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A B S T R A C T   

Among the techniques for constructing vaults without formwork, the most popular is the Catalan. 
The first layer of lightweight tiles called “Rasillas” is assembled to form a predeterminate shape 
that resist to loads despite its reduced thickness. Until the first layer is completed, a sticky, quick 
setting mortar supports the terracotta tiles. Once completed, the first layer of the vault acts as a 
temporary formwork to support the further layers of tiles and then become a part of the structure. 
This paper presents a numerical analysis of the mechanical behavior of a novel type of Catalan 
vault made of sustainable raw excavation-earth tiles called “Ecorasillas”. The advantages and 
drawbacks of the Ecorasilla vaults are highlighted and their performances are compared with a 
second type of Catalan vault made of clinker bricks. Test results are used to improve the quality of 
the predictions of the FEM models.   

1. Introduction 

Whereas Catalan vaults are often considered a type of structure, the term “Catalan” refers to an ordinary vault constructed with a 
particular technique. This technique permits to build vaults without the use of formwork. This is possible thanks to the use of light-
weight bricks and a rapid set jointing mortar bonding bricks together [1]. The idea of constructing vaults without formwork is very 
ancient [2]. The adobe masonry barrel vaults founded in Egypt were constructed with mud-bricks slightly laid to the vertical such that 
the formwork, also called center, was not necessary [2]. The cunning idea of constructing vaults without a center of the ancient masons 
was improved and modified along the centuries. One of the most interesting examples of evolution of the technique is the octagonal 
dome of Santa Maria Del Fiore in Florence [3]. The construction was much delayed due to the fact that building a center proved to be 
impossible. In 1420 Brunelleschi’s original spina pesci technique finally permitted the construction of the dome without a center. The 
Catalan technique has been popularized all over the world by Gaudi and by Guastavino. Both pioneers introduced the idea of using 
standardized thin tiles and layers of Portland cement mortar. Vaults are structures that, due to their form, are essentially compressed. 
Vaults can be constructed with sustainable materials in most regions of the world, also in seismic ones [4]. At the present times, Catalan 
vaults are still constructed by firstly building a self-supporting layer without center. Once the first layer is completed, it functions as a 
center for further layers of bricks (usually variable between one and three) that are laid by rotating their joints with respect to the 
previous layer, ideally of 45◦. The last layer of the vault might be thicker than the other ones if an extra load bearing capacity of the 
whole structure is desired. In the case of reinforced Catalan vaults [5], before the last layer, a grid made of steel, GFRP or other 
materials, can be embedded in the mortar connecting the layers. This grid is as thin as possible and has the purpose of reinforcing the 
mortar rather than distributing the concentrated loads, whose effect on the mechanical response of the vault are presented in the work 
of Lopez et. al. 2012 [6]. Nowadays merging the traditional Catalan vaulting technique with the use of ecological earth-based materials 
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is of great interest not only to meet architectural and aesthetic requirements but also to increase the sustainability of the whole 
construction market. The disposal of the excavation earth is one of the major worldwide issues of the construction waste management. 
In Switzerland, each year, 18 million tons of non-polluted earth are excavated, most of which are landfilled. The idea of converting this 
waste into a construction material is studied in many countries [7]. Two of the most efficient solutions to convert the excavated earth 
into a construction material are i) to produce compressed earth bricks [8] and ii) to produce Shot-Earth [7,9,10]. The earth might be 
stabilized by instance with cement or lime. In some cases, according to the application and the nature of the excavated earth, the 
stabilization might be abandoned. Most of the times, modern excavation earth bricks are stabilized to regularize their mechanical 
properties and to reduce their sensibility to water [11]. In recent years the rising interest in Catalan vaults has prompted the con-
struction companies and the researchers to propose compressed earth bricks also for Catalan vaults. The brick originally used to 
construct Catalan vaults is the “rasilla” a thin terracotta tile, see Fig. 1. In this work, a more ecological version of rasilla has been 
developed for building a novel type of Catalan vault, see Fig. 1c. The name “Ecorasilla” is used to describe a thin tile composed mainly 
by the excavation earth dug from a construction site, water and a low amount of stabilizer [12]. Consequently, the performances of the 
Catalan vaults built with an Ecorasillas masonry depends on the properties of the raw materials. In addition, the properties of the 
excavated earth vary from an excavation site to another. Thus, a comprehensive understanding of the mechanical response of Ecor-
asillas vaults demands a thorough mechanical characterization of this sustainable building material. 

In the design of barrel vaults the safety of the structure during construction under uniform gravity loads can be verified via the 
membrane theory. The membrane theory assumes that no bending stresses occur and that all forces are carried along the center-line 
surface of the domes, by combining meridional and hoop forces [13,14]. For asymmetrical live loading on the domes, the use of 
graphic static permits to search for equilibrium solutions. The graphic static also permits to determine the structure shape via as-
sumptions on the geometry and the internal actions [15]. Due to the flexibility of the masonry technique, changes of shape are possible 
also during the early construction steps [16]. Standard design software does not permit to modify the path of the internal action as the 
shape of the vault and loads are inputs data, while the internal actions are output information [17]. However, the so-called dynamic 
geometric software like Geogebra, permits to perform geometric constructions by saving the parametric relationship between the 
objects. For example, if the position of the free nodal elements of the structure (or nodal loads) is changed, the internal actions and the 
geometry are automatically updated [17]. Consequently, the dynamic geometry feature can be used to perform graphic static analyses. 
However, this kind of software integrates only the geometrical boundaries and therefore the construction of the graphic static model is 
done manually by the designer. Advancement toward the development of interactive graphic static methods can be found in literature 
[18,19]. 

Today the analysis of Catalan vaults is commonly performed via finite element methods (FEMs). With this methodology the ma-
sonry is modeled as a continuum material with certain elastic properties [20]. Catalan vaults are traditionally made by layers of 
bonded bricks intercalated with a mortar. Thus, for a more accurate analysis, it should be implemented a series of computational 
parameters accounting for the layered and heterogeneous nature of the masonry [21,22]. FEM method is not always the best choice for 
the structural design of Catalan vaults. The main reason is that the numerical analyses also depend on the assumptions made on the 
masonry and its components properties, on the scale effect [23] and on the characteristics of the supporting elements of the vaults. 
These assumptions, coupled with the principles of static equilibrium, permit nevertheless to write a system of equations with a unique 
solution, strongly dependent by the above-mentioned assumptions [24]. To reduce the impact of these assumptions, researchers have 
proposed a semi-inverse analysis of full-scale test data by iteratively calibrating the elastic properties of both the materials and the 
structural elements of the Catalan vaults [25]. 

The aim of the present work is twofold: (i) highlight the benefits and drawbacks of Ecorasilla Catalan vaults and (ii) improve the 
quality of the FEM analysis of the Ecorasilla vaults by taking into account the results of experimental tests carried out on macro- 
elements made with the same Ecorasilla masonry used to construct the sustainable Catalan vaults. Results of tests in masonry com-
ponents (bricks and mortar) are also used. 

Fig. 1. Traditional terracotta “rasilla” (a), modern terracotta “rasilla” (b) and different types of Ecorasilla made with different excavation earth and 
different stabilizers (c). 
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2. Experimental campaign 

2.1. Materials 

2.1.1. Ecorasillas masonry (M− ER) 
Ecorasillas tiles (labeled hereafter M− ER) are typically manufactured by mixing two volumes of crushed earth, with one volume of 

river sand 0/4 mm and a low amount (from 0 to 12 % by weight) of cement as stabilizer. The crushed earth used in this study is 
collected from an excavation site at Ault (France). It is commonly referred in the area as a chalky earth or simply as chalk [26]. The 
cement used is a commercial OPC cement (CEM I 42.5 N). Studies have shown that the Proctor optimum moisture content increases 
and dry bulk density decreases when the earth is stabilized [27]. All materials are mixed together for a couple of minutes in a standard 
concrete mixer. Then, the fresh mixture is compacted via a hydraulic static device, see Fig. 2, with a compacting pressure of 0.01 MPa. 
The compacting load acts vertically on a prismatic mold. The final dimensions of the Ecorasillas (ER) are 20 × 130 × 260 mm. The 

Fig. 2. Hydraulic static compaction device making earth-based brick like Ecorasillas.  

Table 1 
Analysis strategy.  

Masonry 
type 

Experimental analysis FEM analysis 

Testing configuration Load 
direction 

Number of 
samples 

Dimensions 
(mm) 

Model configuration Dimensions 
(mm) 

M− FB1) Masonry 
units 

M− FB− UC2) L3) 3 145 × 360 × 360 –   
M− FB− BF2) – 3 –    
M− FB− YM2) – 3 –    

Macro 
samples 

M− FB− W4) – 3 145 × 800 × 800    
M− FB− D4) – 3 145 × 800 × 800    
M− FB− S4) – 3 145 × 800 × 800    

M− ER1) Masonry 
units 

M− ER− UC2) //3) 3 80 × 130 × 260 –    
L3) 3 80 × 130 × 260     
plan3) 3 80 × 130 × 260    

M− ER− BF2) – 3 20 × 130 × 260    
M− ER− YM2) – 3 80 × 130 × 260    

Macro 
samples 

M− ER− W4) – 3 120 × 1000 ×
1000 

Macro 
samples 

H-FEM5) 

(Adina) 
120 × 1000 ×
1000 

M− ER− D4) – 3 120 × 1000 ×
1000  

ML-FEM6) 

(Adina) 
120 × 1000 ×
1000 

M− ER− S4) – 3 120 × 1000 ×
1000 

Full 
structure 

H-FEM5) 

(SCIA) 
see Table 5  

1) M: masonry; FB: clinker brick; ER: Ecorasillas brick; 
2) UC: uniaxial compression test; BF: bending flexural test; YM: Young’s modulus test; 
3) //, L, plan: Loading directions, see Fig. 4; 
4) W: compression test on wall; D: lateral compression test on wall; S: energy adsorption test on slab; 
5) H-FEM: finite element model assuming the masonry as an idealized homogenous material; 
6) ML-FEM: finite element model assuming the masonry as realistic multi-layer material; 
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compaction process to produce one ER takes 20 s. The low moisture rate used in the mix enables an optimal compaction rate and the 
production of a sound ER. The surface of the press is usually warmed in order to simplify the brick removal. Once extracted from the 
press, the fresh ER are stored under a tarpaulin during one week under controlled conditions (20 ± 2 ◦C, RH 55 ± 10 %). Then, the 
bricks are let dry for three weeks. A specific mortar is used to bond the first layer of the Catalan vaults. Sticky consistency and quick 
setting time are requested for the mortar of the first layer. For reaching both requirements the mix design of the mortar is composed by 
plaster:hydrated lime:sand 30:20:50 by weight. The first layer of bricks and hardened mortar plays the role of a formwork (center) for 
assembling the superior layers. With the exception of the first layer, the other ones are bonded using a commercial M5 Portland 
cement-based mortar. The interlayer mortar thickness is about 10 mm. 

2.1.2. Clinker brick masonry (M− FB) 
The second type of masonry investigated in this campaign is made of commercial high strength clinker bricks (labeled here after 

M− FB). This commercial brick has dimensions of 40 × 115 × 365 mm and is produced in agreement with the European standards [28]. 
Thanks to the process of clinkerization the bricks reach a weight of 2200 kg/m3, 44 MPa of compression strength and a fire resistance of 
type A1, as reported in the producer’s datasheet. The mortar used to assembly M− FB is a commercial M5 Portland cement-based 
mortar. 

2.2. Experimental testing 

In order to properly analyze the mechanical response of the M− ER Catalan vault, an experimental investigation which takes into 
account the properties of masonry elements as well as the scale effect is a priority. Tests on meso-scale samples composed of few bricks 
are useful to compare ER properties with known materials. But, in the interest of the second purpose of the work, test results will suffer 
of a scale effect bias. For this reason, this work also includes an experimental investigation on the mechanical properties of macro-scale 
samples (walls and slabs), whose dimensions are found in Table 1. All samples mentioned in Table 1 are fabricated with the traditional 
Catalan technique presented in Sections 1, 2.1 and in Fig. 3a. In this study, M− ER is made of three layers of ER. In the third layer the 
ERs has a double thickness. A GFRP mesh [5] is embedded between the second and the third layer to reinforce the mortar and to 
improve the mechanical response of the vaults against local loading [29]. Samples of M− FB are fabricated by a company specialized in 
masonry construction. The typical steps of the Catalan technique are used, see Sections 1, 2.1 and in Fig. 3b, with one exception: the 
three layers of bricks are superimposed and placed along the same direction (see Fig. 3b) such that, in one direction, bonds are parallel 
for all the three layers. A thin galvanized steel hexagonal mesh is embedded between the second and the third layer to reinforce the 
mortar. 

Macro- and meso-scale samples have a realistic thickness to build the vault: 80 mm for M− ER and 145 mm for M− FB (see Table 1). 
The analysis of mechanical properties recorded by stressing the masonry units (meso scale samples) represents the first step to effi-
ciently calibrate a finite element model of a novel Catalan vault. The analysis on macro samples serves to improves the calibration 
accuracy and to limit both the scale effect and the uncertainties related to the assumption on the support conditions. A displacement 
controlled computerized universal testing machine is used to measure the elastic response of both masonry units (meso scale samples) 
and macro samples. Uniaxial compression (UC), bending flexural (BF) and Young’s modulus (YM) tests are carried out on units of 
M− ER. The mechanical properties of masonry units of M− FB are provided by the producer, while UC tests are carried out on M− FB 
meso-scale samples. Compression tests are performed on wall (W), lateral compression tests are performed on walls (D) and energy 
adsorption tests are performed on slabs (S). Table 1 summarizes the several steps of analysis accomplished in this work. 

Fig. 3. Layer order of bricks in (a) M− ER− W and (b) M− FB− W samples, mortar layers between bricks are not illustrated. In M− ER− W the grid is 
composed by GFRP, in M− FB− W the grid is a thin steel mesh. Load direction is not representative for all tests conducted. 
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2.2.1. Mechanical characterization on masonry unit 

2.2.1.1. Uniaxial compression test (UC). Compression test on masonry units of both M− ER and M− FB are conducted in agreement to 
the French standard for earth blocks [30]. After 14 days of curing under laboratory conditions (20 ± 2 ◦C, RH 55 ± 10 %) samples are 
ready to be tested. The speed test of UC is set to 0.15 MPa/s. The test is interrupted as soon as the failure is detected. The compression 
strength fc is measured as the ratio between the mean maximum load measured on three samples of the same series and the crossing 
area of the sample: 

fc =
F
A

(1)  

where F and A are the maximum compression load acting on the sample (N) and the crossing area of the sample (mm2), respectively. 
The slenderness ratio of M− ER as well as the effect of anisotropy on the compression strength are highlighted by testing the 

masonry units according to three different loading orientations [31], see Fig. 4. Three M− ER samples for each loading direction are 
tested. As can be observed in Fig. 4, the cross section changes according to the orientation of the masonry and the loading direction. 
Since the mechanical properties of M− FB are provided by the producers, only the test schematized in Fig. 4b is considered for UC. 

Fig. 4. Load direction setup for testing M− ER− UC and M− FB− UC samples composed of three layers of bricks with two layers of mortar.  

Fig. 5. Three point bending flexural test setup.  

Fig. 6. Young’s modulus testing on (a) M− ER− UC, (b) Loading cycles.  
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2.2.1.2. Three point bending flexural test on Ecorasillas brick (BF). In order to measure the tensile strength of M− ER, a three-point 
bending flexural test is carried out according to the European standards [32]. The setup layout is showed in Fig. 5. The dimensions 
a, b, c, d, e correspond to 20 mm, 220 mm, 125 mm, 130 mm and 20 mm respectively. The loading rate is set to 0.15 MPa/s. The test is 
interrupted as soon as the total failure occurs. The indirect tensile strength ft is computed according to the following equation: 

ft =
3
2

Fcb
de2 (2)  

where Fc, b, d and e are the maximum load measured (N), the span (mm), the width (mm) and the thickness of the M− ER brick (mm). 

2.2.1.3. Young’s modulus test (YM). A direct measure of the Young’s modulus of M− ER samples is obtained by testing three samples of 
masonry units. The YM has been measured according to the European standard [33], see Fig. 6. This standard for concrete has been 
followed since Ecorasillas tiles are more similar to the concrete in terms of composition and mixing method than masonry. The 
compression strength measured on M− ER− UC is used to define the maximum and the minimum loading magnitude during the three 
loading/unloading cycle [33], see Fig. 6b. In order to avoid any geometrical discrepancy between the UC and YM tests the dimensions 
of M− ER− YM and M− ER− UC samples are the same. The loading rate is set to 0.15 MPa/s. During the three cycles loading, a strain 
gauge (sensitivity ± 0.0005 mm), measures the average vertical strain of the middle region of the sample, see Fig. 6b. The exten-
someter is fixed on the brick surface away from the interfacial mortar-brick layer in order to avoid undesirable slip. The elastic modulus 
is computed as the mean value obtained after each cycle, for a total of three cycles [33]. 

2.2.2. Mechanical characterization of macro samples of the materials/assembly composing the Catalan vault 

2.2.2.1. Compression test on masonry wall (W). Three macro samples of both M− ER and M− FB are manufactured, cured under lab-
oratory conditions (20 ± 2 ◦C, 55 ± 10 % HR) and then subjected to axial load, see Fig. 7a and d. M− ER− W and M− FB− W samples are 
made by adopting the same constructive method used for masonry units, see Section 2.1.1. 

The wall dimensions of both M− ER− W and M− FB− W samples are summarized in Table 1. M− ER− W and M− FB− W tests permit to 
analyze the elastic properties of masonry here investigated more accurately than testing meso-scale samples. On one hand, this permits 
to reduce the influence of the scale size effect. On the other hand, the boundary conditions governing the mechanical test of macro 
samples are closer to those of full-scale structures [16,23]. The latter plays a key role in the model calibration step (see Sections 2 and 
3). In order to protect the strain gauge glued to the sample from brittle failure, horizontal props are placed on both side of the sample 
with no contact. The same configuration can be observed in diagonal compression test described in Section 2.2.2.2. 

The testing machine consists in a servo-hydraulic high-speed test system equipped of several actuators mounted on an upper 

Fig. 7. Mechanical test on macro samples: (a, d) compression test on M− ER− W, M− FB− W, (b, e) diagonal compression test on M− ER− D, 
M− FB− D, (c, f) energy absorption test on M− ER− S, M− FB− S, respectively. 
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crosshead. The actuator stroke is 330 mm plus 70 mm cushioning on each side. A system of high responsive servo valves is attached on 
the actuator minimizing the hydraulic pressure fluctuations. The system incorporates a load measurement and data acquisition device. 
Fig. 7a and d show the quasi-static compression loading test carried out on both M− ER− W and M− FB− W, respectively. The loading 
rate is set to 0.5 ± 0.01 mm/min. The direction of the load is showed in Figs. 6 and 7a, 7b. A series of linear variable differential 
transformers (LVDT) with an accuracy of ± 0,2 mm and a gauge length of 250 mm are placed on both sides of the wall in order to 
compute the vertical and horizontal strain, see Fig. 7a, d. The testing equipment has been adapted to properly measure the compression 
strength, the Young’s modulus and the Poisson’s ratio. The compression strength is measured as the ratio between the maximum load 
detected prior to reach the total failure and the crossing area of the wall, see also Eq. (1). The Young’s modulus and Poisson’s ratio are 
calculated for an interval between 10 and 30 % of the compression strength measured in the same test: 

E1/3 =
Δσ
Δεv

=
σ0.3 − σ0.1

εv0.3 − εv0.1
(3)  

ν1/3 = −
Δεh

Δεv
=

εh0.3 − εh0.1

εv0.3 − εv0.1
(4)  

where σ0.1, σ0.3, εv0.1, εv0.3, εh0.1, εh0.3, are the compression stresses, the vertical strains and the horizontal strains measured on the wall 
at 10 and 30 % of the compression strength, respectively. The strain value corresponds to the average magnitude measured by LVDTs 
placed on both sides of the wall. 

2.2.2.2. Diagonal compression test on masonry wall (D). In order to measure the shear modulus of M− ER and M− FB, a diagonal 
compression test is performed on three macro samples for both series, labeled hereafter M− ER− D, M− FB− D. The wall dimensions of 
both M− ER− D and M− FB− D samples are summarized in Table 1. The walls are cut to their opposite edge and turned by 45◦ prior to be 
tested, according to the standard [34], see Fig. 7b and e. The surface loading area of M− ER− D and M− FB− D samples is 120 × 300 mm 
and 145 × 300 mm, respectively. Instead the vertical plane dimensions before cutting are 1000 × 1000 and 80 × 80 mm, respectively. 
The testing equipment is presented in the Section 2.2.4. Two LVDTs are placed along the diagonals of both sides of the samples. The 
loading rate is set to 0.5 ± 0.01 mm/min. The shear modulus is calculated for an interval between 10 and 30 % of the shear strength 
measured in the same test: 

G1/3 =
Δτ
Δγ

=
τ0.3 − τ0.1

γ0.3 − γ0.1

τ =
F
As

γ =
Δx
L

+
Δy
L

(5) 

Where τ0.1, τ 0.3, γ0.1, γ0.3, are the shear stresses and the shear strains measured on the wall at 10 and 30 % of the shear strength, 
respectively. While Δx, Δy, L, τ, F, As are the horizontal and vertical displacements measured on the wall, the characteristic length of the 
LVDT, the average shear stress, the load magnitude acting on the wall and the shear cross section, respectively. 

2.2.2.3. Energy absorption test on masonry slab (S). Energy absorption tests are carried out to effectively measure the fracture energy 
Gm of M− ER and M− FB against an increasing local load applied at the center of the slab. Gm is measured by integrating the area under 
the path load – vertical displacement measured in the experiment. From a mechanical point of view, this information permits to 
highlight the role of the reinforcing mesh embedded in the masonry as well as the effect of crossing the layers of bricks and the 
mechanical properties of the latter. The test equipment, already presented in Sections 2.2.2.1 and 2.2.2.2, is integrated by a supporting 
steel frame for placing macro samples, see Fig. 7f. Three macro samples of both M− ER and M− FB are manufactured, cured under 
laboratory conditions (20 ± 2 ◦C, 55 ± 10 % HR) and then tested. Samples are labeled M− ER− S, M− FB− S, respectively. The di-
mensions of both M− ER− S and M− FB− S samples are summarized in Table 1. It should be mentioned that the color texture of M− FB 
changes from one side to the other one, but the material properties are the same. A stiff elastomer rubber is used to diffuse stress 
between the supporting frame and the slab bottom without affecting the mechanical response in terms of load – midspan vertical 
displacement, see Fig. 7c and 7f. A 200 mm strain gauge (sensitivity ± 0,2 mm) is placed on the bottom side of the slab at the midspan 
in order to measure the deflection. In addition, inclinometers are placed along the diagonals at the corners of the slab. The loading rate 
is set to 0.5 ± 0.01 mm/min. 

3. Modeling 

The structural performance of a new type of Catalan vault based on Ecorasillas masonry is simulated by means of a Finite-Element- 
Model (FEM). Two different FEM approaches can be adopted for this purpose. In the first one, the masonry material is modeled as a 
homogenous single component. In the second one mortar and brick layers are separately modeled considering perfect adhesion be-
tween them. The commercial software ADINA [35] is used in this work to model macro samples according to both homogenous (H- 
FEM) and multi-layered (ML-FEM) approaches. The engineering properties measured on masonry units, presented in Section 2.2.1, are 
used to calibrate the model simulating the compression test on masonry walls. A comparison between FEM analyses and experimental 
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results highlights the limitations of calibrating the engineering properties of a layered masonry vault only on the basis of tests carried 
out on no-representative (meso) samples. The accuracy of the model’s prediction is then optimized using the engineering properties 
measured on representative (macro) samples, like the walls presented in Section 2.2.2.1. Results of homogenous and multi-layered 
(ML-FEM) approaches are compared and finally, the mechanical response of ER Catalan vault is analyzed via the commercial soft-
ware SCIA Engineering [36]. 

3.1. Homogeneous FE model 

An ideal homogenous material is assumed to simulate the mechanical response of an Ecorasillas masonry subjected to compression 
loads. This first model is labeled H-FEM-M-ER-W. The engineering properties governing the mechanical response of H-FEM-M-ER-W 

Table 2 
Engineering properties used for H-FEM-M-ER-W calibration after the optimization process.  

Elastic Modulus Em 8000 MPa 

Poisson’s ratio ν 0.3 
Shear modulus Gm 1150 MPa 
Volume weight of the masonry ρ 1830 kg/m3  

Fig. 8. (a) H-FEM-M-ER-W 3D-volume divided into 400 hexahedral-shaped 3D elements, (b) ML-FEM-M-ER-W mesh density.  

Fig. 9. Restrain and loading conditions: (a) H-FEM-M-ER-W, (b) ML-FEM-M-ER-W.  

Table 3 
Engineering properties used for ML-FEM-M-ER-W calibration.  

Type of element Em ν ρ 

MPa - kg/m3 

M− ER 8300  0.3 1800 
Mortar (for M− ER) 10,000  0.2 1900  
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Fig. 10. Mohr–Coulomb failure surface in principal stress space.  

Table 4 
Material characteristics implemented for non-linear analysis in H-FEM.  

Em Gm ν fc fb ρ Gf 

MPa MPa – MPa MPa kg/m3 N/m 
8000 1150 0,3 5,6 2,6 1830 156  

Fig. 11. (a) Mesh refinement for FE vault and (b) restrain conditions for (c) H-FEM-A-H and (d) H-FEM-A-F.  
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Table 5 
Geometric parameters of FE vault.  

Total length of the curved vault LV 4,16 m 

Shorter distance between the two vault supports LP 4 m 
Volume weight of the masonry ρM 1830 kg/m3 

Width b 2 m 
Thickness h 0,120 m 
Radius of the curved line R 4,25 m  

Table 6 
Experimental results.  

Type of element Em Gm ν fc ft fb ρ Gf Reference 

MPa MPa - MPa MPa MPa kg/m3 N/m 

Clinker brick 3200 – 0,15 5,9 0,24 – 1219 – [38] 
Clinker brick masonry 1700 – 0,25 2,3 0,08 – – – [39] 
Clinker brick masonry 7400 – 0,26 14,19 1,98 0,62 1764 – [6] 
WC* clinker brick (1) 168 – 0,213 4,64 – – 1612 – [40] 
WC* clinker brick (2) 133 – 0,211 6,18 – – 1707 – [40] 
Earth brick masonry 533–1333 – – 1,5 – 2,24 – – – – [41] 
Earth block masonry 315 – – 2,15 –  1870 – [42] 
Stabilized earth brick 972–1805 – – – – – – – [43] 
M− ER 8300 – – 6/5,6/8 – 2.6 1800 – Present work 
Mortar (for M− FB) – – – >15  > 4   Present work 
M− ER− W/M− ER− D 8000 ± 280 1150 ± 212 0,3 ± 0,0 5,6 ± 0,2 – – 1830 156 Present work 
M− FB− W/M− FB− D 6660 ± 930 6060 0,12 36,2 ± 1,15 – – 2040 2657 Present work  

Fig. 12. Failure pattern on macro samples: (a, d) compression test on M− ER− W, M− FB− W, (b, e) diagonal compression test on M− ER− D, 
M− FB− D, (c, f) energy absorption test on M− ER− S, M− FB− S. 
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are obtained from the experimental tests carried out on macro samples presented in Section 2.2.2.1, see Table 2. 
The geometry of the H-FEM-M-ER-W corresponds to that of the real M− ER− W, see Table 1. The wall is discretized into 400 

hexahedral-shaped 3D elements. The dimensions of each single element correspond to 100 × 100 × 30 mm, see Fig. 8. 
In terms of boundary conditions, the H-FEM-M-ER-W is retained by rotationally fixed supports at the bottom, in order to reproduce 

the real condition seen in the experiment, see Fig. 7a. Instead, the top surface of the H-FEM-M-ER-W is uniformly loaded, in agreement 
with the experimental configuration observed in Fig. 7a. The load is defined through the application of a prescribed pressure of 1 MPa 
on the upper surface, see Fig. 9. 

3.2. Multi-layered FE model 

Differently from the H-FEM, the multi-layered FE model of the Ecorasillas masonry (labeled hereafter ML-FEM-M-ER-W) takes into 
account the properties of each layer of the real macro samples. In particular, three layers of bricks and two layers of mortars are 
modeled, in agreement with the real texture showed in the experiment, see the Section 2. Each layer is governed by its own mechanical 
properties, whose value is measured experimentally or supplied by the producer, see Table 3. 

Each layer is discretized in 11, 11 and 1 elements along to the ×, y, z relative coordinate space, respectively, see Fig. 8. The total 
number of meshing elements is 605, in particular 363 brick and 242 mortar elements. Perfect adherence between layers is assumed. 
The total number of nodes is 864. The restrain and loading conditions presented in Section 3.1 are adopted for the ML-FEM-M-ER-W as 
well, see Fig. 9. 

3.3. Homogeneous FE model (full-scale analysis) 

Among H-FEM and ML-FEM, the former is adopted to analyze the mechanical response of full-scale Catalan vault. The reason is due 

Fig. 13. Mechanical response of macro samples subjected to: (a, d) compression load for M− ER− W, M− FB− W, (b, e) diagonal compression load for 
M− ER− D, M− FB− D, (c, f) punching load for M− ER− S, M− FB− S. Each subFigure shows the mechanical response of three samples, excluding poor 
data observed in M− ER/FB-D series. 
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to the fact that the calibration process of H-FEM has been improved on the basis of the engineering properties measured directly on 
macro samples. The same approach could be used also for ML-FEM, but it would increase the computational burdens. The geometric 
properties of the FE vault made of M− ER are listed in Table 5. The material nonlinearity has been taken into account through the Mohr- 
Coulomb model according to the Eqs 6 and 7 [37]: 

m + 1
2

max(|σ1 − σ2| +K(σ1 + σ2), |σ1 − σ3| +K(σ1 + σ3), |σ2 − σ3| +K(σ2 + σ3) ) = fc (6)  

m =
fc

ft
; K =

m − 1
m + 1  

where σ1, σ2 and σ3 represent the stresses in the three principal directions, see Fig. 10. 

Fig. 14. Compression test simulation on M− ER− W in H-model: (a) z-axis (vertical) displacement magnitude, (b) z-axis (normal) effective stress.  

Fig. 15. Compression test simulation on M− ER− W in ML-model: (a) z-axis (vertical) displacement magnitude, (b) z-axis (normal) effective stress.  
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The material is supposed to be elasto-plastic, isotropic without hardening. The model calibration parameters are obtained directly 
from the Ecorasillas masonry tests, except for the ft, whose value is obtained from the indirect tensile strength (fb) test. These pa-
rameters are summarized in Table 4. 

In terms of boundary conditions, the FEM vault can be restrained by rotationally fixed supports at the edge sides, see Fig. 11. This 
choice permits to reproduce the constraint level observed in the field due to the connection with vertical and horizontal structural 
members. In terms of loading conditions, first, a surfacing load uniformly distributed is applied just to observe the elastic response of 
the whole Ecorasillas vault under operational loads. Since the compression strength of M− ER is assumed to be equal to 5.6 MPa, on the 
basis of the experimental results recorded on M− ER− W, a load magnitude of 10 kN/m2 is considered for this purpose. Then an 
assessment of the load bearing capacity is performed by increasing the external surface load to the point that the highest internal stress 
reaches 5.5 MPa. The behavior of the vault subjected to asymmetrical load of 10kN/m is also analyzed through a H-FEM, labeled H- 
FEM-A-H, see Fig. 11. Only for this case a comparison is made considering another constraint condition in which also the rotations at 
the edge sides are fixed (H-FEM-A-F), see Fig. 11. 

The central area of the FEM vault is subjected to mesh refinement of 120 mm. Several levels of mesh refinement are adopted at the 
supports and nodes in order to optimize the computational process. On the supports, an average size of the 2D mesh of 20 mm has been 
finally adopted. On the 4 extremal nodes of the vault, a circular area with a radius of 250 mm is defined. This circular area encompasses 
the region of maximum mesh refinement, see Fig. 11. The ratio between the average edge element size in the center of the refinement 
area and the average preset element size has been set at 0.02. The mesh refinement linearly increases toward the supports. 

4. Results and discussions 

4.1. Experimental results 

The mechanical properties of samples tested in the experimental program presented in Section 2 are listed in Table 6. Results are 
compared with available data found in Literature. It can be noted that M− ER provides higher mechanical performances than stabilized 
earth bricks found in Literature, to the point that its performances are comparable to M− FB ones. In Table 6 Em, Gm, ν, fc, ft, fb, ρ, Gf 
stand for the Young’s modulus, shear modulus, Poisson’s ratio, compression strength, direct tensile strength, indirect tensile strength, 
bulk density and fracture energy, respectively. For M− ER and M− FE, these engineering properties have been directly measured or 
determined thanks to the experimental campaign previously presented. These experimental data are fundamental to calibrate the 
models presented in Section 3. 

From Table 6 the Young’s modulus test on masonry units (M− ER/FB-YM) has been carried out according to [33]. The compression 
test on masonry units has been set by varying the load direction, see Fig. 4 [30,31]). The properties of commercial mortar M5 used for 
M− FB are found within the producer’s datasheet. M− ER/FB-W are tested under a compression load configuration, see Fig. 13a, 13d. 
Instead for M− ER/FB-D are tested under a diagonal compression load configuration, see Fig. 13b, 13e. The compression test on M− ER/ 
FB-W permitted to determine the Poisson’s ratio, since Em and Gm, are measured. The fracture energy Gf has been computed by 
integrating in respect to the deflection-energy absorption path which is plotted in Fig. 13c, 13f on M− ER/FB-S. 

Fig. 12 summarizes the failure pattern observed on M− ER/FB-W, M− ER/FB-D and M− ER/FB-S samples subjected to compression, 
diagonal compression and flexural/punching load, respectively. By observing the out-plane failure in M− ER− W in Fig. 12a it can be 
stated that failure does not affect all layers. The failure is governed by a delamination process occurring between the first layer and the 
other ones. This asymmetric out-plane delamination is probably due to the fact that GFRP helps maintaining the second and third 
layers together. The plane failure observed in Fig. 12a shows that the propagation of the cracks occurs in mortar bonds and not in 
bricks. In Fig. 12d the failure pattern of M− FB− W sample can be observed. It can be noted that the load bearing capacity of M− FB− W 
overcomes the maximum load level ensured by the testing machine. For this reason, the wall was cut to 145 × 360 × 360 mm in order 
to reduce the cross section and repeat the compression test on smaller samples. The out-plane failure affects all layers of bricks. A clear 
out-plane delamination along the interface mortar-brick is observed while the plane failure occurs in both bricks and mortar joints. 

Fig. 12b, 12e show the failure pattern of masonry subjected to diagonal compression load. In particular, for M− ER− D samples a 

Fig. 16. Coefficient of reduction of the arch effect equal to 1 (a) and 0.0001 (b) on internal axial effort N(x). The vault is subjected to a surface load 
of 10 kN/m2. 
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Fig. 17. Computational diagrams of the H-FEM vault subjected to uniform load of 10kN/m2: (a) internal shear efforts V, (b) internal shear efforts V 
results on edges, (c) internal axial efforts N, (d) internal axial efforts N results on edges, (e) internal bending efforts M, (f) internal bending efforts M 
results on edges, (g) global vertical displacement uz, (h) rotation φy, (i) 3D global deformation, (j) internal axial stress σ. 
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diffusive vertical crack crossing both bricks and joints is observed, but only for the first layer of brick. This observation confirms a 
different mechanical response between the jointed layers, for different load conditions. A different failure pattern is observed in 
M− FB− D samples. In the latter the cracking path along the mortar joints does not affect the brick integrity for the entire masonry 
thickness. Fig. 12c, 12f show the failure pattern of masonry subjected to punching/flexural load. For both M− ER− S and M− FB− S 
series, a vertical crack path occurs on the edge supported by the steel plate around the samples. Only in M− ER− S the cracks cross the 
bricks too. Instead, for M− FB− S series the global cracking is due to the delamination between the interface brick – mortar. The same 
phenomenon is observed in compression and diagonal compression tests. Apparently, the steel grid used in M− FB does not provide 
overstrength on covered layers, conversely to the GFRP grid used in M− ER. 

Fig. 13 points out the mechanical response recorded from the experimental tests previously presented. It can be noted that the load 
bearing capacity of M− FB series is drastically superior than M− ER series. This large load bearing capacity of M− FB is attributed to the 
higher performances of FB which had undergone to a clinkerization manufacturing process. However, the failure of M− ER is more 
ductile than the one of the M− FB. This higher ductility of M− ER failure is probably due to two factors:  

• The type of mesh used between the second and third layer in M− FB is a very thin steel grid with low strength compared to the GFRP 
mesh used in M− ER;  

• The crossing bonds of the layers of M− ER favors the cohesive behavior; 

4.2. Numerical results 

The experimental data showed in Table 6 and presented in Fig. 13 are fitted to be implemented into the FEMs described in the 
Section 3. In Fig. 14, the H-FEM is used to simulate the deformation process of M− ER− W under an axial compression pressure of 1 
MPa. The same scenario is used to simulate the ML-FEM behavior that is presented in Fig. 15. Observing the ML-FEM it is possible to 
clearly distinguish two different ranges of effective stress along the brick layers. The vertical displacement at the top of the masonry 
wall resulting in ML-FEM and H-FEM is compared with that measured in the experience. In particular it is 0.16 ± 0.04 mm, 0.12 mm 
and 0.12 mm for the M− ER− W, H-FEM and ML-FEM, respectively. 

Since the accuracy level of both models results the same, the H-FEM is adopted for modeling the Ecorasillas full-scale vault, 
following the principles presented in Section 3.3. In order to take into account the arch effect, which affects the mechanical response of 
masonry [44,45], the software proposes two boundary values: 0.0001 and 1. Fig. 16 presents the computational results as the two 
extreme values are adopted for. In fact, the choice of the coefficient of arch effect may have a relevant influence on the internal load 
distribution. 

4.3. Simulation of structural behavior of ER Catalan vault 

In the numerical simulation the arch effect is assumed to be 1 in order to take into account the stress oscillations near to the edges, 
see Fig. 16. Fig. 17 shows the internal forces, the field of displacements, rotations and the axial 3D stress magnitude for the vault loaded 
with an evenly distributed load of 10kN/m2. 

The results obtained using the H-FEM approach presented in Fig. 17 are compared with the results of an analytical solution ob-
tained by studying an equivalent beam via the Maxwell-Mohr integral method [46], see Table 7. 

By comparing analytical and H-FEM results we can observe a good agreement between all the static reactions, with the exception of 
the axial and shear effective stress magnitude. These two parameters are strongly influenced by the arch effect. Overall, results in 
Table 7 confirm the effectiveness of the approach presented in this paper and advocate for further studies on the arch effect parameter. 

Fig. 18 show the internal forces, the field of displacements and rotations as well as the axial 3D stress magnitude on ER-based vault 
according to the H-FEM. The external load is increased in order to reach the compression stress failure recorded in the experimental 
test on M− ER− W. This value corresponds to about 5.6 MPa, see Fig. 18 and Table 6. The resulting external load provoking the local 
failure of H-FEM vault is about 110 kN/m2 which is remarkable for an 8 cm thick Catalan vaults made with Ecorasillas. 

Typically, the loads leading to the failure of a vault are asymmetric, promoting the formation of hinges whose position is not easily 
predictable. 

A linear asymmetric load of 10kN/m, acting parallel to the supports, is applied at 1 m (a quarter of the vault span) from the support, 

Table 7 
Theoretical and computational results.   

Analytical solution H-FEM Vault model 1) Coefficient of Variation (COV) between FEM and analytical solutions (%) 

Horizontal reaction (kN) 97 96 1 
Vertical reaction (kN) 49 49 0 
N(L/2) (kN/m) − 97 − 47 106 
N(0) (kN/m) − 109 − 130 16 
V(0) (kN/m) − 2,3 − 3,1 25 
M(L/2) (kNm/m) 0,44 0,43 2 
σ(L/2) (MPa) − 0,31 − 0,57 46 
w(L/2) (mm) − 0,40 − 0,41 2  

1) COV = (FEM solution – Analytical solution)/FEM solution * 100. 
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Fig. 18. Computational diagrams of the H-FEM vault subjected to uniform load of 110kN/m2: (a) internal shear efforts V, (b) internal shear efforts V 
results on edges, (c) internal axial efforts N, (d) internal axial efforts N results on edges, (e) internal bending efforts M, (f) internal bending efforts M 
results on edges, (g) global vertical displacement uz, (h) rotation φy, (i) 3D global deformation, (j) internal axial stress σ. 
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see Fig. 11 and Section 2.2.1.2. Analyzes are made for both H-FEM-A-H and H-FEM-A-F models, that differ in boundary conditions, see 
Section 3.3. The propagation of the internal stress is showed in Figs. 19 and 20 for the models H-FEM-A-H and H-FEM-A-F, respectively. 
Table 8 resumes the comparison of internal stress and strain computed by both models. 

The pushing effect due to the horizontal constraint reactions R_x is considered unchanged between the two constraint configu-
rations as the percentage variation is 4 % (except at the extremity peak reaching 15 %). For the vertical constraint reactions R_z there 
are more similar values between the unloading and loading side in the H-FEM-A-F than H-FEM-A-H. Finally, it is noted that by fixing 
the rotations at the ends, it is possible to have lower M + and higher M-. 

Fig. 19. Computational diagrams of the H-FEM-A-H: (a) internal shear efforts V, (b) internal shear efforts V results on edges, (c) internal axial efforts 
N, (d) internal axial efforts N results on edges, (e) internal bending efforts M, (f) internal bending efforts M results on edges, (g) global vertical 
displacement uz, (h) rotation φy, (i) 3D global deformation, (j) internal axial stress σ, (k)horizontal reaction, (l) vertical reaction. 
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In conclusion, since the real constraint at the ends of the vault is a hinge with rotational spring of undefined stiffness, it is advisable 
during the design phase to consider both of these two possible scenarios (H-FEM-A-F and H-FEM-A-H). 

5. Conclusions 

The analysis carried out on the masonry based on Ecorasillas masonry (M− ER) confirms that Ecorasillas are suitable to construct 
safe Catalan vaults. It is worth to remember that the mechanical performances of Ecorasillas vary according to the properties of the 
excavated earth used to fabricate them. So, a mix design methodology to fabricate Ecorasillas is now of great practical interest. 

By comparing the mechanical behavior of M− ER with that of more traditional masonry like clinker bricks (M− FB) three 
remarkable observations can be drawn:  

• M− ER investigated in this work can be efficiently used to construct safe Catalan vaults. The overall strength of the M− ER, although 
more than sufficient for the structural application, is lower than the one obtained with M− FB; 

Fig. 19. (continued). 
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Fig. 20. Computational diagrams of the H-FEM-A-F: (a) internal shear efforts V, (b) internal shear efforts V results on edges, (c) internal axial efforts 
N, (d) internal axial efforts N results on edges, (e) internal bending efforts M, (f) internal bending efforts M results on edges, (g) global vertical 
displacement uz, (h) rotation φy, (i) 3D global deformation, (j) internal axial stress σ, (k) horizontal reaction, (l) vertical reaction. 
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• However, the higher weight of M− FB clinker bricks makes them not adapted to construct vaults without a formwork, which is 
possible for M− ER;  

• Even though the mechanical performances of Ecorasillas are lower in regard to traditional masonry, they are superior in regard to 
other earth-based bricks found in Literature. In addition the use of a GFRP mesh drastically improves the ductility of the Ecorasillas 
Catalan vault. This statement, not yet experimentally validated, has been observed by testing macro-samples. 

The experimental campaign here performed permitted to calibrate a numerical model simulating the mechanical behavior of an 
Ecorasillas Catalan vault on the basis of a multi-level analysis. In the first level, engineering properties of masonry units are used to 
calibrate the models simulating the mechanical response of the macro elements. In the second level, engineering properties measured 
by testing macro samples permit to improve the accuracy of the models’ calibration. This second calibration reduces the influence of 
the scale effect and of the boundary conditions on the results of the FEM analyses. 

It is however necessary to point out that the Catalan vaults construction techniques has been optimized in centuries of practical 
experience and research. Therefore, in both types of masonry investigated in this work (M− FB and M− ER), it appeared clearly that 
modification of the assembly technique of the M− FB elements brought some inconvenient: the uncrossed pattern of the layer for 
M− FB, combined with the use of a too weak steel mesh implied a more abrupt failure under flexion. A final consideration can be made 
on the assembly of the ER macro-samples. In this case, opposite to previous testing campaigns, the samples were bonded by masons 
that are not specialized in the traditional Catalan building techniques. It was observed, during the experimental campaign, that the 

Fig. 20. (continued). 

Table 8 
Internal actions, stress and midspan deflection of Ecorasillas vault (models H-FEM-A-H and H- 
FEM-A-F).   

H-FEM-A-H H-FEM-A-F 

N(L/2).(kN/m) − 20 − 17 
N(0).(kN/m) − 62.7 − 57.6 
Vmax.(kN /m) 16.0 13.2 
M+max.(kNm/m) 3.3 2.3 
M− max.(kNm/m) 1.7 2.8 
σ(L/2).(MPa) − 1.5 − 1.1 
w(L/2).(mm) 0.98 0.52  
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samples had a larger propension to the delaminate than similar samples tested in previous campaigns, probably due to the use of a 
laying and jointing technique of the Ecorasillas that is typical for modern masonry. The use of this modern technique imperiled a good 
binding of the interlayer mortar to the Ecorasillas, thus favoring the delamination and reducing the overall strength of the elements. 
Therefore, it is of great importance in the design of vaults to carefully consider the impact of the craftsmanship on the performances of 
these structures. 
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nella Città Storica ARCO, Rome, Italy, 1993. 
[21] B. Pulatsu, E. Erdogmus, P.B. Lourenço, R. Quey, Simulation of uniaxial tensile behavior of quasi-brittle materials using softening contact models in DEM, Int. J. 

Fract. 217 (1-2) (2019) 105–125. 
[22] A. Pascuzzo, F. Greco, L. Leonetti, P. Lonetti, A. Pranno, C. Rochei, Investigation of mesh dependency issues in the simulation of crack propagation in quasi- 

brittle materials by using a diffuse interface modeling approach, Fatigue Fract. Eng. Mater. Struct. 45 (3) (2022) 801–820. 
[23] A. Mohammed, T.G. Hughes, A. Mustapha, The effect of scale on the structural behaviour of masonry under compression, Constr. Build. Mater. 25 (1) (2011) 

303–307. 
[24] S. Huerta, in: Essays on the History of Mechanics, Birkhäuser Basel, Basel, 2003, pp. 89–134. 
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