
10th IMC 
10th International Masonry Conference 

G. Milani, A. Taliercio and S. Garrity (eds.) 
Milan, Italy, July 9-11, 2018 

EXPERIMENTAL TESTING ON A REAL-SCALE MASONRY CROSS-
VAULT 

Benjamín Torres1, Paula Rinaudo1, Pedro A. Calderón1, Juan J. Moragues1, and Jose M.
Adam1

1 ICITECH, Universitat Politècnica de València
Camino de Vera s/n, 46022, Valencia, Spain 

e-mail: {bentorgo, pauri, pcaldero, jmorague, joadmar}@upv.sp

Keywords: Cross-vault, Accidental Load, Settlement, Monitoring. 

Abstract. Although society is becoming increasingly aware of the need to preserve the cul-
tural heritage and in spite of the efforts that have already been made, a lot of work still re-
mains to be done. One of the biggest worries at the present time is the damage that can be 
caused by accidents and extreme events to different types of buildings. In accordance with 
present needs, ICITECH (Universitat Politècnica de València, Spain) is involved in the 
SIMAX project, which aims to study, among other things, the effects of soil settlement on dif-
ferent structural masonry elements. A recent test was carried out on a full-scale masonry 
cross-vault, measuring 4×4 m2, identical to those in the San Lorenzo Church in Castell de les
Cabres (Spain) in which the force acting on the vault was its self-weight. One of the vault 
supports was subjected to settlement in order to characterize its behaviour until failure. This 
paper contains the most important results obtained from the test.
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1 INTRODUCTION 
Many of the existing historical buildings were built of masonry, which possesses certain 

characteristics that make it extremely difficult to assess its stability and safety; it has very low 
tensile strength, but its compressive strength is generally much higher than the stresses it has 
to bear [1]. It is also formed of brittle components (bricks and mortar) which make it especial-
ly sensitive to deformation. Cross-vaults are singular masonry structures often found in histor-
ical buildings, churches and other monuments. In this type of structure, differential settlement 
and temperature variations, together with vibrations, are among the worst of the actions they 
can suffer [2,3].  

Differential settlement causes negative effects on the stability of cross-vaults by means of 
deformation, modifying the original geometry, and also rotations and vertical movements [4]. 
In general, movement of the vault supports can cause the formation of mechanisms that in-
duce cracks that often worsen with time due to environmental (temperature and moisture vari-
ations) and mechanical effects (fatigue and creep, among others) [5]. Some of the most 
impressive examples of the challenges involved in assessing vault damage due to earth set-
tlements can be seen in some of the buildings in Venice, due to its somewhat soft soil [6], in 
Milan Cathedral due to underlying subsidence [7] and in the Agrigento Cathedral due to 
ground instability [8].  

Numerical modelling and theoretical behaviour models have been used to study the behav-
iour of cross-vaults subjected to vertical settlements. The numerical modelling of masonry 
structures requires complex and powerful computer tools, as well as parameters for the mate-
rial, such as the elasticity modulus, stiffness, and the tensile, compressive and shear strengths 
of its bricks and mortar, friction angle, cohesion, fracture energy, etc. [2]. Due to the difficul-
ties involved in characterising masonry properties, laboratory testing is thus essential to get an 
idea of the real behaviour of this type of structure, although due to their high costs and com-
plexity few studies have actually been carried out on full scale structures.      

This paper offers the principal results of full-scale tests on a timbrel cross-vault subjected 
to vertical settlement of one of its supports. The experimental test is first defined together 
with the different elements involved. The materials used, construction process adopted, and 
the equipment used to monitor the vault are then described. The paper ends with a summary 
of the most important results and its conclusions.

2 DEFINITION OF EXPERIMENTAL TEST 

2.1 Geometry 
The test carried out consisted of subjecting one of the supports of a timbrel cross-vault to 

vertical displacement to simulate ground settlement with the aim of evaluating its structural 
behaviour under this type of extraordinary action by means of data collected by a network of 
sensors fitted to the vault. A full-scale cross-vault was specially built for this purpose.    

The test vault was defined using as a reference those in the San Lorenzo parish church in 
Castell de Cabres (Castellón, Spain). This church was built around 1750 and contains groined 
cross-vaults and timbrel cross-vaults in the nave and timbrel cross-vaults over the baptistery. 
One of the timbrel cross-vaults over the choir stalls had collapsed after losing all the material 
between two of its ribs (Figure 1) [9]. Neither the date of nor the reason for the partial dis-
placement of this vault is known, although there is reason to believe that it was mainly due to 
soil settlement.   

The sides of the base of the vault measured 4×4m2 and its overall height was 2.51m (see
Figure 1b). Formwork was used to support the four arches under construction. The arches had 
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a semi-circular cross-section 3.6m in diameter with a central deflection of 1.8m. The 16cm 
thick arches were formed of four ribs of brick, plaster, cement mortar and lime mortar. The 
remainder of the vault surface was formed of two layers of brick: the first of brick and plaster 
and the second of brick and lime mortar. To simulate the presence of contiguous vaults and 
hinder horizontal displacement, the four sides of the base were braced by a lattice framework 
of HEB-140 girders. The base supports S1, S2 and S4 were free to move horizontally in two 
directions, while the vertical load was applied to S1. S3 was fixed and unable to move in any 
direction. 

(a) (b)

Figure 1. (a) Collapse of timbrel cross-vault in the San Lorenzo parish church of Castell de Cabres (Castellón, 
Spain). (b) View of vault assembled in the UPV’s ICITECH lab

2.2 Materials 
Cement mortar, lime mortar and plaster paste were used to construct the vault. Concrete 

was used for the upper section of each of the base supports. The different mechanical 
strengths of the materials used were tested in accordance with current standards [10]. The sol-
id clay bricks measured 23×11×2.6 cm and had a specific weight of 1.78 g/cm3. The hydraulic 
lime contained natural pozzolan obtained from the GRUPO PUMA [11]. The cement had a
strength of 42.5 MPa. Table 1 gives the dosages, in kg, and compressive and bending 
strengths of each of the materials employed.             

Table 1. Dosage in kg and strengths of cement mortar, lime mortar, plaster and concrete 

Kg Cement Sand Gravel Water Lime Plaster

Compressive 
Strength 
MPa (28 

days)

Bending 
Strength 

MPa 
(28 days)

Cement 
Mortar

5 25 - 3.6 - -
16.1 3.6

Lime 
Mortar

- - - 3.5 25 -
9.4 2.1

Plaster 
Paste

- - - 3 - 18
2.4 7.22

Concrete 190 470 450 90 - - 29.5 4.4
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2.3 Construction method 
After preparing and levelling the base supports, the four arches were constructed on steel 

formwork. Each arch was built with the following procedure: the first layer of brick and plas-
ter paste was laid on the formwork. The second layer was then immediately laid on the first 
and consisted of brick and cement mortar to obtain the best stiffness. The formwork was re-
moved after 48 hours.    

The spaces between the arches were then filled with a layer of brick and plaster paste, fol-
lowed by a second layer of brick and lime mortar laid over the first, which acted as lost form-
work. Figure 2 shows the sequence of the vault construction.  

Figure 2. Sequence of vault construction 

2.4 Monitoring 
The parameters monitored during the test were as follows: 

Evolution of the reaction of the bases-supports.

Deformation at critical points where cracks were expected.

Forces on the HEB-140 steel bracing.

Vertical and horizontal displacements on base supports.
Vertical reactions were measured by strain gauges, which were placed on the base supports. 

Deformation at critical points was recorded by two types of sensor: 40 and 60 cm long Linear 
Variable Displacement Transducers (LVDT). 1m and 28cm long FBG fibre optic sensors [12] 
were also used. The forces on the bracing were measured by strain gauges at the mid point of 
the girder webs. Vertical and horizontal displacements were recorded by LVDTs. Figure 3 
shows views of some of the monitoring equipment installed.
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(a) (b)

Figure 3. Monitoring equipment fitted to tyhe vault. (a)- Strain gauges on base support. (b)- LVDT and fibre 
optic sensors 

3 RESULTS 

3.1 Vertical loads applied 
Vertical loads were applied by two mechanical jacks fitted to the S1 base support synchro-

nized to guarantee practically vertical settlement and rule out rotation.   
The loads were applied in gradual steps with breaks in between to allow deformation, hori-

zontal displacement of base supports, reactions of the supports and the loads on the girders to 
become established. The vertical loads applied to base support S1 can be seen in Figure 4. 
The settlement was measured by two strain gauges on opposite sides of base S1 (Z1 and Z2) 
is shown, together with the mean values. The base can be seen to remain almost horizontal as 
it settles. The maximum displacement reached was 39 mm, when the test was halted as cracks 
began to appear in vital zones and it was intended to repair the vault at a future date. 
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3.2 Evolution of the reactions 
Figure 5 shows the evolution of the reaction of the base supports according to the loads ap-

plied. The reaction of S1, to which the load was applied, can be seen to fall to a minimum of 
6.8 kN, or only 25% of the original value. The minimum value was reached when vertical set-
tlement was approximately 10 mm and remained relatively stable during the rest of the test.     

The reactions of S2 and S4 (in contact with S1) both increased at the same rate in the first 
part of the test. However, when the settlement reached about 10mm, S2 no longer bore any 
load. S2’s maximum reaction was 11.4 kN, or an increase of 27% over the initial value, due 
solely to the vault’s self-weight. After losing some of its load, the value of the reaction stayed 
at around 11 kN until the end of the test. This behaviour was due to the failure of the arch 
supported by S2 and S3 (see Figure 5b), which occurred close to the base support, whose load 
was then re-distributed around the remaining sections of the vault. 
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Figure 5. (a) Evolution of vertical reactions of base supports S1, S2, S3 and S4. (b) Failure of arch supported 

by S2 and S3 

3.3 Cracking 
Theoretical studies with LUSAS software [13] on the vault’s behaviour found that the 

largest tensile stresses were located on the upper surface of the keystone along the elliptical 
arch from S2 to S4. The cracks found in this zone (see Figure 6a) were as forecast by the the-
oretical study (Figure 6b) and started to appear along the line of brick joints after 10mm of 
settlement. 

3.4 Displacement and deformation. 
Displacement and deformation were measured by fibre optic sensors and LVDTs. Figure 7 

gives the displacement in metres of the upper surface of the vault. Maximum displacement in 
some zones reached values of around 2.3mm when the cracks had grown to their full extent 
by the end of the test. In other places the minimum was around 1mm. From these results it can 
be seen that at settlements of between 5 and 10 mm, the tensile stresses around the keystone 
are 1.05 and 1.57 MPa (assuming the material’s elasticity modulus to be 2100 MPa). The first 
cracks can be expected at these values after a time period 2400 s.       
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o The support to which the settlement was applied (S1) was unloaded by 25% of its
initial reaction.

o One of the supports (S4) increased its reaction by 50%, since no cracks appeared
in its vicinity.

o The reaction of S2 rose by 27% of its original value in the first part of the test and
then remained constant at 11 kN until the end. This behaviour was due to the fail-
ure of the arch between S2 and S3.

o The upper surface of the vault presented cracking along the line of joints between
bricks in the elliptical arch between S2 and S4, which coincided with the numeri-
cal results given by the FE model. At the end of the test, the width of the cracks
was about 2.4 mm.
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