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Abstract: This paper represents the retrofit of the Bane Bashi mosque in Sofia which 
has been damaged by several earthquakes and especially by the last one on 22 May 
2012. The mosque is constructed in the XV century. Its structure is a masonry one 
formed by stones alternated by bricks. The main objective of the paper is to discuss 
both emergency and seismic retrofit measures of the mosque structure. The main 
activities of the design project are based on the CRFP seismic retrofit of the 
structure. Some special attention is paid to the retrofit  of  the  main  dome  and  
walls  of  the  mosque.  The  original  seismic  response  of  the  mosque  is 
analytically compared with the one after the retrofit. Some recommendations for the 
further treatment of the mosque structure are made besides to the conclusions 
analyzing its behavior before and after the retrofit. 
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1. Introduction 
The mosque Bane Bashi is situated in the central part of Sofia. It is one of the most 

representative Bulgarian  heritage  buildings.  The  mosque  is  a typical representative 
of ottoman architecture from 16th century. The architect of the temple was also the 
architect of Sultan Selim Mosque in Edirne.  The building is in operation as a temple and 
it is the only mosque in Sofia. 

   This representative building which is a part of Bulgarian   national   heritage   is   a   
typical   cubic building  with  a  dome.  The  mosque  is  with  a masonry structure 
which is made of cut stones and bricks. The stone layers are alternated with brick layers. 
The columns were cut of a single stone body. The central dome is a masonry one and it is 
covered by led. 

   The mosque has been repaired many times during the years. The last considerable 
repair was made around 1920. Some interior renovations have been made many times till 
nowadays. 

   The survey of the mosque was forced by the last earthquake in Sofia from 22 May 
2012. Some cracks were observed in the main dome and in the entrance arches. The main 
objective of the survey was the seismic  evaluation  of  the  mosque  structure  and 
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classifying the reasons for the damages. The way of the Sofia subway was executed 
near to the mosque and there was some doubt about the reason for the cracks in the 
structure. 

2. Basic parameters of the Sofia earthquake from 22 May 2012
The seismic event happened on 22 May 2012 and the epicenter was located at the 

distance of approximately 30 km from Sofia. It was evaluated with Richter Magnitude of 
5,8. 

     The acceleration record which had been recorded in Sofia at the distance of about 5 
km from the mosque is represented in Figure 1. 

Fig. 1. Sofia earthquake acceleration record (East-West) 

         The registered PGA for the area of Sofia is about 0,05g and the observed intensity 
of the earthquake according to the modified MM scale (12 level scale) is about 5. 
According to the Bulgarian seismic map which is in compliance with the Eurocode 8 the 
referent PGA for ULS is agR=0.23g and for DLL is agR=0.11g. The  corresponding elastic 
response spectra are shown in Figure 2. 

Fig. 2. Elastic response spectrum – Soil type C 

         The conclusions which are possible to be made on the basis of seismological data 
for the earthquake are as follows: 
-       The earthquake was with the PGA which is about 5 times less than the referent PGA 
for ULL (475 years return period) and about 2 times less for the referent PGA for DLL (95 
years return period); 
-       If the damages in the mosque are caused by this   relatively  small   for   the Sofia 
area earthquake it is necessary th strengthen the mosque; 
        The survey which is presented bellow was focused on the task for determination the 
reasons for the damages. 

3. Survey of the mosque condition
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3.1. Geometry of the structure 
The whole survey was completed according to Eurocode 8 part 3. More details about 

the survey could be found in (Milev, 2013). 
   A general view of the mosque is shown in Figure 3. 

Fig. 3. A general view of the mosque 

      All domensions of the church were obtained on the base of in situ measurements. The 
layout and the cross section of the mosque are shown in Figure 4. 

Fig. 4. Layout and cross section of the mosque 
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      The main building of the mosque is with dimensions 20x23 meters. The thickness of 
the walls is 180 cm. The diameter of the dome is 15 m and the height of the mosque is 
about 20 m. The entrance arch structure was built later than the main building of the 
mosque. 

3.2.  Damages in the mosque 
The  picture  of  the  mosque  dome  from  around 1980 (after the last major 

earthquake in Sofia before 2012) is presented in Figure 5. 

Fig. 5. Damages from the past earthquakes (1980) 

It is obvious from this picture that there are some but not considerable cracks in the 
dome. They are probably  caused  by  some  previous  earthquakes. Some pictures of the 
dome after the 2012 are presented in Figure 6. 

The extension and enlargement of the old cracks as well as formation of some new 
cracks are obvious on these pictures.  Some damages of the entrance arches are shown in 
Figure 7. 

Brick  masonry  was  studied  both  in  situ  (see Figure 4) and in the laboratory in 
order to obtain the strength parameters of the masonry. 

Fig. 6. Damages from the 2012 earthquake 

Fig. 7. Damages of the entrance arches 
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3.3.  Analysis of the mosque structure 
         The mosque was numerically studied by application of the software SAP2000. Spatial 
model of the mosque (see Figure 8) was developed and linear analysis only was performed. 
The focus of the study was based on seismic behavior of the structure as well as on the 
study concerning uneven settlement between main structure of the mosque and the 
entrance, which is much lighter than the main part. The linear response spectrum analysis is 
applied in order to evaluate the seismic behavior of the structure. 

Fig. 8. Spatial model in SAP2000 

        The main conclusions of the performed numerical analysis could be summarized 
as follows: 

- All stresses in the masonry structure of the mosque   including   the   dome   by   
gravity loading only are in compression and cracks caused by such loads are not 
expected. 

- There        are        considerable        tensional circumferential and meridian stresses 
in the dome. These tension stresses prove the appearance of cracks in the 
mosque dome. The distributions of both circumferential and meridian stresses 
together with existing cracks in the dome are shown in Figure 9 and 10. 

Fig. 9. Circumferential stresses and cracks in the main dome (Seismic combination) 

Fig. 10. Meridian stresses and cracks in the main dome (Seismic combination) 
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- The  study  of  uneven  settlements  indicates considerable increase of axial tension 
forces in arch ties of the entrance together with the increase  of  the  forces  in  the 
arches  (see Figure 11 and 12). That was probably the reason for the registered 
damages in the arches. 

Fig. 11. Axial forces from gravity load 

. 

Fig. 12. Axial forces from gravity load and uneven settlements 

4. Strengthening strategy
4.1.  General description 
The presented bellow strengthening approach is proposed in the design project for 

repairing and strengthening of the mosque. There are a lot of problems in the strengthening 
of historic masonry structures. It is very difficult to define the material parameters of 
masonry composites in all types of structural elements. The solutions are based mainly on 
the previous experience and engineering judgment. The strengthening strategy for Bane 
Bashi Mosque  in  Sofia  is  based  on  the  comprehensive study presented in six volumes 
of FP6 PROHITECH project (see Mazzolani, 2012). Special attention is paid to the 
shaking table test (see Krstevska, 2009), finite element modelling (see Landolfo 2009) and 
the strengthening strategy (see Lazarov, 2009) of Mustafa Pasha Mosque in Skopje, which 
is similar by dimensions to the Bane Bashi Mosque in Sofia. The approach “design by 
testing” is presented in some works (see Mazzolani, 2009) and the results of these studies 
were applied in the design of Bane Bashi  Mosque  strengthening.  Some  other  authors 
also  applied the same research (see Gavrilovic, 2009). 
       The main activities of the strengthening strategy are shown in Figure 13. 

Fig. 13. Strengthening strategy 
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They could be summarized as follows: 
- Strengthening of the soil and foundation (it is not presented in this paper); 
- Repair of the cracks; 
- Strengthening of the brick masonry entrance arches by CFRP; 

      -    Strengthening of the main dome as well as the dome ring by CFRP; 
      -   Strengthening   of   the   masonry   walls   by closed contours of CFRP rods on 
different levels. 
   Some of listed above measures is briefly described below. 

4.2.  Repair of the cracks 
The cracks in the mosque structure are repaired by injection of different types of 

slightly expanding grout.     Additionally CRFP and anchoring devices are used for 
cracks repair. 

4.3.  Strengthening of the brick masonry entrance arches 
Externally bonded  CFRP  is used for strengthening of all the brick masonry arches 

(see Figure 14). 

Fig 14. Strengthening of the brick masonry arches by externally bonded CFRP 

All  calculation  are  with  accordance  with Eurocode 8 part 3 and (NRC Guide, 2004). 
The intrados concept is selected for CFRP strengthening of the arches. 

4.4.  Strengthening of the main dome with CFRP 
Externally bonded CFRP is also used for strengthening of the main dome (see Figure 

15). The concept  which  has  been  applied  to  the  Mustafa Pasha Mosque in Skopje is 
partially applied in the case of  Bane  Bashi  Mosque in  Sofia.  The  CFRP wrap is 
applied on the bottom part of the main dome. The effectiveness of this technique is 
experimentally proved in the past by the shaking table tests (see Krstevska 2009). 
However the verification calculations required some additional wraps on the higher part of 
the dome as well as some CFRP wraps in meridian direction to be applied (see Figure 15). 

Fig 15. Strengthening of the man dome by CFRP 
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4.5.  Strengthening of the masonry walls  by CFRP rods  
CFRP rods with diameter 20 mm are placed in the previously cleaned joints between 

bricks on outside surface of the walls. Then the bars are glued into the joints by epoxy 
mortar connected also to the vertical joints.  Finally  all  the  joints  are  filled  with  lime 
mortar in order to recover the façade (see Figure 16). This technique is applied on several 
levels forming closed contours (see Figure 16). The effectiveness of this strengthening 
system is proved by some shaking table tests which have been performed during the study 
of Mustafa Pasha Mosque in Skopje (see Mazzolani 2009 and Krstevska 2009). 

Fig 16. Detail for strengthening the masonry walls by CFRP rods 

5. Verification of the strengthening strategy
The strengthening strategy is numerically studied by application of the software 

SAP2000. The linear of FEM analysis is performed for vertical loading and seismic 
excitation. 

   The above mentioned types of analysis were applied to both models: before 
application of the strengthening and after its application. The layered finite element shell 
elements of SAP2000 were used for  modeling  of  the  masonry  which  was strengthened  
by   CFRP.   Some   general   analysis results are presented in Figures 17 and 18. 

Fig. 17. Spatial model in SAP2000 with strengthening elements 

Fig. 18. Circumferential and meridian tension stresses in the brick layer (Seismic 
combination) 
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6. Conclusions
Based  on the practical  study presented herein  the following main conclusion 

could be drawn: 
-        The  damages  of  the  Bane  Bashi  Mosque 

main dome are caused by recent earthquakes and  the  damages  of  entrance 
arches  are caused mainly by uneven settlement of the 
different parts of the mosque; 

-  The fact that such a minor earthquake as this of May 2012 in
 Sofia caused such considerable enlargement of the dome cracks as well as 
the appearance of new cracks requires    seismic    strengthening    of    the 
mosque. 

-         The  strengthening  strategy  was  developed and  executed  on  the  basis 
of  performed  

-        The numerical verification of the solution by means of FEM analysis 
represented considerable    improvement    of    structural response of the building 
compared with the one before strengthening even in undamaged conditions; 

-           All   studies   supported   the   idea   that   the strengthening  of  historical 
buildings  by CFRP   is   an   effective   technique   which improves 
considerably the seismic behavior of building. 
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