
  

 

  

Experimental research into dynamic characteristics of masonry 
segment barrel vaults 

J. Witzany1, R. Zigler1, T. Čejka1, D. Makovička2, S. Urushadze3 and S. Pospíšil3 
1 Department of Building Structures, Civil Engineering Faculty, CTU in Prague, Czech Republic 
2 Department of Mechanics, Klokner Institute, CTU in Prague, Czech Republic 
3 Institute of Theoretical and Applied Mechanics AS CR, CTU in Prague, Czech Republic 

ABSTRACT: The barrel vault belongs to basic vault structures. It was used in all periods as a 
floor structure. Extensive experimental research included research into the stabilisation and 
strengthening of historic masonry vaults with composites based on high-strength fabrics and 
epoxy or polymer modified cement binders. Part of the research study of historic masonry 
structures (vaults) was the verification of their response to the effects of dynamic loads 
(technical and natural seismicity) in relation to the method and extent of their stabilisation and 
reinforcement with composites based on high-strength fabrics and epoxy or polymer modified 
cement binders. The article presents newly obtained findings about the behaviour of masonry 
vaults under static and dynamic loads in their degradation phase in relation to their stabilisation 
and reinforcement. 

 
 

1 INTRODUCTION 

A component part of research is the explanation of the failure mechanism of historic masonry 
vaults. The results of experimental research and their analysis pointed out a series of questions 
that are still open concerning the behaviour of masonry in its degradation phase.  

The vault failure process is very complex and includes two significant mechanisms – changes in 
shape, both local and of the whole vault system, and vault masonry failure due to tensile and 
compressive normal stresses reaching ultimate values of the load-bearing capacity of vault 
masonry in compression at places of the appearance of tensile cracks. The complete failure – 
vault collapse – is, therefore, usually the result of two mutually related parallel processes. It is 
characterised by local vault masonry damage (tensile cracks and crushing), followed, as a rule, 
by the vault collapse due to a stability loss, depending on the eccentricity of loading or 
deviations in the vault shape (Eslami et al. 2012, Mahini et al. 2012). Both processes are 
simultaneous and cannot be separated from each other. The vault stress state during its loading 
and its failure process is accurately described by the line of thrust pattern in individual phases of 
the vault system’s action. The failure mechanism and reaching the ultimate bearing capacity of a 
vault is significantly affected by the nature of loading, particularly its potential non-symmetry, 
by the vault shape and geometric deviations and imperfections and, last but not least, by the 
stiffness and stability of supports (Fig. 1). 



  

 

  

Experimental research performed on test pieces of segment barrel vaults with a different rise (h 
= 375, 750 and 1000 mm), a span of 3000 mm, width of 750 mm and thickness of 150 mm has 
manifested a positive effect of the stabilisation and strengthening of vaults with composites 
based on high-strength fibres. The application of a composite on the surface of barrel vaults 
increases the limit load of the vault or stabilises a damaged vault, raising simultaneously the 
vault ductility, which is of essential importance in terms of the vault resistance to dynamic 
effects. Fig. 2 displays the working diagrams of vaults, non-reinforced and reinforced with non-
prestressed strips of composites on their surface, applied in tensioned vault areas. The pattern of 
the L x δy (δx) dependences clearly shows the growth in limit load values and ultimate 
deformation values of a vault reinforced with composite strips as compared to a non-reinforced 
vault.   

 

Figure 1. Failure mechanism of vaults depending on loading (a, b) and reinforcement (c, d) 
 

 

Figure 2. Experimentally obtained “load vs. deformation “ diagrams of masonry vaults,  
a) vertical deformation L x δy, b) horizontal deformation L x δx 



  

 

  

Experimental research has manifested the growth in the ultimate bearing capacity and 
deformability of masonry barrel vault structures reinforced on their surface with composites of 
carbon or glass fabrics and epoxy resin (Witzany et al. 2005, Witzany et al. 2008). The research 
has proved that the vault reinforcement with non-prestressed strips of composites glued onto the 
vault surface, particularly in areas of tensile stresses, limits the appearance and development of 
tensile cracks and raises the vault stability. The solution was verified: reinforcing strips of 
composites were placed on the underside at the vault crown in ca 1/3 of the vault arch length 
and on the back of the vault in areas between the vault springer and the central angle of ca 120° 
in ca 1/3 of the vault arch length, in places of so-called hazardous cross sections (Witzany et al. 
2008). Partial results of experimental research into the effects of the strengthening of segment 
barrel vaults with non-prestressed strips of composites based on high-strength fabrics and epoxy 
resin can be summed up as follows: 

Previously (Witzany et al. 2008) and recently made numerical analyses within the NAKI 
research project manifested high sensitivity of the vault to the deformations of the supporting 
structure (supports) where it is mainly the horizontal displacement (deformation) of supports in 
the order of low values (mm) that may be the cause of the appearance of tensile stresses in the 
respective parts of the vaults and their successive damage by tensile cracks. In this respect, 
deformations of the vault supporting structure induced by seismic effects may be exceptionally 
severe.  

An example of a complex stabilization of a barrel vault and its supporting system to withstand 
dynamic effects is presented in Fig. 3. 

 

 

Figure 3. Complex stabilization of a barrel vault and its supporting system 

2 DYNAMIC CHARACTERISTICS OF A MASONRY SEGMENT BARREL VAULT  

The objective of experimental research was the verification of the response and dynamic 
characteristics of a masonry segment barrel vault exposed to dynamic loading in the horizontal 
and vertical direction. The dynamic characteristics were verified for two cases:   

• masonry segment barrel vaults with a span of 3 m, 0.75 m in width, 0.15 m thick  



  

 

  

• and masonry segment barrel vaults of identical dimensions reinforced with non-prestressed 
strips of a carbon composite situated at the crown of the vault soffit and in the areas of the 
vault mounting on the support (springers) at its extrados (Fig. 4a).  

 

Figure 4. a) Scheme of masonry vault reinforcement with CFRP fabrics, b) Dynamic test setup and 
placement of dynamic sensors, c) Horizontal dynamic test, d) Vertical dynamic test 

 

The dynamic response is currently very often used to identify potential damage to structures 
which may not be detectable by other means (Dimitri et al. 2011, Pelà et al. 2013, Çalık el al. 
2014, Pieraccini et al. 2014). The principle of such tests is the comparison of dynamic 
characteristics of the structure assuming a low level of dynamic (i.e. non-destructive) excitation. 
In practice, dynamic characteristics of an undamaged structure identified by theoretical 
calculations, experimentally on a corresponding model of a structure’s segment, or based on 
analogy with dynamic characteristics of similar structures, may be used to compare the dynamic 
characteristics of a damaged and undamaged structure (vault). The characteristics most 
frequently on mind are the resonance frequencies and their corresponding modes of vibration. A 
change in the frequency, most often a frequency drop, may signal the appearance of inner cracks 
in the tested specimen.  A change in the mode of vibration, in turn, indicates its global failure.   

Following the dynamic loading of vaults in the horizontal and vertical direction, the vaults were 
loaded by a monotonously rising symmetrically arranged vertical load until the crack 
appearance in the tensioned parts of the vault structure. After the appearance of cracks, the 
vaults were exposed to repetitive dynamic loading in the horizontal and vertical direction to 
verify the effect of the vault damage by tensile cracks on the vault dynamic characteristics. All 
results are summed up below. With respect to the article length, the graphic documentation is 
limited to reinforced vaults. Four vault states were investigated in total:  

• state A – undamaged state 

• state B – state after the dynamic loading test 



  

 

  

• state C – state after static loading 

• state D – state after the repetitive dynamic loading test  

2.1 Description of excitation, used devices and procedure 

Excitation in the vertical and horizontal direction was made by the TIRAvib electro-dynamic 
exciter, type TV5550/LS, 550 kg in weight. Its operating frequency range is 0 to 3 kHz and the 
maximum rated travel of mobile weight is 100 mm. The exciter was mounted on the vault and 
adjusted to produce vertical and horizontal vibrations (Fig. 4). The vertical response was 
measured by five Wilcoxon accelerometers, model CMMS 793L, with the output sensitivity of 
51 mV/ms-2. One of them was mounted on the mobile part of the exciter to record the motion of 
mass. The other sensors were placed on the vault (Fig. 4b).   

2.2 Identification of natural frequencies (state A) 

Each loading was preceded by the impact identification test, which identified the resonant 
frequencies. The vault structure was loaded with the exciter, which was not removed during the 
frequency pulse analysis. Resonant frequencies are determined from the peak spectral densities 
obtained by the Fourier transform of time records; from pulse load or any random oscillation. 
The resonant frequencies of the vault are graphically shown in Fig. 5 and quantified in the 
summary table (Tab. 2). The resonant modes of vibration for the case of a reinforced vault are 
shown in Fig. 6. By their shape, they are identical to the non-reinforced vault and they were 
detected by harmonic excitation of the structure in the respective frequency and by recording the 
deviations at individual points.  

 

Figure 5. Resonant frequencies of masonry vaults – a) undamaged reinforced vault, b) damaged (static 
load) reinforce vault 



  

 

  

 

Figure 6. Reinforced masonry vault’s resonant oscillations shapes with frequencies of 28.08 Hz (a)  
and 112.61 Hz (b) 

2.3 Identification of natural frequencies of a damaged vault from dynamic response (state B) 

The dynamic identification test was followed by dynamic loading in the vertical and horizontal 
direction with parameters according to Tab. 1 in the area outside resonant frequencies, namely 
in frequencies of 5 Hz and 50 Hz. The values of the maximum dynamic forces and the numbers 
of oscillations used during the induced response, which took ca 10 minutes, are presented in 
Tab. 1.  Harmonic oscillations induced by the exciter were not manifested by the growth in 
damage (cracks), see note in the table. However, as the summary table (Tab. 2) clearly shows, 
there was not only a drop in frequencies, but also a dramatic drop (practically down to zero) in 
oscillation amplitudes shaped like the original frequency of 112.61 Hz (reinforced vault) and 
106.81 Hz (non-reinforced vault), which may rightly be associated with higher damping of the 
respective shape due to microcracks.  

Table 1. Loading values and parameters of excited vertical and horizontal oscillations. The dynamic force 
is recalculated from the measured acceleration of the exciter’s mobile weight 

Record  
No. 

Loading  
direction  

Exciter’s mobile  
weight [kg] 

Oscillation  
frequency [Hz] 

Number of 
oscillations 

Dynamic  
force [kN] 

Vault_0002 horizontal 18.7 5 3000 0.62 

Vault_0003 horizontal 18.7 50 30 000 4.30 

Vault_0004 horizontal 18.7 20,52 12 300 3.93 

Vault_0005 vertical 43.4 5 3000 0.67 

Vault_0006 vertical 43.4 27,57 16 550 5.05 

Vault_0007 vertical 43.4 50 30 000 5.30 

Vault_0008 vertical 92.6 27,57 16 550 4.20 

Vault_0009 horizontal 18.7 5 3000 0.62 

Vault_0010 horizontal 18.7 27,57 16 550 4.30 

Vault_0011 horizontal 18.7 50 30 000 4.30 

Vault_0013 vertical 92.8 5 3000 0.56 

Vault_0014 vertical 92.8 50 30 000 4.50 

2.4 Identification of natural frequencies and vault damage due to static loading-state C 

The vault was successively exposed to static loading up to a loading value leading to its failure. 
After this step, which led to a significant drop in the effective vault stiffness, the pulse loading 



  

 

  

identification test and the resonance dynamic test were performed again. These measurements 
showed a further dramatic drop in the natural oscillation frequencies and also a change in 
oscillation shapes. The resonance peak was identified with a frequency 84.84 Hz, most likely 
due to the vault consolidation.   

2.5 Identification of the extent of vault damage after dynamic loading-state D 

The vault structure was successively exposed to dynamic loading in the vertical and horizontal 
direction (by turning the exciter by 90°). The loading parameters are listed in Table 1. No 
further growth in visible deformations (cracks) was observed, but, like in the previous cases, the 
oscillations led to a slight drop in frequencies, which corresponds to the drop in the vault 
effective stiffness values. The vault structure was successively dynamically loaded in the 
vertical direction with the aim of monitoring whether the vault had been damaged to such an 
extent producing a gradual development of cracks and a loss in its bearing capacity and its 
collapse. The drop in frequencies in the non-reinforced vault is evident from the summary Table 
2 and it may be compared with the previous results. In the non-reinforced vault, the frequencies 
were not detected, but only a visual inspection of cracks and damage were made, which did not 
prove their significant growth.    

3 CONLUSIONS 

The results of tests of both vaults are summed up in Table 2, which includes all loading states 
(A, B, C and D) and lists the extent of damage. Two resonant oscillations shapes with 
frequencies of 28.08 Hz and 112.61 Hz were fully identified in the reinforced vault. In the 
loading process, there was a drop in frequencies by ca 25% due to the decreased effective 
stiffness of the structure. The non-reinforced vault was loaded in a similar way with the 
difference that following state C the structure was further exposed to vibration loading (state D) 
and drops in resonant frequencies were further identified.  In this vault, there was a drop in the 
frequencies down to ca 65% of the original value.    

Table 2. Identified resonant (natural) frequencies of the vault from measurements 

Frequency [Hz] 
Vault 

state A state B1 state C2 state D 

28.08 27.47 (97.8%)3 21.97 (78.2%)3 not identified 
reinforced 

112.61 102.54 (91.1%)3 84.84 (75.3%)3 not identified 

25.94 20.75 (79.9%)3 10.99 (42.4%)3 9.16 non-
reinforced 106.81 96.44 (90.3%)3 44.46 (41.6%)3 42.72 

Legend: 1) Following loading state B (dynamic loading), a tensile crack originated at the extrados, in the 
area of the carbon fabric anchoring in the case of a reinforced vault, while in the case of a non-
reinforced vault, it originated in the area of springer cross sections at the extrados and in the crown area 
at the intrados. 
2) Following loading state C (static loading), existing cracks started to develop in the case of both vaults, 
and in the case of a non-reinforced vault, an additional prominent crack also appeared in the crown area 
at the intrados.  
3) Related to undamaged state A 



  

 

  

In both cases, the frequency analysis identified “intermediate” frequency peaks within the 
response spectrum. This corresponds to the vault consolidation and a gradual temporary change 
in the structural arrangement, which may be interpreted as the appearance of a more articulated 
arch as a result of progressing damage.  The natural modes of vibration, however, are not 
associated with these frequencies as they are “parasitic” frequencies, which cannot be compared 
with the original natural mode of an undamaged structure.  Despite this, their drop was evident, 
too, as corresponds to the general loss in the elasticity of masonry.   

In both cases, there is also a dramatic drop (practically down to zero) in oscillation amplitudes 
in the higher shape, which may be associated with higher damping of the respective shape due 
to the appearance of microcracks inside the masonry.    
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