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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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Dynamic Properties by OMA and Modal Updating of a Mayan
Temple

T. Nunez and C. E. Ventura

Abstract This paper presents a study on the dynamic properties of the ancient Mayan Temple of the Masks (Temple II)
in Tikal, Guatemala, using Operational Modal Analysis (OMA) and finite element (FE) model updating. Built around 700
A.D., the temple is a key funerary and ceremonial monument whose preservation requires continuous structural monitoring.
Field OMA measurements were performed to identify modal frequencies, damping ratios, and mode shapes, establishing
a baseline for FE model calibration. A simplified FE model was first tuned using geometric data, dynamic properties, and
sclerometric test results that characterized the stone’s mechanical strength. A refined model was then updated with field
data to estimate the temple’s seismic response and evaluate the effects of material degradation on long-term stability. This
integrated methodology—combining ambient vibration testing and detailed numerical modelling—provides a robust frame-
work for heritage conservation, highlighting how advanced monitoring and modelling techniques can safeguard culturally
significant structures like Temple II.

Keywords SHM · Laser Scan · Heritage · Soil-Struct Interaction

Introduction

Significance of the Temple of the Masks in Tikal
The Temple of the Masks (Temple II) in Tikal, Guatemala, built around 700 A.D., reflects the architectural and ceremonial
sophistication of the Classic Maya. Facing Temple I across the Great Plaza, it was likely dedicated to Lady Kalajuun Une’
Mo’, wife of King Jasaw Chan K’awiil I, and marks a period of cultural renewal. Preserving Temple II is crucial due to its
historical significance and exposure to environmental and geotechnical hazards. As noted by Rossi and Bournas [3], safe-
guarding structural health is key for heritage conservation. Modern SHM techniques—vibration analysis, laser scanning, and
material testing—provide essential data on performance and deterioration. The temple’s location on unstable soil highlights
the importance of soil–structure interaction, which is often overlooked in conservation. Interdisciplinary studies combining
structural and geotechnical insights [1],[2] are key to minimizing potential hazards. Furthermore, its astronomical alignments
[5] enhance its cultural importance. Integrating vibration monitoring, laser scanning, and computational modelling supports
a holistic, sustainable strategy to preserve this emblematic Maya monument.

Importance of monitoring structural integrity for archaeological preservation
Preserving archaeological monuments like Temple II in Tikal is challenging due to limited architectural documentation,
scarce data on material degradation, and few records of environmental or seismic impacts. These gaps make conservation ef-
forts more difficult and increase the risk of unnoticed deterioration. SHM offers a quantitative framework to address these is-
sues through tools such as ambient vibration monitoring, 3D laser scanning, drone photogrammetry, and ground-penetrating
radar (GPR). Vibration monitoring identifies modal frequencies, damping ratios, and mode shapes—key indicators of struc-
tural change [6],[7]—while laser scanning and drones provide high-resolution geometric data for detecting deformations
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in inaccessible areas [8],[9],[16]. GPR complements these techniques by mapping subsurface conditions, revealing soil in-
stability or voids that affect foundation behavior [10]. Recent advances include digital twins; virtual models integrating
real-time data to simulate and predict structural responses to hazards or interventions [11]. Combined with IoT technologies,
these models enable adaptive and predictive conservation strategies. In summary, SHM has become essential for sustain-
able heritage management, bridging knowledge gaps and guiding preservation decisions. For monuments like Temple II, it
ensures both structural stability and the enduring transmission of cultural and historical value.

Fig. 1 Left: Geographical location of Tikal National Park, WorldAtlas.com (red squared). Upper-right: The Temple of the
Masks (Temple II), evaluated in this research. Downright: Temple of the Great Jaguar (Temple I)

On-Site Assessment Methodology

Ambient vibration tests
A series of ambient vibration tests were conducted at the temple to determine their dynamic modal properties. Nine portable-
wireless sensors [14] were used for these tests. The testing program consisted of three measurement setups. The layouts of
the sensors are illustrated in Figure 2. For all configurations, five out of nine sensors were considered as reference: four at
level 3 and one at the ground level. The remaining four sensors were placed at level 2 for setup 1, at level 1 for setup 2 and
level 4 for setup 3 as rovers. The duration for all setups was 20 minutes at a 128 Hz sample rate.

Sclerometric tests
Schmidt hammer tests were performed at 64 points on the pyramid to establish a characteristic value for the material’s
compressive strength. The method provides a non-destructive estimation of compressive strength by measuring the rebound
number, which correlates with material hardness and strength. The relationship between the rebound number and compres-
sive strength is established empirically and can be expressed as fc = a · Rb, where fc is the compressive strength, R is the
rebound number, and a and b are material-specific constants.
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Fig. 2 Setup 1 to 3. Ambient vibration test setup (velocity)

3D Geometric Survey
A laser scanning survey was conducted around the pyramid to produce a high-resolution 3D point-cloud model. Thirty-one
scan positions captured up to 360,000 points per second, accurately recording the structure’s geometry and external features
(Figure 3). The processed data provided a precise 3D reference for structural and geometric analysis, including assessments

Fig. 3 Laser Scanner Positions during survey



120 T. Nunez and C. E. Ventura

of verticality and differential settlements. These measurements revealed potential tilting and foundation movements, offering
key insights into the pyramid’s current condition and long-term stability.

Results and Discussion

Dynamic properties
Well-established techniques were employed in both the frequency and time domains to obtain the dynamic parameters of
the temple. The Enhanced Frequency Domain Decomposition (EFDD) was used for the frequency domain. For the time
domain analysis, the Stochastic Subspace Identification (SSI) approaches—Unweighted Principal Components (UPC) and
Canonical Variate Analysis (CVA)—were applied. All the analyses were developed using the ARTeMIS Modal software
[15]. The results obtained from these analyses are presented below.

Table 1 Frequencies (f ) and damping ratios (β). Ambient vibration tests (setup 1-2-3).

N◦ Freq. [Hz]
EFDD

Freq. [Hz]
SSI-UPC

Freq. [Hz]
SSI-CVA

Freq.
[Hz] Avg.

β [%]
EFDD

β [%]
SSI-
UPC

β [%]
SSI-
CVA

β [%]
Avg.

Predominant
Direction

Modal Shape
1 4.07 4.08 4.07 4.07 0.5 1.6 1.0 1.0 Bending (X)

2 4.24 4.26 4.24 4.25 1.2 2.2 1.8 1.7 Bending (Z)

3 8.01 8.05 8.08 8.05 2.4 2.2 2.8 2.5 Vertical (Y)

Sclerometric tests
Garcı́a de Miguel et al. [12] describe the nearby Great Jaguar Pyramid as composed of ashlar masonry walls filled with
embono—a lime mortar with limestone fragments—forming a dense, low-void structure. The fine, porous limestone is prone

Fig. 4 Modal Shapes. Upper-left: f=4.07[Hz], upper-right: f=4.25[Hz], down f=8.05[Hz]. ARTeMIS Modal Software [15]



Dynamic Properties by OMA and Modal Updating of a Mayan Temple 121

to erosion and biological growth. As Temple II shares similar materials and techniques, these findings likely apply to it as
well, suggesting comparable deterioration mechanisms such as loss of embono cohesion and limestone decay, which offer
key insights for its preservation.

Fig. 5 The schematic material structure of the Temple [12]

According to M. Kržan et al. [13], the compressive strength of ashlar masonry depends on morphology and construction
quality, averaging 6.05 MPa and typically ranging from 4 to 8 MPa. The Schmidt hammer tests on Temple II yielded a
characteristic value of 5.97 MPa, showing an acceptable correlation with the previously cited study. As shown in Figure 6,
values range from 3.7 to 8.3 MPa, reflecting the high heterogeneity also reported in their work and confirming the correlation
between rebound number and compressive strength. The characteristic compressive strength was obtained using a Kernel
Density Estimation (KDE) method, which identifies the most probable value within the empirical distribution of test results.
Following the configuration described by Garcı́a de Miguel et al. [12], a significant portion of the structure consists of em-
bono, a lime mortar with limestone fragments forming a dense, low-void matrix. Under the BS EN 459-1 [17] classification,

Fig. 6 Estimation of compressive strength for ashlar masonry using KDE method
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this material can be conservatively considered as an NHL 2 lime mortar (f′n = 2 MPa). Since most of the pyramid is com-
posed of embono while the mechanical characterization was performed only on the ashlar masonry, an equivalent structural
compressive strength was estimated assuming a contribution of 30 % from the ashlar masonry and 70 % from the embono.
Based on the characteristic values reported, the pyramid’s overall characteristic compressive strength was therefore taken as
3.2 MPa, for use in material characterization and subsequent numerical modeling.

Geometry survey
The laser scanning survey produced a detailed 3D dataset that enabled a comprehensive analysis of the pyramid’s geometry
and structural behaviour. The resulting point cloud accurately captured its dimensions and allowed assessment of external
contours, vertical alignment, and overall stability. The analysis revealed differential settlements (rocking) across structural
blocks, decreasing from base to top: 278 mm at the first block, 169 mm between levels 1–2, and 68 mm between levels
2–3. These settlements are critical for structural evaluation, while no differential movement was observed in the opposite
direction.

Fig. 7 Estimated rocking between pyramid blocks using 3D laser scanning. Up: upper block, between level 3 and 2. Middle:
middle block, between level 2 and 1. Down: ground block, between level 1 and ground

Calibrated model
A key step after structural assessment and SHM analysis is calibrating a mathematical model to evaluate the structure’s
condition and simulate its response to earthquakes, soil effects, extreme weather, or long-term degradation. To develop
such a model, it was essential to obtain on-site data: the geometry provided a volumetric measure of the structure, the
sclerometric tests allowed the derivation of mechanical properties, and the vibration measurements enabled model calibration
for subsequent scenario simulations. Regarding the characteristic values of mechanical strength, Table 2 summarizes those
considered for the model.
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Table 2 Calibrated mechanical properties for simplified model

N◦ Variable Symbol Value Unit Comments

1 Density γ 2200 kg/m3 Calibrated based on clay soils improved with lime or ce-
ment: 1700-2200 kg/m3

2 Compressive
Strength

f
′

c 3.2 MPa Average value from the sclerometric test

3 Young’s
Modulus

E 480 MPa E = 150f
′

c

4 Poisson Ratio ν 0.15 MPa Calibrated based on clay soils improved with lime or ce-
ment: 0.15 – 0.35

5 Shear Modulus Gc 209 MPa Gc = E/2(1 + ν)

The density in Table 2 follows M. Kržan & V. Bosiljkov (2023) [13], while compressive strength was obtained con-
sidering a weighting of 30 % for the characteristic compressive strength of the ashlar masonry (5.97 MPa) and 70 % for
the embono material (2 MPa), a uniform characteristic compressive strength of 3.2 MPa was assumed for the pyramid. The
remaining parameters were estimated from empirical and reference data to define the model’s stiffness. Based on these
parameters, a finite element model was developed in Ansys software. The model was built from the point cloud obtained
through laser scanning, which was cleaned and processed to generate a geometry suitable for meshing. A solid mesh was
created with approximately 94,000 quadratic elements, using finer discretization in areas with sharp angles or geometric
details requiring higher resolution, shown in Figure 8:

Fig. 8 Different views for the FE model developed in Ansys

The model included only self-weight loading to estimate the natural frequencies and mode shapes. Thirty modes were ini-
tially computed to assess the cumulative effective modal mass. The main modal shapes and their corresponding frequencies
are presented below.
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Fig. 9 Modal frequencies and shapes for the FE model

Table 3 Modal frequencies and modal mass percentage for each mode. FE model

Mode Modal Freq.
[Hz] Model

Predominant
direction

% Modal
Mass X

% Modal
Mass Z

% Modal Mass
Y (vert.)

1 4.18 Bending 55.60 0.07 -

2 4.38 Bending 0.08 57.20 0.02

3 5.83 Torsional 0.15 - -

4 6.85 Vertical - - 52.26

5 7.66 Bending 0.01 13.82 0.06

6 7.75 Bending 17.23 - -

Finally, Table 4 presents a comparison between the natural frequencies obtained from ambient vibration testing and those
derived from the finite element model, which was developed based on the field survey data. From the table, it can be observed
that the frequencies predicted by the model are in reasonable agreement with those identified from ambient vibration mea-
surements, confirming that the calibrated numerical model provides an acceptable representation of the structure’s dynamic
behavior.

Table 4 Frequency comparison. Ambient vibration results and FE model

Mode Modal Freq. [Hz] Ambient
Vibration

Modal Freq. [Hz] FE
Model

Difference
[%]

Predominant direction

1 4.07 4.18 2.7 Bending

2 4.25 4.38 3.1 Bending

3 8.05 6.85 14.9 Torsional

Conclusions

This study presents a structural assessment of Temple II, focusing on its dynamic behaviour, geometry, and material prop-
erties. Ambient vibration testing identified modal frequencies, damping ratios, and mode shapes, while 3D laser scanning
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detected differential settlements and deviations from verticality. The analysis revealed up to 278 mm of settlement (tilt ≈
0.43◦) along one principal direction. Schmidt Hammer tests showed variable compressive strength (5.97 MPa characteristic
value), consistent with Kržan [13] and confirming the reliability of this non-destructive method. A FE model, calibrated
with field data, provided a reasonable representation of the temple’s dynamic response. The findings indicate potential risks
related to settlement and emphasize the need for long-term monitoring and improved material characterization. Further
soil–structure interaction evaluation is recommended for a better understanding of its role in the observed deformation and
stability. This work demonstrates the value of an integrated SHM approach—combining vibration testing, geometric surveys,
and non-destructive material evaluation—to assess structural integrity while minimizing intervention. Continuous monitor-
ing enables early detection of deterioration and supports preventive conservation. Future efforts should include permanent
sensor systems, refined soil–structure studies, and advanced digital modelling (e.g., digital twins and parametric simula-
tions). Extending this methodology to nearby temples and simulating extreme events such as earthquakes or severe weather
will improve predictive analysis and support long-term preservation of Tikal’s heritage.
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