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Abstract 

This paper highlights the main objectives and some of the results of an extensive structural 
health monitoring (SHM) project recently started in Khiva, Uzbekistan. The research team 
consisted of experts from the University of California, Berkeley (Berkeley, USA) and Urgench 
State University (Urgench, Uzbekistan). The paper presents results for the Juma Mosque in 
Itchan Kala. The structural health monitoring project was planned as a comprehensive study 
consisting of three major phases. In Phase 1, a terrestrial laser scanner was deployed to cap-
ture 3D geometry and identify anomalies in the monument’s geometry. In this phase, the 
monument’s geometry was captured as a collection of points, the so-called “point clouds”. In 
Phase 2, a finite-element (FE) model based on the as-found geometry of the point clouds was 
generated. This model was generated to optimize placement of the conventional instruments 
to be used in Phase 3. A number of structural anomalies were discovered during Phase 1 and 
all of them are incorporated into the FE model. In Phase 3, there is a plan to monitor the 
monument by means of conventional instruments (accelerometers, displacement transducers, 
temperature gages and others). Accelerometers will be used to measure the resonant frequen-
cies due to ambient vibrations. Displacement transducers will be used along with temperature 
gages to monitor the opening and closing of cracks under different thermal conditions and to 
measure the long-term growth trends of the cracks. The FE model will be updated based on 
the results of Phase 3. Preservation and restoration strategies will be developed based on the 
performance of the FE model under static and dynamic loads.  
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1 INTRODUCTION 

This paper presents some of the results of the ongoing structural health monitoring pro-
gram being conducted in Khiva, Uzbekistan. This paper focuses on the finite element (FE) 
modelling of the Juma Mosque in Itchan Kala, the inner city of Khiva. The main objective of 
the modelling is to develop an accurate representation of the actual monument so it can be 
investigated for seismic loading. The geometry of the FE model is based on the 3D point 
cloud collected during Phase 1 of the project. The main objective of Phase 2 is to generate a 
FE model with some assumptions about material properties. The next phase (Phase 3) will 
include field studies by means of conventional instruments: accelerometers, displacement 
transducers and thermocouples, to name a few. Since the number of instruments is limited and 
the access duration to the site is tight, the locations of the instruments need to be optimized to 
collect valuable information with the limited resources and within a reasonable timeframe. 
The results of this portion of the work are discussed herein. The model will be updated later 
based on the results of Phase 3. 

2 GEOMETRY BASED ON POINT CLOUDS 

The results of Phase 1 were published earlier [1]. As presented in Figure 1, the heritage 
structure consists of a courtyard surrounded by walls and a minaret incorporated into its north 
wall. The courtyard is covered by a roof that is supported by numerous timber columns. The 
heritage structure was scanned by ScanStation C10 from Leica Geosystems [2] and the so-
called registration of the point clouds was conducted in Cyclone [3], also from Leica Geosys-
tems.   

a) Aerial view from Google Maps b) Point cloud

Figure 1: Juma Mosque [1]. 

3 MODELLING OF MINARET 

The minaret was modelled in SAP2000 [4] by utilizing solid 3D elements and some results 
were published earlier [5]. In this study of the minaret the interaction of the minaret with the 
walls was not considered and as such, the monument was studied as a stand-alone structure as 
presented in Figure 2. In this paper, the minaret’s model is integrated into the walls of the her-
itage structure. From the analysis of the point clouds, it was observed that the minaret’s axis is 
inclined in respect to the vertical gravitational axis. This imperfection is included into the 
model discussed herein. 
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a) Bottom (left) and top (right) sections b) 3D mesh

Figure 2: Model of minaret [5]. 

4 MODELLING OF WALLS 

The walls of the heritage structure were also modelled in SAP2000 [4] by utilizing solid 
3D elements. A global view of the heritage structure with a vertical reference plane crossing 
the wall is presented in Figure 3a. A plane view of the typical cross section of the wall’s point 
cloud is presented in Figure 3b. In this image, a spacing between the grid lines is 0.25 m and 
one of the vertical grid lines is selected to be parallel to the inner wall. Based on the image, 
the following was concluded. First, the overall height of the wall is about 5 m and the roof 
starts at about 4 m. Second, the wall thickness at the very bottom is about 1.0 m and about 
0.75 m at the roof level. Third, the outer surface of the wall has a slope in respect to a vertical 
line. Fourth, the inner surface of the wall is very close to vertical.  

a) Section in 3D point cloud b) View in X-Z plane

Figure 3: Typical geometry of wall’s cross section. 

The overall length of the north wall is presented in Figure 4. A length of each wall was 
published earlier [1] and the corner locations are shown in Figure 5. All of this information 
was used in the generation of the FE model.  
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Figure 4: Overall length of north wall. 

Figure 5: Plan view at Z=4.85 m: corner locations. 

The openings in the north and east walls shown in Figure 6 were also taken into account. 
The opening in the north wall right next to the minaret serves as the main entrance into the 
heritage structure. 
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a) East wall b) North wall

Figure 6: Wall openings. 

5 MODELLING OF ROOF DIAPHRAGM 

The roof diaphragm was modelled by shell elements in SAP2000. Based on the measure-
ments of the point clouds, the spacing between the columns was very close to 3 m as present-
ed in Figure 7a. A typical view inside of the courtyard is presented in Figure 7b. A proper 
selection of the boundary conditions closely replicating the support columns is very important 
to ensure that the model closely represents the heritage structure. In the majority of cases the 
column has a narrow end at its bottom, which is installed into a stone or concrete footing as 
presented in Figure 8a. The interface between the narrow end and the concrete or stone is 
packed with a soft material as presented in Figure 8b. Therefore, it was assumed that the col-
umns are free to rock and as such, roller type boundary conditions were assumed under the 
roof diaphragm at the locations of the columns. 

a) Spacing between columns b) Typical inside view in the courtyard

Figure 7: Support columns. 
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a) Typical layout of columns b) Boundary conditions at bottom of columns

Figure 8: Support columns: details. 

There are two skylights in the roof as presented in Figure 9. They were also introduced into 
the roof model as openings in the diaphragm.  

a) Two skylights b) Typical dimensions

Figure 9: Skylights in roof diaphragm. 

6 FINITE ELEMENT MODEL 

A final model of the heritage structure that consists of the walls, minaret and roof dia-
phragm is presented in Figure 10a. It was assumed that there is a rigid connection between 
these major components of the model. A modal analysis was performed. A typical result 
showing the first modal shape is presented in Figure 10b. The first modal shape is associated 
with the first flexural vibration mode of the minaret.   

The second mode was also associated with the first flexural mode of the conical body in a 
horizontal plane orthogonal to the one of the first mode as presented in Figure 11a. The third 
mode was also associated with the minaret’s vibrational mode and corresponded to a second 
mode of the conical body as presented in Figure 11b. 

The fifth modal shape was associated with the minaret and represented the tortional mode 
of the vibrations of the conical body. The modal shapes 6, 7, and 8 corresponded to the higher 
modes of the minaret. Only starting from mode 9 a vibration mode of the walls was observed 
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as presented in Figure 12a. The modal shape of the east and west walls are shown in Figure 
12b. 

a) FE model b) 1st modal shape

Figure 10: FE model and 1st modal shape. 

a) 2nd modal shape b) 3rd modal shape

Figure 11: Typical results of modal analysis: minaret modes. 

a) 9th modal shape b) 11th modal shape

Figure 12: Typical results of modal analysis: wall modes. 
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Estimates of the following frequencies were obtained for the assumed material properties. 
The first resonant frequency of the minaret is about 2.2 Hz. The estimates of the resonant fre-
quencies of the walls were greater than 20 Hz. The resonant frequency of the roof is greater 
than 27 Hz. To capture the first three modes of the minaret the accelerometers in Phase 3 will 
be installed at the elevations shown in Figure 13. 

Figure 11: Typical results of modal analysis: wall modes. 

To capture the torsional mode of the minaret the accelerometers will be installed at diamet-
rically opposite locations of Elevation 0 and Elevation 3.   

7 CONCLUSIONS 

A detailed finite element model of the Juma Mosque in Uzbekistan was generated. The ge-
ometry of the heritage structure was obtained from the point clouds captured by a laser scan-
ner. Typical material properties for brick masonry and timber were assumed. The modal 
analysis of the FE revealed the following. 

The first eight resonant frequencies of the heritage structure are associated with various
flexural modes of the minaret. 

The wall frequencies are greater than 20 Hz.

The roof frequency is greater than 27 Hz.

A placement of accelerometers in the upcoming Phase 3 of the project was optimized
based on the analysis of modal shapes. The FE model will be updated after ambient vi-
bration studies of the heritage structure which is the main objective of Phase 3.
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