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Abstract. The Bibi-Khanum Mosque was originally built in 1399-1405 and was one of the 
largest and most magnificent mosques in the Islamic world during the 15th century. In 
recent years, the monument underwent several complex reconstructions. Among many other 
major restoration activities, the inner arch of the portal that collapsed in the 1897 
earthquake was restored. The monument has been restored to be one of the best shapes in its 
history, thus it has become essential to conduct continuous structural health monitoring 
(SHM) of it to ensure its preservation for humanity. The SHM became the main objective 
of an ongoing extensive project, some results of which are presented herein. The structural 
health monitoring consisted of three major phases. The first phase includes a real-time 
monitoring of the monument by seismometers, which are permanently installed throughout 
the monument. They are used to monitor the effects of large and small earthquakes and 
ambient vibrations on the resonant frequencies of all major structures of the monument. 
By utilizing a system identification approach, the possibility of a structural anomaly 
development can be detected from the change in its resonance frequency. The second phase 
consists of subsequent laser scanning that is deployed to monitor anomalies of the 
monument’s geometry in 3D. The monument’s geometry is captured as a collection of points, 
which is called a “point cloud”. Laser scanning is planned to be conducted several times a 
year to capture global movements of the monument due to changes in the elevation of the 
underground water table in rainy and dry seasons. The third phase focuses on a 
development of a finite-element (FE) model based on the as-found geometry of the point 
clouds. It is calibrated based on the collected data to ensure acceptable correlations with the 
results of the measurements. The FE model is generated for use in future restoration efforts 
to evaluate the performance and efficiency (if any) of the proposed restoration measures. 
Based on the results of numerical simulations and structural health monitoring, 
preventive measures will be developed. In addition, recommendations for further 
preservation of the historic monument will be developed. This paper describes the 
preliminary results of the first phase and current results of the second phase of this 
multiphase project.  
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1 INTRODUCTION 

The Bibi-Khanum Mosque was originally built in 1399-1405 and was one of the largest and 
most magnificent mosques in the Islamic world during the 15th century. The heritage structure 
was studied by Ratiia in the 1940s. Based on these studies, Rattia developed the first restoration 
plan drawings in his book published in 1950 [1]. One of these drawings is reproduced in Figure 
1. As shown in the plan drawing, the Bibi-Khanum Mosque was built as a courtyard ensemble 
with three domed masonry structures (mosques) along the walls. The main mosque is located 
on the west side, and two smaller mosques are located along the north and the south walls. The 
Bibi-Khanum Mosque was also studied in [2]. 

 
Figure 1: Plan view of Bibi-Khanum Mosque (after [1]) 

One of the most recent studies on its history and architecture is published in [3]. In recent 
years, the monument underwent several complex reconstructions and some of them are 
mentioned in [4]. Among many other major restoration activities, the inner arch of the portal 
that collapsed in the 1897 earthquake was restored. The view of the monument at the beginning 
of the twentieth century is presented in Figure 2a.  

 

  
a) Photo dated by 1905-1915 b) Aerial view (Google maps) 

Figure 2: The Bibi-Khanum Mosque 
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The photograph presented in Figure 2a was taken between 1905 and 1915 by color 
photography pioneer Sergei Mikhailovich Prokudin-Gorskii. It shows the mosque's appearance 
after its collapse in the 1897 earthquake. Figure 2b shows its aerial view taken from Google 
maps.  

2 LASER SCANNING 
The Bibi-Khanum Mosque was scanned in July 2019. Observations indicated that the 

mosque had undergone a recent reinforcement and some of the work was ongoing. To capture 
the current geometry of the monument, a terrestrial scanner was deployed. A laser scanner from 
Leica Geosystems, Scan Station C10 [5], was utilized for the project.  

The scanning was conducted from seven stations to capture the exterior and interior walls of 
the monument. No reference targets were used in the laser scanning process. To stitch the point 
clouds collected from each station, a point cloud to point cloud matching was utilized. A 
complete registration of the point clouds collected from these seven stations is presented in 
Figure 3a and the registration was conducted in Cyclone [6]. Figure 3a also shows the locations 
of the stations (yellow triangular icons) on the fully registered point cloud of the monument. 
The point cloud was colored based on the photos obtained from the scanner’s built-in camera. 
Figure 3b shows a typical point cloud of the mosque with its natural colors. A view from the 
ground level is shown here.  

   

  
a) TruView with stations b) Ground view of point cloud: main mosque 

Figure 3: Fully registered point cloud combining seven stations 

The remaining analysis of the point cloud was conducted in a Matlab environment [7]. For 
the convenience of presentation and clarity of discussion, several local coordinate systems were 
introduced. It is worth noting that all these coordinate systems can be correlated to a single 
global coordinate system (GCS). The latter GCS can be geo-referenced if needed. 

2.1 Analysis of main mosque’s entrance (portal) 
The portal of the main mosque is presented in Figure 4. A new coordinate system with the 
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origin at ground level and coinciding with the middle of the portal’s arch was introduced. 

 
Figure 4: Main mosque’s portal 

Figure 5a shows cross sections of the portal’s front surface. The images quantify the 
inclination of the surface that can be also related to the wall’s taper. Figure 5a shows vertical 
cross sections, whereas Figure 5b presents horizontal cross sections. The largest difference of 
inclination on the top of the portal is about 0.25 m between the sections at Y=-14 m and Y=14 
m. Most likely this difference in inclination is related to the age of construction and does not 
represent any structural concern as it did in the case of the Kuk-Gumboz monument in 
Shakhrisyabz (Uzbekistan) [8]. Nevertheless, subsequent laser scanning expeditions are 
planned to ensure that this difference in the inclination does not progress.  

 

  
a) Vertical b) Horizontal 
Figure 5: Cross sections of the frontal surface of the portal 
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Figure 6 shows a contour map of the inclinations of the portal. The points are colored based 
on the distance from the vertical plane. This color map clearly shows the difference in the 
inclinations on the left and right sides of the portal as was mentioned earlier in the example of 
the two vertical sections. As shown in the image, the inclination of the portal is gradually 
increasing towards the top left side. Since the region of interest is relatively narrow, the minarets 
on both sides of the portal are not presented in Figure 6. 

 
Figure 6: Color map of portal’s inclinations (legend’s units are meters) 

2.2 Analysis of main mosque 
The inner surface of the main mosque is presented in Figure 7. The image on the left shows 

a 3D view of the point cloud, whereas the image on the right presents its horizontal sections 
with Y=const planes. The local coordinate system is aligned with the highest peak in the dome. 
There is a relatively small difference between the Y=5m and Y=-5m sections, and this can be 
related to imperfections in the construction. To ensure that the imperfection is not progressing 
or creating structural deficiencies, a follow-up laser scan is planned in several months.    

  
a) 3D view b) Cross sections with vertical plane Y=const. 

Figure 7: Inner surface of main mosque 
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2.3 Analysis of main mosque’s walls 
Analysis of the walls’ point cloud is discussed herein. Due to the size limitations of this 

paper, only two walls of the main mosque are discussed below. The inner surface of the east 
wall is presented in Figure 8a. It shows a sagging in its top middle portion right under the dome. 
Several cracks serve as evidence that the structural integrity of this wall needs to be investigated 
and addressed. In the case of the south wall shown in Figure 8b, there is no sagging, this most 
likely relates to a concrete retrofit that is incorporated into the wall.  

 

  
a) East wall (sagging under dome) b) South wall (a portion of arch is missing) 

Figure 8: Analysis of point clouds (main mosque’s inner walls) 

As can be seen from the right image, a large volume of reinforced concrete was introduced 
above the arch. The arch is missing a piece at its tip. The reinforced concrete is most likely very 
beneficial for holding together the failing parts of the wall; however, it may result in an 
introduction of a large weight at higher elevation of the building due to the large difference in 
density of concrete and masonry. The latter can result in significant changes in the dynamics of 
the whole structure. In the earlier studies [9, 10] an experimental investigation of a typical brick 
material was conducted. The test results show that the density of the bricks is about 1,600 kg/m3. 
The latter test results are consistent with the results obtained for the bricks recovered from 
heritage buildings in Europe [11]. Hence, the bricks are about 1.5 lighter than the reinforced 
concrete, the density of the latter is typically assumed as 2,400 kg/m3. 

The following conclusions can be drawn from the analysis of the walls’ point clouds. There 
is a large difference between the east and south walls that will result in a difference in their 
structural performance under static loads. In addition, a large mass of reinforcement in the south 
wall can result in large differences in structural performance during seismic events.  

To assess the performance of the building with such large irregularities, extensive 
monitoring is required. The latter is addressed by utilizing seismometers at critical locations 
throughout the monument. 
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The out-of-plane inclinations of the east wall is presented in Figure 9a. An estimate of the 
sagging at the lowest point of the east wall in respect to its highest point (green line) is presented 
in Figure 9b. The sagging can be closely approximated by a parabolic line as indicated by a red 
dashed line in the top image of Figure 8b. Based on the availability of future funding, the east 
wall will be instrumented by position sensors to monitor sagging and crack development.  

 

  

a) Out-of-plane inclinations (the top leans 
toward the portal, which is behind) 

b) Parabolic approximation of sagging and 
maximum sag (top image shows close-up 

version of region shown in magenta box of 
lower image) 

Figure 9: Analysis of east wall’s point cloud 

3 REAL-TIME MONITORING 
To study the structural performance of the monument subjected to ambient and seismic 

excitations, an array of tri-axial seismometers is installed. The seismometers are used to 
estimate resonant frequencies and damping of the monument, and to monitor their changes due 
to structural anomalies, if any. The process of installing seismometers is completed. In addition, 
a power supply and reliable internet connections are established. 

The seismometer based SHM will register not only ambient vibrations, but also the frequent 
local earthquakes in Uzbekistan and Tajikistan. Monitoring the modal parameters (resonant 
frequencies and critical damping values) of the monument in real-time is the main objective of 
SHM and will also serve for rapid-response actions in case of significant changes of modal 
parameters.  

3.1 Preliminary instrumentation layout 
A layout of the instrumentation is presented in Figure 10. As seen in the image, fifteen tri-

axial seismometers are installed at strategic locations throughout the monument. The main 
entrance portal to the whole ensemble is instrumented by four seismometers. Smaller structures 
on the north and south sides of the ensemble are instrumented by three seismometers. The 
mosque is instrumented by eight seismometers, from which four seismometers monitor the 
vibrations of the mosque’s portal and the other four seismometers are installed on the main 
structure of the mosque. The latter set includes one seismometer to monitor the dome’s 
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vibrations. A summary of the accelerations’ locations is presented in Table 1. 
It is worth noting that the outer surface of the monument is protected by decorative tiles and 

as such, the deformations measured on the outer surface may not reflect inner deformations. In 
this case, other measuring techniques need to be implemented. For example, a penetrating 
georadar can be utilized. 

 
Figure 10: Preliminary layout of seismometers 

Table 1: Summary of seismometer locations 

Russian  notation English notation Part of ensemble Location 
Д1 A01 Main Entrance Top elevation (north) 
Д2 A02 Main Entrance Top elevation (south) 
Д3 A03 Main Entrance Mid-elevation (north) 
Д4 A04 Main Entrance Mid-elevation (sourth) 
Д5 A05 Small structure (north) Top of structure 
Д6 A06 Small structure (north) Dome 
Д7 A07 Small structure (sourth) Top of portal 
Д8 A08 Entrance to mosque Top elevation (south) 
Д9 A09 Entrance to mosque Top elevation (north) 
Д10 A10 Entrance to mosque Mid-elevation (north) 
Д11 A11 Main structure of mosque Dome 
Д12 A12 Entrance to mosque Mid-elevation (sourth) 
Д13 A13 Main structure of mosque Top elevation (west) 
Д14 A14 Main structure of mosque Top elevation (east) 
Д15 A15 Main structure of mosque Mid-elevation (east) 
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3.2 Finite element modeling and optimization of seismometer layout 
The instrumentation layout shown in Figure 10 was considered to be the first step in 

determining of the best possible location for the seismometers. In the next step of the study, a 
finite element model of the monument will be developed which will reflect all anomalies 
captured by the laser scanner. The finite element model will be calibrated by utilizing the 
ambient test data collected from the instruments at the locations presented in Figure 10. As a 
result, a finite element model closely replicating the actual monument will be developed. The 
model will be used in the optimization process to identify the best locations for the 
seismometers. Depending on the results of this optimization study, the seismometers will be 
rearranged at the newly identified locations. Based on the results of ambient vibration tests from 
the new locations, the finite element model will be updated. This part of the project is ongoing. 

4 CONCLUSIONS 
- The Bibi-Khanum monument is a historic monument, which was repaired and/or 

reinforced several times throughout its long history. The materials and methods used 
in these efforts vary widely. As a result, the monument represents a building, of which 
its structural performance is difficult to assess by conventional means. To address the 
issue, this paper highlights the usage of modern technologies to monitor the monument 
and predict its structural performance. 

- The results of this study show that the current anomalies of the monument can be 
captured with high accuracy by a terrestrial laser scanner deployed in the project. These 
structural anomalies need to be monitored over time to evaluate their progression, if 
any. Future restoration strategies will be based on the comparative analysis of 
subsequential laser scanning data. 

- The next steps regarding instrumentation installation, finite element modeling and 
optimization of the seismometers locations are ongoing and will be reported in future 
publications. 
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