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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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System Identification of a 10-story Cold-Formed Steel
Building: Systematic Study Considering Sensor Distribution
and Changes in Ambient Conditions

Shokrullah Sorosh, Jiachen Zhang, M. Khalid Saifullah, Derek Skolnik, and Tara C. Hutchinson

Abstract A 10-story cold-formed steel (CFS) building was constructed and tested on the six-degree-of-freedom Large
High-Performance Outdoor Shake Table at UC San Diego (NHERI@UC San Diego). The primary objective of this testing
program was to evaluate the seismic performance of a building with steel-sheathed shear walls beyond the current code
height limit. The test specimen was also detailed with various nonstructural components and systems, including 9 stories of
prefabricated steel stairs with drift-compatible connections, a fire sprinkler system with horizontal and vertical runs, rigid
and flexible gas pipes, and rooftop equipment. These subsystems increased the fidelity of the specimen and its overall po-
tential to capture true-to-field functional buildings. Prior to the seismic testing phase, the building’s response under ambient
conditions was recorded using various sensor systems and networks, including six rapid-deployment triaxial accelerographs.
The unique combination of portability (wireless), high-fidelity (24-bit resolution), and precise time-synchronization (GPS
timestamp) of these sensors allowed for convenient and speedy data collection prior to the seismic test phase. Using this pre-
test data, this paper discusses the application of several output-only system identification techniques, including conventional
Power Spectral Density (PSD) analysis, Frequency Domain Decomposition (FDD), and Data-driven Stochastic Subspace
Identification (SSID), to determine the building’s modal characteristics under ambient conditions. Observations regarding
the SI results are presented, and the variation in the building’s modal characteristics under changing ambient conditions is
evaluated.

Keywords System identification · Dynamics · Ambient vibration · Shake table test · Operational modal analysis

Introduction

Recently, a 10-story cold-formed steel building, referred to as CFS10, was tested on top of the six-degree-of-freedom Large
High-Performance Outdoor Shake Table (LHPOST6) at UC San Diego, see Figure 1a. This landmark building specimen
measured 30.5 m in height and 6.86 m × 11.58 m in floor plan. The lateral force resisting system of this test specimen
was designed with steel-sheet-sheathed shear walls. The primary intention of this test effort was to test a cold-formed steel-
framed building with steel-sheet-sheathed shear wall beyond the current code (ASCE 7-22 [1]) height limit of 19.8 m. The
building was subjected to a total of 18 earthquake motions, scaled to various risk-targeted hazard levels [2]. Hutchinson et
al. [3] provide an overview of the building performance under the seismic test phase, while Singh et al. [4] summarize the
structural design details of this building. In addition, this building featured various nonstructural components and systems,
including a 9-story stair tower [5, 6], fire riser and sprinkler systems, windows, gas pipes [7], and roof-mounted mechanical
equipment with various attachment details [8].
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Numerous studies have investigated the use of system identification techniques to determine the modal characteristics of
test structures under white noise base excitation or ambient conditions [9–12]. The primary objective of the present study
was to identify the fundamental modal characteristics of the test specimen using ambient vibration data collected prior to
the seismic testing phase. This step is essential for validating numerical simulation tools before conducting seismic tests. It
is worth noting that no discussion of the finite element model validation is included in this paper. Zhang et al. [2] provide
a detailed discussion on the evolution of the test protocol throughout the seismic testing phase of the CFS10 program. The
finite element model of the building plays a crucial role in the ground motion iteration and scaling process. Therefore,
identifying the modal characteristics of the building using ambient vibration (AV) data prior to the seismic test phase is
critical for ensuring confidence in the finite element model results. The use of portable wireless-based sensors is feasible and
convenient to conduct such a study, as it renders an efficient strategy for quickly providing response data. Alternatively, wired
sensors would be installed within the building specimen, a highly time-consuming effort. In this study, six portable tri-axial
accelerograph units were deployed to collect sufficient data to characterize the first three modal responses of the 10-story
building. The vibration data was recorded for a duration of 23 hours and 35 minutes with 200 samples per second (SPS). With
200 SPS, the Nyquist frequency is 100 SPS, which is far above the range of interest for building modal characteristics. The
deployment strategy was varied, considering various horizontal and vertical placement options, though the present article
focuses on a sample of these results with one strategic layout. Results herein focus on documenting the change in building
modal characteristics under varying ambient conditions.

Instrumentation

The acceleration responses of CFS10 under ambient conditions were recorded using six tri-axial accelerographs. These ac-
celerographs were of model ETNA 2 with 3 sensor channels with a high fidelity internal EpiSensor triaxial deck, 24-bit reso-
lution, and 155 dB+ dynamic range. As shown in Figure 1b, the sensors in the present discussion were placed at the northeast
and southwest corners of the building at Levels L3, L7, and L11/roof. These locations along the height of the building were
particularly chosen to avoid the modal nodes and to capture flexural dominant and torsional modes. In addition, the ambient
conditions, such as temperature, humidity, and wind speed, were recorded using a weather station installed on the control
building at the south side of the CFS10. Furthermore, the weather data were retrieved from Elliot station of the National
Oceanic and Atmospheric Administration (NOAA) [13], which is located approximately 1.6 km southeast of the CFS10.

Fig. 1 (a) Isometric view of CFS10, and (b) instrumentation plan (SDS: Serial Data Stream)

Ambient Vibration Data

Data collection with the sensor deployment plan shown in Figure 1b began at 15:00 local time on April 28 and ended at
14:35 local time on April 29. Figure 2a shows the ambient conditions recorded during this period, based on measurements



System Identification of a 10-story CFS Building: Systematic Study Considering Sensor Distribution and Changes in Ambient Conditions 111

Fig. 2 (a) Ambient conditions and (b) acceleration time series during data collection with sensor deployment plan shown
in Figure 1b. (Note: local time is based on Pacific Daylight Time (PDT))

from both the Elliot station (ground surface sensor) and the sensor attached to the control building (approximately 9m from
ground level). The weather data from the two sources show good agreement, with some minor variations expected due to
spatial differences between the stations. Figure 2b shows the acceleration time series in the X and Y directions recorded
by sensor SDS1, located at the northeast corner of the building on the roof. In general, larger acceleration amplitudes are
seen during daytime hours, primarily due to human activity in the building during ongoing cable and sensor installation. In
addition, the wind speed during the daytime was approximately two to three times larger than at nighttime. The contribution
of wind-induced loading on the lateral mode excitation of buildings with enclosed exteriors is significant.

Identified Modal Parameters

In this study, the vibration frequencies of the CFS10 building were identified using three output-only system identification
techniques. The first method was based on the power spectral density (PSD) analysis, where the vibration frequencies were
determined from the peaks of the PSD of the acceleration time series computed using Welch’s method [14]. In addition, the
Frequency Domain Decomposition (FDD) [15] and Stochastic Subspace Identification (SSID) [16] techniques were used to
estimate the building’s modal characteristics, including vibration frequencies and damping ratios. It is noted that, prior to
running the system identification analyses, the acceleration time series were baseline corrected and filtered using a 4th-order
Butterworth bandpass filter with cutoff frequencies of 0.075 Hz and 50 Hz. Figure 3a shows the acceleration time histories
recorded at the northeast corner of the roof of the building by the SDS1 sensor during the first five minutes of data collection
(i.e., April 28, 15:00-15:05 PDT). The corresponding PSD of this window is shown in Figure 3b, where each peak in the
PSD identifies a vibration mode. The vibration frequencies identified from the SSID and FDD methods are shown by vertical
dashed and solid lines, respectively. The frequencies estimated from the three methods show a good agreement.

The FDD and SSID techniques were used to identify the modal parameters throughout the duration of the deployment
using continuous non-overlapping 5-minute data segments. Figure 4 shows the identified vibration periods and corresponding
damping ratios for the first three vibration modes of the building during this deployment period. The first vibration mode is
a flexural-dominant mode in the Y direction with a period ranging from 0.55 to 0.57 seconds. The second mode is a flexural-
dominant mode in the X direction with a period between 0.53 and 0.55 seconds. The torsional mode is the third vibration
mode with a period ranging from 0.37 to 0.38 seconds. As shown in Figure 4b, the damping ratios corresponding to these
modes were generally estimated between 0.5% and 2%. A comparison between the identified vibration periods shown in
Figure 4a and the temperature variation shown in Figure 2a demonstrates a gradual decrease in ambient temperature from
approximately 18◦C during the day to 9◦C at midnight, accompanied by a slight reduction in the building’s flexural mode
period from 0.545 s during the day to 0.535 s at midnight in the X direction, and from 0.565 s during the day to 0.555 s
at midnight in the Y direction. Although this 0.01-second change in the building period is relatively small, the observed
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Fig. 3 (a) Acceleration time series from SDS1 for the first time window (April 28, 15:00-15:05 PDT), and (b) corresponding
power spectral density with identified modal frequencies using each of the three studied methods highlighted

Fig. 4 (a) Identified vibration period (b) damping ratios of CFS10 corresponding to the first three fundamental modes

trend shows that the building becomes slightly stiffer under colder conditions. In addition, this reduction in building period
is partially due to lower wind speed during the night as compared to wind speed during the daytime. An increase in humidity
would also increase the mass of some buildings, such as wood-framed buildings, but cold-form-steel-framed buildings are
expected to be less affected by the humidity level. Furthermore, observing the torsional mode shows that both FDD and
SSID identification techniques failed to identify the modal parameters during the calmer hours of the day, which were
approximately between 8:00 PM PDT April 28 and 8:00 AM PDT April 29. During this period, the wind speed was relatively
low, ranging from about 2 to 4 kilometers per hour.

Figure 5 shows a comparison of identified modal parameters based on the FDD and SSID methods, along with a his-
togram of the distribution of identified modal parameters. It is noted that the histogram is developed based on a total of 283
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samples. Observing the period’s scatter plots, the data points are observed closely around the diagonal reference line. Both
scatter plots and histograms show a strong agreement between FDD and SSID in estimating the vibration periods. However,
the damping ratios show relatively larger scatter, particularly for the X and Y directions, suggesting larger discrepancies in
damping ratios obtained using the two methods. Nonetheless, these results show the robustness of both methods in identi-
fying the vibration period while also emphasizing the discrepancies in estimated damping ratios, which are typically very
sensitive to noise and system identification modeling assumptions, thus an anticipated observation given the use of AV-data.

Fig. 5 Comparison of identified period and damping ratios estimated using SSID and FDD (Note: (1) for each case, a
total of 283 windows of 5-minute length AV data is considered (total test duration was 23 hours and 35 minutes), and (2)
histogram frequency bins are at 0.0025sec and 0.25% for period and damping, respectively

Conclusions

This paper discussed the use of portable wireless-based accelerograph units in vibration data collection of a full-scale shake
table test building. The vibration data of the building under ambient conditions were recorded for 23 hours and 35 minutes
and deployed in a variety of configurations. Utilizing one of the deployment configurations, these data were used to identify
the modal parameters, including the vibration periods and the damping ratios of the building, using three output-only system
identification techniques, namely, Power Spectral Density (PSD) analysis, Frequency Domain Decomposition (FDD), and
Stochastic Subspace Identification (SSID). The analysis results showed that all three methods are robust in identifying the
first three vibration periods of the building. However, comparing the identified damping ratios based on FDD and SSID
techniques reveals that there are slight discrepancies between the estimated damping ratios. This is likely because damping
ratios are very sensitive to noise and system identification model assumptions. In addition, monitoring the modal parameters
for the 23 hours and 35 minutes data collection period showed that the building period decreases during the nighttime,
potentially due to a minor increase in stiffness during colder hours, though this reduction in stiffness is not significant.
Furthermore, it was concluded that the torsional mode of the building was only predictable when the wind speed was
relatively larger, while during the calmer hours of the night, the torsional mode of the building was not identified. It is worth
noting that conducting such system identification analysis is essential prior to the shake table test phase of such a large
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specimen, as such results provide information regarding the state of the building considering its as-built configuration, and
eventually, these results ensure confidence in the results of the developed finite element models of the building.

Acknowledgments The CFS10 project was funded through the National Science Foundation (NSF) grants CMMI 1663569 and CMMI 1663348,
project entitled: Collaborative Research: Seismic Resiliency of Repetitively Framed Mid-Rise Cold-Formed Steel Buildings, and numerous other
federal/state and industry partners. A complete list of sponsors/partners to the CFS10 program may be found at: https://cfs10.ucsd.edu/sponsors-
partners. The authors appreciate the aforementioned support. The efforts of all undergraduate and graduate students and visiting scholars listed
at https://cfs10.ucsd.edu/people/ are greatly appreciated. The opinions and findings of this study are those of the authors and do not necessarily
reflect those of the sponsors.

References

1. ASCE. (2022). Minimum design loads and associated criteria for buildings and other structures (ASCE/SEI 7-22). Structural Engineering
Institute of the American Society of Civil Engineers. Reston, VA.

2. Zhang, J., Sorosh, S., Ji, R., Schafer, B. W., and Hutchinson, T. C. (2026). “Full-scale 10-story cold-formed steel building shake table test:
Protocol development and shake table performance.” In Proceedings of the 13th National Conference on Earthquake Engineering, Earthquake
Engineering Research Institute, Portland, OR.

3. Hutchinson, T. C., Eladly, M., Ji, R., Rivera, D., Rukundo, F. C., Singh, A., Sorosh, S., Zhang, J., Zhang, X., Padgett, L., Jones, H., Karns, J.,
and Schafer, B. W. (2026). “Advancing use of cold-formed steel framing systems for mid-rise residential construction in seismic zones via
full-scale shake table testing.” In Proceedings of the 8th Residential Building Design & Construction Conference, State College, PA.

4. Singh, A., Zhang, J., Rivera, D., Eladly, M., Jones, H., Kovac, A., Padgett, L., Smith, K., Torabian, S., Peterman, K. D., Schafer, B. W.,
and Hutchinson, T. C. (2024). “CFS-NHERI 10-story building shake table test specimen: Design updates.” In Proceedings of the 18th World
Conference on Earthquake Engineering (WCEE2024), Milan, Italy.

5. Sorosh, S., Zhang, J., Kovac, A., Smith, K., and Hutchinson, T. C. (2025). “Design strategies and modeling verification for steel stairs with
drift-compatible connections.” In Proceedings of the 2025 Structural Engineers Association of California (SEAOC) Convention, San Diego,
CA, USA.

6. Sorosh, S., Zhang, J., Kovac, A., Smith, K., Schafer, B. W., and Hutchinson, T. C. (2026). “Influence of stair system flexibility on building
vibration period: Insight from full-scale building shake table tests at low-amplitude excitation.” In Proceedings of the ATC/SPONSE Sixth
International Workshop on the Seismic Performance of Non-Structural Elements (SPONSE), Yokohama, Japan.

7. Singh, A., Rukundo, F. C., Ameen, J. R., Fathali, S., Jaramillo, J., Torbin, B., Huntress, J., Szakats, G., Cook, D. T., Speicher, M. S.,
Sattar, S., Hutchinson, T. C., and Schafer, B. W. (2026). “Interaction of Suspended Ceilings and Pressurized Piping in a Full-Scale 10-Story
Cold-Formed Steel Building Shake Table Test Program.” In Proceedings of the 6th International Workshop on the Seismic Performance of
Non-Structural Elements (SPONSE), Yokohama, Japan.

8. Zhang, X., Zhang, J., and Hutchinson, T. C. (2026). “Shake table testing of rooftop mechanical equipment with different attachment strategies
on a full-scale ten-story building.” In Proceedings of the 6th International Workshop on the Seismic Performance of Non-Structural Elements
(SPONSE), Yokohama, Japan.

9. Moaveni, B., He, X., Conte, J. P., Restrepo, J. I., and Panagiotou, M. (2011). System identification study of a 7-story full-scale building slice
tested on the UCSD-NEES shake table. Journal of Structural Engineering, 137(6), 705–717. https://doi.org/10.1061/(ASCE)ST.1943-541X.
0000300

10. Astroza, R., Ebrahimian, H., Conte, J. P., Restrepo, J. I., and Hutchinson, T. C. (2016). System identification of a full-scale five-story
reinforced concrete building tested on the NEES-UCSD shake table. Structural Control and Health Monitoring, 23(3), 535–559. https:
//doi.org/10.1002/stc.1778

11. Astroza, R., Conte, J. P., Restrepo, J. I., Ebrahimian, H., and Hutchinson, T. C. (2021). Seismic response analysis and modal identification of
a full-scale five-story base-isolated building tested on the NEES@UCSD shake table. Engineering Structures, 238, 112087. https://doi.org/
10.1016/j.engstruct.2021.112087

12. Wang, X., and Hutchinson, T. C. (2020). Evolution of modal characteristics of a mid-rise cold-formed steel building during construction and
earthquake testing. Earthquake Engineering & Structural Dynamics, 49(14), 1539–1558. https://doi.org/10.1002/eqe.3316

13. National Oceanic and Atmospheric Administration. (2025). Weather. Retrieved from https://www.noaa.gov/weather
14. MathWorks. (2025). pwelch, Welch’s power spectral density estimate. In MATLAB Signal Processing Toolbox Documentation. Retrieved

from https://www.mathworks.com/help/signal/ref/pwelch.html
15. Brincker, R., Zhang, L., and Andersen, P. (2001). Modal identification of output-only systems using frequency domain decomposition. Smart

Materials and Structures, 10 441 445 https://doi.org/10.1088/0964-1726/10/3/303
16. Overschee, P.V., and De Moor, B.L. (1996). Subspace Identification for Linear Systems: Theory–Implementation–Applications, Kluwer Aca-

demic Publishers, Norwell, MA.

https://doi.org/10.1061/(ASCE)ST.1943-541X.0000300
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000300
https://doi.org/10.1002/stc.1778
https://doi.org/10.1002/stc.1778
https://doi.org/10.1016/j.engstruct.2021.112087
https://doi.org/10.1016/j.engstruct.2021.112087
https://doi.org/10.1002/eqe.3316
https://www.mathworks.com/help/signal/ref/pwelch.html
https://doi.org/10.1088/0964-1726/10/3/303

	Chapter 12 System Identification of a 10-story Cold-Formed Steel Building: Systematic Study Considering Sensor Distribution and Changes in Ambient Conditions
	Introduction
	Instrumentation
	Ambient Vibration Data
	Identified Modal Parameters 
	Conclusions


