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Abstract 

In this paper, we present the dynamic characteristics of a 413-meter tall, twisted concrete 

tower located in Kuwait City. The field measurements were obtained for ambient condition using 

accelerometers and GPS. The measurements were compared against the results obtained from the 

finite element analysis. We also present the response of this unique tower to the 12th November, 

2017, Mw 7.3 earthquake, 640-km from the building measured with a GPS receiver located near the 

top of the building. These successful GPS measurements of building response shows GPS to be a 

useful method to monitor the structural deformation of tall buildings due to seismic ground shaking 

and due to ambient loading conditions. 

1. Introduction 

The built environment, including buildings and civil infrastructures, constitutes the basic 

fabric of our world in which we live and work. Civil infrastructure systems, such as tall buildings, 

bridges, airports, seaports, industrial buildings, power plants, tunnels, dams, pipelines, and offshore 

structures are vital to the functioning of society and the prosperity of countries. They constitute the 

backbone of our existence, as well as represent a significant investment by the government and 

private sectors and the public. Sustainability of these vital facilities, their efficiency, and 

remediation of their current critical state pose a key societal challenge which is directly related to 

other challenges of a nation including environment, energy, economy, education, and security. 

Safety, functionality, and efficiency of essential buildings such as tall buildings and major 

residential and business facilities, schools, hospitals, power lines, power plants, transmission towers, 

and offshore structures are all key elements that relate to various national challenges. Hence, it is 

important to monitor the structural condition of these infrastructures to ensure safety.  Structural 

health monitoring (SHM) is a modern technique employed to monitor structural condition 
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continuously in real time (Shakal et al, 1989; Celebi 1998; Brownjohn and Pan 2001; Celebi et. al. 

2011; Sohn, 2007). In SHM, the building is instrumented with sensors (accelerometer, strain gages, 

weather sensors etc.) and measured data are transferred to the remote locations through wired or 

wireless means. With the actual vibration/strain/deflection measurements, proper data analysis can 

be carried out to understand the behavior of structures in real time. SHM could be employed to 

identify the damages occurred during and after an earthquake, or due to any other natural hazards, 

or due to aging or due to harsh environmental conditions. The main advantage of SHM with real 

time monitoring is the ability to assess the damage during or immediately after any catastrophic 

events. SHM would help the concerned authorities (especially civil defense authorities of the 

country) to determine which structures are safe for operation during emergency situations. In 

general, SHM systems detect structural damage by observing changes in dynamic characteristics of 

the structure such as natural frequencies, mode shapes and damping (Frizzarin et al, 2010; Hassiotis 

and Jeong, 1995; among others). Structural damage will result in changes in the structural stiffness 

and damping. The stiffness, and mass, of a structural system are related to the natural frequencies, 

mode shapes, and modal damping of the structure. Shift in natural frequency or changes in mode 

shapes or changes in modal damping are some indicators of damages in the structure (Salawu, 1997; 

Alampalli et al, 1997; Zhou and Chelidze, 2007; Yang and Nagarajaiah, 2014; Huth et al, 2005; 

Worden et al, 2000; Maeck et al, 2003; Sohn and Farrar, 2001; Sohn et al , 2001; McNeill and 

Zimmerman, 2008; Krishnan Nair et al, 2006;). Recently, deconvolution-based seismic 

interferometry method has been used to identify the damages by estimating the changes in the wave 

travel speed along the structure height in tall buildings [Snieder and Safak, 2006; Sun et al, 2017]. 

These changes may be detected through vibration measurements. Sensor technologies have been 

improved tremendously over the past few years [Rice et al., 2011; Lynch, 2007]. Data analysis 

techniques also plays an important role in implementing a successful SHM system. The dynamic 

characteristics of structures can be identified using Eigen system Realization Algorithm (ERA) if 

both input (time history measurement of an earthquake) and output measurements (acceleration of 

the building) are available (Lus et al, 1999; Hong et al, 2009). If only output is measured, then 

Blind Source Separation (BSS) technique is used to identify the dynamic characteristics of the 

structure (Belouchrani, 1997; Zhou and Chelidze, 2007; Yang and Nagarajaiah, 2014; Sun and 
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Buyukozturk, 2016). SHM is being successfully applied in several iconic buildings and 

infrastructures across the world. To name a few, Stone cutters bridge in Hongkong (Ni et al, 2008) 

St Antonny Falls bridge in Minnosota (Inaudi et al, 2009), several iconic infrastructures in Istanbul 

Turkey, including Hagia Sofia museum, Blue mosque, Sultan Mehmet Bridge (Kaya and Erdal 

Safak, 2015), Burj Khalifa tower in Dubai, Green building at Massachusetts Institute of Technology 

(MIT), USA (Celebi et al, 2014; Sun at al, 2017) are some among them. 

In Kuwait, SHM system has been introduced on Al-Hamra Tower by the Kuwait Institute 

for Scientific Research (KISR) through a collaborative signature project with Massachusetts 

Institute of Technology (MIT), USA, funded by Kuwait Foundation for Advancement of Sciences 

(KFAS). Currently, the building deformation is being monitored by GPS installed at the 86
th

 floor. 

Ambient vibrations were recorded at regular intervals using accelerometers to understand the 

dynamic characteristics of the tower. The complete instrumentation is still under progress. In the 

present paper, we present, the vibrational modes of the Al-Hamra Tower, determined by ambient 

noise monitoring at the 80th floor of the building and GPS measurements at the 86th floor. A high 

fidelity full-scale finite element model of the tower has also been created and obtained the dynamic 

characteristics of the tower. The results are in good agreement. We also present, the response of this 

tower measured using GPS to the 12 Nov 2017 Mw 7.3 earthquake, occurred near Iran Iraq border 

approximately 642 km away from the building. 

 

2. Tower Description and Finite Element Modelling 

The Al-Hamra tower is the tallest tower in Kuwait and located at the capital Kuwait City. 

The tower has 86 floor and 412.5 m high. The tower is approximately square in plan, but has an 

internal open void that is formed by cutting a slice from the typical floor slab. The southwest 

quadrant of the building is removed at the base, and removed portion rotates counter-clockwise at 

each higher floor, until the southeast quadrant of the building is removed as shown in Figure 1. 

Each floor is approximately 4.2 m high. The first five floors are shopping malls and these floors 

have extended width. However, major portion of the extended section of the shopping mall is 

structurally separated by thermal expansion joint. There are eleven floors for car parking and this 

area is decoupled from the actual tower. Hence the extended portion of the shopping mall, car 
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parking area were not included in the finite element model. The south faced wall is made of 

concrete which has numerous openings with glass windows, while the east, west and north faced 

walls are made of glass curtain walls.  

The typical tower floor made of conventional reinforced concrete beam and slab floor 

framing system. The reinforced concrete columns sizes vary from 800mm square to 1400mm 

square, and the concrete grade varying from C50 to C70. Reinforced concrete shear walls located 

around the building core with flared concrete shear walls (thicknesses vary from 300mm to 

1200mm, with concrete strength varying from C50 to C80), extending to the building perimeter at 

the inner surfaces by reinforced concrete shear walls. The elevators and mechanical shafts within 

the core also are enclosed by reinforced concrete shear walls. Classical two nodded Euler-

Bernoulli’s frame elements with six degrees of freedom at each node are used to model the 

reinforced columns and beams. Reinforcements are modelled by converting the steel geometry by 

equivalent young’s modulus of concrete. Shear walls are modelled using shell elements. The four 

nodded shell element with six DOFs at each node has been used to model the shear walls. Floor 

slabs assumed to be rigid and modeled as rigid plates. The FE model consists of 33,360 nodes, 

32,438 frame elements and 161,793 degrees of freedom. The complete finite element model is 

depicted in Figure 2.  

 

Figure 1: Sectional Plan of the Al-Hamra tower. 
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Figure 2: Finite element model of the Al-Hamra Tower. 

 

3. Dynamic Characteristics of the Tower 

3.1 Finite element analysis 

The modal frequencies and mode shapes of the tower are calculated using free vibration 

analysis as shown in Table 1 and Figure 3. The first fundamental frequency of the tower is in the 

north-south (NS) and the second mode is in the east-west (EW) direction as depicted in Figure 3. 

Linear and nonlinear (p − Δ effect) analysis have been carried out. It can be seen from Table 1 that 

the nonlinear p − Δ effect marginally reduces the eigenvalues. It is very interesting note that, due to 

the complex geometry, bending modes are heavily coupled with torsional modes, especially for 

higher modes. The coupling effect can be clearly seen when the eigenvector components in the NS 

and EW directions are separated and plotted along the height of the tower (Figure 4). The coupled 

dynamic characteristics of the tower will be critical while selecting the number and location of 

sensors for the building. Considering this complex dynamic behavior, in addition to accelerometers, 

tilt meters to record the rotation of the building are also recommended for the building.  

 

Shear walls  Slabs  Frames 
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Table 1: Modal characteristics of the tower obtained from finite element analysis and field 

measurements 

 Frequency (Hz) 

 FEA 
Ambient Vibrations GPS 

 No p-Δ p-Δ Effect 

1st mode (NS bending) 0.140 0.143 0.142 0.138 

2nd mode (EW bending) 0.190 0.193 0.176 0.172 

3rd mode (Torsion) 0.285 0.294 0.307 0.296 

4th mode (NS bending) 0.620 0.625 0.607  

5th mode (EW bending) 0.736 0.740 0.658  

6th mode (Torsion) 0.815 0.821 0.835  

 

 

 

Figure 3: The first six modes of the Al-Hamra Tower obtained from its finite element model 

considering the nonlinear p − Δ effect. The weak direction of the tower is north-south (NS) and the 

strong direction is east-west (EW). 
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Figure 4: Eigenvector components of the first six modes of the Al-Hamra Tower. 

 

 

 

3.2 Ambient vibration measurements 

As the complete instrumentation was not yet installed at the Al-hamra tower, vibration 

measurements were taken from using portable accelerometers (Kinametrics triaxial episensor and 

Q330 data logger) temporarily deployed at the 80
th

 floor terrace of the tower at regular intervals 

(Figure 5). The purpose of the measurements were to determine natural frequency of the tower. 

Measurements were taken at three different floors (ground floor, 60th floor and 80th floor). The 

recorded vibration data was analyzed using an in house computer program. The power spectra 

density (PSD) function of the ambient vibration measurement is calculated (e.g., the time domain 

signals are firstly divided into 10-minute windows with 25% overlap and averaging is applied to all 

the PSD windows) using in-house MATLAB code. The results are presented in Figure 6. The 

resonance peaks corresponding to natural frequencies of the tower can be clearly seen in the PSD 

function. The calculated modal frequencies from the FE model and the ambient measurements are 

in excellent agreement, indicating an acceptable accuracy of the modelling.  
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Figure 5: Vibration measuring accelerometer and data logger (Kinemetrics triaxial episensor and 

Q330 data loggers) 

 

 

 

 

 

 

 
 

Figure 6: The power spectra density (PSD) function of the ambient vibration measurement of the 

Al-Hamra Tower. 

 

3.3 Building deformation measurements using GPS  

It has been shown that GPS can be used for deformation monitoring of tall buildings (Celebi 

et al., 1998; Yi et al., 2013). Review of GPS data processing techniques for these applications are 

given by Herring et al. [2016]. Ideally, GPS antennas should have un-obstructed views of the whole 
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sky above the horizon. In the Kinematic analyses, the deformation measurement can be processed 

with a standard deviations of 1-2 mm. The Al-Hamra building posed initial challenges for mounting 

a GPS antenna primarily due to irregular shape of the top of the building and obstructions around 

the building. The GPS antenna is installed at the top of the curtain wall at the 86
th

 floor of the tower 

(Figure 6). Two additional GPS sites, are installed, one mounted on the roof of the mall at the Al-

Hamra Tower, another GPS at the KISR’s Shuwaikh campus. Kinematic analyses is carried out 

where the position of the Al-Hamra sites are estimated at 1 Hz sampling rate relative to the KISR 

site.  the first three fundamental natural frequencies of Al-Hamra tower has been estimated using 

the GPS 1 Hz data.  The results are tabulated in table 1. It can be seen that the measured frequencies 

using GPS are in good agreement with the frequencies estimated from the ambient measurement 

and finite element analysis. 

 

Figure 7. Location of the GPS antenna (a) at the 86th floor of the Al-Hamra tower (b) At KISR’s 

Shuwaikh campus 

4. Seismic Response of Al-Hamra Tower 

4.1. Seismic Sites and Data Analysis 

The 12 November 2017 Mw 7.3 earthquake, with epicenter at the Iran–Iraq border was felt 

all across Kuwait including short residential building and tall buildings. The epicenter of this 

earthquake is 640 km away from the Kuwait City. The earthquake was recorded by the Kuwait 

National Seismic Network (KNSN) stations operated by the Kuwait Institute for Scientific Research 

b 
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(KISR). The seismic network in Kuwait consists of eight stations (KB, MI, QR, RD, RS, UM, AB 

and SA). KB is the nearest seismic network station to the Kuwait city. Calculated ground 

displacements (from the measured velocity) at the KB site are presented in Figure 8. The maximum 

ground displacement is ~40 mm. 

 

Figure 8: (a) The ground displacements calculated from the seismograms at KB site. (b) The 

measured displacements from GPS station KISP 

4.2 GPS Sites and Data Analysis 

The GPS data were collected with a 1-Hz sampling rate with 3 receivers in Kuwait (KISR 

building, Al-hamra mall roof, Al-Hamra 86
th

 floor). The GPS data were analyzed using the MIT 

GAMIT/GLOBK GPS analysis package (Herring et al, 2015 & 2016).  The estimated ground 

motion using the GPS is  ~40 mm amplitude which is equal to the one estimated from the seismic 

KB station. Movement at the top of the Al-Hamra tower was estimated due to the ground movement 

of 40 mm with this earthquake is estimated as ~150 mm Figure 9. It is interesting to note that the 

building vibrated for more than 6 minutes and came to original condition without any structural 

damage. These successful GPS measurements of building response shows GPS to be a useful 

method to evaluate amplification effects of tall buildings due to seismic ground shaking. 

 

(a) (b) 
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Figure 8. The comparison of measured displacements from GPS station ALHR w.r.t. BSHM (black 

lines) and seismic station KB (red lines). 

 

5  Conclusions 

Al-Hamra tower is the largest tower in Kuwait with a unique geometry, and made of 

reinforced concrete. In this paper, we present an overview of the SHM system for the Al-Hamra 

tower in Kuwait City. Estimated and measured dynamic characteristics of the tower is presented. A 

high fidelity full-scale computational model is presented in detail, which is created for the purpose 

of SHM applications. The calculated (using FEA) fundamental mode of the tower agrees with the 

frequencies obtained from measurement using GPS and accelerometer. It is demonstrated here that 

a GPS can be used to measure the dynamic response of tall buildings by using the measurements of 

Al-Hamra tower response to the 12 November, 2017, Mw 7.3 earthquake that occurred near Iran 

Iraq border. 
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