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Abstract

:

This paper presents the operational modal analysis of a 90-m-high RC minaret of an iconic mosque considered as a landmark of the city. The minaret was monitored for three days with 11 tri-axial MEMS accelerometers. The purpose of the study was to observe the behavior, develop a representative finite element (FE) model, and establish baseline data for health monitoring studies. The modal properties were extracted using three operational modal analysis techniques (OMA): Enhanced Frequency Domain Decomposition (EFDD), Stochastic Subspace Identification (SSI), and Natural Excitation Technique with Eigensystem Realization Algorithm (NExT-ERA). The first 10 identified modes were below 7 Hz. Eight modes out of the ten were bending-dominant, while the remaining two were torsion-dominant. A FE model was also developed in ETABS to ascertain and compare the response of the structure with the identified results. From the FE model, the modes corresponding to the first ten identified modes were considered for comparison with the identified frequencies from ambient monitoring. The maximum 7.71% error was observed between the experimental and numerical frequencies. The error was minimized by using the manual updating the material properties and adding the weight of nonstructural elements. The variation of identified modal frequencies with ambient temperature was observed to be linearly dependent to a reasonable degree. A general trend of decreasing identified frequencies was observed with the rise in temperature.
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1. Introduction


Minarets are thin and tall tower-like structures built as a part of a mosque. They are also known as “manara” in Arabic, meaning place of fire or light. It is the place from where the Azan (call to prayer) is called for the worshipers. Its shape, height, and features may vary according to the local culture. In the early times, bulky and low-height minarets were constructed. However, thin and slender minarets are designed and constructed nowadays due to the advancements in the field of structural engineering and architecture. The occurrence of damage due to natural disasters like earthquakes, wind gusts, etc. makes minarets vulnerable structures.



The dynamic behavior of a structure is related to its modal properties (natural frequencies, mode shapes, and damping ratios), which can be found by numerical methods, as well as using experimental techniques. The popular numerical way is using a Finite Element Analysis (FEA). The modal properties evaluated from a FEA may not represent the true behavior of the existing structure due to uncertainties in the modeling parameters, like boundary conditions, material properties, etc. [1,2]. Therefore, to determine the in situ dynamic behavior under service conditions, real-time monitoring was carried out, and after that, a modal analysis was performed using Operational modal Analysis (OMA) techniques. The field testing involved instrumentation of the subject structure and collection of the data under ambient or forced vibrations. Then, the modal properties were identified based on system identification techniques [3]. The in situ determined dynamic properties can be further used in structural model updating, health monitoring, assessment, and damage detection studies [4].



The field testing for modal analysis can be carried out under two types of excitation conditions, namely forced vibration tests and ambient vibration tests [5]. In forced vibration testing, the structure is vibrated by artificial means like drop weight, impact hammer, or eccentric mass shaker under a known input force. These tests are useful due to the well-defined input force and high signal-to-noise ratio, producing high-quality data for the analysis [6,7]. In ambient vibration testing, the structure is vibrated by a random unknown input force, like traffic, wind, or an earthquake, and the signal-to-noise ratio sometimes may be very low [8]. Forced vibration testing is generally time-consuming and difficult to conduct compared to the ambient vibration test. It also requires careful handling and special permission. On the other hand, ambient vibration testing is the most common, nondestructive, easy-to-implement approach that generally does not affect the occupancy of a structure [8,9]. Many structures have been tested under ambient vibrations, and it was found that it is a convenient way to find their dynamic properties [10,11,12]. The output-only system identification techniques like peak picking (PP), Frequency Domain Decomposition (FDD), Enhanced Frequency Domain Decomposition (EFDD), Stochastic Subspace Identification (SSI), etc. are generally used for ambient vibration testing, and this procedure is generally referred to as an Operational Modal Analysis (OMA). On the other hand, the field testing in which input and output data is used for system identification to determine the modal properties is commonly known as an Experimental Modal Analysis (EMA), for which Deterministic State-space Subspace Identification (DSSI), Eigensystem Realization Algorithm (ERA), and Observer/Kalman filter Identification (OKID), etc. are generally employed [13,14].



Many studies have been conducted to evaluate the dynamic properties of masonry minaret and towers considering their archeological value and cultural heritage. Azzara et al. (2021) evaluated the dynamic properties of the masonry tower of the center of Lucca under ambient vibrations. The structure was instrumented with accelerometers and other devices for a results comparison. The first four identified frequencies were below 4.8 Hz, with a maximum standard deviation of 16% [15]. García-Macías & Ubertini (2020) evaluated the dynamic properties of the historic Sciri Tower in Italy. The automated OMA and Ambient Noise Deconvolution Interferometry (ANDI) techniques were used for this purpose. The first seven identified modes were below 12 Hz [16]. Erkal (2017) studied the effect of traffic-induced vibrations on the minaret of little Hagia Sophia. The modal properties were extracted both numerically and experimentally. A very good agreement was found between the modal frequencies and mode shapes. Hence, it was concluded that ambient vibration testing is a confident way of finding the modal properties of structures [17]. Carpinteri et al. (2016) used the Acoustic Emission monitoring technique using piezoelectric accelerometers to examine the structural stability of the 12th century Asinelli Tower. Damage was found in the walls of the tower, but the tower was still in stable condition [18]. Saisi & Gentile (2015) evaluated the structural condition of a 54-m-high 14th century masonry tower using ambient vibration testing. Two OMA techniques, SSI and FDD, were implemented for the evaluation of modal properties and found that the upper portion of the tower is structurally critical [19].



To evaluate the structural conditions of towers or tower-like structures, many studies have been carried out in the past two decades. Zhao et al. (2019) performed long-term structural health monitoring of a 250-m-high structure at different construction stages and service stages using accelerometers and tilt sensors. The fast Bayesian FFT was implemented to extract the dynamic properties under ambient vibrations. The first ten identified modes were below 2.4 Hz [20]. He et al. (2018) worked on the structural identification of the 600-m-high Ping-An Finance Center in Shenzhen under natural excitation (typhoon). Two OMA techniques, the Peak-Picking method in the frequency domain and the random decrement technique in the time domain, were implemented for the extraction of modal properties. It was found that the natural frequency decreased with the increase of the initial amplitudes, and the damping ratio exhibited slight fluctuations [21]. Sun and Büyüköztürk (2018) identified the effect of soil–structure interactions on the dynamic properties of an 84-m-high building under ambient vibrations. He studied the effect of rocking and displacement on modal properties and developed the baseline data for seismic performance studies with soil–structure interactions [22]. Zhang et al. (2016) worked on the structural health monitoring of 632-m-high Shanghai Tower at different construction stages using the Bayesian approach. The results of the FE model at different construction stage relates with the experimental results, showing the good quality of construction. Twelve-hour monitoring was conducted to observe the effect of the environment on the modal properties. It was found that modal properties depend on the air temperature. The first eight modes were below 1 Hz [23].



The structural assessment of cultural heritage, historical, and landmark structures is a challenging task for structural engineers. To examine the dynamic responses and structural conditions of such structures, the modal properties are one of the important parameters. Generally, the structural condition is quantified by comparing the modal properties of undamaged and damaged structures. Therefore, the determination of the modal properties of an undamaged structure, i.e., development of the baseline data, is of prime importance in structural health monitoring. In the present study, the OMA of a minaret of Faisal Mosque Islamabad (Pakistan), constructed in 1988, was carried out. The structure is considered a landmark of Islamabad and lies close to the Margalla fault line. The real-time monitoring of the minaret was conducted using 11 triaxial accelerometers. To determine the modal properties of the structure, three frequency domain OMA techniques (EFDD, SSI, and NExT-ERA) were used. The comparison of the identified modal properties was carried out with a FE model developed in ETABS. The error between the experimental and numerically identified frequencies was minimized using the manual updating technique. The objective of the present study is to extract the dynamic properties of this iconic structure, examine the variations of the modal frequencies with an ambient temperature, develop the representative FE model, and establish baseline data for future health monitoring and seismic performance studies.




2. Description of the Minaret


Faisal Mosque, designated as the National Mosque of Pakistan [24], was the recipient of the prestigious Aga Khan Architecture Award in 1998. It is located in Islamabad, the capital of Pakistan, which was developed at the foothills of the Margallah Range in 1960. The mosque was designed by Turkish architect Vedat Dalokay (1927–1991), being selected after an international competition [25]. The mosque, with a capacity of 100,000 people, remained the largest in the world from 1986 to 1996 and is now the sixth-largest. The construction of the mosque started in 1976 and was completed in 1988. It covers an area of 5000 m2, which includes a prayer hall, four 90-m-high sharpe pencil-shaped minarets, porticoes, and a courtyard. It also houses the campus of International Islamic University.



All the four minarets are identical and have displayed no sign of damage. The two eastern minarets have elevators and a maximum height access. The Northeastern minaret encircled in Figure 1 was selected for this study due to the ease of access. The minaret resting on a 2.14-m-thick pad foundation with a depth of 6 m from NSL. It houses an elevator that goes up to a level of 62.90 m, enclosed in a 203-mm-thick shear core (Figure 2c). It has four 685-mm × 1828.8-mm columns. The stairs are wrapped around the inner shear core (lift shaft), and a landing is provided after every sixth step. The cross-sectional dimensions of the minaret are shown in Figure 2. The side that has an entrance to the minaret is considered the front elevation of the minaret, as shown in Figure 2. The RC stairs monolithically connect the columns and the outer RC wall to the inner shear core (lift shaft). It has an observation deck at a height of 57 m, and the RC stairs do not go beyond the observation deck. The shear core stops at an elevation of 62.23 m. After that elevation, only columns go up to the total height.




3. Ambient Vibration Monitoring and Modal Identification


3.1. Testing Arrangement and Data Collection


The ambient vibration response of the minaret was captured by eleven triaxial MEMS accelerometers for a continuous three days attached to the shear core. Each accelerometer was a standalone device, operating with a real-time clock (RTC), an internal 5 V battery, a data logger, and a range of ±2 g. The additional power setup (Figure 3) was developed to prolong the data acquisition time. The RTC of all the accelerometers was adjusted to a common laptop PC.



A total of 11 points were selected to capture the dynamic response of the minaret. A schematic diagram representing the position of the sensors is shown in Figure 4. All the accelerometers were placed staggered at regular intervals on the opposite side of the shear core, except accelerometer number 5 and 6 at 40.62 m and 9 and 10 at 59.44 m; those were placed at the same level to capture the torsional effect. The topmost portion of the minaret was not instrumented due to the access restrictions. The sampling rate of the accelerometers was kept at 256 Hz. The OMA was performed on two-minute data chunks selected from each half an hour of the 24-h recordings. A total of 40 datasets were taken for each day, comprising the recordings of two lateral axis measurements. The data of each lateral axis was separated for structural identification. Hence, a total of 80 identification routines were carried out for each recorded day, and a total of 240 identifications were performed over three days of recorded data.




3.2. Modal Identification of the Minaret


The raw data was detrended and processed by applying the basic signal processing as required. The modal properties were extracted using three identification techniques: Enhanced Frequency Domain Decomposition (EFDD) [26], Data-Driven Stochastic Subspace Identification (SSI) [27,28], and Natural Excitation Technique with Eigensystem Realization Algorithm (NExT-ERA) [29]. The modal analysis was carried out on the selected 120 two-minute data chunks, where each chunk comprised two lateral axis acceleration recordings. A separate identification routine was carried out for each axis; hence, a total of 240 identification routines were performed over three days data for each identification technique. From the modal analyses, ten frequencies identified were below 7 Hz by each of the identification technique. The average modal frequencies of the first ten identified modes with standard deviation and nature of the mode are shown in Table 1. The notation E with the mode number represents a modal frequency from experimental results.



In the identified ten modes, eight modes were bending-dominant, two were torsion-dominant. All the bending modes have appeared in the X- and Y-axis pairs, with a very small difference in the frequencies. This is due to the geometrical symmetry of the minaret structure at both the lateral X- and Y-axis. Similar results were observed in the research on tower-like structures [4,30,31]. The first mode with an average frequency of 0.519 Hz was the X-axis bending mode, while the second mode with an average frequency of 0.524 Hz was the Y-axis bending mode.



The third and fourth modes were bending-dominant modes with average frequencies of 2.644 Hz and 2.669 Hz, respectively. The two-dimensional mode shapes of the bending modes are shown in Figure 5. The fifth mode was the torsion-dominant mode about its geometric center with an average frequency of 2.841 Hz (Figure 6). The torsional mode is difficult to display in a two-dimensional representation. The accelerometers were installed at the same levels to capture the torsional nature of a mode. The location points of the same level accelerometers were collinear along the X-axis. Therefore, the torsional mode shape cannot be developed using X-axis data. The Y-axis of the accelerometers were parallel and a constant distance apart; hence, the torsional nature of the modes can be examined by using Y-axis data. Figure 5 and Figure 6 show an elevation view and a planar view of the mode shapes, respectively. Figure 6 presents, in a better way, the bending and torsion natures of the mode shapes by showing the movement along both lateral axes in a planar view. The sixth and seventh modes were bending modes with average frequencies of 4.592 Hz and 4.619 Hz, respectively. The eighth mode was a torsional mode with an average frequency of 5.564 Hz. The ninth and 10th modes were also bending dominant, with average frequencies of 6.446 Hz and 6.567 Hz, respectively. From Table 1, it is evident that the standard deviation increased with the increase of the natural frequency, a similar trend has been observed in past research [15,19,32]. It is clear from Figure 7 that the frequencies identified from the different techniques are very close and present the accuracy of the results.




3.3. Mode Shape Correlation


The modal assurance criterion (MAC) is a quantitative comparison tool for the mode shapes used by most of the researchers in similar research areas for correlating mode shapes [32,33,34,35,36]. Its value varies from zero to one. The digit one indicates good harmony among the mode shapes, and zero indicates that the mode shapes are not consistent or correlated [37]. MAC can be used to compare experimental and numerical modes, experimental modes of different techniques, modes before and after the change in parameters of numerical and physical models, and modes obtained from different datasets of the same technique [38].



Table 2 presents the MAC values of the first 10 identified modes from the datasets of all three techniques. The maximum and minimum MAC values vary from 0.99 to 0.72, which indicates an excellent to a good match between the same modes of different datasets. A typical MAC matrix between the identified modes is presented in Figure 8. It is evident that the off-diagonal terms in the MAC matrix are very low (below 0.15). Therefore, it can be inferred that the identified modes are not coupled.





4. Frequency Variation and Correlation with Ambient Temperature


The effect of ambient temperature on the modal properties is an important aspect in the regions where the temperature change is significant during a 24-h period. The variations of the modal properties with the temperatures of various masonry and concrete structures were examined before [39,40]. For the present study, air temperature data was collected from the Pakistan Metrological Department (PMD). The closest weather station was located 6 km from the testing site. The variation in the temperature for the 24-h data acquisition for three days is shown in Figure 9. It can be observed that a difference of 17 °C exists between the maximum and minimum temperatures. The maximum and minimum temperatures during the three days of monitoring were observed at around 14.00 PST and 08.00 PST, respectively.



Long-term monitoring is necessary to identify the correlation between the modal properties and environmental factors [41,42]. It is also required to make a comprehensive baseline dataset for health monitoring, damage detection studies, and to avoid false alarms for changes in the modal frequency. Table 3 summarizes the maximum, minimum, and average frequencies of all three techniques.



Another simple way to investigate the effect of environmental temperature on modal frequency is the plot of the temperature vs. identified modal frequency. Figure 10 shows the variations in the frequencies (identified using EFDD technique) with the ambient temperature. The least-square regression analysis is used to find the relationship between the temperature and modal frequencies. The strength of the correlations is generally illustrated by the coefficient of determination R2 of the linear regression model.



The R2 values of all three techniques are enlisted in Table 3, as well. The coefficient of determination varied from 0.51 to 0.661, indicating that a linear relationship fits the data to a reasonable degree. It can be clearly seen that the identified frequencies decreased with the rise in temperature for all the modes. The results of the temperature effect on the modal properties were different from the previous research, which presented the hypothesis that the increase in temperature induced a reduction in the fracture strain and overall increase in the global stiffness of the structure [15,43]. This hypothesis may be valid for the damaged or masonry structure. The decreasing trend in natural frequency presented the expansion of the material and little reduction in the global stiffness.




5. Finite Element Modeling


A numerical model is helpful for the validation of the operational modal analysis and interpretation of the results [44]. A 3D FE model was developed with commercial software ETABS [45] to simulate the behavior of a structure and to correlate it with the identified dynamic properties. The geometry of the minaret was modeled with the help of architectural and structural drawings and at-site measurements. The geometric properties of the minaret were discussed in Section 2. The main components of the minaret, i.e., columns, outer RC walls, inner shear core housing elevator, stair landings, waist slab, and observation deck at an elevation of 57 m, were modeled using four-node shell elements, while the beams and cross bracings were modeled using two-node line elements, as shown in Figure 11. The waist slab of the stair was modeled as a ramp with a four-node shell area element. The stairs connected the outer RC walls and columns to the inner shear core. RC cross-bracings were used to connect the columns with the outer RC walls. The plan, stairs, and 3D view of the FE model of minaret are shown in Figure 11. The density and compressive strength of concrete for all the structural members were taken as 2400 kg/m3 and 30 MPa, respectively, from the structural drawings. The mass of the nonstructural components like floor finishes and the dead weight of the stair steps, etc. were applied at the appropriate locations. The base of the minaret was considered as fixed.



After the construction of the detailed 3D model, as shown in Figure 11, a modal analysis was carried out. The number of modes for the analysis was considered based on a minimum 90% modal mass participation. It is an important parameter to understand the nature of a mode and the contribution of each mode. A total of 90 modes yielded the required modal mass participation. Among those, the first ten were within the range of the identified frequencies (i.e., below 7 Hz) and are shown in Table 4 and Figure 12, whereas the rest are higher modes. Ux and Uy denote translational mass participation in X and Y directions, respectively, and Rz denotes the torsional mass participation. It is clear from Table 4 that the modal mass participation of the first four numerical modes are far higher in the translation direction than that in the torsional direction, showing the pure bending nature of the modes. All the bending modes appeared in pairs, with a very small difference in the frequency values. That is due to the symmetry of the structure at both the lateral axes. The sixth, seventh, ninth, and tenth modes are also pure bending modes, whereas the fifth and eighth are torsional modes. For convenience in the discussion, the notations B and T represent the bending-dominant and torsion-dominant natures, respectively, as mentioned in Table 4.




6. Comparison between Experimental and FE Results


The dynamic properties of the structure identified from the ambient excitation tests comprised the actual boundary conditions, materials, and geometric properties, whereas the dynamic properties from the numerical model may not represent the actual dynamic properties due to assumptions in the boundary conditions and material properties. The % error is a numeric value that presents the difference between actual and approximated values. The experimentally identified and numerically determined dynamic properties are considered as the actual and approximated values, respectively. The comparisons between the experimental and FE modal frequencies are listed in Table 4, along with the % error and MAC values. Figure 12 represents the ten FE mode shapes. The observed % error between first ten numerical and experimental modal frequencies are 2.98, 3.16, 4.78, 4.56, 5.76, 6.48, 6.40, 6.28, 6.54, and 7.71% respectively. The maximum and minimum errors were 7.71% and 2.98% for the tenth and first modes, respectively. The observed errors can be due to the assumptions considered for modeling the minaret in FE software. The MAC values between the experimental and numerical pure bending modes, i.e., first, second, and seventh, were higher than 0.8, showing a good agreement between them. The MAC values of the other bending modes, i.e., third, fourth, sixth, and tenth, were within 0.65–0.8, which showed a correlation from a satisfactory to good level. However, the MAC values of the torsional modes, i.e., fifth and eighth, were below 0.6, which indicated that the limited number of sensors may not be enough to capture its torsional behavior more accurately.




7. Finite Element Model Updating


The dissimilarity in the modal properties obtained from the experimental and initial FE model showed that the dynamic behavior of the FE model did not coincide appreciably with that observed through the experimental work. The experimental and numerical modal frequencies with percentage errors are given in Table 4. The reason for the discrepancies in the FE model results was the differences in the actual and assumed material properties, boundary conditions, and structural geometry used for modeling. To minimize the differences between the experimental and numerical results, FE model updating techniques were used that involved manual changes in the mechanical properties of the model, i.e., Young’s modulus, boundary conditions, mass source, and by changing the mesh size [4,46,47].



In this study, the FE model was updated by adjusting the material properties and weight of the nonstructural components based on nondestructive testing techniques and engineering judgment. The modal frequencies identified from all three methods were very close, so the results of EFDD were used as a reference for updating the FE model. The initial value of the Young’s modulus was taken 23,250 MPa from the compressive strength of 27.8 MPa of concrete, provided in the structural drawings. The various updating routines were considered as given in Table 5. The frequencies obtained from the FE model were lower than the experimental frequencies. This shows that the actual structure was stiffer than the initially modeled structure. Therefore, the higher values of Young’s modulus were considered for updating. However, the nondestructive strength evaluation was done using a rebound hammer test (ASTM-C805/C805M-18 [48]) at columns and shear walls (Figure 13). The estimated strength was 36.5 MPa. The objective function representing the mean weighted absolute relative frequency error was developed to minimize the error [49,50]. The objective function is listed below as Equation (1):


   e f  =  1 n    ∑   i = 0  n     |  Δ  f i   |     f i     



(1)




n = no of target frequencies, fi = target frequency, and Δfi = frequency error.



The updated modal frequencies, along with the % error and the objective function, are given in Table 6. Total six trials were conducted: three with uniform Ec and two with different Ec (for columns and other structural members) and one with additional weights of nonstructural members like a lift machine and its counterweight’s weight. In the first three trials, the frequencies increased and error rate was minimized, but the frequencies were still lower than the experimental frequencies. In trial 4, as the Ec value increased, the numerical frequencies became higher than the experimental frequencies, and the objective function reduced from 1.81 to 1.61. Trial 5 was done with little a reduction in Ec of a member other than the column. The objective function reduced, but few frequencies were lower, and the rest were higher than the experimental frequencies. However, the objective function reduced from 1.67 to 1.32. In trial 6, the weights of the nonstructural elements (elevator with accessories) were added at the upper portion of the lift well. The objective function obtained in trial 6 was the lowest, i.e., 0.85, within the acceptable limit of 10% [51]. The overall maximum error in the frequency was reduced from 7.71% to 0.3%. It was observed that, while improving the frequencies, the MAC has also improved. This has also been reported by other relevant studies that have used the same objective function (Equation (1)) [49,50]. The MAC values of all the modes significantly improved in the updating process, as shown in Table 6. The MAC values of all the bending modes were more than or close to 0.9, except modes 9 and 10, which significantly improved from the initial values of 0.69 and 0.70, respectively, but were still less than 0.9. The MAC values of the torsion-dominant modes also improved significantly from their initial values of 0.51 and 0.58; however, their values were still close to 0.8. The reason for the lower values of the MAC for the torsion-dominant modes can be lesser measurement points for capturing the complex nature of torsion and, hence, may require further denser instrumentation to capture the torsion-dominant modes precisely.




8. Conclusions


Ambient vibration tests were conducted on a 90-m-high RC minaret to evaluate its dynamic properties. The data acquisition was carried out for three days. The OMA was carried out using three techniques, i.e., EFDD, data-driven SSI, and NExT-ERA. The effect of the environmental conditions on the modal properties was also observed. The numerical model was developed in ETABS and updated using the manual modal updating technique. The following conclusions are drawn from this study:




	
The modal frequencies identified from the three techniques: EFDD, data-driven SSI, and NExT-ERA provided close values, showing the relatability of the identification techniques. A total of ten modes were identified below 7 Hz with three-day average identified frequencies of 0.519 Hz, 0.524 Hz, 2.644 Hz, 2.669 Hz, 2.841 Hz, 4.592 Hz, 4.619 Hz, 5.564 Hz, 6.446 Hz, and 6.567 Hz, respectively. The first, second, third, fourth, sixth, seventh, ninth, and tenth experimental modes were bending-dominant, whereas the fifth and eighth were torsion-dominant.



	
Since the structure was axis-symmetrical, the first few modes therefore appeared in pairs for both the lateral axes. The combined axis identification routines did not provide the separation of such modes. Hence, separate identification routines were performed for both the lateral axes for the axis-symmetric structure to capture identical very closely spaced modes.



	
The initial MAC values between the same modes of each of test dataset varied from 0.72 to 0.99, which showed a reasonable to excellent match. The MAC matrix between different mode shapes showed values close to 0.1, depicting the modes not coupled. The MAC values between the numerical and experimental modes were higher for the bending modes and comparatively lower for the torsional modes, which indicated that more sensors are required to capture torsional behavior precisely.



	
The variations of the modal frequencies with the ambient temperature were observed to be linearly dependent to a reasonable degree, with the R2 values varying from 0.51 to 0.661. The changes in the frequencies can be due to the changes in stiffness of the structure due to environmental effects, including temperature, humidity, etc. The value of R2 may have been better if a weather station has been installed on or very close to the minaret site. However, due to certain restrictions, this was not allowed.



	
The first ten modes determined from the FE model, below 7 Hz, were taken for comparison with the experimentally identified modes. All the longitudinal bending modes appeared in pairs due to the symmetry about the two lateral axes of the minaret.



	
The error between the numerical and experimental modal frequencies was minimized by manual updating of the Young’s modulus and weight of the nonstructural elements. The objective function error reduced to 0.85% in six trials, providing a sufficiently close match between the frequencies, along with significant improvement in the MAC values of the modes, particularly the bending-dominant modes.








The structural condition of any structure can be examined by comparing the modal properties of the undamaged and damaged structures. The preparation of baseline data or the identification of modal properties of an undamaged structure is the first step for this purpose. Three-day-long monitoring was carried out to capture the variations in the identified modal properties that can serve as baseline data for any future damage detection and health monitoring studies. However, further prolonged monitoring for several weeks and during all seasons of the year is recommended to further improve the baseline data that is currently not allowed due to certain restrictions.
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Figure 1. The top view of Faisal Mosque with the encircled minaret considered for this study. 
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Figure 2. (a) A picture of a minaret. (b) Elevation view of the minaret. (c) Cross-sectional view of the minaret. 
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Figure 3. Accelerometer with an additional power arrangement. 
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Figure 4. The schematic diagram for the sensor arrangements. 
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Figure 5. Experimental mode shapes in an elevation view. 
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Figure 6. Experimental mode shapes in planar view at 40.64 m to show the bending and torsional natures of the modes (EFDD). 
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Figure 7. Frequency comparison identified from EFDD, SSI, and NExT-ERA. 
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Figure 8. A typical MAC matrix between the identified modes (EFDD). 
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Figure 9. The variation of temperature during 24-h data acquisition over three days. 
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Figure 10. The correlation between the identified frequencies and the ambient temperature (EFDD). 
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Figure 11. The FE model of the minaret (a) plan, (b) stairs, and (c) 3D view. 
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Figure 12. Numerical mode shapes, along with the natural frequencies. (a) First mode. (b) Second mode. (c) Third mode. (d) Fourth mode. (e) Fifth mode. (f) Sixth mode. (g) Seventh mode. (h) Eighth mode. (i) Ninth mode. (j) Tenth mode. 
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Figure 13. Rebound hammer test. 
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Table 1. First ten average identified frequencies from the three identification methods.
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Frequency No

	
EFDD

	
SSI

	
NExT-ERA

	
Average

Frequency of Three Methods (Hz)

	
Mode Nature




	
Average

Frequency

(Hz)

	
*St Dev

	
Average

Frequency

(Hz)

	
*St Dev

	
Average

Frequency

(Hz)

	
*St Dev






	
E1

	
0.504

	
0.051

	
0.539

	
0.041

	
0.514

	
0.061

	
0.519

	
B




	
E2

	
0.507

	
0.044

	
0.542

	
0.049

	
0.523

	
0.062

	
0.524

	
B




	
E3

	
2.722

	
0.066

	
2.577

	
0.051

	
2.633

	
0.032

	
2.644

	
B




	
E4

	
2.739

	
0.061

	
2.599

	
0.057

	
2.671

	
0.042

	
2.669

	
B




	
E5

	
2.881

	
0.089

	
2.784

	
0.070

	
2.859

	
0.091

	
2.841

	
T




	
E6

	
4.503

	
0.107

	
4.638

	
0.131

	
4.601

	
0.149

	
4.592

	
B




	
E7

	
4.61

	
0.127

	
4.646

	
0.116

	
4.636

	
0.167

	
4.619

	
B




	
E8

	
5.574

	
0.157

	
5.76

	
0.169

	
5.36

	
0.178

	
5.564

	
T




	
E9

	
6.442

	
0.211

	
6.547

	
0.273

	
6.351

	
0.276

	
6.446

	
B




	
E10

	
6.593

	
0.219

	
6.613

	
0.284

	
6.495

	
0.248

	
6.567

	
B








*St Dev—Standard deviation, E—Experimental Frequencies, B—Bending dominant Mode, and T—Torsion dominant Mode.
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Table 2. The MAC values of the first 10 identified modes from the datasets.
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Frequency No

	
EFDD

	
SSI

	
NExT-ERA




	
Average Frequency

(Hz)

	
Max

	
Min

	
Average Frequency

(Hz)

	
Max

	
Min

	
Average Frequency

(Hz)

	
Max

	
Min






	
E1

	
0.504

	
0.95

	
0.83

	
0.539

	
0.94

	
0.81

	
0.514

	
0.92

	
0.78




	
E2

	
0.507

	
0.95

	
0.81

	
0.542

	
0.95

	
0.77

	
0.523

	
0.97

	
0.79




	
E3

	
2.722

	
0.97

	
0.72

	
2.577

	
0.96

	
0.79

	
2.633

	
0.96

	
0.83




	
E4

	
2.739

	
0.98

	
0.79

	
2.599

	
0.97

	
0.82

	
2.671

	
0.97

	
0.81




	
E5

	
2.881

	
0.97

	
0.85

	
2.784

	
0.92

	
0.87

	
2.859

	
0.91

	
0.88




	
E6

	
4.503

	
0.96

	
0.82

	
4.638

	
0.96

	
0.76

	
4.601

	
0.93

	
0.78




	
E7

	
4.61

	
0.98

	
0.81

	
4.646

	
0.94

	
0.81

	
4.636

	
0.99

	
0.75




	
E8

	
5.574

	
0.95

	
0.79

	
5.76

	
0.97

	
0.82

	
5.36

	
0.92

	
0.81




	
E9

	
6.442

	
0.92

	
0.8

	
6.547

	
0.94

	
0.79

	
6.351

	
0.93

	
0.78




	
E10

	
6.593

	
0.95

	
0.81

	
6.613

	
0.96

	
0.8

	
6.495

	
0.95

	
0.77
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Table 3. The maximum, minimum, and average identified frequencies and their correlations with the ambient temperature.
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Frequency No

	
EFDD

	
SSI

	
NExT-ERA




	
Avg

Freq

favg

(Hz)

	
Max Freq

fmax

(Hz)

	
Min Freq fmin

(Hz)

	
R2

	
Avg

Freq

favg

(Hz)

	
Max Freq

fmax

(Hz)

	
Min Freq fmin

(Hz)

	
R2

	
Avg

Freq

favg

(Hz)

	
Max Freq

fmax

(Hz)

	
Min Freq fmin

(Hz)

	
R2






	
E1

	
0.504

	
0.586

	
0.405

	
0.620

	
0.539

	
0.578

	
0.425

	
0.613

	
0.514

	
0.583

	
0.475

	
0.661




	
E2

	
0.507

	
0.59

	
0.412

	
0.604

	
0.542

	
0.602

	
0.462

	
0.601

	
0.523

	
0.579

	
0.467

	
0.611




	
E3

	
2.722

	
2.798

	
2.695

	
0.606

	
2.577

	
2.734

	
2.418

	
0.614

	
2.633

	
2.804

	
2.503

	
0.583




	
E4

	
2.739

	
2.787

	
2.65

	
0.609

	
2.599

	
2.753

	
2.403

	
0.549

	
2.671

	
2.798

	
2.587

	
0.562




	
E5

	
2.881

	
2.991

	
2.801

	
0.545

	
2.784

	
2.881

	
2.692

	
0.586

	
2.859

	
2.989

	
2.79

	
0.589




	
E6

	
4.503

	
4.968

	
4.054

	
0.598

	
4.638

	
4.874

	
4.242

	
0.561

	
4.601

	
4.988

	
4.545

	
0.623




	
E7

	
4.61

	
4.95

	
4.009

	
0.578

	
4.646

	
4.892

	
4.473

	
0.584

	
4.636

	
4.927

	
4.549

	
0.593




	
E8

	
5.574

	
5.966

	
5.141

	
0.510

	
5.76

	
5.909

	
5.369

	
0.605

	
5.36

	
5.767

	
5.232

	
0.622




	
E9

	
6.442

	
6.889

	
6.003

	
0.517

	
6.547

	
6.876

	
6.212

	
0.611

	
6.351

	
6.639

	
6.137

	
0.609




	
E10

	
6.593

	
6.975

	
6.004

	
0.555

	
6.613

	
6.925

	
6.219

	
0.592

	
6.495

	
6.761

	
6.112

	
0.582
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Table 4. Comparison of the experimental and numerical natural frequencies.
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Mode No

	
Numerical Frequency

(Hz)

	
Modal Mass Participation

	
Average

Experimental Frequency

(Hz)

	
Error %

	
MAC

	
Numerical Mode Type




	
Ux

	
Uy

	
Rz






	
1

	
0.489

	
0.3783

	
0.0086

	
5.165 × 10−7

	
0.504

	
2.98

	
0.86

	
B




	
2

	
0.491

	
0.0086

	
0.3778

	
2.034 × 10−5

	
0.507

	
3.16

	
0.81

	
B




	
3

	
2.592

	
0.1403

	
0.0001

	
0

	
2.722

	
4.78

	
0.72

	
B




	
4

	
2.614

	
0.0001

	
0.1403

	
0.0001

	
2.739

	
4.56

	
0.78

	
B




	
5

	
2.715

	
0

	
2.088 × 10−5

	
0.3814

	
2.881

	
5.76

	
0.51

	
T




	
6

	
4.211

	
0.0498

	
0

	
0

	
4.503

	
6.48

	
0.79

	
B




	
7

	
4.315

	
0

	
0.0504

	
2.411 × 10−6

	
4.61

	
6.40

	
0.81

	
B




	
8

	
5.224

	
1.002E-06

	
0.0002

	
0.0482

	
5.574

	
6.28

	
0.58

	
T




	
9

	
6.021

	
0.0291

	
0.0002

	
0

	
6.442

	
6.54

	
0.69

	
B




	
10

	
6.085

	
0.0002

	
0.0301

	
0.0001

	
6.593

	
7.71

	
0.70

	
B








B—Bending-dominant and T—Torsion-dominant.
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Table 5. Manual model updating scheme.
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	Trial No
	Updating Parameters





	1
	Ec = 23,250 MPa



	2
	Ec = 24,855 MPa



	3
	Columns Ec = 24,855 MPa and all other members Ec = 23,250 MPa



	4
	Ec = 26,363.32 MPa



	5
	Columns Ec = 26,363 MPa and all other members Ec = 24,855 MPa



	6
	Ec = 26,363 MPa and additional masses of non-structural components
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Table 6. Model updating results.






Table 6. Model updating results.





	
Experimental/Target Frequencies

	

	
Numerical Frequencies




	
Trial-1

	
% Error

	
Trial-2

	
% Error

	
Trial-3

	
% Error

	
Trial-4

	
% Error

	
Trial-5

	
% Error

	
Trial-6

	
% Error

	
MAC






	
0.504

	
0.489

	
2.98

	
0.491

	
2.58

	
0.49

	
2.78

	
0.511

	
−1.39

	
0.509

	
−0.99

	
0.508

	
1.57

	
0.97




	
0.507

	
0.491

	
3.16

	
0.499

	
1.58

	
0.495

	
2.37

	
0.517

	
−1.97

	
0.515

	
−1.58

	
0.511

	
1.56

	
0.95




	
2.722

	
2.592

	
4.78

	
2.601

	
4.45

	
2.598

	
4.56

	
2.872

	
−5.51

	
2.872

	
−5.51

	
2.812

	
1.21

	
0.93




	
2.739

	
2.614

	
4.56

	
2.622

	
4.27

	
2.619

	
4.38

	
2.911

	
−6.28

	
2.843

	
−3.80

	
2.824

	
1.13

	
0.94




	
2.881

	
2.715

	
5.76

	
2.777

	
3.61

	
2.735

	
5.07

	
3.021

	
−4.86

	
2.981

	
−3.47

	
2.914

	
0.40

	
0.78




	
4.503

	
4.211

	
6.48

	
4.352

	
3.35

	
4.294

	
4.64

	
4.768

	
−5.88

	
4.365

	
3.06

	
4.621

	
0.58

	
0.90




	
4.61

	
4.315

	
6.40

	
4.447

	
3.54

	
4.381

	
4.97

	
4.957

	
−7.53

	
4.451

	
3.45

	
4.873

	
1.24

	
0.89




	
5.574

	
5.224

	
6.28

	
5.455

	
2.13

	
5.315

	
4.65

	
5.861

	
−5.15

	
5.861

	
−5.15

	
5.667

	
0.30

	
0.70




	
6.442

	
6.021

	
6.54

	
6.315

	
1.97

	
6.281

	
2.50

	
6.842

	
−6.21

	
6.842

	
−6.21

	
6.751

	
0.74

	
0.87




	
6.593

	
6.085

	
7.71

	
6.481

	
1.70

	
6.341

	
3.82

	
6.945

	
−5.34

	
6.945

	
−5.34

	
6.862

	
0.62

	
0.84




	
Objective Function

	
2.24

	
1.44

	
1.81

	
1.67

	
1.32

	
0.85
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