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RESEARCH ARTICLE

Strategic Placement of Accelerometers for Structural Health Monitoring of 
a Complex Unreinforced Stone Masonry Hindu Mandir
Hala Abu Shehaba, Tadahiro Kishidaa,b, Fateh Bouchaalac, Snehalkumar Pateld, Elia Voyagakia,e, Tae-Yeon Kima, 
and Maryam Rashed Al Shehhia

aDepartment of Civil and Environmental Engineering, Khalifa University of Science and Technology, Abu Dhabi, UAE; bDepartment of Civil and 
Environmental Engineering, University of California, Los Angeles, USA; cDepartment of Earth Sciences, Khalifa University of Science and 
Technology, Abu Dhab, UAE; dSatt Engineering Ltd, Edmonton, Canada; eSchool of Civil, Aerospace and Design Engineering, University of 
Bristol, Bristol, UK

ABSTRACT
The BAPS Hindu Mandir, recently constructed in Abu Dhabi, UAE, is a complex unreinforced stone 
masonry structure built from thousands of sculpted sandstone and marble pieces employing 
ancient Indian techniques called Shilp Shastra. The entire structure is substantially large with 
a footprint size of 5,100 m2 and unique so that it is not covered by modern seismic design 
standards. Its performance was verified by conducting dynamic field tests presented herein. The 
most vulnerable substructure was identified based on both engineering judgement and modal 
analysis of the entire structure employing a detailed 3D finite element model, which was validated 
via the field experiments. A “local” model was developed for the identified vulnerable substructure 
which significantly reduced model complexity and allowed to overcome computational limita-
tions. Based on the response of the local model, the relative importance of the sensor locations was 
determined via a Displacement Index method in addition to a reduction of the total variance of 
spectral accelerations using conditional probability theory. Through this approach, a methodology 
for selecting the optimal sensor placement with application on the complex unreinforced stone 
masonry Hindu Mandir is proposed.
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1. Introduction

Structural health monitoring (SHM) is a key process for 
obtaining crucial and comprehensive information from 
large-scale civil structures by installing sensors (Housner 
et al. 1997). SHM is used to identify the structural systems, 
calibrate physics-based models and detect damage at early 
stages to maintain life safety and mitigate economic losses 
(Aktan and Brownjohn 2013; Farrar and Worden 2007; Ng  
2014; Todorovska and Trifunac 2007). SHM consists of 
several components such as sensor placement, data acqui-
sition and transmission, structural health evaluation and 
database management/decision making systems (Basto, 
Pelà, and Chacón 2017; Cawley 2018; Pregnolato et al.  
2022; Yi, Li, and Gu 2011b). This is especially important 
for structures designed and constructed using ancient 
techniques, such as the stone temple at hand, not covered 
by modern design standards (Cigada et al. 2017). Masonry 
heritage structures are especially valuable from a cultural 
viewpoint and particularly important to preserve, hence 
they have attracted strong research attention regarding 
their seismic performance (Casapulla, Argiento, and 

Maione 2018; D’Ayala and Lagomarsino 2015; 
Lagomarsino and Cattari 2015; Pardalopoulos and 
Pantazopoulou 2017; Torelli et al. 2020). It is also recog-
nized that these structures have unique failure modes 
under high frequency vibrations (e.g. 5–10 Hz) due to 
relative displacements between the stones as well as low- 
frequency excitations at resonance frequencies (Meyer 
et al. 2007; Silvestri et al. 2021). The BAPS Hindu 
Mandir in Abu Dhabi is a highly complex unreinforced 
stone masonry heritage structure that provides an ideal 
candidate for applying SHM methodologies to evaluate its 
performance over short and long periods.

Accelerometers are often installed to monitor changes 
in the natural frequencies of a structure due to their 
sensitivity to damage (García-Macías and Ubertini 2022; 
Sivori, Cattari, and Lepidi 2022; Todorovska and 
Trifunac 2007) and provide a relatively low cost solution 
for SHM (Barsocchi et al. 2021; Kim et al. 2007; Herráiz 
et al. 2016). The simplest approach involves two acceler-
ometers, at foundation and roof levels (Todorovska and 
Trifunac 2007), although accuracy naturally increases for 
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denser networks. The evolution of the mode shapes in 
successive measurements is analyzed to detect damage 
(Carne and Dohrmann 1994; Pandey, Biswas, and 
Samman 1991; Rytter 1993). For instance, Modal 
Assurance Criterion is an index for evaluating the corre-
lation of the vibration periods between two successive 
events (Allemang 2003; Li, Der Kiureghian, and Au 2018; 
Pastor, Binda, and Harčarik 2012; Wiercigroch 2018) and 
is used as a damage indicator (Altunışık, Okur, and 
Kahya 2017; Jassim et al. 2013). Vibration energy against 
external excitation can also be analyzed to detect struc-
tural damage (Muin and Mosalam 2017; Sun and Chang  
2004), where the difference in the distributed energy 
pattern in successive measurements is a damage indica-
tor. Wave travel time has been utilized to detect damages 
between the sensors for buildings (Behnia et al. 2014; 
García-Macías and Ubertini 2022; Lacanna et al. 2019; 
Ludeno et al. 2020) and earth structures (Kishida et al.  
2020). Through these methods, global and local structural 
damage can be detected by monitoring acceleration sig-
nals. Application examples on cultural heritage structures 
are available (Ceravolo et al. 2016).

SHM requires a reliable, and calibrated on observed 
data, structural model for conducting numerical ana-
lyses that provides understanding of how the structure 
performs under induced displacements and strains 
(Çatbaş, Kijewski-Correa, and Aktan 2013). For histor-
ical structures in particular, past studies emphasize the 
importance of field monitoring because the observed 
response does not generally match the calculated one 
from uncalibrated numerical models (Castellazzi et al.  
2017). The mismatch can be explained in view of the 
complexity of those structures including the construc-
tion techniques and materials that differ from the con-
temporary ones, which makes it difficult to simulate 
numerically (Castellazzi et al. 2017; Cigada et al. 2017). 
Therefore, the calibration of the numerical models are 
important with the observed signals using evolutional 
and updating approaches such as genetic algorithm and 
Bayesian statistics (Bianconi et al. 2020; Monchetti et al.  
2023; Salachoris et al. 2023; Standoli et al. 2021). 
Especially for large/extended structures, it is important 
to understand the expected damage and failure modes 
in order to optimize sensor placement and overcome 
budget restrictions as well as computational limitations. 
To this end, substructure models can be developed for 
the vulnerable parts of the structure (Koh, Hong, and 
Liaw 2003; Oreta and Tanabe 1993). The advantage in 
using a substructure model is that the analyses and 
computational time can be significantly simplified/ 
reduced. The main disadvantage is that in order to select 
the local (substructure) model one needs to identify the 
vulnerable locations for selected loading conditions. 

Past studies have developed surrogate models to 
mimic the structural response while simplifying the FE 
analyses via statistical algorithms (Yang et al. 2022). 
This is a different approach to the one presented herein 
which involves selecting critical substructures, based on 
engineering judgement.

Accelerometers are often installed at locations where 
large displacements are expected. Moussas and 
Pnevmatikos (2019) suggested using a Displacement 
Index (DI) for simple structures, which is an inner 
product of nodal displacements and associated mass 
vectors. For each node, the total index is evaluated 
from the sum of all significant modes to cover 90% of 
the participating mass, following Eurocode 8 (2004). 
However, the main disadvantage of this approach is 
that the correlation between the sensor locations was 
not considered. Reviews of optimal sensor placement 
studies have been published recently (e.g. Hassani and 
Dackermann 2023; Tan and Zhang 2020). The OSP were 
often determined to effectively capture the different 
modal shapes (e.g. Chang and Pakzad 2014; Gomes 
et al. 2019; Yao, Sethares, and Kammer 1993). For 
relatively simple structures, sequential sensor placement 
(SSP) algorithms are often employed that search, for 
example, for the maximum reduction of off-diagonal 
MAC elements (Yi, Li, and Gu 2011a). For complex 
systems, sufficient optimization algorithms are required 
with mathematical transition rules, including genetic 
algorithm (e.g. Abdullah, Richardson, and Hanif 2001; 
Guo et al. 2004; Yi, Li, and Gu 2011b), simulated anneal-
ing algorithm (Chiu and Lin 2004; He and Hwang  
2006), and particle swarm optimization algorithm (Li 
et al. 2015). Uncertainties in model parameters can also 
be considered using Bayesian optimization (Argyris, 
Papadimitriou, and Panetsos 2017). Similar methodol-
ogies were adopted in prior studies (Abdullah, 
Richardson, and Hanif 2001; Chang and Pakzad 2014; 
Gomes et al. 2019; Vuran, Akan, and Akyildiz 2004).

This study discusses the optimal sensor placement 
on the BAPS Hindu Mandir in Abu Dhabi. To this 
end, a detailed finite element (FE) model has been 
developed for the entire structure. Based on preli-
minary time series analyses, Main Shikhar was con-
sidered to be the most vulnerable substructure 
against seismic excitation. Field monitoring was con-
ducted at the construction site to validate the devel-
oped FE model. Seismometers were installed at the 
free-field and different structural elevations. Impact 
loadings were provided by dropping a concrete mass 
at an adjacent site. The vibration periods were iden-
tified by processing the recorded signals. The mea-
sured periods were compared with the results by the 
FE simulations for model validation. To reduce the 
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structural complexity, a local model of the vulnerable 
substructure was developed considering an average 
stiffness matrix with linear-elastic springs at the 
structural boundaries, based on lateral load analyses. 
Modal response analyses were conducted for the 
developed local model. A total of 13 locations were 
selected for potential sensor placement based on the 
DI methodology. Time series analyses of the local 
model were conducted to extract pseudo-spectral 
accelerations (PSAs) at different FE nodes. The 
importance of each location was determined based 
on the reduction of the total variance of the PSA 
conditioned on the selected location instead of using 
the descending order in DI. The details of these 
processes, to strategically select accelerometer loca-
tions for the effective SHM of a complex unrein-
forced stone masonry Hindu Mandir in Abu Dhabi, 
are described in the following sections.

2. The BAPS Hindu mandir in Abu Dhabi

2.1. Construction site

An unreinforced stone masonry Hindu Mandir is 
under construction in the north of the city of Abu 
Dhabi. The site is located in Abu Mureikhah. The 
site has an area of 50,000 m2 out of which the main 
structure occupies 5,100 m2. The groundwater level 
was detected 6 m from the ground free surface. 
Table 1 shows the soil profile obtained by a series 
of standard penetration tests. Subsurface sand depos-
its have a thickness of 5 m underlain by a 10-m thick 
sandstone layer. Siltstone, mudstone, and gypsum 
layers exist beneath the sandstone. The unconfined 
compression strength of the retrieved samples was 3 
MPa for the sandstone and increased to 6–15 MPa at 
a depth of 30 m. Figure 1 provides shear wave 
profiles measured by Multi-Channel Analysis for 
Surface Waves (MASW) (Park, Miller, and Xia  
1999). The shear wave velocity was approximately 
500–700 m/s at the ground surface and gradually 
increases to 800 m/s at a depth of 30 m. The aver-
aged shear wave velocity within the top 30 m is 
765 m/s, corresponding to site class B, following 
the International Building Code (ICC 2018). The 

concrete raft foundation supporting the structure 
was constructed on the sandstone layer after remov-
ing the top sand deposits.

2.2. Description of the structure

Figure 2 shows the entire Hindu temple image. The plan 
and cross-section views are provided in Figure 3a and b, 
respectively. The lower section is made of granite over 
which distinctive pink sandstone from Rajasthan is 
added. The temple consists of the Ground, Jagati, First, 
and Terrace floors, in addition to the massive Dome, 
Shikhar and Ghumat Towers. Figure 4 shows the plan 
views at different floor levels. The main Shikhar tower is 
connected to the rest of the structure at the Jagati, First 
and Terrace floor levels, where the connecting locations 
are illustrated in Figure 4. This is a typical Hindu 
Mandir structure found in various historical monu-
ments such as Kashi Vishwanath in India and Angkor 
Wat in Cambodia. Figure 5 shows the sculpted stone 
pieces of Hindu Mandir, (a) exterior sandstone wall and 
(b) structural marble column on first floor, respectively. 
These pieces are interlocked without using connecting 
mortar.

3. Structural modeling

3.1. Methodology

Figure 6 presents the methodology to develop 
a local structural model of the large unreinforced 
stone masonry for optimal sensor placement. 
A mathematical framework established in past stu-
dies (Koh, Hong, and Liaw 2003; Oreta and Tanabe  
1993) has been adopted. A FE model was developed 

Table 1. Lithology of multi-layered subsurface based on data 
interpretation of 13 boreholes.

Depth (m) General lithology

0–5 Medium dense to very dense Silty Sand
5–15 Very weak calcareous Sandstone
15–24 Very weak Siltstone
24–31 Very weak Mudstone
31–37 Very weak to weak Gypsum

Figure 1. Subsurface shear-wave velocity profiles at the con-
struction site obtained by MASW.
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Figure 2. An image of the BAPS Hindu mandir in Abu Dhabi.

(a) Plan view at ground floor 

(b) Section 1-1 through Main Shikhar Tower 

Figure 3. Drawings of BAPS Hindu mandir in Abu Dhabi (a) plan view at ground floor and (b) cross-section view through main Shikhar.
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for the entire structure (Figure 6a). The most vul-
nerable substructure against seismic excitation is 
identified by time series analysis (Figure 6b). An 
interface connecting the substructure to the rest of 
structure was developed using an average stiffness 

matrix of linear-elastic springs based on lateral load 
analyses (Tena-Colunga 1992) (Figure 6c). A local 
model was developed for the substructure 
(Figure 6d). The FE model was calibrated using 
measured responses from field monitoring during 

Figure 4. Plan view of: (a) Ground; (b) Jagati; (c) first and (d) terrace floors. Locations of the four field testing seismometers are 
indicated with red dots. Connection points of the main Shikhar to the floor levels are shown by green dots.

Figure 5. Example pictures of sculpted stone pieces of Hindu mandir, (a) exterior sandstone wall on the first floor, (b) structural marble 
column on the first floor.

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE 5



construction stages. The “local” FE model signifi-
cantly reduced computational complexity and was 
used for the determination of optimal sensor 
placement.

3.2. “Global” FE Model of the entire structure

Figure 7 shows the 3D-FEM of the structure developed in 
ETABS (CSI 2018). The major structural elements are 
slabs, beams, columns, walls, and foundations. The total 
number of elements and nodes are 1,433 and 4,619, 
respectively. Table 2 summarizes the material properties 
which were obtained by conducting laboratory experi-
ments following the Indian Standard Code IS 1905 
(1987). The foundation system includes compacted 
sand within the concrete box rested on raft. Its weight 
is approximate 25,000 tons and heavier than the upper 
structure by 40%. Carrara marble and clay bricks are used 
for the upper structure. The slabs are modeled as rigid 
diaphragms. Actual slab thicknesses were assigned to 
accurately model their masses. Beams and columns 
embedded within the wall area were linear elements of 
square and rectangular shapes. Wall thicknesses were 
applied as an equivalent thickness based on the weighted 
average of the wall area. The Mandir’s foundation con-
sists of concrete boxes filled with compacted backfill 
sand. The concrete boxes were modelled by shell ele-
ments. The backfill sand was modelled by sand columns 
with truss elements, where the sand columns were placed 

without any separation distance between each other. The 
sand columns were assigned the material properties 
reported in Table 2.

Both static and dynamic loading were considered. 
Static conditions encompass the self-weight of the struc-
ture, as well as live loads. Seismic loads were determined 
by the Abu Dhabi International Building Code (ADIBC) 
(DMA 2013). The peak ground acceleration was taken 
equal to .173g with an annual exceedance probability of 
10% in 50 years. Spectral acceleration at a short (SS) and 
1-second period (S1) were .65 and .2g, respectively, for 
site class B. Preliminary time series analyses were con-
ducted using the entire model. The Main Shikhar demon-
strated a longest period of .3 s and the largest 
displacements within the entire structure. This observa-
tion indicates that the Main Shikhar is potentially vulner-
able to seismic loads. Therefore, the local model was 
developed for the Main Shikhar as major damage is 
expected in this particular substructure.

3.3. “Local” FE Model of the main shihkar

Figure 8 illustrates the local model of the Main 
Shikhar that has been detached from the global 
model (Figure 7). Green dots show the connections 
to the rest of the structure. Two types of boundary 
conditions were assigned: (1) a rigid boundary at the 
Main Shikhar’s base on the massive foundation and 
(2) a flexible boundary between Main Shikhar and the 
rest of the structure. For the flexible boundary condi-
tions, the springs were placed at the points where the 

Figure 6. Methodology for splitting the FE model to develop a local model of the vulnerable substructure.
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Table 2. Material specifications.
Property Concrete Sandstone Carrara marble Clay brick Sand fill

Unit weight (kN/m3) 22–25 22–25 22.75 27.11 18 18
Poisson ratio 0.20 0.20 0.28 0.28 0.20 0.20
Modulus of elasticity (MPa) 33,500 28,200 63,400 60,600 413 80.0
Compression strength (MPa) 60.0 45.0 69.3 88.9 8.89 -
Water absorption (%) 5.00 5.00 2.42 - 13.9 -
Average flexural strength (MPa) 1.780 1.510 24.1 22.7 - -
Average shear strength (MPa) - - 6.00 5.31 - -
Thermal conductivity (W/mk) 1.680 1.680 - 1.810 .00840 -
Coefficient of thermal expansion (/c) 9.90E–6 9.90E–6 1.170E–5 6.30E–5 1.170E–5 9.90E–6

Figure 7. An entire structure model of a stone unreinforced Hindu mandir.

Figure 8. A local structure model of main Shikhar.

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE 7



Main Shikhar is connected with the rest of the struc-
ture (green dots in Figure 4). Figure 9 shows the rest- 
of-structure model where Main Shikhar is detached 
from the global model. The point loads of P1, P2 and 
P3 were applied to the Jagati, First, and Terrace floors 
independently at the middle of connecting points with 
the Main Shikhar. Displacements (U) at each level 
were obtained for each applied load. For instance, 
the displacements at the Jagati, First, and Terrace 
floors due to force P1 were denoted as U11, U21 and 
U31. This process produces a 3 × 3 stiffness matrix as 
follows (Tena-Colunga 1992). 

P1 0 0
0 P2 0
0 0 P3

2

4

3

5 ¼

K11 K12 K13
K21 K22 K23
K31 K32 K33

2

4

3

5 ¼

U11 U12 U13
U21 U22 U23
U31 U32 U33

2

4

3

5 (1) 

By solving the above equation, the interface stiffness 
terms Kij were obtained for two horizontal directions 
in Table 3. The spring stiffnesses for each level were 
calculated from the translational values in Table 3 
divided with the number of springs at that level. 
A similar methodology has been applied in the past to 
model flexible diaphragms in masonry structures (Tena- 
Colunga 1992).

The equation of motion of the structural system can 
be expressed as follows (Koh, Hong, and Liaw 2003; 
Oreta and Tanabe 1993): 

Mrr Mri 0
Mir Mii Mis

0 Msi Mss

2

6
4

3

7
5

xr

xi

xs

2

6
4

3

7
5þ

Crr Cri 0
Cir Cii Cis

0 Csi Css

2

6
4

3

7
5

_xr

_xi

_xs

2

6
4

3

7
5

þ

Krr Kri 0
Kir Kii Kis

0 Ksi Kss

2

6
4

3

7
5

xr

xi

xs

2

6
4

3

7
5 ¼

LrFr

LiFi

LsFs

2

6
4

3

7
5

(2) 

where M, C, and K are the mass, damping and stiffness 
matrixes, respectively, while F and L are the external 
forces and mapping matrix, respectively. Subscripts r, i, 
s denote the “rest of structure”, “interface” and “substruc-
ture” in Figure 6. From Equation (2) the substructure 
response can be obtained by assuming that the structures 
are connected with rigid diaphragm (i.e. xs = xi = xr). 

Figure 9. Global model without main Shikhar.

Table 3. Stiffness matrices KX & KY for X and Y directions for the 
Jagati, first, and terrace floors.

KX (kN/m)

100,000,000 −72,000,000 510,000
−72,000,000 67,000,000 −1,990,000
510,000 −1,990,000 1,400,000

KY (kN/m)

50,000,000 −34,000,000 760,000
−34,000,000 35,000,000 −3,500,000
760,000 −3,500,000 2,600,000
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Mss€xs þ Css _xs þ Kssxs þMrrx
r
þ Crr _xr þ Krrxr

¼ LsFs þ LrFr � LiFi þMiix
i
þ Cii _xi þ Kiixi (3) 

The interface represents the connection of the substruc-
ture and the rest of structure; therefore, its action impli-
citly assumes no mass and no external force from 
outside of the system (Mii = LiFi = 0). The stiffness and 
viscosity of the interface are similary considered to be 
negligible compared to the rest of structure (i.e. Kii << 
Krr, Cii << Crr). The rest of structure is approximated by 
pseudo-static behavior (i.e. xr ¼ _xr ¼ LrFr ¼ 0). Given 
these assumptions, the following equation is obtained: 

Mss€xs þ Css _xs þ Kssxs ¼ LsFs � Krrxs: (4) 

These assumptions are reasonable on the basis of the 
structural system (Koh, Hong, and Liaw 2003). The 
local model of the Main Shikhar was developed using 

the spring stiffness by Equation (1) at the boundary 
with the rest of the structure, to conduct dynamic 
analyses.

3.4. Vibration modes of the mandir

The linear modal analysis was conducted in ETABS. The 
first and second mode shapes for the global and local 
models, were translational along the Y and X directions, 
respectively, as presented in Figures 10 and 11. The 
fundamental periods of the global and local models 
were .33 s and .26 s, respectively. For the second mode 
shape, the natural periods were .30 s and .23 s for the 
global and local models, respectively. For the first mode, 
the largest nodal displacements were observed at the top 
of Main Shikhar for both models (Figures 10a and b), 

Figure 10. The first mode shape of (a) the global model and (b) the local model.

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE 9



while the displacement becomes negligible below the 
connections at the first floor level. Similar observations 
can be made in Figures 11a and b. As the eigenmodes for 
global and local models are sufficiently similar, it can 
therefore be concluded that the dynamic behavior of the 
Main Shikhar is sufficiently separated by the local 
model.

3.5. Model validation by field observations

Four seismometers were installed on the structure upon 
completion of the first-floor level on April 30, 2022. One 
seismometer was placed at ground level and three were 
installed at the corners of the first-floor level (red dots in 
Figure 4). The noises were reduced by covering the 
sensors with soil or bricks (Figure 12). This process 
enhances its stability by preventing resonance and rock-
ing from wind due to poor coupling with the soil, by 
which sources of noise unrelated with field testing are 
eliminated. The structural vibrations were induced 

using impact loads, by dropping a 2.5-ton concrete 
weight at a distance of 50 m from the structure 
(Figure 13). In total, nine measurements were recorded 
by dropping the weight at different locations. Table 4 
provides the technical specification of the installed 
seismometers, while Figure 14 shows their amplitude 
and phase response with a sampling frequency of 100  
Hz. Instrument response is flat from .02 to 10 Hz 
(Nanometrics inc 2015) (Figure 14a). As this study 
applied instrument correction, the measured signals 
are reliable up to a frequency of 40 Hz with the applied 
anti-alias filter. Signals were stored in MiniSEED 
formats.

A Python routine was employed for the data proces-
sing after converting their format from MiniSEED to 
stream objects using ObsPy (Krischer et al. 2015; Megies 
et al. 2011). Since the seismometers measured contin-
uous signals, the associated signals due to impact loads 
were extracted from the four recordings by selecting the 
time windows of the impact. Figure 15 shows an exam-
ple of a velocity time series recorded during impact at 

Figure 11. (a) the second mode shape of the global model (b) the second mode shape of the local model.
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ground and first-floor levels. It shows a clear peak with 
an approximate duration of .5 s. The amplitude at the 
first-floor level is roughly three times higher than that 
the ground level. Velocity time series were converted to 
accelerations by taking the derivative in the frequency 
domain. Since the signal shows the baseline drift in 
displacement time series, the Butterworth high-pass fil-
ter was applied at .01 Hz (Chamberlain et al. 2018).

Figure 16 shows the flowchart of computing the 
Transfer Functions (TF). Fourier Amplitude Spectra 
(FAS) were computed from the acceleration time series. 
The FAS was smoothed using the Konno-Ohmachi 

Figure 12. Installed seismometers at (a) ground and (b) first floor levels.

Figure 13. Impact load generation by a concrete mass.

Table 4. Seismometer and digitizer specifications (Nanometrics 
inc. 2015).

Seismometer Name Trillium Posthole Seismometer

Seismic Acquisition System Centaur digital recorder
Digitizer Type 24-bit ADC per channel
Digital Filter 140 dB attenuation at output Nyquist
Filter Type Linear phase
Resolution 24-bits per channel
Recording Format MiniSEED
Sample Rates 100 Samples Per Second (Hz)
Sensitivity 3.02E8 count/(m/s)

Figure 14. Instrument responses of the installed seismometers 
(a) amplitude response and (b) phase response.
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window which does not distort the amplification factor 
and the associated resonance frequencies (Konno and 
Ohmachi 1998). A smoothing parameter of b = 30 was 
used based on visual inspection. The selected b value is 
consistent with past studies for computing the site reso-
nant periods (Ktenidou et al. 2016; Woolery, Street, and 
Hart 2009). TFs were calculated by dividing the FAS on 
the first floor by the ones on the ground level, which is 
conventional approach in the past studies (e.g. 
Borcherdt and Gibbs 1976; LeBrun, Hatzfeld, and Bard  
2001). The averaged TF for each direction was calcu-
lated by stacking nine TFs from impact loads. The 
resonance frequencies correspond to the peak values of 
the TFs (Park and Kishida 2019; Zhu, Cotton, and Pilz  
2020). Figure 17 depicts the FAS at ground and first- 
floor levels and TF in X and Y directions. Figure 17c 
suggests that the FAS gradually increases as frequency 
decreases at ground level (red line) when the frequency 
is less than 2.5 Hz. This observation indicates that 
environmental noise dominates below 2.5 Hz. The 
observed TF in Figure 17d exhibits a magnitude of 
approximately 1 in the frequency range from 2.5 to 6 
Hz, and gradually increases showing peak values at 
frequencies 10.5 and 20.1 Hz. This observation suggests 
that resonance response starts beyond 6 Hz with the 
fundamental resonance frequency located at 10.5 Hz. 
Similar results were obtained for the X-direction 
(Figure 17a-b), with peak resonance located at 12.3 Hz. 
It is worth noting that the fundamental period of the 
tower is expected around 3–4 Hz. Hence, it is possible 

that the field experiments cannot measure the funda-
mental frequency by using the current system at the end 
of construction because the reliable frequencies were 
greater than 3 Hz in Figure 17. If the noises are domi-
nant around these frequencies, it is required to increase 
the amplitude of the signals by increasing the concrete 
weight or dropping height.

Figure 18 shows the comparison of the observed 
natural frequencies with those recorded on historical 
masonry towers (Testa, Barontini, and Lourenço  
2023). Although the data lie outside the range of avail-
able heights in the literature, they follow reasonably well 
the general trend which suggests that the field experi-
ments characterize realistically the natural vibration 
frequencies of Hindu Mandir.

For consistency with the construction stage at the 
time of the field testing, an additional FE model was 
developed up to the first-floor level of the structure 

Figure 15. Example of a recorded velocity time series in the 
Y direction generated by impact loads (a) ground-floor level and 
(b) first-floor level.

start

Divide acceleration time series into datasets.

Subtract the mean value from the acceleration time 
series for each dataset

Apply Taper for each dataset through Python.

Compute the Fourier coefficient by the FFT algorithm.

Plot the Fourier spectrum for each dataset.

Apply the smoothing window to Fourier spectrum plots.

Divide the Fourier spectrum on the first floor by the 
spectrum on the ground floor.

Compute the average transfer function.

End.

Figure 16. Flowchart of adopted approach for computing the 
transfer functions.
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(Figure 19). Time series analyses were conducted to 
determine the response at the ground and first floor 
levels at this construction stage. The resulting FAS and 
TFs in X- and Y-directions are plotted in Figure 20. 

Figures 20c-d show a clear peak at 10 Hz for 
Y-direction, without higher-mode resonances. Similar 
trends were obtained for X-direction (Figure 20a-b). 
Table 5 provides the comparison in the resonance fre-
quencies of X- and Y- directions between field observa-
tions and numerical analyses. The values are relatively 
consistent for both directions even though the field 
measurements show slightly higher values than the 
numerical ones. This observation validates that the 
structural elements were reasonably modelled such as 
concrete foundation with sandboxes, slabs and walls 
made of natural stones and bricks to evaluate the struc-
tural dynamic responses.

4. Optimal sensor placement

Optimal sensor placements were determined for SHM 
using the validated FE models. Modal response ana-
lyses were conducted with the local model (Figure 8) 

Figure 17. Averaged Fourier amplitude spectra in (a) X-, (c) Y-directions at ground and first-floor levels; averaged transfer functions in 
(b) X-, (d) Y-directions at ground to first-floor levels.

Figure 18. Comparison of the observed natural frequencies at 
Hindu Mandir with those by historical masonry towers.

Figure 19. A model from foundation to first-floor level representing construction stage at the time of field testing.
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for two horizontal directions using spectral-matched 
ground motions following ADIBC. There are 221 
nodes in the local FE model. Maximum displacements 
for each node were obtained using the first 16 eigen-
modes to obtain a mass participation ratio greater than 
90%. Figure 8 and Table 6 illustrate 13 important nodes 
from the local model by computing DIs using 
Equations (5) and (6) (Moussas and Pnevmatikos  
2019). Two nodes were selected from each floor level 
with the descending order of DI. 

DIN ¼
Xm

j¼1
DINj (5) 

where 

DINj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X3

i¼1
MN � uNj;i
� �2

r

(6) 

DIN is the displacement index at node N. j represents the 
jth mode, where m is the number of the significant 
modes. m of 16 was selected in this study to cover 
a mass participation ratio greater than 90%. i is the 
displacement component in X, Y, Z directions. MN is 
the mass assigned to node N. uNj,i represents the jth- 
mode displacement at node N in i direction. The MN 

and uNj,i can be extracted after the analysis. The most 
important nodes are, in descending order: 1, 2, 3 and 4 
(Figure 8). The nodes at the same floor level show the 
similar DI, where the acceleration time series are 
strongly correlated between these. These results were 
obtained because the DI does not consider the spatial 
correlations between different sensor locations. 
A similar discussion about how to avoid redundant 
data is available in (Chang and Pakzad 2014; Vuran, 
Akan, and Akyildiz 2004).

Figure 20. Numerically obtained Fourier amplitude spectra in (a) X-, (c) Y-directions; transfer functions in (b) X-, (d) Y-direction at first 
and ground floors.

Table 5. Comparison of the observed fundamental and numeri-
cally calculated resonance frequencies.

Direction Numerical Simulation Field Test

X 10.4 12.3
Y 10.1 10.5

Table 6. Important sensor locations based on DI and total variance reduction.
Importance by DI Importance by total variance reduction

Order No. Node No. Floor Node No. Floor

1 1 Flag Point 1 4 Terrace Floor
2 2 Flag Point 2,3 10 First Floor
3 3 Flag Point 2,3 6 Flag Point 6,7
4 4 Terrace Floor 12 Shikhar 1 Beam
5 5 Terrace Floor 2 Flag Point 2,3
6 6 Flag Point 6,7 8 Raised Ceiling
7 7 Flag Point 6,7 1 Flag Point 1
8 8 Raised Ceiling 7 Flag Point 6,7
9 9 Raised Ceiling 11 First Floor
10 10 First Floor 5 Terrace Floor
11 11 First Floor 3 Flag Point 2,3
12 12 Shikhar 1 Beam 13 Shikhar 1 Beam
13 13 Shikhar 1 Beam 9 Raised Ceiling
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This study has revised the DI methodology for 
selecting optimal sensor locations by considering 
spatial correlation. The selected n = 13 important 
locations were ordered based on the reduction of 
the total variance conditioned on the selected sensor 
location. This approach requires the correlation and 
covariance matrix of the recorded signals. In past 
studies, the spatial correlation was modelled with 
the Gaussian function (Chang and Pakzad 2014). In 
this model, the spatial correlation is 1 if the sepa-
rated distance between two nodes equals 0 and 
decreases exponentially as the distance increases. 
However, as far as we understand, there is no 
study on the correlation of recorded accelerations 
for seismic structural response. Therefore, the spatial 
correlation model cannot be applied to the analyses. 
To overcome the problem, this study used time 
series analyses results by the FM model to develop 
the covariance matrix. The covariance matrix was 
computed from the PSA at n important nodes. The 
PSA was selected in this study because it represents 
the variation of frequency contents of the recorded 
signals (Hudson 1979). Equations (7) and (8) were 
employed to compute the covariance matrix 
(Johnson and Wichern 2007). 

skk ¼
1
N

XN

j¼1
xjk � �xk
� �2

; (7) 

sik ¼
1
N

XN

j¼1
xji � �xi
� �

xjk � �xk
� �

(8) 

where skk is the variance, sik is the covariance of i and 
k locations, xjk is the PSA value at period j and loca-
tion k, �xk is the mean PSA value at location k, and N is 
the number of measurements. Since PSA was com-
puted for 108 different natural periods, from .01 s to 
10 s for two directions, N = 216 in this case because 
two horizontal directions are considered. By using the 
above equations, the covariance matrix was obtained 
from dynamic analyses. The correlation coefficients 
(Johnson and Wichern 2007) were calculated as: 

rik ¼
sik
ffiffiffiffisii
p ffiffiffiffiffiffiskk
p : (9) 

Figure 21 shows the flowchart for placing in order of 
importance the n selected locations by using the corre-
lation and covariance of the recorded signals. m is the 
entire number of nodes. j represents the jth important 
node, where i is the loop to find the jth important node 
from (m – j + 1) nodes. The highly correlated locations 
(e.g., r > .99) were eliminated randomly to avoid the 
singularity of the inverse matrix (Figure 21). The con-
ditional sensor locations were ranged to find the 

maximum reduction of the variance. The locations 
with the largest variance reduction due to conditional 
measurements were selected for the optimal sensor 

Figure 21. Flowchart of the proposed methodology for selecting 
optimal sensor locations based on the total variance reduction.
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placement, by which the impacts of the correlations 
with other locations were evaluated. The following 
equations show the conditional variance and reduction 
of the total variance, respectively. 

�Y1jY2 ¼ �11 � �12�� 1
22 �21; (10) 

R̂ ¼ 1 �
tr �Y1jY2

� �

tr �ð Þ
(11) 

where 
P

22 and 
P

11 are covariance matrices within 
selected locations and within unselected locations. 
P

12 is the covariance matrix between selected and 
unselected locations. Table 6 shows the resulting 
order of the important nodes by following this 
approach. The most important node is 4 in 
Figure 8, following by 10, 6, and 12. The important 
sensor locations tend to be selected from different 
floor levels because the influence of the nodes 
decreases in Equation (11) if the sensor is placed 
into highly correlated locations. The approach pre-
sented in Figure 21 is practical and effective, and it 
has not been employed in the past. Further improve-
ment is expected by developing the spatial correla-
tion models using the actual observations instead of 
simulated data because it includes the environmental 
and sensor noises in the covariance matrix.

5. Conclusions

This study investigates the optimal accelerometer place-
ments for SHM of a complex unreinforced stone 
masonry structure (Hindu Mandir) in Abu Dhabi. The 
SHM is required based on the guidelines of Abu Dhabi 
government, because the building code does not cover 
unreinforced stone masonry structures like the one at 
hand. The study illustrates a practical four-step 
approach for selecting the accelerometer locations. The 
first step is the identification of potential damage loca-
tions based on dynamic analyses. To this end, a “global” 
structural model of the entire Mandir was developed 
using FEM, and verified by field experiments during the 
construction phases. The Main Shikhar tower was iden-
tified as the potentially most vulnerable location based 
on the calculated values of resonance periods and peak 
displacements. In the second step, a “local” model was 
developed for the Main Shikhar by placing springs at the 
structure-to-structure boundaries. Lateral point loads 
were applied to obtain the linear-elastic spring stiffness 
matrix at the model boundaries after removing Main 
Shikhar from the stiffness matrix. The inertial and vis-
cous forces are negligible at the interface model between 
the local and the rest of the structure, while pseudo- 

static behavior was considered as an approximation for 
the rest of the structure. The results show that the 
natural periods and the eigenmodes for global and 
local models are sufficiently similar, indicating that the 
Main Shikhar is sufficiently separated by the local 
model. This approach is practical but has not been 
employed in the past, based on our literature review, 
to develop local models for massive stone masonry 
structures. In the third step, modal response analyses 
were conducted using the developed local model to 
evaluate the response to seismic loads. Thirteen impor-
tant nodes were selected by considering 16 eigenmodes 
to cover 90% of mass participation. Had the global 
model been analyzed directly (without using a local 
model), this process would require substantial compu-
tation time and development of algorithms (e.g. Gomes 
et al. 2019; Guo et al. 2004). In the fourth and last step, 
the PSA obtained from the time series analyses of the 
local model was used to develop the covariance matrix 
by considering the correlations between different accel-
erometers. Based on the reduction of total variance due 
to the installation of the accelerometers with conditional 
probability theory, the optimal locations were selected. 
This approach is novel and practical for sensor installa-
tions to measure less-correlated acceleration signals, 
and avoids employing redundant acceleration measure-
ments. Through the proposed steps, the locations of the 
accelerometers can be practically/realistically selected 
for SHM of massive and complex structures such as 
the unreinforced stone masonry Hindu Mandir in Abu 
Dhabi.
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