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A B S T R A C T   

Vibration-based finite element model (FEM) updating of cultural heritage assets is gaining so 
much attraction these days since destructive tests are usually not allowed to be performed. In this 
study, a framework for developing three-dimensional (3D) FEMs is proposed using 3D laser 
scanners and applied on Slottsfjell tower, a stone masonry tower in Tønsberg, Norway. Opera-
tional modal analysis (OMA) was done based on the ambient vibration testing (AVT) data to 
define the frequency values and corresponding mode shapes of the tower. Mechanical properties 
of the tønsbergite stone were utilized to derive the base values of the material properties of the 
homogenized masonry for performing sensitivity analysis and FEM updating. To investigate the 
effect of the soil-structure interaction (SSI) on the FEM updating results, three FEMs are devel-
oped. The fixed-base model is the FEM without considering the SSI effects, and two other FEMs 
are developed using the substructure and direct methods for simulating the SSI effects. Sensitivity 
analysis was performed to investigate the effective parameters on the dynamic characteristics of 
the models. FEM updating was conducted on the three FEMs, and results are compared to each 
other to show the role of the SSI on the FEM updating results. The resonance effect can cause 
damages to buildings located even in low seismicity zones. For this aim, the risk of resonance 
effect has been evaluated for the tower. Finally, linear dynamic analysis was performed on the 
three calibrated models, and the results were compared to each other.   

1. Introduction 

Heritage structures are the symbolic representation of ancient engineering, and preservation of the so-called architectural heritage 
is pivotal for every societies [1]. Masonry and timber are considered as the oldest construction materials [2]. The structural behavior of 
masonry structures is strictly tied to the geometrical parameters, material properties, and environmental situation of the location site 
[3,4]. Moreover, providing a robust model called digital twins with a structural behavior similar to the real structure is crucial for a 
structural vulnerability assessment methodology [5]. Various equipment and strategies have been proposed to decrease the un-
certainties related to the aforementioned effective parameters on masonry structures and facilitate the assessment and damage 
detection process [1]. 

A geometrical survey is a crucial part of the methodology to develop digital twins of historic structures. Nowadays, 3D laser 
scanners have gained attention in the structural engineering community, and engineers are trying to find optimum solutions for 
obtaining 3D models based on point clouds [6,7]. Various methods have been developed to automatically and semi-automatically 
convert the point clouds to 3D finite element models (FEMs) [8–12]. Obtaining 3D models in computer-aided (CAD) software 
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packages based on the point clouds and converting the 3D model to the 3D FEMs with meshing is a conventional method that is widely 
used nowadays [6,13,14]. 

Soil-structure interaction (SSI) influences the dynamic characteristics of structures that should be considered to provide more 
robust simulation models [15,16]. Considering fixed-based boundary conditions is widely used for analysis and design purposes when 
geotechnical data is not provided [17]. But solutions for considering the SSI effects can be classified into direct and substructure 
approaches [15,18]. In the direct method that is considered as the most accurate modeling approach, soil, foundation, and structure 
are modeled by applying proper boundary conditions [18]. Studies on historical masonry structures using the direct method show the 
significant effects of SSI on their dynamic characteristics and seismic behavior [17,19–22]. In the substructure approach, the SSI is 
simulated using springs and dashpots [18]. Although the substructure approach is efficient in terms of computational efforts and is 
widely used in analyzing compared to the direct method [23], its accuracy has been questioned recently in [24]. 

Material properties are other effective parameters on the dynamic characteristics of the structures. Destructive tests on historical 
structures are usually forbidden due to their values, and non-destructive tests should be utilized [2,14]. Operational modal analysis 
(OMA) of historical masonry towers or minarets based on ambient vibrating testing (AVT) method using accelerometers has gained so 
much attraction recently [25–32]. Calibration of structures based on the OMA results is one of the non-destructive methods to define 
the material properties of historical structures and minimize the differences of the dynamic characteristics of numerical model and 
structure [3,33–39]. Although SSI is significantly effective on the dynamic characteristics of structures, a few studies have been done to 
calibrate the numerical models considering the SSI effects using the substructure method [40–44]. However, there is still a gap in the 
numerical model updating of historical structures so that soil parameters are also updated. Moreover, different types of SSI modeling 
approaches are needed to be considered, including the direct method. 

Calibrated digital twins can be utilized for predicting the vulnerability of structures subjected to various types of risks, including 
earthquake [33,41,45–48]. Masonry structures are susceptible to seismic actions, and seismic risk assessment of historic masonry 
structures is a pivotal task for the authorities [49,50]. Furthermore, experiences of past earthquake events show considerable damage 
due to the resonance effect [51,52]. A building will approach a state of partial resonance when the fundamental period of soil and 
structure have matched each other, and seismic waves will be amplified that result in the increasing of inertial faces acting on the 
structures [53,54]. Therefore, investigating the risk of this phenomenon on existing structures and considering it for designing 
buildings should be taken into account even in low seismicity zones. 

In this paper, a framework for developing simulation-based digital twins of historical structures using 3D laser scanners and ac-
celerometers considering the SSI effects is explained. A digital twin of the Slottsfjell tower in the city of Tønsberg in Norway has been 
developed. 3D laser scanners are utilized to facilitate the geometrical survey and the procedure of the conversion of the point clouds to 
the FEM has been discussed. Afterward, AVT was done, and three frequency domain OMA methods were utilized to derive the tower’s 
natural frequencies and mode shapes. SSI effects are considered using both the direct (DM) and substructure (SM) methods, and a 
model with fixed-based (FB) boundary conditions has been developed without considering the SSI effects. The tower was constructed 
by the tønsbergite stone, and mechanical properties of the stone were utilized to derive the base values of the material properties of the 
homogenized masonry for performing sensitivity analysis and the FEM updating. A sensitivity analysis is performed to investigate the 
most effective parameters on the dynamic characteristics of the tower for the three mentioned FEMs and the results are compared to 
each other. FEM updating of the three models was done by updating the SSI parameters, and the results of the updated materials have 

Fig. 1. (a) Location of Tønsberg in Norway, (b) Different views of the Slottsfjell tower, and (c) Geometry of the tower.  
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been compared to each other. After providing the calibrated DM model, the risk of resonance effect has been evaluated. Finally, linear 
time history has been carried out on all three calibrated models and the results are compared to each other. 

2. Overview of the case study 

The Slottsfjell tower is in the city of Tønsberg in the southeastern part of Norway (see Fig. 1(a)). It is centrally located in the ruined 
park from one of the Nordic region’s largest medieval castles. The tower is not older than 150 years and was built to celebrate 1000 
years since the city of Tønsberg was founded in 871. On top of the entrance, it is written the years 871–1871 with the corresponding 
text “May the city that stands on the hill, flourish a thousand new year“ in Norwegian. Fig. 1(b) shows the Slottsfjell tower in different 
views. The tower is made of stone masonry with a square shape which can typically be seen in medieval constructions. The tower has a 
historical value for the county of Vestfold and Telemark because of the region’s identification with the Viking age due to the most 
magnificent burial site from the Viking era in Norway located in that area. The tower’s total height is 21 m, with one basement and 
three stories on top of the soil level. Each story is like a box, and the width of each box is decreased from the basement level to the top 
floor. The geometry of the tower is depicted in Fig. 1(c). 

3. Numerical modeling 

3.1. 3D Geometric documentation 

Totally twenty scans were performed using a Topcon 2000 3D laser scanner inside and outside the tower to provide dense point 
clouds. The raw point clouds of the scans were imported to Autodesk Recap Pro software [55] to be combined, and a unique dense 
point cloud model is provided as depicted in Fig. 2(a), and each circle shows the location of the scans. The 3D point cloud file is 
imported to Autodesk Revit software [56], as illustrated in Fig. 2(b). The 3D model of the tower was provided in the Revit software 
based on the point clouds as presented in Fig. 2(c). 

3.2. Finite element modeling 

A semi-automatic procedure to provide the 3D FEM based on the point clouds data was utilized in this study. After providing the 3D 
model of the tower, the industry foundation classes (IFC) format of the model was exported from the Revit Autodesk software. The CAD 
exchanger software was utilized to convert the IFC format file to the standard for the exchange of product model data (STEP) format, 
which is suitable for importing the 3D solid models in DIANA FEA [57] software to develop the 3D FEM. After importing the STEP file 
to DIANA FEA, several cleaning tools have been chosen to modify the 3D model, including healing the edge inaccuracies, removing 
duplicate surfaces and small entities, etc. 

For 3D finite element modeling of the tower, the homogenized method has been considered by neglecting the discretization of 
masonry units and mortar, which is widely used for modeling full-scale structures [58,59]. This approach needs fewer input data and 
less computational effort than the discrete element method which masonry units and mortar are modeled separately by defining the 
interface elements [4]. 

Fig. 2. (a) Point clouds derived from the 3D laser scanner and position of the scanners during the data acquisition, (b) imported dense 3D point to 
the Revit Autodesk software, and (c) 3D drawing of the tower in the Revit Autodesk software. 
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3.3. Soil-structure interaction modeling 

Three models with three various boundary conditions were developed. For the FB model, the SSI was neglected by employing rigid 
supports in three degrees of freedom beneath the tower, as illustrated in Fig. 3(a). Note that neither soil spring nor rigid supports are 
not modeled around the basement walls, based on [60]. 

The second model (SM) is provided based on the substructure method to consider the SSI by modeling springs beneath the tower, as 
depicted in Fig. 3(b). Based on the Winkler method, springs have stiffness in three directions to support the normal and shear stiffnesses 
[61]. 

The third model (DM) is characterized by modeling the foundation and soil box as the most detailed model in terms of considering 
the SSI effects (see Fig. 3(c)). In this model, the foundation is modeled beneath the tower as a box with a height of 2.5 m based on the 
data provided by the slottsfjell museum. Regarding the dimension of the soil box, the depth and the length should be considered larger 
than 1,5 and 3 times the dimension of the foundation based on [62]. Therefore, the soil box is modeled with the depth and length of 
11 m and 22 m, respectively. Rigid boundary conditions are considered for the bottom of the soil box, but for four side faces of the box, 
roller supports are employed to constrain the displacement in the normal direction of the faces [15,63]. 

The FEMs are developed in the DIANA FEA software and then imported to the FEMtools software [64] for performing future 
analyses. Hexahedron mesh type was chosen for meshing the model, so that hexahedron elements are the dominant choice, and 
tetrahedron and pentahedron mesh elements were used to fill parts of the geometry. The total number of elements of the FB, SM, and 
DM models are 66,676, 66,286, and 93,832, respectively, with a maximum mesh size of 65 cm. 

3.4. Material properties of soil and masonry 

The Slottsfjell tower was constructed using the tønsbergite stone, which is a variant of the Norwegian igneous rock larvikite and the 

Fig. 3. The 3D mesh of (a) FB, (b) SM models, (c) detail of modeling DM model, and (d) 3D mesh of DM model of the tower.  
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larvikite rock is classified as a variant of the monzonite rock [65,66]. Compared to granite, which is more broadly known, monzonite 
has a lower percentage of quartz [67]. The elasticity modulus of the stone unit is considered 61 GPa based on [68], and stiff mortar 
type is considered with an elasticity modulus value of 12 GPa based on [69]. Orthotropic material is considered for masonry, and 
homogenized masonry properties are derived based on an empirical equation presented in [70]. Although the elasticity modules of the 
homogenized masonry derived from the empirical equations are more than the real values since the deformations of the bed joint 
mortar are not considered [70], the value can be utilized for the base value and will be updated through the calibration process. 
Furthermore, the shear modulus of masonry is considered 0.15 times the elasticity modulus based on [36,71]. 

Since no laboratory test has been conducted on the soil properties, hard soil properties based on the field investigation and the 
properties are selected based on [15]. Normal subgrade reaction factor of the boundary condition of the SM is calculated based on the 
simplified Vesic model [72] and Eq. (1). 

Kz =
Es

B.(1 − νs
2)

(1)  

Where Es and νs are the elasticity modulus, and the Poisson’s ratio of soil, respectively, and B is the foundation length. Furthermore, the 
shear stiffnesses (Kx and Ky) are considered 0.01 times of the normal stiffness [73,74]. All material properties and spring reaction 
factors are summarized in Table 1, which are utilized for the sensitivity analysis and the base values for the model updating in the next 
sections. It should be noted that as a limitation of this model, the effect of foundation interaction is neglected. Moreover, the springs 
have the same stiffness in different locations beneath the tower, which is not realistic considering the non-homogeneous behavior of 
soil and foundation. Orthotropic material was considered for the soil media of the DM model with mechanical properties of the hard 
soil [15] as presented in Table 1. 

4. Sensitivity analysis on the effects of material properties 

To have a better understanding of the effective parameters on the dynamic characteristics of the tower, a sensitivity analysis was 
done. The tower is discretized into different sets, as illustrated in Fig. 4. The same set names based on the order of the sections that 
appeared in Fig. 4 for the first floor (sets 2–6) were considered for the sets of the second and the third floor. For the DM model, the soil 
and foundation are discretized into eight and four sections, respectively. The soil box is halved in all dimensions to be discretized to 
eight sets, and the foundation is divided into four equal sets in plan view. Elasticity modulus and shear modulus of different sets of 
masonry in three directions are considered the parameters. Their influence is investigated on the first five natural frequency values of 
the three developed models of the tower. 

Fig. 5 depicts the sensitivity graphs of the elasticity modulus for the three developed models. It can be concluded that Ez is the most 
effective parameter that mostly influences the first two natural frequencies. Moreover, higher sensitivities are related to the first-floor 
elements compared to other floors. The graphs also show that the changes in elasticity modulus of the foundation and soil sets have less 
effect on the frequencies than the masonry material properties. 

Based on the sensitivity graph of the shear modulus presented in Fig. 6, Gxy is the least effective parameter, and responses are more 
sensitive to Gyz and Gxz. Sensitivity values are highest for the first-floor sets and lowest for the third-floor sets. Unlike the elasticity 
modulus, it should be noted that the shear modulus is effective on higher modes. The graphs also show that the changes in shear 
modulus of the foundation and soil sets have negligible effects on the frequencies compared to the masonry material properties. 

A sensitivity analysis is performed to investigate the effect of spring stiffnesses of the SM model’s boundary conditions, and the 
graph is illustrated in Fig. 7. Kz is the most effective parameter that affects more on the first two modes’ frequencies, and the torsional 
mode is highly sensitive to Kx. By comparing the normalized sensitivity values of the sensitivity graph illustrated in Fig. 7, with other 
parameters’ sensitivity values presented in previous graphs, it can be pointed out that the SM model is more sensitive to springs’ 
stiffnesses values than the masonry properties. 

Table 1 
Material properties of the homogenized stone masonry of the tower, soil, normal and shear reaction factors of boundary con-
ditions of the SM model.  

Material Properties Value 

Masonry Density (kg/m3) 2800 
Elasticity modulus in X, Y and Z directions (Ex,Ey,Ez) (GPa) 40 
Shear modulus in XY, YZ and ZY directions (Gxy,Gyz,Gzy) (GPa) 6 
Poisson ratio in XY, YZ and ZY directions (uxy, uyz, uzy) 0.25 

Soil Density (kg/m3) 2000 
Ex,Ey,Ez (GPa) 6 
Gxy,Gyz,Gzy (GPa) 0.9 
uxy, uyz, uzy 0.3 

Spring Normal reaction factor (Kz) (GPa/m) 51.2 
Shear reaction factor (Kx,Ky) (GPa/m) 0.512  
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5. System identification 

5.1. Ambient vibration testing 

Ambient vibration testing was performed using 3-Axis MEMS digital Unquake accelerometers with a sampling rate of 250 Hz. 
Compared to the more sensitive piezoelectric accelerometers, lower cost and power consumption are two main characteristics of 
MEMS accelerometers [1,47]. However, the reliability of the OMA results of various low-cost MEMS accelerometers was confirmed 
with low error values compared to the low-noise piezoelectric accelerometers [75]. 

The accelerometers’ locations have been decided based on engineering judgment and previous studies [3,36], as depicted in Fig. 8 
(a). The accelerometers are equipped with the global positioning system (GPS) antenna and a global navigation satellite system (GNSS) 
receiver. GPS data were used to record the time and synchronize all the data from the accelerometers based on the recorded time. Fig. 8 
(b) shows the test setup, and Fig. 8(c) shows a sample of an acceleration graph derived from an accelerometer. 

Fig. 4. The different sets of the tower and their corresponding names.  

Fig. 5. Sensitivity graphs to a change in elasticity modulus for the (a) FB, (b) SM, and (c) DM models.  

Fig. 6. Sensitivity graphs to a change in shear modulus for the (a) FB, (b) SM, and c) DM models.  
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5.2. Operational modal analysis 

A preliminary analysis has been done by performing Fast Fourier Transform (FFT) on single sensor measurements in [76]. For 
confirming the results, frequency domain methods are utilized to investigate the dynamic characteristics of the tower based on the 
distributed sensor network measurements. Frequency Domain Decomposition (FDD), Enhanced Frequency Domain Decomposition 
(EFDD), and Curve-Fitted Enhanced Frequency Domain Decomposition (CFDD) methods are three frequency-domain methods that 
were utilized to derive the natural frequencies and corresponding mode shapes of the tower. The idea of FDD method is to carry out an 
approximate decomposition of a system response into a set of independent single-degree-of-freedom systems for each mode. First, the 

Fig. 7. Sensitivity graph to a change in spring stiffnesses of the SM model.  

Fig. 8. (a) Locations of the accelerometers [66], (b) test setup including the accelerometer (in blue circle) and datalogger (in yellow circle), and (c) 
sample of an acceleration graph derived from an accelerometer. 
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spectral density matrices are estimated. Singular value decomposition of the spectral density matrices is done, and finally, the peak 
pick on the average singular values will be performed to derive the modal parameters [77,78]. EFDD and CFDD are the improved 
versions of the FDD method that damping ratio estimation is available, and the accuracy of the dynamic characteristics is enhanced. In 
EFDD, the FDD peak picking is extended with a simple time domain least squares estimation technique, and in CFDD, the extension 
relies on a frequency domain least squares estimation technique [79,80]. Artemis Modal software was utilized to perform the oper-
ational modal analysis [81]. The differences between the values of the natural frequencies are negligible (less than 0.3%); moreover, 
the mode shapes are equal. Therefore, the singular value decomposition (SVD) graph of the FDD method is reported in Fig. 9(a), and 
the five first peaks of the graph were selected to represent the first five modes of the tower. Mode shapes and corresponding frequency 
values of the first five modes of the tower are illustrated in Fig. 9(b). All modes are flexural except the third mode, which is a torsional 
mode. 

6. Finite element model updating 

After performing sensitivity analysis to understand the effect of material properties on the dynamic characteristics of the tower and 
performing system identification to derive the first five natural frequencies and mode shapes of the real structure, the FEM updating is 
the last step to develop the digital twins. 

The objective of model updating is to adjust the selected parameters’ values so that a reference correlation coefficient is minimized. 
The weighted absolute relative difference between resonance frequencies and the weighted difference between target and average 
actual modal assurance criteria (MAC) are two correlation coefficients that are considered through the FEM updating procedure. MAC 
value is a measure of the squared cosine of the angle between two modes shapes that is derived based on Eq. (2). 

Fig. 9. (a) SVD graph of the FDD method, and (b) mode shapes and corresponding frequencies of the tower based on the OMA results.  
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MAC(ψa,ψe) =

⃒
⃒
(
{ψa}

t
{ψe})

⃒
⃒2

({ψa}
t
{ψa})({ψe}

t
{ψe})

(2)  

Where ψe and ψa are respectively the experimental and analytical eigenvectors. Bayesian parameter estimation by minimizing a 
weighted error as presented in Eq. (3) is utilized for FEM updating in the FEMtools software package. 

E = {ΔR}t
[CR]{ΔR}+ {ΔP}t

[CP]{ΔP} (3)  

Where ΔR is a difference between a vector containing the reference and predicted system responses, ΔP is a difference between a vector 
containing the given state and predicted system parameters, CR and CP represent weighting matrices expressing the confidence in the 
model responses and parameters respectively. 

FEM updating was done on the FB model, and absolute differences of frequency values (ADFV) derived from the OMA and FEA are 
presented for the first five modes of the model in Table 2. A good correlation between the frequency values of the first two modes is 
reached after the updating process, but the differences for the other modes are high. Moreover, MAC values and a 3D plot are presented 
in Fig. 10 (a) and (b), respectively. MAC values show the same correlations for the first two modes, but the differences of the higher 
modes are significant. Based on the MAC value matrix in Fig. 10 (a), modes 4 and 5 of FEA are paired to modes 5 and 4, respectively. 
However, since the modes are not in sequence based on the frequency values, this correlation is not accepted, and diagonal MAC values 
should be considered for the pairing modes. Fig. 10 (c) shows the paired mode shapes of the first three modes to show the correlation 
between the mode shapes derived from the FEA and the OMA after model updating. 

FEM updating of the SM model was performed by calibrating the masonry and the boundary condition spring stiffnesses. Based on  
Table 3, frequency values of the first three modes are close enough, but ADFVs more than 5% can be seen for the other modes. 
Moreover, all mode shapes are paired with MAC values of more than 65% based on Fig. 11. 

FEM updating of the DM model was done by calibrating the masonry, foundation, and soil material properties. Based on Table 4, 
differences between the frequencies’ values are negligible, with values less than 3%. Moreover, based on Fig. 12 (a) and (b), MAC 
values of more than 65% depicts that mode shapes from FEA follow the OMA mode shapes, and lower values for the off-diagonal MAC 
matrix show a good correlation of the modes shapes and Fig. 12 (c) also approves the good correlation of the mode shapes. 

6.1. Comparison of updating results 

To compare the calibration results for the three FEMs, the average values of ADFVs are presented in Fig. 13 (a). Moreover, MAC 
values of the first five modes (corners of the diagram) are depicted in Fig. 13 (b) for the three developed and updated FEMs. Based on 
Fig. 13 (a), The average ADFVs are decreased by considering the SSI effect in the numerical models, and the DM model is considered as 
the most robust model with an average ADFV of 1.6%. 

This claim is also approved based on Fig. 13 (b) since higher MAC values are derived from the models that SSI effects are 
considered. Furthermore, the DM model is considered as the closest updated model to the test in terms of the mode shapes. The MAC 
values of the first two modes do not change considerably for the FB and SM models, but the MAC values of the higher modes are 
increased in the SM model. Moreover, in the DM model compared to the SM model, MAC values of the first modes are improved, but no 
significant improvement is reached for other modes. 

6.2. Comparison of updated material properties 

In order to compare the material properties of the updated models, Ez is the most effective parameter on the first two natural 
frequencies, Gxz and Gyz are effective parameters on higher modes that are chosen based on the performed sensitivity analysis. Fig. 14 
shows the average values of the parameters for each floor that is presented for the three models. The changes in material properties in 
different floors for the FB model are not as significant as the other two models. Furthermore, based on Fig. 14 (a), in both models with 
SSI effects, Ez of the second floor has a lower value compared to the other two floors. Based on Fig. 14 (b) and (c), the shear modulus of 
the second floor is more than two other floors in the DM model, but it is not reported in two other models. Except for the Ez of the 
second floor and the SM model, other updated material properties for the models with SSI effects are more than the FB model. 
Therefore, in terms of linear material properties effective on the structural stiffness, calibrated results of the FB model are conservative 
with lower values. 

Updated values for the spring stiffnesses of the boundary condition of the SM model and average values of the selected material 

Table 2 
OMA and FEA natural frequencies and ADFVs for the first five modes of the FB model.  

Modes OMA frequencies (fe)  FEA frequencies (fa)  ADFV (%)  

1 5.778 5.757 0.365  
2 6.063 6.009 0.899  
3 13.428 10.964 22.473  
4 15.747 17.513 10.084  
5 16.398 18.165 9.727  
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properties of the soil and foundation are presented in Table 5. The normal reaction factor of the soil-foundation is increased, but the 
shear values for all to directions are decreased after the calibration process in the SM model. For the DM model, no significant change 
can be seen for the foundation and soil compared to the changes of the spring stiffnesses in the SM model. 

7. Resonance effect and dynamic analysis 

In this section, firstly, the resonance effect has been evaluated for the tower based on the calibrated DM model. Moreover, a code 
equation has confirmed the results from the modal analysis of the soil media in the DM model. Afterward, time history analysis was 
performed on the three calibrated models by applying two seismic records, and the results were compared. 

Fig. 10. (a) MAC matrix, (b) 3D MAC plot, and (c) mode shape pairing of the first three modes of the FB model after model updating.  

Table 3 
OMA and FEA natural frequencies and ADFVs for the first five modes of the SM model.  

Modes OMA frequencies (fe)  FEA frequencies (fa)  ADFV (%)  

1 5.778 6.065  4.963  
2 6.063 6.11  0.774  
3 13.428 13.661  1.738  
4 15.747 16.816  6.789  
5 16.398 17.61  7.398  
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7.1. Resonance effect 

The fundamental period of the soil box of the calibrated DM model is 0.044 s based on the modal analysis. In order to confirm the 
result of the modal analysis of the FEM, the fundamental period of the soil box was calculated using Eq. (4) presented by SHAKE code 
[82]. 

T =
4SLT

(2n − 1)Vs
(4) 

Fig. 11. (a) MAC matrix, (b) 3D MAC plot, and (c) mode shape pairing of the first five modes of the SM model after model updating.  

Table 4 
OMA and FEA natural frequencies and ADFVs for the first five modes of the DM model.  

Modes OMA frequencies (fe)  FEA frequencies (fa)  ADFV (%)  

1 5.778 5.838  1.05  
2 6.063 6.123  0.99  
3 13.428 13.53  0.76  
4 15.747 16.22  3  
5 16.398 16.773  2.29  
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Where T is the fundamental period of soil, SLT is the soil layer thickness above the bedrock, n is the mode number and Vs is the soil 
shear wave velocity. 

Considering 11 m for SLT based on the model assumption, and 1000 m
s for the Vs as suggested in [21], for hard soil, 0.044 s is 

calculated as the fundamental period (n = 1) and confirms the results from the finite element analysis. However, natural period of the 
tower is more than three times the fundamental period of soil. Therefore, the resonance effect cannot influence the tower structural 

Fig. 12. (a) MAC matrix, (b) 3D MAC plot, and (c) mode shape pairing of the first five modes of the DM model after model updating.  
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behavior subjected to vibrations. 

7.2. Time history analysis 

Tønsberg is located in a low seismicity zone with peak ground acceleration (PGA) of 0.02–0.03 g, as illustrated in the seismic hazard 
map [83], in Fig. 15 (a). However, in order to perform a comparative study on the structural response of the calibrated models 
subjected to seismic excitations, linear time history analysis was carried out by applying two far-field seismic records in the X direction. 
Fig. 15 (b) and (c) shows the acceleration versus time plots of Manjil and Northridge seismic records that have been chosen from the 
PEER strong ground motions database [84], and detail about them are provided in Table 6. 

Rayleigh damping coefficients were computed considering 5% damping ratio for the first and third modes of vibration [85]. For the 
DM model, mass and stiffness damping coefficients of hard soil are 3.92 1

s and 0.00047 s based on [21]. The results of top 

Fig. 13. (a) Average values of the ADFVs, and (b) MAC values for the first five modes of the three developed models.  

Fig. 14. Updated values of the three developed FEMs presented for three floors: (a) Ez, (b) Gxz, and (c) Gyz.  
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Table 5 
Base and updated values of soil parameters in SM and DM models.  

Model name Parameter Base value Updated value 

SM (GPa/m) Kx 0.512 0.15 
Ky 0.512 0.15 
Kz 51. 2 114 

DM (foundation in GPa) Ez 40 41.1 
Gxz 6 5.97 
Gyz 6 5.61 

DM (soil in GPa) Ez 6 5.4 
Gxz 0.9 1.05 
Gyz 0.9 0.63  

Fig. 15. (a) Seismic hazard map of southern Norway cities including Tønsberg [83], and acceleration versus time plots of (b) Manjil and (c) 
Northridge seismic records [84]. 

Table 6 
Detail of the Manjil and Northridge seismic records [84].  

Event Station Year Magnitude Duration (s) Time step (s) PGA (g) Arias intensity (
m
s
)  

Manjil Abbar  1990  7.37  45.96  0.02  0.49687  7.5 
Northridge Beverly Hills  1994  6.69  29.99  0.01  0.416  4.5  
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displacement versus time of the three models are presented in Fig. 16 (a) and (b) for Manjil and Northridge records, respectively. 
Furthermore, to facilitate the comparison, maximum top displacement values of all models are presented in Fig. 16 (c) for both records. 
Negligible differences can be detected and differences between the maximum top displacement (less than 10%). As it is shown in 
Fig. 16 (c), maximum inter-story drift ratios (IDR) of the DM model subjected to both records are more than other models. Therefore, 
FB and SM models show more conservative results in terms of IDR, which is a parameter for defining structural safety. IDR of 0.13% is 
considered for light damage, which is the first limit state for stone and brick masonry buildings based on [86]. The maximum IDR 
values of the tower for both analyzes are less than 0.13% which can confirm the tower passed the acceptability check and did not 
satisfy the failure criteria. 

Fig. 16. Top displacement versus time plot for (a) Manjil, and (b) Northridge seismic records’ analyses, (c) top displacement and (c) maximum IDR 
values of the models for two seismic records’ analyses. 
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8. Conclusion 

A framework for developing digital twins of the cultural heritage assets is proposed using 3D laser scanners and accelerometer 
sensors, and its application is investigated on a case study called Slottsfjell tower in Tønsberg, Norway. Geometrical survey of the tower 
was conducted using 3D laser scanners and a semi-automatic procedure for converting the point clouds to the FEM is presented in this 
study. Afterward, system identification of the tower was carried out by performing AVT and OMA. Three different frequency domain 
OMA techniques were utilized to define the natural frequencies and corresponding mode shapes of the tower. Since destructive tests 
are not allowed on cultural heritage assets, vibration-based FEM updating is done to investigate the material properties of different 
parts of the tower. Mechanical properties of the tønsbergite stone were utilized to derive the base values of the material properties of 
the homogenized masonry for performing the FEM updating. To investigate the influence of the SSI on the FEM updating results, three 
FEMs were developed. In the FB model, the SSI was neglected by considering rigid boundary conditions, the SM model was developed 
by modeling triaxial springs beneath the structure and the DM model was generated by modeling the foundation and soil box using the 
direct method. Firstly, a sensitivity analysis was performed on the three developed FEMs so that Ez, Gxz, Gyz are the most effective 
parameters effective on the frequency values. Unlike Ez, which is effective on the first two modes, Gxz and Gyz are effective on higher 
modes. Properties of soil are not as effective as the masonry properties in the DM model, but in the SM model, soil spring stiffnesses are 
considered as the most effective parameters. After performing FEM updating of the models, ADFVs and MAC values show that the FB 
model is paired with the test results on the first two modes. By considering the SSI effects in the SM model, the ADFVs and MAC values 
enhanced for the higher modes, and in the DM model as the most detailed model, the correlation is improved. The DM model is 
considered as the closest model to the real structure in terms of the frequency values and mode shapes. Moreover, it is investigated that 
updated material properties of the FB model are conservative compared to the other two models that SSI effects are considered. 
Fundamental periods of soil and structure are computed for the DM model separately that are not close to each other. It confirms that 
the tower is not at the risk of resonance effect. Furthermore, linear time history analyses were carried out by applying two strong 
ground motions. The results show negligible differences in term of the top displacement, but the maximum IDR values of DM model are 
more than the other two models. Although, it is tried to calibrate the models based on the OMA results, and the updated material 
properties of the FB model are conservative, the larger values of maximum IDR are concluded from dynamic analyses of DM model. SSI 
is effective on the dynamic response of structures that can facilitate the FEM updating procedure to obtain reliable enough FEMs for 
performing vulnerability assessments. Nonlinear time history analyses using various seismic records with different characteristics as 
well as performing in-situ tests on soil layers’ material properties are still needed to be done to evaluate the reliability of various SSI 
modeling approaches. 
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