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CHAPTER 5 

5. EXPERIMENTAL TESTS 

 

5.1. INTRODUCTION  

This chapter presents the experimental tests carried out on a 1:10 scaled dry-joint masonry arch subjected 

to increasing vertical, horizontal and inclined displacements of one support. The small-scale model was 

built as a dry-joint assemblage of blocks made of a bicomponent composite material. All the blocks were 

manufactured in the Structural Engineering Laboratory of the University of Genoa, where the experimental 

test were also performed.  

The small-scale model was designed so as to be coherent with Heyman’s assumptions on the mechanical 

behaviour of masonry materials (see Chapter 3). With this aim, the material for the voussoirs was selected 

so that the blocks were highly resistant in compression and very stiff, and thus could be considered almost 

rigid, and the friction between them was large enough to prevent sliding. This complies with Heyman’s 

hypotheses of masonry infinite compressive strength and no sliding failure. Furthermore, the arch was built 

as a dry-joint (i.e. no tension) assembly of voussoirs, in accordance with the assumption that masonry has 

null tensile strength. The choice to not include mortar joints in the small-scale modelling had also some 

practical reasons, since it gave the chance to repeat different series of tests using the same units and 

significantly reduced the time needed for the set-up of the physical model. 

5.2. PHYSICAL MODEL 

The geometry of the segmental dry-joint arch to be tested was defined taking as reference the standard 

cross-section of the barrel vaults that are typically used as ceiling in the main nave of historic masonry 

churches. In particular, a barrel vault made of two layers of standard bricks (corresponding to a radial 

thickness of 0.24 m) and having a net span of 6 m was considered as a prototype. Since this type of vaults 

generally does not have any backfill, but it is merged with the supporting walls at the abutments, the 

springings were considered at about 27° from the horizontal plane. The prototype dimensions were then 

scaled by 1/10 to obtain the corresponding dimensions for the physical model. The geometry of the mockup 

is shown in Figure 5-1. The arch has an angle of embrace of 125°, a span length (L) of 533 mm, a rise of 

162 mm and a radial thickness of 24 mm. It is supported by two piers with a height of 156 mm, a width of 

140 mm and a depth of 120 mm, designed in such a way that they can sustain the centering needed to build 

the arch, as described further below. 

The 55 voussoirs composing the arch have a height of 24 mm, a width of about 12 mm and a depth of 

120 mm. The shape of the voussoirs is slightly trapezoidal in order to compensate for the lack of mortar 

between them. The cross-section of each voussoir represents the scaled dimensions of four adjacent bricks 

of standard size (60x120x240 mm3), one positioned with its longest side along the radial plane and two laid 
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on their long narrow side with the short end exposed, as typically observed in Italian two-course brick barrel 

vaults (see Figure 5-1). This choice was based on practical reasons, since reproducing exactly the real brick 

pattern would have required the production and assembly of very small voussoirs, making the construction 

of the physical model unduly complicated. The depth of the voussoirs (120 mm) was chosen sufficiently 

large to avoid compromising the model stability under accidental actions. In this respect, it is worth noting 

that the model depth does not influence the experimental results since the arch is characterised by a bi-

dimensional behaviour.  

 

  

Figure 5-1 Geometry of the arch mockup (in mm). 

 

All the blocks (voussoirs and piers) are made of a bicomponent composite material (Plastoform PL, 

Prochima 2019), which was poured, let it harden and then removed from special silicone moulds. The use 

of this manufacturing technique to create blocks is an innovation in the framework of small-scale model 

testing, which often employs 3D printed plastic blocks (e.g. Calvo Barentin et al. 2017; Foti et al. 2018; 

Rossi et al. 2016; Rossi et al. 2017; Quinonez et al. 2010; Van Mele et al. 2012; Zessin et al. 2010). 

Compared to the 3D printing technology, this technique allows a significant reduction of the cost of 

production of the scale models, as no special equipment or machinery is required, and, in addition, it enables 

to easily re-create new blocks as soon as they are needed in any laboratory. Furthermore, this material offers 

several advantages over other grouts traditionally used for small-scale dry-joint models, such as cast 

concrete (e.g. Ochsendorf 2002, 2006; Romano 2005; Romano and Ochsendorf 2010). The main benefits 

are the following:  

• It allows producing very small blocks with good dimensional accuracy. 

• It is easy to mix, even manually, without requiring any special tool. 

• It can be poured in silicone moulds appropriately designed. 

• It hardens fast and can be demoulded approximately 90 minutes after the pouring. 

• It does not experience any appreciable shrinkage. 

However, as a drawback, the bicomponent composite blocks are characterized by a low hardness, with 

the results that they may get damaged when crashing into each other at collapse and thus they need to be 
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replaced. A further disadvantage is that the bicomponent composite material is very sensitive to the 

environmental conditions. In particular, when the two components are mixed in a hot and moist 

environment, the mixture becomes highly viscous, making the pouring very difficult. As a consequence, 

the material and mechanical properties may be slightly different depending on the season of the year in 

which the blocks are produced. In any case, this technique enables the production of blocks with high 

compressive strength and stiffness (they can be considered almost rigid) and friction (sliding between 

blocks is inhibited), which is in accordance with Heyman’s hypotheses about masonry mechanical 

behaviour. A Young’s modulus E ranging between 590 MPa and 941 MPa was measured by testing 6+6 

bicomponent composite prisms (dimensions of about 40x40x80 mm3) under uniaxial compression (Figure 

5-2).  A friction angle Φ = 41.2° was determined by testing 10 couples of arch voussoirs on an inclined 

plane. The mass density of the bicomponent composite material was about 1.57-1.64 g/cm3. 

 

 

Figure 5-2 Bicomponent composite prisms tested under uniaxial compression. 

 

To produce the blocks of piers and voussoirs, special silicone moulds were created by pouring the 

silicone into wooden formworks containing aluminium matrices having the same shape as the blocks 

(Figure 5-3). The aluminium matrices were manufactured using a manual milling machine in the case of 

the blocks of the piers, whereas a CNC machine (precision 0.05mm) was used for the arch voussoirs. 

 

  
a) b) 

Figure 5-3 Preparation of the silicon moulds: a) aluminium matrices placed in the wooden formwork; b) pouring of 

the silicone. 

 

Figure 5-4 illustrates the manufacturing process of the blocks in the case of the arch voussoirs. 
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a) b) 

  
c) d) 

  
e) f) 

Figure 5-4 Manufacturing process of the arch voussoirs: a) mixing of the two components, b) application of a small 

amount of material on the internal surface of the mould, c) pouring of the mixture into the mould, d) mechanical 

vibration of the mould e) hardening of the mixture, f) voussoirs ready to be used. 

 

The mineral powder and the acrylic polymer in aqueous solution composing the bicomponent composite 

material, combined in a powder-to-liquid weight ratio of 100/40, were mixed until a homogenous fluid 

mixture was obtained (Figure 5-4a). A small amount of material was applied on the internal surface of the 

mould to prevent the formation of air bubbles (Figure 5-4b). The remaining mixture was then poured into 

the mould and let it harden (Figure 5-4c-e). Before the material set, the mould was vibrated mechanically 

in order to eliminate the air bubbles from the freshly poured mixture (Figure 5-4d). About 90 minutes after 
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the pouring, the blocks could be extracted from the mould and used to build the physical model (Figure 

5-4f). Note that in the case of arch voussoirs the mixture was fluidified by adding a plasticizer (1% of the 

total weight) to facilitate the pouring into the mould. 

The aluminium matrix and silicone mould used to create the blocks of the piers are shown in Figure 5-5a 

and Figure 5-5b, respectively. In Figure 5-5c and Figure 5-5d, one of the piers is depicted before and after 

hardening. As can be observed from Figure 5-5, the blocks of the piers are designed as a sort of Lego 

system, allowing to add parallelepiped blocks above and below. This solution will enable to test more 

complex arch-pillar systems in future experimental campaigns. 

 

  
a) b) 

  
c) d) 

Figure 5-5 Production of the blocks of the piers: a) aluminium matrix; b) silicone mould; block before (c) and after 

(d) hardening. 

 

Figure 5-6 displays a sequence of images describing the construction of the arch model. In order to build 

the arch, a temporary supporting structure (centering) made of plywood was constructed (Figure 5-6b). It 

is directly supported on the blocks of the piers, which were specially shaped so that no further support was 

required. The centering is provided with three regulation screws that enable to adjust it to the required 

height and remove it from underneath when the arch is completely assembled (Figure 5-6e-f-g). It is 

important to highlight that the system of regulation screws is designed such that the centering can be 

lowered uniformly along the entire profile of the arch (Figure 5-6e-f), preventing as much as possible the 
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occurrence of asymmetric deformations during the centering removal. Figure 5-6g shows a view of the 

physical model after the removal of the supporting structure. Detail views of the scaled arch are presented 

in Figure 5-7. 

 

 

a) 

 

b) 

 

c) 

 
d) 
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e) 

 
f) 

 
g) 

 
h) 

Figure 5-6 Construction of the physical model of the arch: a) positioning of the blocks of the piers, b) positioning of 

the centering, c-d) arch construction by placing the voussoirs at the extrados of the centering, e-f-g) centering removal, 

g) physical model after the removal of the centering. 
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a) b) 

Figure 5-7 Detail views of the scaled arch: a) intrados, b) extrados. 

5.3. EXPERIMENTAL SET-UP 

5.3.1. Application of support displacements 

The arch was tested to collapse by applying increasing displacements at one support. A special testing 

device was designed ad hoc to perform the experimental tests (Figure 5-8). It consists of a frame made of 

welded steel tubular profiles supporting two aluminium squared plates where the two piers of the arch can 

be placed. The left support is fixed, whereas the right support can be moved in different directions thanks 

to a system of guides and three stepping motors (SANYO DENKI 2020) controlled via software (Figure 

5-8 and Figure 5-9). As shown in Figure 5-9, the stepping motors SM1 and SM2 assign vertical (z) and 

horizontal (x) displacements, respectively, and they can be activated separately or simultaneously to 

produce inclined displacements. The stepping motor SM3 (Figure 5-9b) allows the right supporting plate 

to rotate with respect to the horizontal. Although this possibility was not considered in this research, the 

same displacement value needs to be assigned by motors SM1 and SM3 to move vertically the right 

supporting plate without any rotation. A particularly interesting potential of this testing device is that it can 

be used not only for the arch under consideration, but also for different specimens with a two-dimensional 

behaviour, such as arch-pillar systems or wall panels, provided that their geometry fits the size of the 

supporting plates. 

For the purpose of this research, downward vertical, outward horizontal and outward inclined 

displacements were imposed. The angle , which is measured with respect to the vertical and represents 

the direction of the imposed displacements (see Figure 4-1), was varied between 0° and 90°, considering 

increasing steps of 5° between 0° and 45°, and steps of 15° between 45° and 90°.  

Displacements were applied at very low speeds to avoid dynamic effects that would not have been 

compatible with the slow development of phenomena like slow-moving landslides and foundation 

settlements. In the case of purely vertical and horizontal displacements, a speed of 0.04 mm/s was adopted. 

In the case of inclined displacements, the velocity of the predominant component of the displacement, either 
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vertical or horizontal, was set equal to 0.04 mm/s and the speed of the other component was reduced so as 

to obtain to required value of . 

 

 
a) 

  
b) c) 

Figure 5-8 Testing machine: a) 3D CAD model, b) front view, c) lateral view. 
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a) 

  
b) 

Figure 5-9 System of guides and stepping motors to impose vertical (a) and horizontal (b) support displacements. 

5.3.2. Measuring systems 

Two measuring systems were implemented to: (i) monitor the reactions at the base of the arch, and (ii) track 

the displacements of all the individual voussoirs. 

The reactions at the supports of the mock-up were measured through a system of load cells (Figure 5-10). 

The sampling frequency was set to about 1600 Hz. At each support, three load cells monitored the vertical 

component of the reaction, whereas one was used for the horizontal component. All the load cells were 

positioned between two squared aluminium plates supported on the testing device so that the entire 

measuring system could be easily removed when it was not needed (Figure 5-10a). As shown in Figure 

5-10b, the load cells measuring the vertical reaction were mounted along the edges of the lower plate (400 

x 400  x 15 mm3), two (indicated as V1 and V3 in Figure 5-10b) at the vertices of the external side and one 

(indicated as V2 in Figure 5-10b) at the middle of the internal side. The load cell monitoring the horizontal 

reaction (indicated as H1 in Figure 5-10b) was located at the middle of the external side. The upper plates 

(440 x 440  x 15 mm3) provided a bearing plane for the piers of the arch and were supported each on the 
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three cells V1, V2 and V3 through aluminium rollers (Figure 5-10c). The rollers were essential for ensuring 

a correct measurement of the horizontal reaction, as they did not produce additional constraints and enabled 

the upper plates to move horizontally. 

Figure 5-10d shows the solution adopted to measure the horizontal reaction. An aluminium plate (40 x 

82  x 20 mm3) was screwed underneath the upper supporting plate. This plate was connected to the load 

cell H1 though a steel bar having at the extremities two rod ends. The rod ends allowed the steel bar to 

move vertically when the weight of the physical model was transmitted to the vertical plate. This prevented 

that part of this vertical load was transferred to the load cell H1, altering the correct reading of the vertical 

reaction by the load cells V1, V2 and V3. As a result, the measurement of the horizontal reaction was 

uncoupled from the measurement of the vertical one. 

 

  

a) b) 

  
c) d) 

Figure 5-10 System of load cells to measure the support reactions: a) 3D view, b) 2D view of the lower plate where 

the load cells are mounted, 3) detail view of one load cell used to measure the vertical reaction, 4) detail view of the 

solution adopted to measure the horizontal reaction. 

 

The displacements of all the blocks of the arch were tracked using a high definition, high-rate digital 

camera (Dalsa Falcon2 FA-80-4M180-01-R-4 Megapixels), equipped with an infrared lamp and an infrared 

filter. Reflective markers were placed on the mockup, two per voussoir and five on the piers, for a total of 

115 targeted points (Figure 5-11). A sequence of images was acquired by the camera during the tests and 

the position of the markers was estimated by means of a software running on one computer (see Lunghi et 

al. 2012 for further details on the acquisition system). This enabled to follow the evolution of the 
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displacements of the markers during the entire test, providing an accurate measurement of the 

displacements of the voussoirs. The sampling frequency was set to 60 Hz to capture the arch collapse, 

which occurred very abruptly.  

 

  
a) b) 

Figure 5-11 Infrared system to track the displacements of the blocks: a) reflective markers, b) targeted points. 

 

In addition to the above-mentioned measuring systems, a further digital camera was used for a video 

recording (60 frames per second) of the tests, allowing to film the development of the damage mechanism 

from the undeformed state up to collapse. Both digital cameras were synchronised with the stepping motors 

and were activated simultaneously with the application of support displacements.  

5.4. RESULTS 

One experimental test was performed for every value of  between 5° and 75°. In the case of  equal to 0° 

and  equal 90°, the tests were repeated seven times to verify the repeatability of the results. Table 8 and 

Table 9 presents the results obtained in terms of hinge position at collapse and collapse displacement in the 

series of tests repeated for  equal to 0° and  equal 90°, respectively. The interfaces where hinges appear 

are numbered from left to right, being interfaces 1 and 56 the ones corresponding to the left and right 

supports, respectively.  

Figure 5-12 reports a reference scheme of the final hinge configurations obtained for  equal to 0° and 

90°. Across all the tests performed, it was observed that the three hinges identified as A, B and C (from left 

to right) in Figure 5-12 were always the first hinges to appear, while hinge D opened at collapse. In the case 

of  equal 90°, due to symmetry in geometry and displacement loading, a fifth hinge, E, might also occur. 

The nomenclature reported in Figure 5-12 will be used in this Chapter as well as in Chapter 6 to describe 

the results obtained for every value of . 
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Figure 5-12 Reference scheme for the hinge position at collapse for  = 0° (a) and  = 90° (b). 

Table 8 Hinge position at collapse and collapse displacement for  equal to 0°. 

Test id # Hinge A Hinge B Hinge C Hinge D z,u [mm] z,u/L [%] 

1 9 28 56 1 85.6 16.1 

2 10 28 56 1 76.6 14.4 

3 9 28 56 1 85.7 16.1 

4 9 28 56 1 85.4 16.0 

5 9 28 56 1 85.7 16.1 

6 9 28 56 1 83.7 15.7 

7 9 28 56 1 87.7 16.5 

Table 9 Hinge position at collapse and collapse displacement for  equal to 90°. 

Test id # Hinge A Hinge B Hinge C Hinge D Hinge E x,u [mm] x,u/L [%] 

1 11 27 45 1 56 20.1 3.8 

2 12 30 45 1 56 19.4 3.6 

3 12 28 45 1 56 19.8 3.7 

4 12 28 45 1 - 19.1 3.6 

5 11 28 45 1 - 19.7 3.7 

6 11 29 45 1 56 19.3 3.6 

7 11 28 45 1 56 19.3 3.6 

 

For  equal to 0°, very similar results are obtained in six of the seven tests performed. The hinge position 

at collapse does not change, and the ultimate displacement ranges between 15.7% and 16.5% of the arch 

span length. Only in test #2, hinge A appears closer to the left support by one voussoir and the deflection 

ratio decreases to 14.4%.  

In the case of  = 90°, the final position at collapse of hinge C is the same in all the tests, while the 

position of hinges A and B slightly varies. In the case of hinge B, this difference is due to the presence of 

the keystone, which prevents hinge opening at mid-span. Depending on the test, collapse occurs by a five-

hinge or a four-hinge mechanism, and hinges A and C are located either in a symmetrical or an asymmetrical 

position with respect to the vertical axis of symmetry of the arch. This behaviour can be attributed to the 

imperfections and assembly inaccuracies of the physical model. Considering that perfectly symmetrical 
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arches collapse by a symmetrical five-hinge mechanism, it is evident that the more accurate is the geometry 

assembled manually the more symmetrical will be the collapse mechanism observed in the experimental 

tests. However, the collapse displacement is only slightly affected by the differences in the hinge position, 

as it ranges between 3.6% and 3.8% of the arch span length in each performed test.  

5.4.1. Evolution of the hinge configuration and collapse mechanisms 

Figures from Figure 5-13 to Figure 5-20 present the evolution of arch deformed configuration with 

increasing support displacements for some representative values of  (see Appendix A for the results 

obtained for all the angles   under study). For   = 0° and   = 90°, the results obtained in test #7 and test 

#4 are reported, respectively. 

For   = 0° (Figure 5-13), up to a vertical displacement of about 10 mm (z/L = 1.9%) no hinges can be 

clearly identified (Figure 5-13a). Two hinges then appear, hinge A located at the intrados between 8th and 

9th voussoir and hinge C opening at the right support at the extrados (Figure 5-13b). For larger imposed 

displacements, a third hinge, B, occurs at the extrados between 27th and 28th voussoirs (Figure 5-13c-d). 

Hinges do not change position as the right support moves. It is interesting to observe that hinges A and B 

are initially slightly open and distributed among consecutive interfaces (see Figure 5-13c as an example for 

hinge B), while they only concentrate in a single joint and fully open as support displacements increase. 

This behaviour, which was observed for every value of , makes it challenging to identify for which 

imposed displacement hinges start to appear. For this reason, hinges are identified only in Figure 5-13e, 

which depicts the collapse mechanism.  

Collapse is triggered when a fourth hinge (D) appears at the left support at the extrados (Figure 5-13e). 

As shown in Figure 5-13f, the high-rate camera captured the entire development of the collapse mechanism 

up to the total failure. As soon as the collapse mechanism is activated, the part of the arch between the left 

support and hinge A (block LS-A according to the nomenclature in Figure 5-12) rotates upwards around 

hinge D. Simultaneously, the part of the arch between hinge B and the right support (block B-RS as 

indicated in Figure 5-12), which rotated upwards up to the opening of hinge D, starts rotating downwards 

around hinge C, which gradually closes. Once hinge C has fully closed, a new opposite hinge appears at 

the intrados, causing the arch total failure (Figure 5-13f). However, it is clear that this hinge opens when 

the arch is already in motion. Consequently, the final hinge configuration at collapse follows the sequence 

E-I-E-E (from the fixed support, where E = extrados and I = intrados). It is interesting to note this hinge 

configuration is kinematic admissible because hinge C can close, allowing the downward rotation of block 

B-RS. This aspect has never been commented in the available literature dealing with experimental tests on 

arches on moving supports. 
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a) b) 

  
c) d) 

  
e) f) 

Figure 5-13 Damage evolution for  = 0°: a) z/L = 1.9%, b) z/L = 6.6%, c) z/L = 12.2%, d) z/L = 13.1%, e) collapse 

for z/L = 16.5%, f) unstable configuration corresponding to z/L = 16.5%. 

 

For   = 5° (Figure 5-14) and   = 10° (Figure 5-15), the failure mode is the same as the one observed 

for  = 0°, although some differences in the hinge position are noticed. At the early stages at the 

experimental test, one hinge, A, is visible at the left haunch at the intrados (Figure 5-14a, Figure 5-15a and 

Figure 5-15b). Then, as support displacements increase, two further hinges appear at the extrados close to 

mid-span (hinge B) and at the right support (hinge C) (Figure 5-14b-c-d and Figure 5-15c-d). The position 

of hinges A and C is the same as obtained for  = 0°, whereas hinge B appears between 31st and 32nd 

voussoirs. Interestingly, hinge C decreases in opening with increasing angles  , until becoming barely 

visible for   = 10°. Hinges do not change position during the test, except for hinge B moving by one 

voussoir towards the crown in the case of   equal to 10°. As already observed for  = 0°, collapse occurs 

by an asymmetrical four-hinge mechanism when hinge D appears at the left support at the extrados, 

A

D

B

C
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triggering the upward rotation of the part of the arch between the left support and hinge A (Figure 5-14e-f 

and Figure 5-15e-f).  

 

  
a) b) 

  
c) d) 

  
e) f) 

Figure 5-14 Damage evolution for  = 5°: a) z/L = 3.8%, b) z/L = 6.6%, c) z/L = 7.5%, d) z/L = 10.3%, e) collapse 

for z/L = 13.8%, f) unstable configuration corresponding to z/L = 13.8%. 

 

 

 

 

A

D

B

C
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a) b) 

  
c) d) 

  
e) f) 

Figure 5-15 Damage evolution for  = 10°: a) z/L = 3.8%, b) z/L = 5.6%, c) z/L = 7.5%, d) z/L = 9.4%, e) collapse 

for z/L = 11.9%, f) unstable configuration corresponding to z/L = 11.9%.  

 

For  between 15° and 30° (see Figure 5-16 and Figure 5-17 for  = 15° and  = 25°, respectively), two 

hinges are initially detected: hinge A is located at the intrados at the left haunch, while hinge B occurs at 

the extrados close to mid-span. Collapse occurs when a further hinge, D, appears at the left support at the 

extrados (Figure 5-16e and Figure 5-17e), causing block LS-A to rotate upwards. Differently from what 

was observed for  between 0° and 10°, there is no evidence of the opening of a third hinge before reaching 

the collapse. The hinge visible at the intrados between hinge B and the right support in Figure 5-16f and 

Figure 5-17f appears only once the arch has started moving and thus is not involved in the activation of the 

collapse mechanism. Nevertheless, since four hinges are needed for collapse to occur (see Section 3.2), it 

is likely that the third hinge is so minor that it cannot be detected looking at the frames recorded by the 

digital camera. For this reason, further investigation on the occurrence of this third hinge will carried out 

D

A

B

C
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by performing graphic statics and analysing the evolution of the displacements of the voussoirs recorded 

by the infrared camera (see results further below in this section). 

As shown in Figure 5-16b and Figure 5-17a, hinge A opens between 8th and 9th voussoirs, at the same 

location observed for   between 0° and 15°. For  = 15° only, hinge A moves by one voussoir towards the 

crown just before collapse (compare hinge position in Figure 5-16d-e). Hinge B appears in a slightly 

different position according to the value of   considered, opening closer to the keystone as   increases. 

For  = 15° (Figure 5-16), it appears between 30th and 31st voussoirs, whereas for  = 20° it is located 

between 29th and 30th voussoirs. For  = 25°, it appears between 31st and 32nd voussoirs, and then it moves 

towards the crown by four voussoirs (Figure 5-17b-c), opening at the left side of the keystone (i.e. between 

27th and 28th voussoirs). For  = 30° (and for every larger value of ), hinge B opens between 27th and 28th 

voussoirs and does not change position as the right support moves.  

 

  
a) b) 

  
c) d) 

  
e) f) 

Figure 5-16 Damage evolution for  = 15°: a) z/L = 3.0%, b) z/L = 4.7%, c) z/L = 6.6 %, d) z/L = 9.1%, e) collapse 

for z/L = 9.1%, f) unstable configuration corresponding to z/L = 9.1%. 

D

A

B
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a) b) 

  
c) d) 

  
e) f) 

Figure 5-17 Damage evolution for  = 25°: a) z/L = 2.8%, b) z/L = 3.8%, c) z/L = 4.7%, d) z/L = 5.6%, e) collapse 

for z/L = 7.6%, f) unstable configuration corresponding to z/L = 7.6%. 

 

For  between 35° and 75° (see Figure 5-18 and Figure 5-19 and for  = 35° and  = 75°, respectively), 

three hinges can again be detected before collapse occurs. However, differently from what observed for   

ranging between 0 and 10°, they alternate between the intrados and extrados (sequence I-E-I, Figure 5-18e 

and Figure 5-19e). The two hinges A and B open at the early stages of the tests (see Figure 5-18a-b-c and 

Figure 5-19a), whereas hinge C appears for larger imposed displacements and is generally slightly 

distributed over consecutive interfaces (see Figure 5-18d-e and Figure 5-19b-c-d). For every value of  

between 35° and 75°, hinge A initially appears between 8th and 9th voussoirs, and then it moves towards the 

crown as support displacements increase. As  increases, hinge A moves up by a larger number of 

voussoirs. For  equal to 35° and 40°, it moves up by one voussoir only (see Figure 5-18d for  = 35°), 

whereas for  between 45° and 75° it moves further up the arch by two voussoirs (see Figure 5-19b-c for 

 = 75°). The change in the position of hinge A generally produces a sudden change in the arch geometry, 

A

D

B
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triggering in some cases the activation of the collapse mechanism. For  equal to 35°, 45° and 60°, collapse 

occurs immediately after hinge A has suddenly moved up (see Figure 5-18d-e for  = 35°). Hinge C also 

moves towards the crown as the right support moves (compare the hinge position in Figure 5-19c-d for  

= 75°). However, since it is slightly distributed over consecutive interfaces, this movement is more gradual 

and not always easy to detect. Hinge C initially appears between 10th and 13th voussoirs (numbered from 

the right support). At collapse, it is located either between 11th and 12th voussoirs or between 12th and 13th 

voussoirs, depending on the value of  under consideration. Differently, hinge B always opens between 

27th and 28th voussoirs and does not change position as the right support moves.  

 

  
a) b) 

  
c) d) 

  
e) f) 

Figure 5-18 Damage evolution for  = 35°: a) z/L = 1.9%, b) z/L = 3.2%, c) z/L = 4.7%, d) hinge movement for 

z/L = 5.5%, e) collapse for z/L = 5.5%, f) unstable configuration corresponding to z/L = 5.5%. 

 

As shown in Figure 5-18e and Figure 5-19e, the arch starts to collapse when a fourth hinge, D, opens at 

the left support at the extrados. The location of hinge C may vary once the arch has reached its unstable 

configuration and the collapse mechanism progresses up to the total failure (Figure 5-18f and Figure 5-19f). 
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However, it is assumed that the final hinge configuration is the one obtained at the instant of activation of 

the mechanism (Figure 5-18e and Figure 5-19e). 

 

  
a) b) 

  
c) d) 

  
e) f) 

Figure 5-19 Damage evolution for  = 75°: a) z/L = 0.6%, b) z/L = 0.8%, c-d) hinge movement for z/L = 1.0%, e) 

collapse for z/L = 1.0%, f) unstable configuration corresponding to z/L = 1.0%. 

 

For   = 90° (Figure 5-20), the three initial hinges A, B and C alternate between the intrados and extrados, 

as observed for   ranging between 35° and 75°. Looking at Figure 5-20a-b-c, it is observed that hinge B 

is distinctly located at the left side of the keystone (between 27th and 28th voussoirs), whereas hinges A and 

C are initially distributed over consecutive interfaces, and they tend to concentrate each in a single one only 

as the right support moves. Hinge B does not move during the test, whereas both hinges A and C move 

gradually towards the crown as support displacements increase. For a horizontal displacement of about 18 

mm (Figure 5-20c), corresponding to a span increase x/L of about 3.4%, hinge A is located between 10th 

and 11th voussoirs (from the left), while hinge C is placed between 11th and 12th voussoirs (from the right). 

Just before collapse, hinge A moves up by a further voussoir (Figure 5-20d).  
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Collapse is triggered when two further hinges, D and E, appear at the extrados at the supports (Figure 

5-20e). As shown in Figure 5-20f, the opening of hinges D and E causes the parts of the arch between the 

supports and the intrados hinges (i.e. block LS-A and blocks C-RS) to rotate upwards, and the crown to 

descend. The collapse mechanism is almost symmetrical, since hinges appear at both supports and, 

furthermore, both the intrados hinges A and C are located in correspondence to the 12th interface from the 

springings, in a symmetrical position with respect to the vertical axis of symmetry of the arch. The slight 

asymmetry is only due the presence of the keystone, which prevents the occurrence of a hinge exactly at 

mid-span. This result proves that the physical model was built with a good accuracy. Indeed, although 

perfectly symmetric arches collapse by a five-hinge mechanism, past experimental tests on arches on 

horizontal spreading supports (e.g. Ochsendorf 2002, 2006) demonstrated that the imperfections of the 

physical models may result in a four-hinge mechanism. 

 

  
a) b) 

  
c) d) 

  
e) f) 

Figure 5-20 Damage evolution for  = 90°: a) x/L = 2.8%, b) x/L = 3.2%, c) x/L = 3.4%, d) hinge movement for 

x/L = 3.7%, e) collapse for x/L = 3.7%, f) unstable configuration corresponding to x/L = 3.7%. 
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Based on the above considerations, it is observed that the final hinge configuration at collapse becomes 

more symmetrical as  increases, approaching the one obtained for purely horizontal displacement ( = 

90°). First, as already mentioned in the previous paragraphs, hinge B appears closer to mid-span with 

increasing . For   between 5° and 20° it is located either between 29th and 30th voussoirs or between 30th 

and 31st voussoirs, whereas for any  equal or larger than 25° it opens at the left side of the keystone, at the 

same position in which it appears for  = 90°. Furthermore, as   increases, the final location of the intrados 

hinges A and C becomes more symmetrical with respect to the vertical axis of the arch. This explain why 

hinge A, which initially opens at the 9th interface from the left support, moves up by a larger number of 

voussoirs as  increases. Indeed, it has to approach the final position of hinge C, which, at collapse, is 

located at the 12th or 13th interface from the right support. 

In an attempt to better understand the collapse mechanisms obtained for  between 15° and 30° and 

detect the opening of further hinges, the arch deformed configuration at collapse (i.e. as soon as hinge D 

has started to open) was verified by means of graphics statics (Heyman 1982; Huerta 2011) (Figure 5-21). 

It is well known that the thrust line at collapse is unique and causes as many plastic hinges as needed to 

develop a mechanism (Heyman 1966; Roca 2010). Four hinges are required in the case of asymmetry in 

geometry and/or loading, while five hinges generally occur in the case of symmetry in both geometry and 

loading. In Figure 5-21, the results from graphics statics are also provided for  equal to 0° and 35°, for 

which four hinges were clearly visible. In these cases (Figure 5-21a-f), as expected, the thrust line touches 

the arch boundary in four points, which correspond to the four hinges producing the collapse mechanism. 

For  between 15° and 30°, Figure 5-21b-c-d-e shows the thrust line at collapse, which was drawn 

considering the position of the hinges D, A and B. For  = 15° (Figure 5-21b), the thrust line touches the 

external boundary of the arch at the extrados at the right support, indicating that a fourth hinge occurs there. 

This proves that the collapse mechanism obtained for  = 15° is very similar to that identified for  between 

0° (Figure 5-21a) and 10°. Conversely, for  between 20° and 30°, a fourth hinge cannot be identified, as 

the thrust line does not become tangent to the boundary of the arch in a further section. However, it can be 

observed that it is close to touch the intrados at the right haunch, being almost parallel to the internal 

boundary for some consecutive voussoirs. Interestingly, the thrust line moves closer to the intrados as  

increases. 
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Figure 5-21 Thrust line obtained by graphic statics: a)  = 0°, b)  = 15°, c)  = 20°, d)  = 25°, e)  = 30°, f)  = 

35°. 

 

Further insight on the hinge opening as well as on the development of the arch deformed configuration 

with increasing support displacements can be gained by analysing the evolution of the displacements of the 

voussoirs as tracked by the infrared camera during the tests. Figure 5-22 shows the position of the markers 

taken into consideration for this purpose. 
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Figure 5-22 Identification of the markers considered to analyse the evolution of the vertical displacements of the 

voussoirs (z,v) and the change in the distance between adjacent voussoirs (dv) with respect to the initial distance dv,0. 

 

For the voussoirs between hinge B and the right support (markers coloured in red in Figure 5-22), the 

evolution of the measured vertical displacement z,v, net of the imposed vertical displacement, was 

investigated. This can provide an estimate of the movements experienced by the right part of the arch, 

allowing to detect the opening of hinges that are not distinctly visible. Figure 5-23 plots z,v as a function 

of the imposed vertical displacement z, expressed in terms of deflection ratio z/L, for every value of  

under study. Note that positive and negative values of z,v indicate that the vertical displacements of the 

voussoirs are larger or smaller than the imposed displacement, respectively. The vertical displacement of 

the right pier (indicates as RS in Figure 5-23) is also reported for reference. 

 Different responses are obtained when varying . For  between 0° and 15° (Figure 5-23a-b-c-d), z,v 

increases in absolute value with increasing support displacements. At each displacement increment, the 

vertical displacements of the voussoirs are smaller than the imposed displacement and are proportional to 

the distance of each marker from the right support. This clearly indicates that the right part of the arch 

between hinge B and the right support (block B-RS) rotates upwards. This result provides further 

confirmation of the opening of a hinge at the right springing at the extrados for  = 15°. As  increases, the 

upward rotation decreases, in agreement with the smaller opening of hinge C observed for   equal to 5° 

and 10° (Figure 5-14 and Figure 5-15). It is also interesting to note that the increase in z,v becomes less 

linear with increasing , in particular in the case of the markers closer to hinge B. Since a perfectly linear 

increase would indicate a rigid rotation around a well-defined hinge, it is likely that block B-RS does not 

behave exactly like a rigid body, but minor and distributed openings also occur. This behaviour is more 

evident in the case of  =15°, for which a slight decrease in z,v, indicating a slight rotation downwards, is 

also observed for markers 31i-37i. 

For  = 20° (Figure 5-23e), a clear change in the trend is observed as support displacements increase. 

Up to a vertical displacement of about 22 mm (z/L = 4.1 %), block B-RS experiences a slight rotation 

upwards, then it starts rotating downwards. Once the arch has recovered its initial rotation (z,v is almost 

zero for all the markers), for a vertical displacement of about 42 mm (z/L = 7.9 %) the upper part of block 

B-RS (markers 30i-44i) slightly rotates downwards. Since it was demonstrated that the thrust line obtained 

at collapse for  = 20° does not touch the arch boundary in any further point between hinges B and C, it is 
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likely that this part of the arch experiences a sort of deformation due to the occurrence of minor and 

distributed openings at the intrados, rather than a rigid rotation around a well-defined hinge. Further 

evidence is provided by the non-linear increase in z,v. 

For  = 25° (Figure 5-23f), starting from to a vertical displacement of about 20 mm (z/L = 3.8 %), the 

part of the arch between markers 28i and 45i rotates downwards. Similarly to what is observed for  = 20°, 

the non-linear increase of the vertical displacements suggests the occurrence of distributed openings at the 

intrados between hinge B and the right support. The different trend in the increase of z,v observed for 

markers 28i-31i  is simply due to the change in the position of hinge B occurring with the increase of support 

displacements. 

For any  between 30° and 75° (Figure 5-23g-h-i-l-m-n), the part of the arch between approximately 

markers 28i and 45i experiences a downward rotation, increasing with increasing , from the very beginning 

of the experimental test. As  increases, the increase of z,v  becomes more linear, indicating that the upper 

voussoirs tend to rotate as a rigid body around a well-defined hinge. This was expected, as a hinge was 

clearly visible at the intrados at the right haunch for any   between 35° and 75°. Furthermore, for  equal 

to 35°, it was demonstrated that the thrust line at collapse touches the internal boundary of the arch at the 

right haunch. The abrupt changes in z,v  observed for  between 40° and 75° indicate that the intrados 

hinges move towards the crown as support displacements increase. 

In view of the above-mentioned results, some remarks about the structural behaviour of the arch when 

varying  can be put forward.  

First, in the cases in which, at collapse, only three hinges are detected and the thrust line touches the arch 

external boundary only in three points (i.e. for  between 20° and 30°), the mobility needed to develop the 

collapse mechanism is provided by the occurrence of very minor and distributed openings at a further 

section of the arch (right haunch at the intrados). These distributed openings, whose presence is confirmed 

from the analysis of the distance between adjacent voussoirs (see results further below in this section), 

allow the downward rotation of block B-C and, thus, have the same effect as a hinge in the activation of 

the collapse mechanism.  

Second, the occurrence of minor distributed openings rather than a fully developed one at the intrados at 

the right haunch can be related to the geometry of the arch deformed configuration, which is different for 

each value of  since it results from the combination of the vertical and horizontal components of the 

displacement applied. For  between 20° and 30°, the downward rotation of block B-C is very small (Figure 

5-22e-f-g). Consequently, minor and distributed openings are sufficient to provide the arch with the 

mobility needed to activate collapse. In contrast, when  increases, the rotation becomes larger, and a fully 

developed hinge is required at the intrados. This explains why the thrust line moves closer to the intrados 

as  increases between 20° and 30° (see Figure 5-21) and also justifies why these distributed openings can 

be considered equivalent to a hinge. 

Third, combining the results obtained in terms of evolution of voussoirs’ displacements with the failure 

modes observed in the tests, three different modes of evolution of the hinge configuration can be identified 

when varying : 
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• For   between 0° and 15°, the three initial hinges follow the sequences I-E-E (from the fixed 

support) for every value of imposed displacements and do not generally move as support 

displacements increase. Collapse occurs by an asymmetrical four-hinge mechanism when a further 

hinge opens at the left support at the extrados (sequence E-I-E-E). 

• For  equal to 20°, the three initial hinges A, B and C are initially located according to the sequence 

I-E-E. As support displacements increase, hinge C closes at the extrados (right support) and opens 

(in the form of minor and distributed openings) at the intrados (right haunch). As a result, failure is 

governed by an asymmetrical four-hinge collapse mechanism with hinges located in the sequence 

E-I-E-I. 

• For  between 25° and 90°, hinges A, B and C alternate between the intrados and the extrados for 

every value of imposed displacements. According to the value of  considered, either minor and 

distributed openings or fully developed hinges occur at the right haunch at the intrados. The 

intrados hinges A and C move upwards towards the crown as the right support moves. For values 

of  up to 75°, collapse is governed by an asymmetrical four-hinge mechanisms with hinge located 

according to the sequence E-I-E-I. For  equal to 90°, the arch collapses by an almost symmetrical 

five-hinge mechanism (sequence E-I-E-I-E), since two hinges occur at the arch springings. 

It is interesting to observe that for  up to 15° the arch response is governed by the vertical component 

of the imposed displacement, as the hinge configuration is the same as the one obtained for purely vertical 

displacements ( = 0°). For equal or larger than 25°, the hinge configuration is driven by the horizonal 

component, since hinges alternate between intrados and extrados, like in case of purely horizontal 

displacements ( = 90°). For  equal to 20°, a transition between the two previous hinge configurations 

occurs. 
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a) b) 

  
c) d) 

  
e) f) 
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g) h) 

  
i) l) 

  
m) n) 

 

Figure 5-23 Vertical displacement z,v  of the voussoirs between hinge B and the right support (identified in Figure 

5-22), net of the imposed vertical displacement z, vs. imposed vertical displacement (expressed in terms of deflection 

ratio z/L): a)  = 0°, b)  = 5°, c)  = 10°, d)  = 15°, e)  = 20°, f)  = 25°, g)  = 30°, h)  = 35°, i)  = 40°, l)  

= 45°, m)  = 60°, n)  = 75°. 
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The recordings of the infrared camera provided valuable information not only about the voussoirs’ 

displacements, but also about the evolution of the distance between adjacent voussoirs with increasing 

support displacements. Since the infrared camera tracked the movements of the targeted markers with a 

good precision, even small changes in the distance between adjacent voussoirs could be detected. This 

helped in identifying the occurrence of minor and distributed openings and, furthermore, it made it easier 

to assess for which imposed displacement hinges appeared. 

For five representative angles  ( = 0°,  = 10°,  = 20°,  = 30°, and  = 75°), Figures Figure 5-24, 

Figure 5-25, 5-26, 5-27 Figure 5-28 plot the change in the distance between the markers of adjacent 

voussoirs, denoted as dv, as a function of the imposed vertical displacement z (the latter expressed in 

terms of deflection ratio z /L). For each value of imposed displacement z, the change in the distance 

between markers dv is defined as the difference between the value of the distance obtained for that imposed 

displacement and the initial value of the distance, dv,o (indicated in Figure 5-22), measured prior to the 

application of support displacements. The results for all the values of  between 0° and 75° (data is not 

available for  = 90°) are presented in Appendix A. The choice of the markers to be analysed (coloured in 

grey in Figure 5-22) was based on the location where hinges A, B and C generally occur. Markers 1e-14e, 

markers 25i-33l and markers 37e-48e were considered to detect the opening of hinges A, B and C, 

respectively. For  between 0° and 10°, in order to detect the opening of hinge C at the right support, the 

distance between marker 55 and one marker placed on the right pier was also considered.  

Looking at Figures Figure 5-24, Figure 5-25, 5-26, 5-27 Figure 5-28, some interesting remarks about 

hinge opening can be made. First, it is confirmed that minor and distributed openings occur at the intrados 

the right haunch for  between 20° and 30°. Indeed, as shown in Figure 5-26c and Figure 5-27c, the distance 

between markers increases very slightly with increasing support displacements for several pairs of 

consecutive voussoirs. Although the increase is not larger than few tenth of a millimetre for each pair of 

adjacent voussoirs, this value seems to be sufficient to allow the downward rotation of block B-C. For   

equal or larger than 35° (see Figure 5-28c for  = 75°), the increase in the distance between voussoirs is 

more evident, indicating that fully developed hinges appear.  

Second, regardless of the value of , when the imposed displacements are very small, hinges are not 

fully developed, but the arch can accommodate the changes in the geometry by forming minor and 

distributed openings. Indeed, in the sections of the arch where hinges A (Figures Figure 5-24a, Figure 

5-25a, 5-26a, 5-27a Figure 5-28a), B (Figures Figure 5-24b, Figure 5-25b, 5-26b, 5-27b Figure 5-28b) and 

C (when it opens at the right haunch at the intrados, Figure 5-26c, 5-27c and Figure 5-28c) appear, a very 

slight increase in the distance between markers is observed for different pairs of adjacent voussoirs at the 

early stages of the experimental tests. On the contrary, as the right support moves further, the distance 

between markers significantly increases for one pair of voussoirs only. This indicates that, when support 

displacements increase and the changes in the geometry become more important, the distributed openings 

concentrate in single joints where hinges fully open. This explains why hinges are very difficult to detect 

at the very beginning of the experimental tests.  

Finally, it is observed that the opening of three initial hinges is different according to the value of  

considered. For   = 0°, it is easy to observe that hinges A (Figure 5-24a) and C (Figure 5-24b) appear and 
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fully develop for smaller imposed vertical displacements with respect to hinge B (Figure 5-24c). The latter 

starts to open significantly only when the imposed vertical displacement is larger than about 60 mm (z/L 

= 11.3%). For   between 5° and 25°, hinge A generally appears and fully develop for smaller values of 

imposed vertical displacement z compared to hinges B and C. For larger values of , hinges A and B opens 

for very similar values of imposed displacement z. The initial opening of hinge C is difficult to identify 

since the increase in the distance between voussoirs at the right haunch is very small. Lastly, it is interesting 

to observe that a significantly larger opening is observed for hinge B compared to hinges A and C for larger 

values of   (see Figure 5-28 as an example for   = 75°). 

Plotting the change in the distance between consecutive voussoirs as a function of the imposed 

displacement also allows to easily detect hinge movement. Indeed, every time a hinge moves, the distance  

between markers decreases in correspondence of one interface and increases in the next one. This can be 

easily observed for hinges A and C, which move towards the crown as support displacement increase 

(Figure 5-28a-c). In the case of hinge A, the change in the position occurs for any   equal or larger than 

35°, whereas for hinge C it is can be detected from   = 45°. Note that hinge movement is not always 

captured by the infrared camera when it occurs just before collapse. 
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a) 

 

 

b) 

 
c) 

Figure 5-24 Change in the distance between markers of adjacent voussoirs, dv,  vs. imposed vertical displacement 

(expressed in terms of deflection ratio z/L) for  = 0°: a) markers 1e-14e, b) markers 25i-33i and c) markers 55i-RS 

(right support), to detect the opening of hinges A, B and C, respectively. 
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a) 

 

 

b) 

 
c) 

Figure 5-25 Change in the distance between markers of adjacent voussoirs, dv, vs. imposed vertical displacement 

(expressed in terms of deflection ratio z/L) for  = 10° : a) markers 1e-14e, b) markers 25i-33i and c) markers 55i-RS 

(right support), to detect the opening of hinges A, B and C, respectively. 
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a) 

 

 

b) 

 

 
c) 

Figure 5-26 Change in the distance between markers of adjacent voussoirs, dv, vs. imposed vertical displacement 

(expressed in terms of deflection ratio z/L) for  = 20°: a) markers 1e-14e, b) markers 25i-33i and c) markers 37e-51e, 

to detect the opening of hinges A, B and C, respectively. 
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b) 

 

 

c) 

Figure 5-27 Change in the distance between markers of adjacent voussoirs, dv, vs. imposed vertical displacement 

(expressed in terms of deflection ratio z/L) for  = 30°: a) markers 1e-14e, b) markers 25i-33i and c) markers 37e-51e, 

to detect the opening of hinges A, B and C, respectively. 
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a) 

 

 

b) 

 

 

c) 

Figure 5-28 Change in the distance between markers of adjacent voussoirs, dv, vs. imposed vertical displacement 

(expressed in terms of deflection ratio z/L) for  = 75°: a) markers 1e-14e, b) markers 25i-33i and c) markers 37e-51e, 

to detect the opening of hinges A, B and C, respectively. 
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5.4.2. Support reaction curves and limit displacement domain 

This section presents the results of the experimental tests in terms of support reaction-displacement curves, 

ultimate displacement capacity and corresponding support reactions at collapse as well as limit 

displacement domain. 

Figure 5-29, Figure 5-30, Figure 5-31 Figure 5-32 depict the curves representing the horizontal and 

vertical reactions at the left and right supports of the arch as a function of the imposed support displacement 

(expressed in terms of span increase or deflection ratio) for four representative angles  (0°, 30°, 45° and 

90°). The curves obtained for all the values of  between 0° and 90° are reported in Appendix A. Note that 

the vertical reactions at the arch springings were obtained by subtracting the weight of the piers from the 

total vertical reactions measured by the load-cells. Furthermore, both the vertical and horizontal reactions 

were normalized by the weight of the arch.  

The initial values of the reactions correspond to the ones measured after the removal of the scaffolding, 

that is prior to the application of support displacements. These values are slightly different in each 

experimental test. An explanation lies in the manual assemblage of the physical model, which has a slightly 

different geometry every time it is rebuilt, as well as in the accuracy of the load cells, which could cause 

minor errors in the measurement. In addition, slight differences in the initial value of the vertical reactions 

at the two supports are noted. This is also clearly due to the imperfections and not-perfect symmetry of the 

voussoir assemblage, which result in a slightly asymmetrical distribution of the dead load. It can also be 

observed that the curves of the horizontal reactions at the right and left supports are not exactly coincident, 

as would be expected in  in a theoretical arch. This could be explained by a not-perfect horizontality of the 

steel plates on which the arch is supported, which could lead to an inaccurate measurement of the horizontal 

reactions by the load cells. Nevertheless, it is important to highlight that all the differences mentioned above 

are small (equal to about 1-2% of the arch total weight) and do not compromise the interpretation of the 

results in terms of displacement evolution and capacity. 

As the right support moves, the horizontal reactions at both supports initially decrease and then 

substantially increase until they suddenly drop. This abrupt decrease, occurring also for the vertical 

reactions, clearly indicates that collapse occurs. In the case of  = 0° only (Figure 5-29a), the horizontal 

reactions are almost constant up to a vertical displacement of about 10 mm (z/L = 1.9%). For every value 

of the angle , the curves are nonlinear. However, for smaller angles (see Figure 5-29a and Figure 5-30a), 

the nonlinearity becomes less marked once the horizontal reactions have started to increase. Conversely, 

for larger values of   (Figure 5-31a and Figure 5-32a), the response is strongly nonlinear from the very 

beginning of the test up to collapse. For  equal to 45° (Figure 5-31a) and 90° (Figure 5-32a), the curves 

exhibit some jumps, which are due to the movement of the intrados hinges occurring for any  equal or 

larger than 35°. 

It is important to recall from Chapter 4 that in the case of a rigid-no tension arch the initial decrease in 

the horizontal reaction is associated to the appearance of the three initial hinges. From FE analyses, it was 

observed that the horizontal reaction decreases until the three initial hinges are fully developed and then 

starts to increase. In the case of the experimental tests, it is more difficult to associate the minimum value 

of the horizontal reaction to the formation of the three initial hinges, as the arch was found to accommodate 
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the imposed displacements through the occurrence of minor and distributed openings. Nevertheless, looking 

for example at the curves obtained for  equal to 0° and 30° (Figure 5-29a and Figure 5-30a, respectively), 

it can be noted that the minimum value of the horizontal reaction is obtained for an imposed vertical 

displacement of about 40 mm (z/L = 7.5%) and 8 mm (z/L = 1.5%), respectively. In correspondence of 

these values of vertical displacement, for both angles, all the three initial hinges have started or start to 

open. This can be deduced by analysing the change in the distance between adjacent voussoirs depicted in 

Figure 5-24 and Figure 5-26 for  equal to 0° and 30°, respectively. This suggests that the horizontal 

reactions starts to increase once the three initial hinges have opened. However, differently from what 

observed in a rigid arch, in this case, the hinges are not fully developed, but they appear as minor and 

distributed openings among consecutive voussoirs. The increase in the horizontal reaction can be attributed 

to the gradual change in the geometry occurring as support displacements increase. 

Looking at the vertical reactions (Figure 5-29b, Figure 5-30b, Figure 5-31b and Figure 5-32b), it is 

observed that the curves obtained at the two supports are specular, as should be expected. The vertical 

reaction at the right support slightly decreases at the early stages of the experimental test, and then it 

increases up to collapse. On the contrary, the vertical reaction at the left support initially increases and then 

decreases. For any value of , the curves are nonlinear. For smaller values of  (Figure 5-29b), the vertical 

reactions at the right and left supports significantly increase and decrease, respectively, after their initial 

decrease/increase. Conversely, as  increases (Figure 5-31b), the change in the vertical reactions as well as 

their initial decrease/increase become less important. For  = 90°, the vertical reactions remains almost 

constant as the right support moves (Figure 5-32b). 

 

  
a) b) 

Figure 5-29  Support reaction-displacement curves at the right and left supports for   = 0°: a) curves horizontal 

reaction Rx/W vs. deflection ratio z/L, b) curves vertical reaction Rz/W vs. deflection ratio z/L. 
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a) b) 

Figure 5-30 Support reaction-displacement curves at the right and left supports for   = 30°: a) curves horizontal 

reaction Rx/W vs. deflection ratio z/L, b) curves vertical reaction Rz/W vs. deflection ratio z/L. 

 

  
a) b) 

Figure 5-31 Support reaction-displacement curves at the right and left supports for   = 45°: a) curves horizontal 

reaction Rx/W vs. deflection ratio z/L, b) curves vertical reaction Rz/W vs. deflection ratio z/L. 

 

  
a) b) 

Figure 5-32 Support reaction-displacement curves at the right and left supports for   = 90°: a) curves horizontal 

reaction Rx/W vs. span increase x/L, b) curves vertical reaction Rz/W vs. span increase x/L. 
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In Figure 5-33, the curves representing the horizontal and vertical reactions measured at the right support 

as a function of both the span increase and deflection ratio are depicted. All the curves obtained for inclined 

displacements ( between 5° and 75°) are included between the curves for  equal to 0° and 90°. As 

expected, as  increases, the curves of both the horizontal and vertical reactions approach the curves 

obtained for purely horizontal displacement ( = 0°). Conversely, as  decreases, the curves become more 

similar to the ones obtained for purely vertical displacement (  = 0°). Figure 5-33c-d clearly show that the 

increase in the vertical reaction at the right support gradually decreases as  increases, as already 

commented in the previous paragraph. 

 

  
a) b) 

  
c) d) 

 

Figure 5-33 Support reaction-displacement curves at the right support when varying : a) curves horizontal reaction 

Rx/W vs. span increase x/L, b) curves vertical reaction Rz/W vs. span increase x/L, c) curves horizontal reaction Rx/W 

vs. deflection ratio z/L, b) curves vertical reaction Rz/W vs. deflection ratio z/L. 

 

Figure 5-34 reports the values of support reactions and ultimate displacements (the latter expressed in 

terms of deflection ratio z,u/L and span increase x,u/L) obtained at collapse when varying  between 0° 

and 90°. As shown in Figure 5-34a, as the angle  increases, the ultimate vertical displacement z,u 

decreases, dropping from about 16.5% of the arch span length for  = 0° to about 1.0% of the arch span 
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length for  = 75°. The decrease is monotonic except between 15° and 20°, where there is almost no 

variation. This change in the trend can be explained with the change in the hinge configuration and collapse 

mechanism occurring for  equal to 20°. As shown in Figure 5-34c, a change in the trend for  = 20° is 

also obtained in the case of the vertical support reactions. The vertical reaction at collapse at the right 

support decreases monotonically with increasing , except between 15° and 20°, where it increases 

abruptly. As expected, the vertical reaction at the left support exhibits an opposite trend, increasing up to   

= 15°, decreasing between 15° and 20° and then increasing again up to 90°. At collapse, the vertical reaction 

at the right support varies approximately between 58.2% ( = 0°) and 50.1% ( = 90°) of the total weight 

of the arch, whereas the vertical reaction at the left support ranges approximately from 41.8% ( = 0°) to 

49.3 % ( = 90°) of the total weight. Note that the vertical reaction at collapse should have the same value 

at both the right and left supports for  = 90°. The slight difference obtained can be explained by a slightly 

asymmetrical distribution of the dead load on the two supports as well as some inaccuracies in the 

measurement of the load cells. 

  

 

Figure 5-34 Results obtained at collapse when varying the angle  between 0° and 90°: a) deflection ratio at collapse 

z,u/L, b) span increase at collapse x,u/L, c) vertical support reactions at collapse Rz,u, d) horizontal support reactions 

at collapse Rx,u. 

 

Looking at the results obtained in terms of span increase and horizontal support reaction at collapse, it is 

observed that the ultimate horizontal displacement x,u increases significantly with increasing  up to an 

angle  of 30°, while it remains almost constant (3.73-9% of the arch span length) for larger angles (in 



138 CHAPTER 5 

138 

 

Figure 5-34b). Similarly, the horizontal support reactions exhibit a more significant growth up to  equal 

to 20° (Figure 5-34d). Nevertheless, an abrupt decrease is observed at both supports between   = 10° and 

  = 15°. The horizontal reactions at collapse range between 39.7% and 45.1% of the arch total weight, 

depending on the angle . 

From Figure 5-34a-b, it can also be noted that the arch exhibits a significantly larger capacity to withstand 

vertical support displacements with respect to horizontal ones. For  = 0°, the ultimate vertical 

displacement of the moving support z,u is 88.2 mm, corresponding to a deflection ratio of 16.5%. 

Conversely, for   = 90°, collapse is reached for an ultimate horizontal displacement x,u of 19.8 mm, which 

is equivalent to a span increase of 3.7%. 

In Figure 5-35, the limit displacement domain of the tested arch is presented. Different trends are 

obtained when varying . For  between 0° and 15° and   between 20° and 30°, the deflection ratio at 

collapse z,u/L decreases with increasing span increase at collapse x,u/L. Between   equal to 15° and 20°, 

the deflection ratio does not change, while the span increase increases by about 1%. For   between 30° 

and 90°, the deflection ratio decreases gradually, while the span increase remains almost constant, ranging 

between 3.7% and 3.9% of the arch span length.  

A correlation can be attempted between the different trends of the limit displacement domain and the 

responses exhibited by the arch when varying . The linear trend observed for   between 0° and 10° can 

be associated to the hinge configuration and collapse mechanism obtained for   between 0° to 15°, where 

hinges are located according to the sequence E-I-E-E. The abrupt decrease in the deflection ratio occurring 

for   equal to 15° can be explained considering that, for  between 0° and 10°, hinges do not change 

position, while for   = 15° hinge A moves by one voussoir toward the crown, triggering the collapse for a 

significantly lower value of imposed vertical displacement.  

The trend observed for  between 30° and 90°, where the span increase at collapse is almost constant, 

can be associated to the four-hinge and five-hinge collapse mechanisms with hinges alternating between 

intrados and extrados (sequences E-I-E-I and E-I-E-I-E, respectively). For  equal to 20° and 25°, a 

transition between the two different trends occurs. 

 

 

Figure 5-35 Limit displacement domain for the tested arch. 
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5.5. SUMMARY 

In this chapter, the results of an extensive experimental campaign performed on a 1:10 small-scale model 

of an arch subjected to increasing displacements of one support are presented. The mock-up was built as a 

dry-joint assemblage of voussoirs made of a bicomponent composite material, which is innovative in the 

framework of small-scale testing.   

Thirteen different combinations of vertical and horizontal support displacements were considered to 

evaluate to what extent the arch response is affected by the direction of the imposed displacements 

(expressed with the angle  measured from the vertical). For purely vertical and horizontal displacements, 

tests were repeated several times, showing highly repeatable results. 

The experimental tests performed demonstrated that the direction of the support displacements 

significantly influences the arch performance in terms of collapse mechanism, hinge position, support 

reaction-displacement curves as well as ultimate displacement capacity and support reactions at collapse. 

In particular, three different modes of evolution of the hinge configuration with increasing support 

displacements were identified when varying the direction of the imposed displacements. Considering 

several combinations of vertical and horizontal support displacements also allowed to compute a limit 

displacement domain for the tested arch as a function of the angle . 

The collapse mechanism as well as the position of the three initial hinges are coherent with the ones 

identified in the literature (see Chapter 3). In the case of purely vertical displacement, the three initial hinges 

are located according to the sequence I-E-E (from the fixed support). Collapse occurs by an asymmetrical 

four-hinge mechanism when a fourth hinge appears. In the case of horizontal displacements, the three initial 

hinges alternate between the intrados and the extrados. As support displacements increase, the intrados 

hinges move towards the crown until collapse is reached due to the opening of one or two further hinges at 

the springings. Although slight imperfections in the geometry assembled manually could not be avoided, it 

is worth noting that a five-hinge mechanism, very similar to the perfectly symmetrical theoretical one, was 

obtained. In the case of inclined support displacements, which have never been fully investigated in the 

literature, the tests performed provided insight in the arch response from the opening of the three initial 

hinges up to collapse. In particular, both the initial and final hinge configurations were found to be strictly 

dependent on the direction of the imposed displacements. 

Interestingly, the experimental tests showed that the activation of the collapse mechanism did not always 

require the opening of four or five fully developed hinges. For some specific values of , due to the 

geometry of the arch deformed configuration, the mobility needed to develop the mechanism was provided 

by the occurrence of minor and distributed openings in consecutive interfaces. This outcome will be further 

investigated in Chapter 6. 
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CHAPTER 6 

6. CRITICAL INTERPRETATION OF THE EXPERIMENTAL 

TESTS 

 

6.1. INTRODUCTION 

In this chapter, a critical interpretation of the experimental results is offered. In Section 6.2, the 

experimental results are compared to the numerical predictions obtained from the FE and RB models when 

modelling the arch as a rigid-no tension structure. In Section 6.3, a strategy to calibrate the FE model on 

the basis of the experimental evidence is proposed. First, the normal stiffness of the interface elements is 

tuned so that a good matching between experimental and FE results is obtained. Then, further numerical 

analyses are performed using a calibrated FE model. In Section 6.4, the effect of geometrical imperfections 

on the response of the investigated small-scale arch to the vertical displacement of one support is assessed. 

A further experimental test is performed on a physical model built using a different set of voussoirs, which 

are made of the same bicomponent composite material described in Chapter 5 but are produced using a 

slightly different manufacturing technique. A calibrated FE model is used to simulate the experimental test. 

The experimental results and numerical predictions are compared to the results obtained for the small-scale 

arch investigated in Chapter 5. 

6.2. COMPARISON BETWEEN EXPERIMENTAL RESULTS AND NUMERICAL 

PREDICTIONS FOR A RIGID-NO TENSION ARCH 

In this section, the experimental results are compared to the numerical predictions presented in Chapter 4, 

where arch was modelled as a rigid-no tension structure. 

Figure 6-1 provides a comparison between the collapse mechanisms obtained numerically (left) and 

experimentally (right) for some representative values of  (0°, 20° and 90°). Since the predictions obtained 

from the FE and RB models are in very good agreement, only the FE results are reported. For every value 

of  under study, the numerical results compare reasonably well with the experimental evidence in terms 

of both collapse mechanism and modes of evolution of the hinge configuration with increasing support 

displacements. In full accordance with the experimental tests, FE analyses (as well as RB analyses) predict 

that in both the initial and final configurations hinges A, B and C follow the sequence I-E-E for  between 

0° and 15° (Figure 6-1a), whereas they alternate between the intrados and extrados (I-E-I) for  between 

30° and 90° (Figure 6-1c). For  equal to 20° and 25° (Figure 6-1b), in the numerical model, the position 

of hinges A, B and C changes from the initial sequence I-E-E to the final sequence I-E-I. In the physical 

model, the same behaviour is obtained for  equal to 20°, whereas for  equal to 25° hinges A, B and C 

appear in the sequence I-E-I from the beginning of the test. In agreement with the experimental tests, the 
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numerical analyses predict that collapse occurs when a further hinge (D) opens at the extrados at the left 

support. In the case of  = 90°, hinges appears at both supports in both the numerical and physical models 

(Figure 6-1c). 

 

 

Figure 6-1 Collapse mechanisms from FE analyses (left) and experimental tests (right): a)  = 0°, b)  = 20°, c)  = 

90°. (Minor distributed openings are indicated with a dotted circle). 

 

Despite the good agreement in terms of collapse mechanism, the FE simulations do not perfectly capture 

the behaviour of the tested arch in terms of hinge location as well as hinge opening and distribution (see 

Figure 6-2). As can be observed from Figure 6-1, hinges A, B and C appear at different locations along the 

arch profile in the experimental and numerical analyses. At collapse, hinge A is always located closer to 

the crown, by one to three voussoirs, in the physical model with respect to the numerical one. The same 

behaviour is observed for hinge C when it appears at the intrados. As for hinge B, for  equal to 0°, the 

position predicted by FE analyses differs by four voussoirs with respect to the experimental location. For 

 between 5° and 25°, this difference is reduced to one or two voussoirs. For  larger than 30°, hinge B 

appears on either side of the keystone in both the physical and experimental models. As observed in the 

experimental tests, also in the FE analyses hinge B appears closer to the keystone as  increases. 
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a) 

  

 
b) 

  
c) 

Figure 6-2 Change in the distance between markers of adjacent voussoirs, dv, vs. imposed vertical displacement 

(expressed in terms of deflection ratio z/L) for  = 0° as obtained from FE analysis (left) and experimental tests 

(right): a) markers 1e-14e, b) markers 25i-33i and c) markers 55l-RS (right support), to detect the opening of hinges A, 

B and C, respectively. 

 

An interesting result from the experimental tests was that hinges were initially distributed over 

consecutive interfaces and concentrated in single joints only for larger support displacements. To verify if 

the numerical models were able to capture this behaviour, the evolution of the distance between voussoirs 

as predicted by the FE model was analysed. To this aim, the distance between the nodes of the mesh closest 

to the centroid of each targeted marker was considered. Figure 6-2 plots the change in the distance between 

adjacent voussoirs dv as a function of the imposed vertical displacement z (expressed in terms of z /L) in 

the case of  = 0° for both the FE (Figure 6-2 left) and physical (Figure 6-2 right) models. Differently from 
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what observed in the experimental tests, the FE simulations predict that the three initial hinges are generally 

fully developed and open at the early stages of the analysis for smaller values of support displacements. 

From Figure 6-1b, it can also be observed that, for  equal to 20°, hinge C is not fully developed in the 

physical model (i.e. the thrust line does not touch the border, see Chapter 5), while it fully opens in the 

numerical one, as shown by compressive stresses being concentrated in one single FEs of the interfaces at 

the right haunch. However, hinge C is distributed over consecutive interfaces in both models. Note that the 

same result is obtained for  equal to 25° and 30°. 

The comparison between experimental and numerical results also showed that the numerical models 

significantly overestimated the ultimate displacement capacity obtained in the experimental tests. Figure 

6-3 provides a comparison in terms of deflection ratio and span increase at collapse as obtained from 

experimental tests and numerical simulations (FE and RB analyses) when varying . For  between 0° and 

20°, the relative error between predicted and experimental ultimate displacement ranges between 

approximately 22% and 36%. For  between 25° and 90°, the discrepancy is even larger, since the 

numerical analyses overestimate the displacement capacity of the tested arch by approximately 46%-53%. 

Despite this difference, it can be observed that the variation in the deflection ratio and span increase at 

collapse with increasing  exhibits a qualitatively similar trend in both the experimental tests and numerical 

analyses. As  increases, the deflection ratio decreases, exhibiting a change in the trend between 15° and 

20°. The span increase at collapse significantly increase up to  equal to 30°, while it remains almost 

constant for larger angles. 

 

 

Figure 6-3 Comparison between numerical (FEM and RBM) and experimental results when varying  between 0° and 

90°: a) deflection ratio at collapse z,u/L, b) span increase at collapse x,u/L. 

 

Figure 6-4 shows the limit displacement domains obtained from experimental tests and numerical 

simulations (FE and RB models). Although the experimental response is not accurately reproduced from a 

quantitative point of view, both the FE and RB domains compare reasonably well to the experimental one 

in terms of qualitative overall trend. This can be explained considering that both the collapse mechanisms 

and modes of evolution of the hinge configuration predicted by the numerical analyses are very similar to 

those observed in the experimental tests. In both the experimental and numerical domains, the initial linear 

trend is associated to the four-hinge collapse mechanisms with hinges located in the sequence E-I-E-E. The 
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discrepancy obtained in the physical model for  equal to 15° is probably related to the final position at 

collapse of hinge A, which is slightly different with respect to the one obtained for  equal to 0°, 5° and 

10°, as already described in Section 5.4.2. The trend observed for  between 30° and 90° correspond to the 

four-hinge collapse mechanism with hinges alternating between intrados and extrados. In this range of , 

in the numerical models the span increase at collapse x,u/L remains almost constant. Similarly, in the 

physical model, it only varies between 3.7% and 3.9%. 

 

 

Figure 6-4 Comparison between numerical (FEM and RBM) and experimental results in terms of limit displacements 

domain. 

 

A remarkable difference between the experimental and numerical results is also obtained in terms of 

support reactions. For both the experimental tests and numerical analyses, Figure 6-5, Figure 6-6 and Figure 

6-7 present the support reaction-displacement curves obtained at the right support for  equal to 0°, 20° 

and 90°, respectively, while Figure 6-8 reports the values of the support reactions at the right support 

obtained at collapse for  between 0° and 90°. Note that the experimental support reactions were normalized 

by the total weight of the physical model (about 31.2 N), while the numerical support reactions were 

normalized by the total weight of the numerical model (about 30.3 N). The two values are slightly different 

since the geometry of the tested arch is slightly different from the one of the “perfect” numerical model. 

From Figure 6-5, Figure 6-6 and Figure 6-7, it is observed that the experimental and numerical curves 

representing the horizontal support reaction are significantly different, whereas a better agreement in terms 

of overall qualitative trend is obtained for the curves of the vertical reaction. However, for every value of 

, the numerical simulations overestimate the value of the vertical and horizontal support reactions obtained 

at collapse in the experimental tests (Figure 6-8). 
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a) b) 

Figure 6-5 Comparison between FE and experimental results for  = 0°: a) curves horizontal reaction at the right 

support Rx/W vs. deflection ratio z/L, b) curves vertical reaction at the right support Rz/W vs. deflection ratio z/L. 

 

  
a) b) 

Figure 6-6 Comparison between FE and experimental results for  = 20°: a) curves horizontal reaction at the right 

support Rx/W vs. deflection ratio z/L, b) curves vertical reaction at the right support Rz/W vs. deflection ratio z/L. 

 

  
a) b) 

Figure 6-7 Comparison between FE and experimental results for  = 90°: a) curves horizontal reaction at the right 

support Rx/W vs. span increase x/L, b) curves vertical reaction at the right support Rz/W vs. span increase x/L. 
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Figure 6-8 Comparison between numerical (FEM and RBM) and experimental results when varying  between 0° and 

90°: a) vertical reaction Rv,u/W at the right support at collapse, b) horizontal reaction Rx,u/W at the right support at 

collapse. 

 

In conclusion, although the numerical simulations were able to capture reasonably well the collapse 

mechanisms of the tested arch, the numerical results were not in agreement with the experimental evidence 

in terms of hinge location, ultimate displacement capacity and support reaction-displacement curves. In this 

respect, it should be recalled that both the RB and FE approaches modelled the arch as a rigid-no tension 

structure. In the case of the FE model, this required to adopt a very large value of interface normal stiffness 

kn (48 N/mm3), defined according to a sensitivity study (see Chapter 4). From this analysis, it was observed 

that the response of the arch and, in particular, its ultimate displacement capacity, are significantly affected 

by the value for kn adopted in the numerical simulations. For this reason, further investigation on the effect 

of the interface stiffness on the arch response was carried out. The results are reported below for the case 

of  = 0°. 

As already demonstrated in Chapter 4, in the case of  = 0°, the ultimate displacement capacity 

(expressed in Figure 6-9 in terms of deflection ratio at collapse z,u/L) increases with increasing interface 

normal stiffness kn until reaching a maximum constant value that is not affected by any further stiffness 

increase. Comparing the numerical predictions with the experimental result (Figure 6-9), it can already be 

observed that kn should be reduced with respect to the value adopted in the FE simulations (kn = 48 N/mm3) 

to obtain a better matching between experimental and numerical ultimate displacement capacity. 

 

 

Figure 6-9: Deflection ratio at collapse u/L vs. interface normal stiffness kn. 
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Figure 6-10 illustrates the collapse mechanisms obtained for four different values of kn in the range 

0.1100 N/mm3. Although kn does not affect the failure mode of the arch, which collapses by an 

asymmetrical four-hinge mechanism (sequence E-I-E-E) for every value of kn, it significantly influences 

the arch behaviour in terms of deformed configuration and hinge opening. For very small values of kn (see 

Figure 6-10a for kn = 0.1 N/mm3), the arch does not behave as an assembly of rigid blocks, as typically 

observed for rigid-no tension structures. Conversely, it accommodates support displacements mainly thanks 

to the elastic deformability of the interfaces. Hinges appear in the form of minor openings distributed over 

several consecutive interfaces and, furthermore, move inward with respect to the intrados or extrados line 

of the arch due to the large interpenetration between the blocks. As already discussed in Chapter 4, this 

behaviour slightly reduces the arch effective thickness, contributing to lower the displacement capacity. 

When larger values of kn are adopted (see Figure 6-10b for kn = 10 N/mm3), hinges tend to concentrate in 

one or few interfaces, and the interpenetration between the blocks decreases, with the result that the 

displacement capacity increases. For values of kn falling within the plateau of the deflection ratio-interface 

normal stiffness curve (kn equal or larger than approximately 10 N/mm3) (Figure 6-10c-d), the arch behaves 

as an assembly of rigid blocks rotating around well-defined hinges. The four hinges A, B, C and D open 

each in one single interface. Furthermore, compressive stresses are concentrated in one single FE of the 

interfaces, indicating that hinges occur at the edge line of the arch. 

 

 

Figure 6-10: Collapse mechanisms for different values of the interface normal stiffness kn: a) 0.1 N/mm3 (z,u/L = 

3.8%), b) 1 N/mm3 (z,u/L = 12.1%), c) 10 N/mm3 (z,u/L = 20.4%), d) 100 N/mm3 (z,u/L = 21.2%). (Results presented 

in terms of compressive stresses in the interfaces.) 

 

From Figure 6-10, it can also be observed that the interface normal stiffness kn influences the location 

where hinges appear. For every value of kn considered in Figure 6-9, Figure 6-11 depicts the position of the 

three initial hinges A, B and C at collapse as a function of kn. The interfaces where hinges appear are 

numbered from left to right, being interface no. 1 the interface at the left support. The position where hinges 

occur in the experimental test is also provided for comparison.  
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As kn increases, hinge A moves gradually towards the left support, whereas hinge B appears closer to the 

right support. This again indicates that the interface normal stiffness should be reduced with respect to kn = 

48 N/mm3 to obtain a better agreement between experimental and predicted hinge position. The location of 

hinge A is the same for every value of kn for which the deflection ratio is constant (plateau region of the 

deflection-interface normal stiffness curve), whereas hinge B does not change position for values of kn 

larger than 25 N/mm3. This suggests that the decrease in the displacement capacity obtained for small value 

of kn is not only due to the reduction in the arch effective thickness resulting from the interpenetration 

between adjacent voussoirs, but it is also strictly related to hinge position.  

 

 

Figure 6-11: Hinge position at collapse vs. interface normal stiffness kn. 

 

In view of the above considerations, the differences between the FE predictions obtained using very stiff 

interfaces (kn = 48 N/mm3) and the experimental results can be attributed to the deformability of the joints 

of the physical model. This deformability results from the roughness of the blocks’ surfaces on one side, 

and assembly inaccuracies and imperfect interlocking between voussoirs on the other side. In the case of 

the arch under consideration, the effect of the imperfections is undoubtedly amplified by the voussoir 

discretization, since the arch consists of 55 voussoirs connected by 57 “imperfect and rough” interfaces. 

In the FE model, the use of very large values of interface stiffness, such as kn = 48 N/mm3, is equivalent 

to simulate “perfect” and rigid interfaces; therefore, it inevitably leads to overestimate the experimental 

displacement capacity. Conversely, adopting smaller values of interface stiffness allows to model the 

roughness and imperfections that characterize the contact surfaces between voussoirs in the physical model. 

As a result, the displacement capacity decreases, approaching the experimental result, and the predicted 

hinge position better fits the experimental one. 

It is important to highlight that the use of reduced values of kn also corresponds to allow for some 

interpenetration between voussoirs and, thus, results in a slight reduction of the effective thickness. This 

well simulates what occurs in the physical models, where the slight variations in the block dimension as 

well as the imperfections of a manually assembled geometry can lead to an inaccurate interlocking between 

voussoirs. As described in Van Mele et al. (2012), the lack of a perfect interlocking can cause minor hinges 

and offset to appear, reducing the effective thickness of the arch. A further reduction of the thickness can 

also result from the rounding of the corners that generally occurs due to repeated testing.  



152 CHAPTER 6 

152 

 

In this respect, it is worth noting that the reduced displacement capacity of the physical models with 

respect to the computational ones was observed not only when simulating experimental tests on small-scale 

arches on moving support, but also when testing them under seismic actions. In this latter case, some authors 

(e.g. Albuerne et al. 2013; DeJong et al. 2008; Gaetani et al. 2017; Misseri et al. 2018) proposed to take 

into account imperfections by reducing the thickness of the numerical models with respect to the 

experimental one. A rough attempt to adopt this strategy was also made in the present work. By using the 

RB model, the thickness of the arch was reduced up to obtaining a good matching between the experimental 

and numerical results in terms of ultimate displacement capacity. A reduction of about 19% of the thickness 

with respect to the centreline of the arch resulted in a deflection ratio at collapse z,u/L of about 16.2%, 

which is very similar to the value obtained in the experimental test (z,u/L = 16.5%). However, as shown in 

Figure 6-12, the position of hinges A and B is not in agreement with the experimental results. Hinges A 

and B are respectively located between 7th and 8th voussoirs and 30th and 31st voussoirs in the numerical 

model, whereas they occur between 8th and 9th voussoirs and 27th and 28th voussoirs in the physical model.  

It is interesting to observe that the reduction of the arch thickness does not improve the matching between 

experimental and numerical hinge position, since hinges A and B appear at the same locations obtained in 

the previous numerical simulation (see Chapter 4). This result indicates that the deformability and 

imperfections of the contact surfaces of the physical model must be taken into account in any numerical 

simulation aimed at accurately capturing the response of the arch under consideration. 

 

 

Figure 6-12 Collapse mechanism obtained from the RB model for an arch of reduced thickness. 

 

6.3. CALIBRATED FINITE ELEMENT MODEL 

6.3.1. Calibration of the interface normal stiffness 

The interface normal stiffness kn to be adopted in the FE analyses was calibrated by comparison with the 

observed experimental response. Starting from the deflection ratio-interface normal stiffness curve reported 

in section 6.2 (Figure 6-9) for   = 0°, the value of kn was reduced with respect to 48 N/mm3 so as to achieve 

good agreement between experimental and numerical results in terms of both displacement capacity and 

hinge position. Values of kn in the range 2-3 N/mm3 provided a good estimate of the experimental 

displacement capacity, with a difference no larger than 2%. The position of hinge A at collapse was the 

same as the experimental one, whereas the location of hinge B differed by one voussoir only.  
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The final value of kn to be adopted was chosen within the abovementioned range also considering the 

results obtained for  between 5° and 30° in terms of ultimate displacement capacity and position of hinge 

A at collapse. Indeed, in these cases, slight variations in the value of kn changed the location of hinge A and 

resulted in significantly different displacement capacities. As an example, Figure 6-13 shows the collapse 

mechanisms obtained for  = 20° for two different values of kn, namely 2.0 N/mm3 and 3.0 N/mm3. Using 

kn = 3 N/mm3 provides a better matching between experimental and numerical results. The predicted 

location of hinge A is the same as the physical model, and the results are in good agreement also in terms 

of collapse displacement, with a difference lower than 5%. Conversely, for kn = 2 N/mm3, hinge A appears 

one block closer to the crown with respect to the physical model, and numerical analyses underestimate the 

experimental displacement capacity by more than 10%. It is interesting to note that the displacement 

capacity increases when hinge A occurs closer to the right support, as already observed for  = 0° (Chapter 

4). 

 

 

Figure 6-13 Collapse mechanism obtained for  = 20°: a) kn = 2 N/mm3 (z,u/L = 8.1%), b) kn = 3 N/mm3 (z,u/L = 

9.6%). 

 

Based on the above-mentioned results, the interface normal stiffness kn was set equal to 3 N/mm3, and 

the interface tangential stiffness ks equal to 1.5 N/mm3. Further FE analyses were then performed for all the 

values of  considered in the experimental tests. In this respect, it should be noted that the Young’s modulus 

and unit weight adopted in these numerical simulations were updated to E = 941 MPa and  = 16.1 kN/m3, 

respectively. The value E = 590 MPa used in the FE analyses described in Chapter 4 was obtained from 

preliminary compressive tests performed on bicomponent composite prisms in April 2018. In February 

2020, before starting the experimental campaign, further compressive tests were carried out. In this case, 

the prisms were produced following as accurately as possible the same manufacturing process used for the 

voussoirs of the physical model. Although the different values of Young’s modulus measured in the two 

series of compressive tests could be attributed, at least in part, to different environmental conditions, it is 

likely that the experience gained in the production of the blocks influenced the results. For this reason, the 

Young’s modulus was modified to 941 MPa. Similarly, the unit weight was updated to the value measured 

for the prisms tested in 2020. However, it is important to highlight that the results of the numerical 

simulations are barely affected by the Young’s modulus. Figure 6-14 shows the curves representing the 

horizontal reaction at the right support as obtained for some representative values of   (0°, 10°, 20° and 

90°) for either value of the Young’s modulus considered. For  between to 0° and 20°, the curves are 

perfectly coincident. For  equal to 90°, slight discrepancies are observed. However, their effect on the 

overall structural behaviour is negligible, as the collapse mechanism does not change. The same 
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observations can be applied to the other values of  considered in this study. For this reason, the results 

obtained in Chapter 4 for E = 590 MPa can be directly compared to those obtained for E = 941 MPa. 

 

 

Figure 6-14 Support reaction-displacement curves for E = 590 MPa and E = 941 MPa: a) curve horizontal reaction 

Rx/W vs. deflection ratio z/L for  = 0°, b) curves horizontal reaction Rx/W vs. span increase x/L for  = 10°,  = 

20° and  = 90°. 

6.3.2. Numerical analyses and comparison with the experimental results 

The numerical results obtained for kn = 3 N/mm3 are presented and compared to the experimental outcomes 

in Figure 6-15 and Table 10 in terms of ultimate displacement capacity and in Figure 6-16 in terms of limit 

displacement domain. The numerical predictions from the RB model and the FE model for kn = 48 N/mm3 

are also reported for comparison in Figure 6-15 and Figure 6-16.  

The results obtained show that reducing the interface normal stiffness kn adopted in the FE model 

significantly improves the agreement between numerical predictions and experimental outcomes. As shown 

in Figure 6-15a-b and Table 10, the values of the predicted deflection ratio and span increase at collapse 

for kn = 3.0 N/mm3 closely match those obtained in the experimental tests for every value of . The relative 

error between numerical and experimental results is lower than 5% for every value of , except for  equal 

to 10° and 90°, for which it is equal to about 6.1% and 8.5%, respectively. These values are more than 

satisfactory, also considering that the geometry of the tested arch can be slightly different from the perfect 

numerical one. The largest difference is obtained for  = 90°. This can be explained considering that the 

collapse mechanism obtained from FE analyses is perfectly symmetrical, while a slight asymmetry is 

observed in the physical model due to the presence of the keystone, as already commented in Chapter 5. 

Looking at the limit displacement domains reported in Figure 6-16, it is observed that the numerical 

domain for kn = 3.0 N/mm3 compares very well with the experimental one, both qualitatively and 

quantitatively. The abrupt change in trend obtained for  equal to 15°, which was not simulated when 

adopting kn = 48 N/mm3, is also perfectly captured.  
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Figure 6-15 Comparison between experimental results and numerical predictions (RBM and FEM for kn = 3 N/mm3 

and kn = 48 N/mm3) when varying  between 0° and 90°: a) deflection ratio at collapse z,u/L, b) span increase at 

collapse x,u/L. 

 

Table 10 Comparison between experimental results and FE predictions (kn =3.0 N/mm3) in terms of vertical and 

horizontal collapse displacements z,u and x,u as well as deflection ratio z,u/L and span increase x,u/L at collapse. 

 Exp FEM Rel. Err. Exp FEM Rel. Err. 

 

[°] 
z,u 

[mm] 

z,u/L 

[%] 

z,u 

[mm] 

z,u/L 

[%] 

 

[%] 
x,u 

[mm] 

x,u/L 

[%] 

x,u 

[mm] 

x,u/L 

[%] 

 

[%] 

0 87.7 16.5 88.2 16.5 0.6 0.0 0.0 0.0 0.0 - 

5 73.3 13.8 73.4 13.8 0.1 6.4 1.2 6.4 1.2 0.1 

10 63.5 11.9 60.0 11.3 -5.5 11.3 2.1 10.6 2.0 -6.1 

15 48.6 9.1 46.4 8.7 -4.5 13.0 2.4 12.4 2.3 -4.3 

20 48.7 9.1 51.0 9.6 4.6 17.8 3.3 18.6 3.5 4.3 

25 40.5 7.6 42.3 7.9 4.5 18.9 3.6 19.7 3.7 4.2 

30 35.8 6.7 35.0 6.6 -2.3 20.7 3.9 20.2 3.8 -2.4 

35 29.3 5.5 30.0 5.6 2.4 20.5 3.8 21.0 3.9 2.4 

40 23.5 4.4 23.8 4.5 1.4 19.7 3.7 20.0 3.7 1.3 

45 19.9 3.7 20.5 3.8 3.3 19.9 3.7 20.5 3.8 3.3 

60 12.0 2.3 11.8 2.3 -0.2 20.8 3.9 20.4 3.9 -0.2 

75 5.2 1.0 5.3 1.0 1.4 19.5 3.7 19.8 3.7 1.2 

90 0.0 0.0 0.0 0.0 - 19.8 3.7 21.5 4.0 8.5 
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Figure 6-16 Comparison between experimental results and numerical predictions (RBM and FEM for kn = 3 N/mm3 

and kn = 48 N/mm3) in terms of limit displacement domain. 

 

The collapse mechanisms obtained from FE analyses for kn = 3 N/mm3 are reported and compared to the 

experimental results in Figure 6-17 for every value of  investigated. Note that Figure 6-17 compares the 

last stable configuration predicted by FE analyses (left) with the one obtained in the experimental test when 

collapse is triggered and hinge D starts opening at the left support (right).  
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Figure 6-17 Collapse mechanisms from FE analyses (kn = 3 N/mm3, left) and experimental tests (right) : a)  = 0°, b) 

 = 5°, c)  = 10°, d)  = 15°, e)  = 20°, f)  = 25°, g)  = 30°, h)  = 35°, i)  = 40°, l)  = 45°, m)  = 60°, n)  

= 75°, o)  = 90°. (Minor and distributed opening are indicated with a dotted circle.) 

 

The comparison of the failure mode with the testing outcomes shows that for every value of  the FE 

analyses accurately capture the experimental response.  

For  between 0° and 15°, the predicted failure mode involves the occurrence of an asymmetrical four-

hinge mechanism with hinges located according to the sequence E-I-E-E (Figure 6-17-b-c-d). For  = 15°, 

the concentration of compressive stresses at the extrados at the right support clearly indicates the opening 

of a hinge there (Figure 6-17left), which is not clearly visible in the physical model (Figure 6-17d right).  

For  between 20° and 75°, collapse is governed by an asymmetric four-hinge mechanism with hinges 

located according to the sequence I-E-I-E (Figure 6-17e-f-g-h-i-l-m-n). According to the experimental tests, 

depending on the value of  considered, either fully developed hinges or minor and distributed openings 

occur at the intrados at the right haunch (hinge C). As   increases, the minor and distributed openings are 

replaced by fully developed hinges (Figure 6-17 right). Looking at the distribution of compressive stresses 

in the right part of the arch, it is observed that the FE model captures very well the experimental behaviour. 

For a better understanding, Figure 6-18 provides a zoomed-in view (deformation scale 2x) of the area where 
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hinge C is located at collapse for some representative value of  (20°, 30°, 40°, 60°). For  = 20° (Figure 

6-18a), a concentration of compressive stresses is observed at the intrados at the right haunch. However, 

compressive stresses are distributed over several FEs of consecutive interfaces, indicating the occurrence 

of minor and distributed openings. As  increases (see Figure 6-18b-c), compressive stresses tend to 

concentrate in fewer FEs of each interface as well as in a smaller number of interfaces. For  equal or larger 

than 60° (Figure 6-18d), in some interfaces compressive stresses are concentrated in one single FEs, 

indicating that hinges are fully developed. However, also in these cases, hinges are generally distributed 

over consecutive interfaces, as observed in the physical model. 

 

  
a) b) 

  
c) d) 

Figure 6-18 Distribution of compressive stresses in the interfaces of the FE model: a)  = 20°, a)  = 30°, a)  = 40°, 

a)  = 60°. 

 

For  equal to 90° (Figure 6-17o), the FE analyses predict a five-hinge collapse mechanism with hinges 

alternating between the intrados and extrados (E-I-E-I-E), which is in full agreement with the experimental 

evidence. Differently from the experimental failure mode, the numerical collapse mechanism is perfectly 

symmetrical, as hinge B opens at both sides of the keystone. 

The predicted position at collapse of hinges A, B and C is compared to the experimental one in Table 

11. For every value of , the results are in very good agreement, with differences of no more than one 

voussoir between experimental and numerical hinge location. To identify the location of hinge C, which is 

generally distributed over consecutive interfaces, the evolution of the distance between adjacent voussoirs 

as reported in Appendix B was critically analysed.  
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Table 11 Comparison between experimental results and FE predictions (kn = 3 N/mm3) in terms of position of the 

three hinges A, B and C at collapse. 

 [°] 
hinge A hinge B hinge C 

Exp FEM Exp FEM Exp FEM 

0 9 9 28 29 56 56 

5 9 9 31 31 56 56 

10 9 9 31 31 56 56 

15 10 10 31 31 56 56 

20 9 9 30 31 distributed distributed 

25 9 9 28 29 distributed distributed 

30 9 9-10 28 29 distributed distributed 

35 10 9-10 28 28 45 44-45-46 

40 10 10 28 28 44-45-46 44-45-46 

45 11 10 28 28 44-45-46 44-45-46 

60 11 10-11 28 28 44 45 

75 11 11 28 28 45 45-46 

90 12 11 28 27-28 45 46 

 

Figure 6-19, Figure 6-20 and Figure 6-21 present the evolution of the damage configuration with 

increasing support displacements for some representative value of  (0°, 20° and 45°). For all the values of 

 between 0° and 90°, the results are provided in Appendix B. To better explore the development of the 

arch deformed configuration, Figure 6-22 plots the measured vertical displacement z,v as a function of the 

displacement imposed for the voussoirs between hinge B and the right support (nomenclature indicated in 

Figure 5-22). In the case of the FE model, the displacements of the nodes closest to the centroid of the 

targeted markers are analysed. 

Figure 6-19 presents the evolution of the damage configuration for  = 0°. For every  between 0° and 

15°, the three initial hinges A, B and C appear in the sequence I-E-E and do not change position during the 

analysis, except in the case of hinge A that moves by one voussoir towards the crown for  = 15°. Hinge A 

is located at the intrados at the left haunch, while hinges B and C appear at the extrados, respectively close 

to mid-span and at the right support. The deformed configuration predicted by the FE model is very similar 

to the experimental one for every value of displacement imposed. In the case of  = 0°, it can be observed 

that in both the numerical and physical models only hinges A and C appear at the early stages of the analysis 

(Figure 6-19a-b), while hinge C opens for larger support displacements (Figure 6-19c-d). 

Looking at Figure 6-22a-b-c-d, it is observed that FE analyses capture very well the experimental 

response. As support displacements increases, the right part of the arch rotates upwards around hinge C up 

to collapse. In both the experimental tests and numerical simulations, as  alpha increases, the upwards 

rotation decreases, and the increase in z,v tends to become less linear, indicating that minor and distributed 

openings also occur. For  = 15° (Figure 6-22d), the FE analyses predict a more important decrease in z,v 

for the markers close to hinge B with respect to the experimental test. 

Collapse occurs when a fourth hinge D appears at the left support at the extrados (Figure 6-19d). 

However, the upward rotation of the part of the arch between hinges D and A observed in the experimental 

test (see Chapter 5) cannot be captured numerically since that the numerical simulation stops as soon as 

hinge D occurs. 
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Figure 6-19 Damage evolution for  = 0°. Numerical model (kn = 3 N/mm3, left) vs. experimental model (right):  a) 

z/L = 6.6%, b) z/L = 9.4%, c) z/L = 12.2%, d) collapse for z,u/L = 16.5% in the numerical model and z,u/L = 16.5% 

in the experimental model. 
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In full accordance with the experimental tests, the FE analyses predict that a change in the hinge 

configuration and collapse mechanism occurs for  = 20° (Figure 6-20). As shown in Figure 6-20a-b-c, 

two hinges initially appear, hinge A located at the intrados at the left haunch and hinge B located at the 

extrados at mid-span. As already described in the previous paragraphs, although there is no evidence of a 

fully developed third hinge, a concentration of compressive stresses at the intrados at the right haunch is 

observed at the last stages of the analysis (Figure 6-20d), suggesting that minor and distributed openings 

occur there (see dotted circle in Figure 6-20d).  

Looking at the right part of the arch (block B-RS), it is noted that, at the beginning of the analysis, larger 

values of compressive stresses are obtained at the extrados close to the right support (Figure 6-20a). As 

support displacements increase, the compressive stresses at the right springing tend to concentrate towards 

the extrados up to a vertical displacement of about 15mm (z/L = 2.8%, Figure 6-20b), then they distribute 

over the entire arch radial thickness (Figure 6-20c). As the right support moves further, compressive stresses 

concentrate in multiple consecutive interfaces at the intrados (Figure 6-20d). This change in the distribution 

of the compressive stresses corresponds to the change in the trend observed in the evolution of the vertical 

displacements of the voussoirs of the right part of the arch with increasing support displacements (Figure 

6-22e left). The same change in the trend occurs in the experimental tests (Figure 6-22e right), showing that 

FE analyses well capture the experimental response. As the compressive stresses concentrate towards the 

extrados in the FE model, the part of the arch between hinge B and the right support (block B-RS, as 

indicated in Figure 5-12) rotates upwards (see Figure 6-22e (left) up to a deflection ratio z/L of about 

2.8%). Differently, when they distribute over the entire radial thickness and become larger at the intrados, 

block B-RS recovers its initial deformation by slightly rotating downwards (see Figure 6-22e (left) for a 

deflection ratio z/L ranging between approximately 2.8% and 5.6%). Finally, when compressive stresses 

concentrate at the intrados at the right haunch, the upper part of the arch between hinge B and the right 

haunch, where minor and distributed openings appear, starts rotating downwards (see Figure 6-22e (left) 

starting from a deflection ratio z/L of about 5.6%). Based on these results, it can be concluded that the 

hinge configuration changes from the sequence I-E-E to the sequence I-E-I. From Figure 6-22e, it is also 

observed that the downward rotation of block B-C predicted by FE analyses is larger than the one obtained 

in the experimental test. 

As shown in Figure 6-20d, the opening of a further hinge at the extrados at the left support triggers the 

activation of the collapse mechanism. In a rigid-no tension arch, failure occurs when the thrust line touches 

the boundary in enough sections (plastic hinges) to transform the structure into a mechanism (Heyman 

1966). In the arch under consideration, although not all the hinges are fully developed, collapse becomes 

possible since the deformability of the interfaces allows for the occurrence of minor and distributed 

openings. It is worth noting that when large values of kn (48 N/mm3) are adopted (see Figure 6-1b left) 

hinge C is distributed over consecutive interfaces, but compressive stresses are concentrated in one single 

FEs of each interface, indicating that the hinge is fully developed. 
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Figure 6-20 Damage evolution for  = 20°. Numerical model (kn = 3 N/mm3, left) vs. experimental model (right): a) 

z/L = 0.6%, b) z/L = 2.8%, c) z/L = 5.6%, d) collapse for z,u/L = 9.6% in the numerical model and z,u/L = 9.1% in 

the experimental model. (Minor and distributed opening are indicated with a dotted circle.) 
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Figure 6-21 presents the evolution of the damage with increasing support displacements for  = 45°. For 

every  between 25° and 90°, in both the FE and physical models, the three initial hinges appear in the 

sequence I-E-I, alternating between the intrados and extrados (Figure 6-21a). The intrados hinges A and C 

generally move towards the crown as support displacement increase. In the FE model, hinges A and C move 

up for any  equal or larger than 30°, whereas, according to the experimental tests, they change position 

for angles  larger than 30° and 40°, respectively. The FE analyses well capture the experimental response, 

even if slight differences in the initial hinge position and hinge movement are observed for some values of 

. For instance, in the case of  = 45°, in the FE model, hinge A is initially located between 8th and 9th 

voussoirs, and it moves to the next voussoir just before collapse (Figure 6-21b). In the experimental test, 

hinge A moves twice from one voussoir to the next. The first change in the position occurs for an imposed 

vertical displacement of about 15.2 mm (z/L = 2.9%), while the second occurs just before collapse. 

Nevertheless, these differences are fully acceptable, also considering that the predicted final hinge position 

does not differ by more than one voussoir with respect to the experimental one. Furthermore, in full 

accordance with the experimental evidence, the predicted hinge configuration becomes more symmetrical 

as  increases. 

Looking at Figure 6-22f-g-h-i-l-m-n-o, it is observed that the numerical predictions match very closely 

the experimental results also in terms of evolution of the displacement of the voussoirs with increasing 

support displacements. As  increases, the increase in the displacement becomes more linear, indicating 

that block B-C tends to rotate as a rigid body. Furthermore, the downward rotation of block B-C increases. 

This provide a full explanation of the reason why compressive stresses tend to concentrate at the intrados 

in few interfaces as  increases. For small rotations, the deformability of the interfaces is enough to provide 

the arch with the mobility needed to develop a collapse mechanism. Thus, minor and distributed openings 

appear in consecutive interfaces. Conversely, when the rotation is more relevant, wider and fully developed 

hinges are needed. This also explains why the thrust line moves closer to the intrados in the physical model 

as   increases. As already commented in Chapter 5, this behaviour is strictly related to the arch deformed 

geometry, which is different for every value of . Furthermore, it is likely that the occurrence of minor and 

distributed openings is facilitated by the segmental shape of the arch, as the thrust line can pass very close 

to the intrados, without touching it, in correspondence of several consecutive voussoirs (see Figure 5-21 in 

Chapter 5).  

As shown in Figure 6-21c for   = 45°, for any  between 25° and 75°, collapse is triggered by the 

opening of a fourth hinge at the left support. As soon as this hinge appears, the part of the arch between the 

left support and hinge A starts to rotate upwards. The predicted unstable configuration reported in Figure 

6-21d (left) compares very well with the experimental evidence (Figure 6-21d right). In the case of  = 90°, 

at collapse two hinges appear at the springings. Note that for some values of  the FE simulation stops just 

before hinge A has completely moved to the next voussoir and hinge D has fully opened at the left support. 
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Figure 6-21 Damage evolution for  = 45°. Numerical model (kn = 3 N/mm3, left) vs. experimental model (right):  a) 

z/L = 2.4%, b) z/L = 3.5%, c) collapse for z,u/L = 3.8% in the numerical model and z,u/L = 3.7% in the experimental 

model, d) unstable configuration corresponding to z/L = 4.0% in the numerical model and z/L = 3.7% in the 

experimental model. 
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Figure 6-22 Vertical displacement z,v  of the voussoirs between hinge B and the right support (identified in Figure 

5-22), net of the imposed vertical displacement z, vs. imposed displacement (expressed in terms of deflection ratio 

z/L for  between 0° and 75° and span increase x/L for  equal to 90°) from FE analyses (kn = 3 N/mm3, left) and 

experimental tests (right): a)  = 0°, b)  = 5°, c)  = 10°, d)  = 15°, e)  = 20°, f)  = 25°, g)  = 30°, h)  = 35°, 

i)  = 40°, l)  = 45°, m)  = 60°, n)  = 75°, o)  = 90°. 

 

For both the numerical (kn = 3 N/mm3) and experimental models, Figure 6-23, Figure 6-24, Figure 6-25 

and Figure 6-26 depict the change in the distance between markers of adjacent voussoirs, dv, as a function 

of the imposed vertical displacement (expressed in terms of defection ratio z/L) for some representative 

values of  (0°, 5°, 20°, and 30°). The results for all the values of  under study are reported in Appendix 

B. In full accordance with the experimental evidence, for kn = 3 N/mm3 the FE analyses predict that hinges 

are initially very minor and distributed, while they tend to fully develop and concentrate in single interfaces 

for larger support displacements. Since hinges appear and fully open at the very early stages of the 

numerical simulations for kn = 48 N/mm3 (see Section 6.2), it can be concluded that the deformability of 

the interfaces postpones the opening of fully developed hinges. Indeed, at the early stages of the analysis, 

minor and distributed openings can provide the arch with the mobility required to accommodate small 

imposed displacements. Despite the very good agreement between experimental and numerical results in 

terms of overall response, slight differences in the value of the support displacements for which hinges 

open and develop are observed. For example, in the case of  = 0°, in the physical model (Figure 6-23a 

right) hinge A tends to concentrate in a single interface for an imposed vertical displacement of about 15 

mm (z/L = 2.8%), while in the FE model (Figure 6-23a left) it remains distributed up to a vertical 

displacement of about 33.5 mm (z/L = 6.3%). 

Looking at the value of the imposed vertical displacement for which the three hinges appear, it can be 

observed that for   = 0° hinges A and C appear from the early beginning of analysis (Figure 6-23a-c left), 

while hinge B opens for larger support displacements (Figure 6-23b left). For  equal to 5° (Figure 6-24 

left) and 10°, hinge A generally open before hinges B and C are detected. As  increases (Figure 6-25 left 

and Figure 6-26 left), hinges A and B tend to appear for the same imposed displacements at the early stages 
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of the analysis. These results compare well with the experimental evidence (see Figure 6-23, Figure 6-24, 

Figure 6-25 and Figure 6-26 on the right). Furthermore, in both the physical and numerical models, hinge 

C generally remains distributed over consecutives interfaces up to collapse. From Figure 6-26c (left), it can 

be easily observed that in FE model hinge C moves towards the crown as support displacements increase. 

It is worth noting that for  = 20° the FE simulation predicts a very slight increase (few hundredths of a 

millimetre) in the distance between several pairs of consecutive voussoirs at the right haunch starting from 

a displacement of about 30 mm (z/L = 5.6%) (Figure 6-25a left). For the same displacement value, the 

upper part of block B-RS starts to rotate downwards (Figure 6-22e left). This demonstrates once again that, 

although compressive stresses are not fully concentrated at the intrados at the right haunch, minor and 

distributed openings occur thanks to the deformability of the interfaces, providing the arch with the mobility 

needed to activate the collapse mechanism. As shown in Figure 6-26c left, the distance between adjacent 

voussoirs at the right haunch increases with increasing , indicating that the minor openings tend to be 

replaced by fully developed hinges. 
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a) 

  

 
b) 

  
c) 

Figure 6-23 Comparison between numerical (left) and experimental (right) results for  = 0°. Change in the distance 

between markers of adjacent voussoirs, dv, vs. imposed vertical displacement (expressed in terms of deflection ratio 

z/L): a) markers 1e-14e, b) markers 25i-33i and c) markers 55l-RS (right support), to detect the opening of hinges A, 

B and C, respectively. 
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b) 

  
c) 

Figure 6-24 Comparison between numerical (left) and experimental (right) results for  = 5°. Change in the distance 

between markers of adjacent voussoirs, dv, vs. imposed vertical displacement (expressed in terms of deflection ratio 

z/L): a) markers 1e-14e, b) markers 25i-33i and c) markers 55l-RS (right support), to detect the opening of hinges A, 

B and C, respectively. 
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Figure 6-25 Comparison between numerical (left) and experimental (right) results for   = 20°. Change in the distance 

between markers of adjacent voussoirs, dv, vs. imposed vertical displacement (expressed in terms of deflection ratio 

z/L): a) markers 1e-14e, b) markers 25i-33i and c) markers 37e-51e, to detect the opening of hinges A, B and C, 

respectively. 
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c) 

Figure 6-26 Comparison between numerical (left) and experimental (right) results for  = 30°. Change in the distance 

between markers of adjacent voussoirs, dv, vs. imposed vertical displacement (expressed in terms of deflection ratio 

z/L): a) markers 1e-14e, b) markers 25i-33i and c) markers 37e-51e, to detect the opening of hinges A, B and C, 

respectively. 
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The comparison between numerical and experimental results in terms of support reactions at collapse 

and support reaction-displacement curves is presented in Figure 6-27, Figure 6-28, Figure 6-29, Figure 

6-30Figure 6-31 and Figure 6-32 as well as in Table 12.  

Figure 6-27 and Table 12 report the values of the vertical and horizontal reactions obtained at collapse 

at the right support and at both right and left supports, respectively. In Figure 6-27, the numerical 

predictions from the RB model and the FE model for kn = 48 N/mm3 are also provided for comparison. It 

is easy to observe that a significantly better agreement between numerical and experimental results is 

obtained by reducing the interface normal stiffness to kn = 3.0 N/mm3. In the case of the vertical support 

reactions (Figure 6-27a, Table 12), the results are in full accordance for every value of , while some slight 

differences are observed in the horizontal support reactions, especially for  equal to 15° and 90° (Figure 

6-27b, Table 12).  

Table 12 Vertical (Rz,u) and horizontal (Rx,u) reactions at collapse at the right and left supports (dimensionless with 

respect to arch weight W) as obtained from experimental tests and FE analyses (kn = 3.0 N/mm3).  

 

[°] 

Right support Left support 

Exp FEM Exp FEM Exp FEM Exp FEM 

Rz,u/W 

[%] 

Rz,u/W 

[%] 

Rx,u/W 

[%] 

Rx,u/W 

[%] 

Rz,u/W 

[%] 

Rz,u/W 

[%] 

Rx,u/W 

[%] 

Rx,u/W 

[%] 

0 58.2 57.9 39.7 39.8 41.8 42.1 39.9 39.8 

5 57.0 56.4 40.9 41.5 43.1 43.6 40.4 41.5 

10 56.2 55.0 41.3 42.1 44.1 45.0 41.2 42.1 

15 54.4 53.9 40.0 42.6 45.3 46.0 40.4 42.6 

20 55.6 55.5 42.7 42.1 44.5 44.5 42.1 42.2 

25 55.0 54.7 43.4 42.7 45.3 45.3 43.2 42.7 

30 54.7 54.0 43.6 42.9 45.7 46.0 43.6 42.9 

35 54.0 53.3 43.8 42.8 46.3 46.7 44.0 42.7 

40 52.9 52.9 43.8 43.2 46.6 47.1 43.7 43.2 

45 52.7 52.5 44.8 43.9 47.6 47.5 44.5 43.9 

60 51.4 51.4 44.6 44.3 47.6 48.6 44.3 44.3 

75 51.0 50.7 45.1 43.6 49.3 49.3 45.1 43.6 

90 50.1 50.0 43.9 45.1 49.3 50.0 42.9 45.1 
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Figure 6-27 Comparison between experimental results and numerical predictions (RBM and FEM for kn = 3 N/mm3 

and kn = 48 N/mm3) when varying  between 0° and 90°: a) vertical reaction at the right support at collapse Rv,u/W, b) 

horizontal reaction at the right support at collapse Rx,u/W. 

 

Figure 6-27, Figure 6-28, Figure 6-29, Figure 6-30Figure 6-31 compare the support reaction-

displacement curves at the right support obtained from FE simulations (for both kn = 3 N/mm3and kn = 48 

N/mm3) and experimental tests for some representative values of  (0°, 20°, 30°, 90). The curves obtained 

for all the values of  between 0° and 90° are reported in Appendix B. The comparison shows that adopting 

reduced values of kn considerably improves the agreement between numerical and experimental curves for 

every value of . Nevertheless, looking at the curves of the horizontal reactions obtained for kn = 3.0 N/mm3, 

it is observed that the predicted results match more closely the experimental evidence for larger values of 

 (see Figure 6-30 and Figure 6-31). This applies to any  between 30° and 90° (see Appendix B). In 

contrast, for  between 0° and 20° (except for 5°), the curves are not in perfect agreement, especially in the 

early stages of the analysis. In the case of  = 0° (Figure 6-28), the experimental and numerical curves 

compare very well after a displacement of about 45 mm, whereas they do not match for lower displacement 

values. Similarly, for  = 20° (Figure 6-29), a better agreement is obtained for larger support displacements. 

Since the initial decrease and subsequent increase in the horizontal reaction is the consequence of the 

appearance of the three initial hinges, the differences in the initial part of the curves can be attributed to 

hinge opening,  Looking at the results reported for  = 0° in Figure 6-23, it is observed that all three initial 

hinges A, B and C have started to open for a displacement value of about 15 mm FE in model (Figure 

6-23left), while this occurs for a displacement of about 35 mm in physical model (Figure 6-23 right). 

Similarly, the increase in the horizontal reaction occurs for larger support displacements in the experimental 

test with respect to the numerical simulation. In contrast, for  = 30°, the numerical simulation better 

captures the hinge opening observed in the experimental tests (Figure 6-26), with the result that the curves 

are almost superimposed. The fact that the discrepancy between numerical and experimental results is 

especially observed at the early stages of the analysis can explained considering that kn was calibrated so 

that the numerical predictions match the experimental evidence at collapse. However, the effect of kn on 

the arch response to small imposed displacements was not investigated. 
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Figure 6-28 Comparison between experimental results and FE predictions (for kn = 3 N/mm3 and kn = 48 N/mm3) for 

 = 0°: a) curves horizontal reaction at the right support Rx/W vs. deflection ratio z/L, b) curves vertical reaction at 

the right support Rz/W vs. deflection ratio z/L. 

 

  
a) b) 

Figure 6-29 Comparison between experimental results and FE predictions (for kn = 3 N/mm3 and kn = 48 N/mm3) for 

 = 20°: a) curves horizontal reaction at the right support Rx/W vs. deflection ratio z/L, b) curves vertical reaction at 

the right support Rz/W vs. deflection ratio z/L. 

 

  
a) b) 

Figure 6-30 Comparison between experimental results and FE predictions (for kn = 3 N/mm3 and kn = 48 N/mm3) for 

 = 30°: a) curves horizontal reaction at the right support Rx/W vs. deflection ratio z/L, b) curves vertical reaction at 

the right support Rz/W vs. deflection ratio z/L. 
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Figure 6-31 Comparison between experimental results and FE predictions (for kn = 3 N/mm3 and kn = 48 N/mm3) for 

 = 90°: a) curves horizontal reaction at the right support Rx/W vs. span increase x/L, b) curves vertical reaction at 

the right support Rz/W vs. span increase x/L. 

 

The curves of the support reactions versus imposed displacement at the right support obtained from the 

numerical simulations for kn = 3.0 N/mm3 are presented in Figure 6-32 for every  between 0° and 90°. 

The predicted results are in very good agreement with the experimental response. As  increases, the curves 

of both the horizontal and vertical reactions become more similar to the curve obtained for purely horizontal 

displacement ( = 90°). Conversely, as  decreases, the curves approach to the one obtained for purely 

vertical displacement ( = 0°). In the case of the physical model, the transition from  equal to 0° to  

equal to 90° is gradual, whereas in the FE model the occurrence of two different hinge configurations when 

varying  as well as the transition between them are easier to detect. This is particularly evident in the case 

of the horizontal support reaction (Figure 6-32a left), for which two different groups of curves can be 

identified for  between 0° and 15° (initial hinge configuration I-E-E) and   between 30° and 90° (initial 

hinge configuration I-E-I). Within this latter range, the curves of the horizontal support reaction are almost 

superimposed for every value of . It is interesting to note that the curve for  equal to 20° initially follows 

the ones obtained for  between 0° and 15° and then approach those derived for  between 30° and 90°. 

This change in the trend, which was already observed for kn = 48.0 N/mm3, clearly corresponds to the 

change in the hinge configuration from I-E-E to I-E-E. In the case of  = 25°, the curves of both the 

horizontal and vertical reactions have a similar trend to those obtained for  between 30° and 90°, without 

however being overlapped to them. This indicates that the arch response is still slightly different from the 

one exhibit for  between 30° and 90°. 
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a) 

  
b) 

 

Figure 6-32 Comparison between FE predictions (kn = 3 N/mm3, left) and experimental results (right) in terms of 

support reaction-displacement curves at the right support when varying : a) curves horizontal reaction Rx/W vs. span 

increase x/L, b) curves vertical reaction Rz/W vs. deflection ratio z/L. 

 

6.4. EFFECT OF GEOMETRICAL IMPERFECTIONS  

The effect of geometrical imperfections on the arch response to support displacements was evaluated by 

performing a further experimental test on a small-scale arch built with a different set of voussoirs. The latter 

were still made of the same bicomponent composite material used for the experimental campaign described 

in Chapter 5. However, a slightly different manufacturing technique was employed. The production of two 

different sets of voussoirs (Figure 6-33) was also aimed at identifying which technique resulted in the 

highest dimensional accuracy. Indeed, since the bicomponent composite material used in this work is new 

in the framework of small-scale testing, there was a total lack of information regarding the procedure to be 

followed to produce the voussoirs (e.g. which type of silicone had to be used for the moulds, which types 

of admixtures had to be added to the mixture, etc.) 
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Figure 6-33 - Silicone moulds used to produce the voussoirs: a) 1st set, b) 2nd set. 

 

The 1st set of voussoirs, which was used only for the experimental test described in this section, was 

fabricated as follows: 

• The aluminium matrices were manufactured using a manual milling machine. 

• The mould was made of a deformable silicone and was created by positioning the aluminium 

matrices with their longest side horizontal (Figure 6-33a). 

• The mixture was not vibrated.  

• No admixtures were added to the bicomponent composite material.  

The 2nd set of voussoirs, which was considered an improvement and was thus employed for the 

experimental campaign described in Chapter 5, was manufactured as follows:  

• The aluminium matrices were produced through a CNC machine (precision 0.05mm). 

• The mould was made of a stiff silicone and was manufactured placing vertically the longest side of 

the aluminium matrices (Figure 6-33b). 

• The mould was vibrated mechanically in order to eliminate the air bubbles from the freshly poured 

mixture. 

• The mixture was fluidified by adding a plasticizer (1% of the total weight) to facilitate the pouring 

into the mould. 

Figure 6-34 shows the two sets of voussoirs produced. It is easy to observe that the voussoirs of 1st set 

(Figure 6-34a) have more imperfections and less sharp corners compared to the voussoirs of the 2nd set 

(Figure 6-34b). Furthermore, when they are placed side by side, they are not perfectly coplanar (Figure 

6-34a). These imperfections mainly result from the use of a deformable silicone for the mould as well as 

from the production of the aluminium matrices through a manual milling machine. Indeed, the manual 
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milling did not allow an accurate reproduction of the trapezoidal shape of the individual blocks. As a 

consequence, the interlocking between voussoirs was not perfect, causing gaps and hinges to occur when 

the arch was built (Figure 6-34c). In contrast, when a CNC machine was used to manufacture the blocks of 

the 2nd set, the assembly was very accurate and no gaps between adjacent voussoirs were observed (Figure 

6-34d).  

 

 

Figure 6-34 Comparison of the two sets of voussoirs produced: a-c) 1st set, b-d) 2nd set. 

 

Figure 6-35 depicts the initial geometry of the physical models created using either set of voussoirs. The 

shape of the two models is slightly different since the keystone of the arch built with the 1st set of voussoirs 

descended by few millimetres as soon as the centering was removed (Figure 6-35a), while no significant 

movement was noticed for the arch built using the 2nd set of voussoirs (Figure 6-35b). It is worth noting 

that the downward displacement of the keystone observed for 1st set of voussoirs produced a slight change 

in the geometry of the free-standing arch with respect to the “perfect” geometry shown in Figure 5-1. 
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Figure 6-35 Initial geometry of the arch after the removal of the centering: a) 1st set of voussoirs, b) 2nd set of 

voussoirs. 

The effect of using different sets of voussoirs on the arch response was evaluated in the case of  = 0°. 

The scaled arch built using the 1st set of voussoirs was thus tested to collapse under an increasing vertical 

displacement of the right support. The experimental results were simulated using the FE model. On the 

basis of the strategy proposed in Section 6.3, the interface normal stiffness kn was calibrated according to 

the experimental evidence.  

The results of the experimental tests performed with the two sets of voussoirs and the corresponding 

numerical simulations are presented in Figure 6-36 and Table 13. In Table 13, the interfaces where hinges 

appear are numbered from left to right, being interface no. 1 the interface at the left support. The comparison 

of the experimental failure modes (Figure 6-36a-b) shows that the same collapse mechanism is obtained 

for either set of voussoirs. The three initial hinges A, B and C appear in the sequence I-E-E, and collapse 

occurs when hinge D opens at the left support at the extrados. Nevertheless, the final position at collapse 

of hinges A and B is different in the two physical models. When using the 1st set of voussoirs, hinge A is 

located four blocks further from the left support and hinge B opens four voussoirs closer to the right support. 

Differently, hinge C occurs at the right support in both the tests. From Table 13, it can be observed that 

using the 1st set of voussoirs dramatically reduces the arch displacement capacity. A collapse displacement 

z,u of 48.9 mm, corresponding to a deflection ratio z,u/L of about 9.2%, is obtained, which is significantly 

smaller than the value of 87.7 mm (z,u/L = 16.5%) reached with the 2nd set of voussoirs. This outcome is 

in full accordance with the conclusions about the relation between hinge position and collapse displacement 

reported in Chapter 4 for  = 0°. Indeed, it was demonstrated that the ultimate displacement capacity 

decreases when hinge A appears further from the left support.  

To simulate the experimental test performed using the 1st set of voussoirs, the interface normal stiffness 

kn of the FE model was decreased up to 0.25 N/mm3. As shown in Table 13, this value results in a very 

good matching between the numerical and experimental collapse displacements. Furthermore, the predicted 

final hinge position well agrees with the experimental results, as hinges B, C and D appears at the same 

location in both the FE and physical model, and hinge A is shifted by one voussoir only. Despite the good 

agreement in terms of displacement capacity and hinge position, the FE simulation does not perfectly 

capture the experimental behaviour in terms of hinge distribution. Hinges A and B are distributed over 

consecutive interfaces in in the FE model, whereas they are concentrated each in one single interface in the 

1st set

2nd set

1st set

2nd set

a) b)
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physical one. This discrepancy can be attributed to the not perfect geometry of the physical model, which 

is slightly different from the numerical one due to the slight descent of the arch keystone after the centering 

removal (as already shown in Figure 6-35). 

 

 

Figure 6-36 - Collapse mechanism obtained using the 1st set (left) and 2nd set (right) of voussoirs: a-b) experimental 

tests, c-d) numerical simulations. 

Table 13 Comparison of numerical and experimental results in terms of hinge position (indicated with the interface 

where hinges appear, numbered from left to right), collapse displacement z,u and deflection ratio at collapse z,u/L. 

 1st set of voussoirs 2nd set of voussoirs 

 Experimental   FEM Experimental   FEM 

Position of hinge A at collapse 13 11-12 9 9 

Position of hinge B at collapse 32 29-30-31-32 28 29 

Position of hinge C at collapse 56 56 56 56 

Collapse displacement z,u [mm] 48.9 48.8 87.7 88.2 

Deflection ratio at collapse z,u/L [%] 9.2 9.2 16.5 16.5 

 

In full accordance with what was observed in the literature (see Chapter 3), the results of the experimental 

tests demonstrate that the imperfections and assembly inaccuracies of the physical models significantly 

affect the arch response to large support displacements, especially in terms of displacement capacity. In 

this work, the use of voussoirs characterized by more imperfections resulted in a dramatically smaller 

collapse displacement. 
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Despite some discrepancy in terms of hinge opening obtained using the 1st set of voussoirs, for both sets, 

the numerical predictions compare well with the experimental results, indicating that calibrating the 

interface normal stiffness of the FE model based on the experimental evidence is an effective strategy to 

model imperfections. In this respect, it is worth noting that the larger is the amount of imperfections, the 

smaller is the value of interface normal stiffness to be used in the numerical simulations. 

6.5. SUMMARY 

In this chapter, the experimental results presented in Chapter 5 were critically analysed through comparison 

with the outcomes of the numerical simulations as well as the performance of a further experimental test. 

The comparison between the experimental results and the numerical predictions for a rigid-no tension 

arch showed that both the numerical approaches adopted (i.e. FEM and RBM), although predicting different 

hinge location and distribution with respect to the experimental ones, were able to capture the three different 

modes of evolution of the hinge configuration obtained in the experimental tests when varying . 

Nevertheless, both the FE and RB models significantly overestimated the displacement capacity of the 

physical model. By analysing the effect of the interface normal stiffness on the FE predictions, it was 

demonstrated that the difference between experimental and numerical results was due to the imperfections 

and resulting deformability of the joints of the physical model. Since the very large values of interface 

normal stiffness adopted in the FE model simulated perfect and perfectly rigid interfaces, the interface 

normal stiffness had to be decreased to obtain a better matching between experimental and numerical 

results. 

In view of the above considerations, further FE simulations were carried out adopting a reduced value of 

interface normal stiffness, which was calibrated according to the experimental results obtained in terms of 

displacement capacity and hinge position for  between 0° and 30°. For every value of , the calibrated FE 

model was able to accurately capture the experimental response in terms of collapse mechanism, hinge 

configuration, support reaction displacement curves, ultimate displacement capacity, and support reactions 

at collapse.   

The effect of the geometrical imperfections on the response of the small-scale arch was evaluated by 

performing a further experimental test (for  = 0°) on a small-scale model made of bicomponent composite 

voussoirs exhibiting more imperfections than the one tested in Chapter 5. Although the same collapse 

mechanism was obtained, the use of voussoirs with more imperfections resulted in a different hinge position 

as well as a in significantly smaller displacement capacity. To simulate this further experimental test, the 

normal stiffness of the interfaces of the FE model had to be reduced by about one order of magnitude with 

respect to the value used to simulate the previous experimental tests. This clearly demonstrated that the 

imperfections play an important role in the experimental response of small-scale arches on moving support. 

Furthermore, calibrating the interface stiffness according to the experimental results proved to be an 

effective strategy to take into account the amount of imperfection of the physical models. 
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7. CONCLUSIONS 

 

The present thesis dealt with the static behaviour of masonry arches subjected to large support 

displacements. The motivation and the objectives of the work were discussed in the introduction and 

throughout the thesis. This chapter addresses the main findings, their implications in terms of scientific 

contributions, and the limitations, providing some suggestions for future works. 

7.1. SUMMARY OF RESULTS 

This section reports a summary of the main results obtained in this thesis, divided by chapters. 

Chapter 2 presented the results of the on-site inspections and damage survey performed on a large sample 

of historic masonry churches located in the Liguria region (Italy) in areas affected by slow-moving 

landslides. This chapter had a twofold purpose: first to provide insights in the response of churches to slow-

moving landslide, which had never been systematically investigated, and second to describe the cracks 

patterns and deformations observed in masonry arches and vaults. As regards the first objective, slow-

moving landslides were found to be a significant threat to the conservation of historic masonry churches. 

Not only did the large majority of the buildings present crack patterns congruent with the landslide 

direction, but also several churches were heavily damaged. The critical analysis of the surveyed crack 

patterns and deformations allowed to identify some recurrent types of damage as well as four global damage 

mechanism. Regarding the second objective, widespread cracking and large deformations were frequently 

observed in masonry arches and vaults. The critical interpretation of the surveyed damage suggested that 

the crack patterns were strictly dependant on the combination of vertical and horizontal support 

displacements produced by slow-moving landslides. 

The review of the existing literature of arches on moving supports presented in Chapter 3 revealed that 

the information available regarding the mechanics of masonry arches subjected to inclined support 

displacements is very scarce despite the recently growing interest from the scientific community in the 

effect of support displacements. Indeed, most of the studies dealt with the response of masonry arches to 

purely vertical and horizontal displacements, while very little attention was paid to inclined support 

displacements, especially in the framework of large displacements. The lack of information about the effect 

of the inclined support displacements together with the necessity to interpret the damage patterns observed 

in the arches of historic masonry churches exposed to slow-moving landslides indicated the need for further 

investigations on this topic, providing the motivation for this thesis. The literature review also highlighted 

that the stability of masonry arches undergoing support displacements should be studied in the framework 

of large displacements taking into account the changes in the geometry and hinge position occurring with 

the increase of support displacements. 

The response of masonry arches to inclined support displacements was investigated in this thesis by 

performing experimental tests and numerical simulations on a segmental scaled dry-joint masonry arch 

subjected to different combinations of vertical and horizontal displacements of one support.  
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Chapter 4 presented the results of the preliminary numerical simulations carried out using two different 

numerical approaches based on FE and RB modelling. In agreement with Heyman’s hypotheses on the 

mechanical behaviour of the material masonry, the arch was analysed as a rigid-no tension structure able 

to deform only by opening hinges. Following the literature review, both the adopted numerical approaches 

analysed the arch response in the framework of large support displacements. Prior to investigating the 

response of the arch chosen as case study, the FE and RB models were validated against experimental data 

derived from small-scale testing of arches on spreading supports. Despite slight discrepancies in terms of 

ultimate displacement capacity, both models captured the experimental response in terms of collapse 

mechanisms. The results obtained from the FE model also showed that the stiffness of the interface elements 

play an important role in FE micro-modelling and, thus, should be accurately determined. In particular, 

large values of interface normal stiffness, simulating rigid interfaces, were needed so that the arch behaved 

as a rigid-no tension structure. 

Once the FE and RB models were validated, the case study under consideration was analysed. A key 

finding of both FE and RB numerical simulations was that the direction of the support displacements 

(indicated with the angle  measured with respect to the vertical) significantly affected the arch response 

in terms of collapse mechanism, evolution of the hinge configuration with increasing support 

displacements, support reaction-displacement curves, support reactions at collapse, and ultimate 

displacement capacity. The very good agreement between FE and RB predictions proved the reliability and 

robustness of the results presented.  

The sensitivity analysis to the number of voussoirs performed through the RB model showed that the 

voussoir discretization has a large influence on both hinge position and the ultimate displacement capacity 

when the predominant component of the support displacements is vertical. Conversely, the arch response 

to horizontal support displacements is less sensitive to the number of voussoirs considered. The results also 

indicated that the evolution of the hinge configuration as well as the collapse mechanisms are not affected 

by the number of voussoirs considered. 

Chapter 5 presented the experimental tests performed on a 1:10 small-scale model made of bicomponent 

composite voussoirs. To accurately assess the effect of inclined support displacements, thirteen different 

combinations of vertical and horizontal displacements were considered. The direction of the support 

displacements proved to significantly influence the arch performance in terms of collapse mechanisms, 

hinge position, support reaction-displacement curves as well as ultimate displacement capacity and support 

reactions at collapse. In agreement with the existing literature, the position of the three initial hinges was 

found to be strictly dependant on the direction of the support displacements. In addition, in this thesis, three 

different modes of evolution of the hinge configuration were identified when varying . Purely vertical and 

horizontal support displacements were found to be two limit conditions for the arch. The hinge 

configuration changed gradually from that obtained for purely vertical displacements to that obtained for 

horizontal displacements as the angle  increased. Furthermore, the support displacement-reactions curves 

were all included between the curves obtained for these two limit cases. With the aim of assessing the safety 

of the arch against inclined support displacements, a limit displacement domain, obtained by plotting the 

vertical displacement at collapse versus the horizontal displacement at collapse for every direction of 

support displacements investigated, was also proposed. 
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An interesting result was that the small-scale arch did not behave as a perfectly rigid-no tension structure. 

Hinges were not always fully developed, but they could appear in the form of minor openings distributed 

over consecutive joints. First, it was observed that when the imposed displacements were very small at the 

early stages of the tests, the arch could accommodate the changes in the geometry by forming minor and 

distributed openings rather than fully developed hinges. The latter appeared only for larger imposed 

displacements when the minor openings concentrated in single joints. Second, for some specific direction 

of the imposed displacements (i.e. for  between 20° and 30°), only three fully developed hinges were 

observed at collapse, and the mobility needed to develop the mechanism was provided by the occurrence 

of minor and distributed openings in a further section of the arch. The occurrence of minor openings rather 

than fully developed hinges proved to be related to the different arch deformed geometries obtained when 

varying the direction of the support displacements. It is worth noting that, since the occurrence of minor 

and distributed hinges was not easy to detect, the analysis of the displacements of the voussoirs as measured 

during the tests as well as the use of graphic statics became essential tools to correctly interpret the arch 

structural behaviour in terms of collapse mechanisms and evolution of the hinge configuration. 

The comparison between experimental and numerical results presented in Chapter 6 provided further 

insights in the response of the segmental small-scale arch to inclined support displacements. Both the 

numerical approaches adopted in this thesis (FE and RB modelling) were able to predict the three different 

modes of evolution of the hinge configuration exhibited by the arch when varying the direction of the 

imposed support displacements. Nevertheless, the results were not in good agreement in terms of hinge 

opening (hinges were fully developed in the numerical models), hinge location, support reactions, and 

ultimate displacement capacity. In particular, the numerical models predicted a significantly larger 

displacement capacity than the one observed experimentally. Thanks to a sensitivity analysis on the effect 

of the interface normal stiffness on the FE predictions, it was demonstrated that the differences between 

experimental and numerical results were due to the imperfections of the joints of physical model, which 

resulted in some deformability at the contact between adjacent voussoirs. These imperfections were not 

taken into account in the numerical models, which analysed the arch as a rigid-no tension structure in which 

interfaces were modelled as “perfect” and perfectly rigid. The sensitivity analysis performed suggested that 

the interface normal stiffness adopted in the FE model had to be decreased to obtain a better matching 

between experimental and numerical results, as the very large values adopted in the preliminary numerical 

analyses simulated rigid interfaces. A further attempt to include imperfections in the numerical modelling 

was made by decreasing the thickness of the arch, as suggested by several authors in the literature. In 

particular, in the RB model, the thickness was reduced so as to obtain a good agreement between 

experimental and numerical collapse displacements. Nevertheless, this strategy did not produce satisfactory 

results in terms of hinge position, proving that the deformability of the interfaces must be considered in the 

numerical simulations to accurately capture the experimental response. 

 Further FE analyses were then performed assuming a reduced value of interface normal stiffness 

calibrated according to the experimental evidence. The use of this calibrated value significantly improved 

the agreement between experimental and numerical results. For every value of , the calibrated FE model 

accurately simulated the experimental response in terms of collapse mechanism, evolution of the hinge 

configuration, ultimate displacement capacity, support reaction-displacement curves and support reactions 
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at collapse. The results from the calibrated FE model also confirmed the interpretation of the experimental 

results. In particular, the comparison between experimental evidence and numerical predictions proved that 

the occurrence of minor and distributed opening rather than fully developed hinges was due to the 

imperfections and deformability of the interfaces, which provided the arch with the mobility needed to 

accommodate support displacements. 

The effect of geometrical imperfections on the arch structural behaviour was assessed in Chapter 6 by 

performing a further experimental test on a mockup made of bicomponent composite voussoirs exhibiting 

more imperfections and not perfectly coplanar lateral faces. The comparison with the results obtained for 

the scaled arch tested in Chapter 5 demonstrated that the imperfections and assembly inaccuracies 

significantly affect the arch response to large support displacements. Indeed, although they did not influence 

the collapse mechanism, they changed the location at which hinges appear and, furthermore, they 

dramatically decreased the ultimate displacement capacity. This further experimental test was simulated by 

using a calibrated FE model. To obtain a good matching between experimental and numerical results, the 

interface normal stiffness was reduced by about one order of magnitude with respect to the value used to 

simulate the previous experimental test. This proves that calibrating the interface stiffness according to the 

experimental results is an effective strategy to take into account the amount of imperfections of the physical 

models.  

7.2. SCIENTIFIC CONTRIBUTIONS 

This research provides the following original contributions: 

▪ The investigation of the structural behaviour of historic masonry churches exposed to slow-moving 

landslide. 

▪ The description of the crack patterns and deformations produced by slow-moving landslides in 

masonry arches and vaults of historic masonry churches. 

▪ The assessment of the static behaviour of a segmental scaled dry-joint masonry arches when 

subjected to inclined support displacements by means of both experimental tests and numerical 

simulations. The effect of the direction of the support displacements (indicated with the angle  

with respect to the vertical) on the arch response in the framework of large displacements was 

evaluated in terms of collapse mechanism, evolution of the hinge configuration, support reaction-

displacement curves, support reactions at collapse, and ultimate displacement capacity. The main 

findings are the following ones: 

 The identification of three different modes of evolution of the hinge configuration when 

varying  between 0° (purely vertical displacements) and 90° (purely horizontal 

displacements). The results in terms of support reaction-displacement curves as well as 

ultimate displacement capacity and support reactions at collapse were also found to be 

mode-specific. 
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 The proposal of a limit displacement domain, defined as a function of , to assess the safety 

of the arch against different combinations of vertical and horizontal support displacements. 

 The numerical assessment of the effect of the number of voussoirs on the response of the 

arch (analysed as a rigid-no tension structure) to vertical, horizontal and inclined support 

displacements. 

▪ The design of a new experimental set-up that enables testing a small-scale arch under vertical, 

horizontal and inclined displacements of one support. The set-up was conceived so as to measure 

not only the displacements experienced by the arch, but also the reactions at the arch abutments. A 

particularly interesting potential is that the testing machine can impose a broad range of support 

displacements patterns and, furthermore, it can be used to test arches with different geometries. 

▪ The evidence that masonry arches have a significant capacity to accommodate very large support 

displacements. In the experimental tests and numerical simulations, the ultimate displacement 

capacity was expressed in a dimensionless form in terms of deflection ratio and span increase at 

collapse, which respectively represented the vertical and horizontal collapse displacements 

normalized by the arch span length. The experimental results showed that the small-scale arch 

investigated in this thesis was able to withstand very large vertical support displacements, up to 

about 16.5% of the span length in the case of purely vertical displacements. Although this result 

refers to a single case study, the large deformations exhibited by the arches of historic masonry 

churches suggest that the capacity to accommodate large support displacements is a feature of 

masonry arches subjected to support displacements increasing slowly over time. 

▪ The assessment of the role played by the imperfections and resulting deformability of the joints in 

the response of a small-scale dry joint masonry arch to large support displacements. The main 

results are the following ones: 

 The deformability of the joints postpones the formation of fully developed hinges by 

causing the occurrence of minor and distributed openings that provide the arch with the 

mobility needed to accommodate support displacements.  

 According to the direction of the imposed supports displacements, the collapse mechanism 

may involve either the opening of four (or five) fully developed hinges or the occurrence 

of three fully developed hinges together with minor and distributed openings, having the 

same effect as a hinge, at a further section of the arch profile. 

 The geometrical imperfections significantly affect the displacement capacity of the arch 

physical model, without, however, changing its failure mode. This explains why rigid-no 

tensions models, although not including imperfections and predicting a larger ultimate 

displacement capacity, were able to capture the collapse mechanisms and evolution of the 

hinge configuration observed in the experimental tests. 
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▪ The proposal of a strategy to include imperfections in the numerical modelling and calibrate the 

FE-micro model of a scaled dry-joint masonry arch so that it accurately predicts the experimental 

response. This strategy was based on the calibration of the interface normal stiffness according to 

the experimental results obtained in terms of ultimate displacement capacity and hinge position. 

Reducing the interface normal stiffness with respect to the large value adopted to simulate rigid 

interfaces proved to be an effective strategy to simulate the amount of imperfections of the physical 

models. Conversely, the attempt of including imperfections in the numerical models by decreasing 

the arch thickness, as often suggested in the literature, did not provide satisfactory results. 

7.3. SUGGESTIONS FOR FUTURE WORKS 

Lastly, this thesis presents the following suggestions for future works: 

▪ The assessment and interpretation of the damage produced by slow-moving landslides to masonry 

arches on the basis of the information provided in this thesis regarding the mechanics of masonry 

arches subjected to inclined support displacements. This research demonstrated that the hinge 

location is strictly dependant on the direction of the imposed support displacements. Consequently, 

the comparison between the hinge position obtained from experimental and numerical analyses and 

the location of the cracks observed in the churches could help in determining the combination of 

vertical and horizontal support displacements produced by slow-moving landslides, which is 

essential for a correct interpretation of the damage observed. 

▪ Further investigation on the soil displacement patterns produced by slow-moving landslides. These 

phenomena proved to be a serious threat for the conservation of historic masonry churches. 

However, the data about landslides movements, needed for a correct landslide-induced damage 

assessment, were generally very scarce and limited to the landslide direction. 

▪ The definition of a landslide-induced damage classification for historic masonry churches exposed 

to slow-moving landslides. In this thesis, the churches were classified by damage level taking as a 

reference a damage classification proposed in the literature for masonry buildings subjected to 

seismic actions. Nevertheless, the structural behaviour of historic masonry churches exposed to 

slow-moving landslides is very different from the performance of ordinary masonry buildings 

under earthquake actions. Consequently, a specific damage classification for historic masonry 

churches subjected to slow-moving landslides should be implemented on the basis on the damage 

observed in the sample of churches inspected. 

▪ The extension of the experimental tests to different configurations of large support displacements. 

In this thesis, only downward and outward support displacements were considered. However, the 

testing machine used in the experimental campaign was designed so as to apply a broader range of 

support displacements patterns. Therefore, different combinations of vertical and horizontal 

support displacements, including inward and upward movements, could be investigated. 
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▪ The extension of the numerical analyses to different arch geometries. The literature review revealed 

that the geometry of the arch may affect the response to purely vertical and horizontal support 

displacements. Consequently, the numerical simulations performed in this thesis considering 

inclined support displacements should be broadened to include arches with different geometries 

(i.e. circular, pointed, segmental, etc.). To facilitate comparison, first, arches with the same span, 

thickness and angle of embrace as the arch studied in this thesis could be considered. Then, a 

parametric analysis changing the main geometrical parameters, such as thickness, thickness-to-

span ratio and angle of embrace, could be performed for both the segmental arch investigated in 

this thesis and arches with different geometries.  

▪ The assessment of the scale effect. Under Heyman’s assumptions on the behaviour of the masonry 

material, the stability of masonry arches is a matter of geometry and can be studied independently 

on scale. Nevertheless, this cannot be applied to the small-scale arch object of this research due to 

the important role played by the deformability of the joints in the arch response. Therefore, future 

works should include the analysis of full-scale structures to evaluate to what extent the geometrical 

imperfections can affect the structural behaviour real masonry arches when subjected to large 

support displacements. 

▪ The investigation of the arch response to large support displacements from a serviceability 

perspective. The large majority of the existing literature for masonry arches on moving support as 

well as this thesis were aimed at studying the stability of arches under large support displacements, 

which included the determination of the displacement value producing the collapse. The on-site 

inspections performed in the sample of historic masonry churches exposed to slow-moving 

landslides demonstrated that masonry arches have a significant capacity to accommodate very large 

support displacements without collapsing. Nevertheless, the severe cracks and large deformations 

surveyed can hardly be considered compatible with the need for conservation of cultural heritage 

buildings. Consequently, the arch response to large support displacements should be studied from 

a serviceability perspective rather than a collapse perspective. To this aim, different damage levels 

associated to appropriate values of deflection ratio and span increase should be defined for the 

evaluation of masonry arches against large support displacements. 
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