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Abstract 
The work at hand presents an experimental study of the dynamic and earthquake response of a groin vault carried out 
atthe EQUALS shaking table, University of Bristol, under the auspices of SERA/H2020 project. The vault considers dry 
joints between the voussoirs (like many monumental structures in South Mediterranean) and was built in an innovative 
way to allow study of its dynamic behaviour and repetition of tests carried out until collapse. To the best of the authors’ 
knowledge, no investigations of this kind have been carried out in the past. 

The physical model was generated by the intersection of two circular barrel vaults, without ribs but with especially 
shaped blocks along the groins. Each block was manufactured with a 3D printed skin and filled with mortar to supply 
mass. The skin was made with a plastic material to provide the blocks with sufficient stiffness and strength to sustain 
impact without damageand allow for a quick and reliable re-assembly. 

The vault was tested on the 3m x 3m, 6-dof shaking table at the University of Bristol, U.K.. Harmonic and transient 
earthquake motions were imposed in one horizontal direction with increasing amplitude, up to collapse. 

Preliminary results showed that low frequencies (around 2Hz and 5 Hz at model scale) are critical. It was noticed that 
the barrel vault perpendicular to the motion deflected significantly around the key-stone line, eventually leading to 
collapse. 

 

Keywords: groin vault; shaking table test; 3D printed blocks;frequencies; SEBESMOVA3D. 
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The thickness of the truncated vault is 8 cm and its height is approximately 71 cm. It is composed by 
172 blocks, five of them having larger dimensions than the others: the four bases on which the structure is set 
up (Fig. 5) and the keystone (Fig. 6), which locks all the pieces into position. The dimensions of a typical 
block are 12cm x 8cm x 20cm (Fig. 7). 

 
Fig. 5 – Shape and dimensions of the blocks at the base. 

 

  

Fig. 6 – Shape and dimensions of the keystone. 

 

 

Fig. 7 – Typical blocks. 

2.2 Materials 

The composite blocks of the vault are fastened to each otherwith a gum layer to increase frictionaland 
dissipative properties and allow for small adjustments duringconstruction, since no fresh mortar is used 
between the bricks. 

Simple trials were carried out to establish the best interface solutionand provide a high friction angle 
(Fig. 8). Three contact cases were considered: (1) plastic–plastic, (2) plastic–gum layer–plastic, (3) plastic–
double gum layer–plastic. The third solution was selected to achieve the least possible slippage. 
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Fig. 8 – Friction angle trials. 

 

The material to fill the blocks is Thistle bonding coat from British Gypsum. To assess the mechanical 
properties of this infill mortar, a compression test of a cylindrical sample hardened in similar conditions was 
carried out (Fig. 9): the elastic modulus was estimated as E = 60 N/mm2 and compression strength was 0.25 
N/mm2. 

Likewise, the mechanical properties of the mortar-skin-gum set were assessed via cyclic compression 
tests of a single brick filled with mortar and gum-layer around (Fig. 10). The initial part of the first cycle 
provides information about the gum layer’s elastic modulus (E = 0.8 ÷ 1.0 N/mm2) as this is the first element 
of the set that is compressed. The subsequent part of the first cycle returns an elastic modulus for the block of 
40 N/mm2, which is mostly provided by the stiffness of the plastic skin box. For higher forces, mortar starts 
working. It is also important to note that during motion, and especially for high accelerations (e.g., Peak 
Table Acceleration - PTA), the effective Young modulus of the vault continuously changes in time and 
space, as detachments between the bricks may occur in various places. On the average, the effective Young’s 
modulus of the vault as considered as made of an equivalent elastic material turned out to be mainly 
governed by that of the gum layer. 

 

 
Fig. 9 – Force-displacement diagram for the mortar cylinder. 

 

.
2i-0216

The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2i-0216 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan- September13th to 18th 2020 

  

6 

 
Fig. 10 – Force-displacement diagram for a sample brick, filled with mortar and gum-layer around. 

3. Construction phases 

The plastic brick mouldswere pre-assembled to verify dimensions, shapes and number of units, as 
shown in Fig. 11. Then, the vaultwas dismounted to fill up the units with mortar.  

The steel plates were fixed on the shaking-table (Fig. 12). First, the base blocks were installed 
followed by the other bricks placed on the polystyrene formwork starting from the lateral arches; once the 
first row of blocks in every lateral arch was completed, the diagonal blocks were installed, followed by the 
other blocksof the webs (Fig. 13). 

The final assembly on the shaking table was completed successfully (Fig. 14) and once the formwork 
was removed, as expected, due to the flexibility provided by the gum layers and the lack of lateral 
confinement especially in the springing areas (typically expectedin actual masonry vaults), the vault could 
not withstand its own weight, i.e. it failed statically (as expected - Fig. 14). 

Lateral confinement therefore became necessary and was provided by four 2 cm-thick wooden panels 
installed along the lateral arches (Fig. 15)Errore. L'origine riferimento non è stata trovata.. The initial 
actual configuration with respect to the theoretical one is shown in Fig. 16. The keystone moved vertically 
6.6 cm due to the adjustments provoked by the compression of the gum layers. The shape was designed to 
have an approximate inclination of 7.7%, while the actual inclination is around 5.5%. 

 

  
Fig. 11 - Pre-assembly of the plastic skin of the blocks. 
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Fig. 16 - Actual and designed central arch’s shape. 

4. Experimental tests 

4.1 Test set-up andinstrumentation 

The test rig consists of: (a) a 3m x 3m shaking table platform which can carry up to 15tons of payload 
and can reach accelerations up to about 5g with peak displacements of ±150mm; (b) a data Acquisition 
System that includes a 250-channel system and an advanced wireless system based on 8 high definition 
digital cameras;(c) markers that are placed atop each block to measure displacements [6]; (d) triaxial 
accelerometers on the shaking table (Fig. 17a) and on the keystone of the vault operating at a frequency rate 
of 5000 Hz; (e) a vision system composed by motion capture cameras recording the positions during time of 
the markers placed on each brick (Fig. 17b) at a frequency rate of 100 Hz. 

    

                                           (a)                                                             (b) 
Fig. 17 – (a) Position of the triaxial accelerometers. (b) Position of the markers. 

4.2 Testing program 

The experimental campaign was carried out in two separate sessions: August 2019 and 
January/February 2020. In this paper, only the first session is presented which was developed in three stages 
(Table 1), each of them was a series of consecutive tests with reconstruction only after collapse, i.e. each test 
accumulated the damage of the preceding ones. 
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The presence of the gum layer has a strong influence on the global behaviour and seems to govern the 
dynamic response of the structure, especially for high-acceleration and low frequency inputs. The results of 
the experimentalcampaign revealed a tendency to activate different stiffness for each Peak Table 
Acceleration (PTA) level and each frequency, which indicates a strongly non-linear behaviour. 
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