure of engines, turbines, motors, crankshafts, and other items
that are subjected to torsional loads, it is necessary to design them taking into account the fatigue limit against torsion.
Therefore, if this method could also be applied to torsional loads, it would be extremely beneficial for the industrial field. In
this study, the dissipated energy of SCM435 under torsional fatigue loads was measured by infrared thermography camera
and the fatigue limit was estimated based on the dissipated energy.

Experimental Setup and Specimen

The geometry of the specimen used in this experiment is shown in Figure 1. The material is chromium molybdenum steel
SCM435. Since infrared thermography camera cannot capture images of curved surfaces, a flat section with a width of 1
mm and a length of 4 mm was provided in the center of the specimen. A stir case like stress level test was performed on this
specimen. In the stir-case like stress level test, a sinusoidal waveform with a stress ratio of R = -1 and a frequency of f = 5
Hz was applied to the specimen, and the shear stress amplitude was increased in a stepwise manner by 20 MPa each time the
number of load cycles reached 1000 cycles. At each stress amplitude, the flat part of the specimen was measured using an
infrared thermograph camera and a visible camera, respectively, at the time when the number of load cycles reached 300 and
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Fig. 1 Geometry of specimen

600 cycles. A microscope lens was attached to the infrared thermography camera to perform magnified measurements of the
flat part. The spatial resolution at this time was approximately 20 µm/pixel. The flame rate was 300Hz, and the shooting time
was 10s, and the dissipated energy, which is 2nd frequency components of the load frequency, was measured. A position
correction process was performed to infrared thermography images using visible images to remove apparent temperature
fluctuations that occur when the observation point moves due to deformation or displacement of the specimen [5]. In the
position correction process, digital image correlation is performed on the visible images to measure the displacement of the
specimen.

Spot markers were painted on the test specimen. The displacement information obtained here was reflected in the infrared
image and position correction process was performed. In the constant stress amplitude test, a fatigue test was performed under
loading conditions of R=-1 and f=5Hz using a specimen without a flat surface, and an S-N curve was obtained. The runout
number of cycles at which no fracture occurred was set to 107 cycles.

Results

Figure 2 shows the S-N curve obtained from the constant stress amplitude test. It was found from Fig. 2 that the fatigue limit
of this specimen τw was between 300 MPa and 320 MPa, since no fracture occurred at τa= 300 MPa.

Fig. 2 S-N curves
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The change in dissipated energy in the stepwise stress increase test is shown in Fig. 3. In Fig. 3, the evaluation area is
the flat area in the center of the parallel part of the specimen, and the average value of the data measured twice at each stress
amplitude is used as the representative value. It was found from Fig. 3 that the dissipated energy remains constant at stress
amplitudes smaller than 320 MPa, and it increases from τa =340MPa. For these measurement results, the data for each
stress amplitude was divided into two groups, a low-temperature group and a high-temperature group, so that the residual
in the linear approximation was minimized, and the boundary value of the grouping was used as the estimated fatigue limit.
The estimated fatigue limit τ ’w in this experimental results was 330 MPa. The estimated fatigue limit τ ’w was close to the
fatigue limit obtained from the S-N curve.

Fig. 3 change in dissipated energy during the stir-case like stress level test.

Conclusion

In this study, the fatigue limit of SCM435 was estimated based on dissipated energy measurements in torsional fatigue. It
was found that the fatigue limit was between 300 and 320 MPa from the S-N curve obtained from a constant stress amplitude
test. From a stir-case like stress level test, it was found that the dissipated energy showed a constant value below a certain
stress amplitude, and then it rapidly increased. This estimated fatigue limit at which the dissipated energy rapidly increased
was close to the actual fatigue limit.
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