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Abstract – The type of floor system has a decisive role in the seismic performance of 

unreinforced masonry buildings. The in-plane stiffness of the floors has to be adequately 

represented in the numerical modelling of existing buildings, as it can influence their 

seismic capacity. This paper investigates the seismic behaviour of one-way arch floor 

systems composed of steel or timber beams, and ceramic tile vaults. The main objective 

of the research is to provide a numerical procedure for the simplified modelling of jack 
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arch floor systems in the seismic assessment of unreinforced masonry buildings. The pre-

sented approach aims to provide values for the orthotropic properties of simplified floor 

models composed of elastic 2D shell elements. The orthotropic elastic properties are com-

puted and calibrated by means of comparisons with detailed 3D nonlinear models of the 

floors. The case study is a multi-storey existing masonry building of the historical “Eix-

ample” district in Barcelona, which includes one-way arch floor systems. The Finite El-

ement Method has been used for the numerical simulation of the seismic performance 

through nonlinear static (pushover) analyses. The results of the study contribute to a better 

understanding of the effect of the behaviour of one-way floors with steel or timber beams 

and tile vaults on the seismic response of masonry buildings. This work provides indica-

tive values for the proper modelling of these particular floor slabs. The proposed meth-

odology is also applicable to the numerical simulation of any other one-way floor system. 

Keywords: One-way Floor; Orthotropic Floor; Steel Beam; Timber Beam; Tile Vault; 

In-plane Stiffness; Unreinforced Masonry Building; Finite Element Analysis; Pushover 

Analysis; Seismic Vulnerability.  

 

Highlights: 

• Novel method for simplified 2D shell modelling of one-way jack arch floors 

• 2D elastic orthotropic shell properties are calibrated via an iterative procedure 

• Calibration based on comparisons with detailed nonlinear 3D floor modelling  

• Application to timber/steel and tile vault floors of Eixample district, Barcelona 

• Seismic performance analysis of an Eixample building with two different floors 
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1.  Introduction  

The response of unreinforced masonry (URM) structures under horizontal loading de-

pends significantly on the in-plane stiffness of the diaphragms [1–3]. The existence of a 

flexible diaphragm may result in a lack of a box behaviour and in an increase of the seis-

mic vulnerability [4]. The seismic vulnerability of a typical URM building can be affected 

by many parameters, such as material properties, plan distribution and regularity, in-plane 

stiffness of the horizontal diaphragms, and lack of connections between the lateral load 

bearing and horizontal elements [5,6]. Therefore, the flexibility of the floors can play an 

important role in the seismic performance of URM buildings. This point highlights the 

importance of estimating and considering in a realistic way the in-plane stiffness of floors 

in the seismic assessment of existing URM buildings.  

The influence of deformable wooden floors on the seismic performance of unrein-

forced masonry buildings has been investigated, both at experimental and numerical level 

[6–10]. Additionally, international guidelines on seismic rehabilitation of buildings [11] 

provide some reference values for the shear stiffness of different flexible timber floors, 

and propose some analytical procedures for the evaluation of their in-plane stiffness [12]. 

However, there is scarce information regarding the in-plane behaviour of floor systems 

composed of timber beams (with round or squared section) or steel beams and ceramic 

vaults. These one-way floor slabs, called jack arch floors, are very common in many his-

torical and existing buildings of the Mediterranean countries, and especially in the eastern 

coast of Spain [13,14]. Only a few studies, focusing on Iranian masonry or steel buildings,  
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have contributed to the evaluation of the shear stiffness and the seismic behaviour of this 

type of floor slabs  [15–19].  

This work investigates the in-plane stiffness of typical one-way floors in order to as-

sess its effect on the seismic behaviour of URM buildings. The historic district of Barce-

lona called Eixample (meaning expansion or enlargement in Catalan) is the case study of 

this work, as the seismic response of a typical six-storey URM building is evaluated. Most 

of the buildings of the Eixample district are URM structures with slender walls and par-

ticular floor systems made of jack arches with steel or timber beams. These buildings 

were designed only for vertical static loads, without any regard for seismic requirements. 

The global seismic behaviour of these buildings was investigated during the past years 

[20–22], as they are highly vulnerable to seismic actions even in a region with a low to 

moderate hazard such as Barcelona.  

The paper proposes a numerical procedure in order to define the orthotropic material 

properties for the modelling of one-way floors composed of beams (steel or timber) and 

ceramic tile vaults. This study aims to identify the influence of the floor deformability on 

the seismic response of URM buildings. In order to properly model the behaviour of the 

jack arch floors, 3D solid and 2D shell finite element models have been prepared for 

computing the elastic orthotropic properties of the composite floor system, by matching 

their effective stiffness with an iterative procedure. Subsequently, the seismic assessment 

of an existing URM building has been carried out by means of the Finite Element Method 

(FEM). Nonlinear static analyses have been performed in order to assess the seismic per-

formance of the building modelled with the different one-way floor systems. 
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The primary objectives of this study are the following ones: 1) to present a general 

numerical procedure for evaluating and simulating the in-plane stiffness of the jack arch 

floors; 2) to provide values for the in-plane orthotropic elastic properties of two specific 

one-way floor systems; 3) to evaluate the effect of the behaviour of the floor system on 

the seismic response of a typical URM building of the Eixample district of Barcelona. 

The paper is composed of seven sections. After the Introduction, Section 2 presents 

the main characteristics of one-way floor systems composed of steel or timber beams, and 

ceramic tile vaults, including also the historical survey of those existing in the URM 

buildings of the Eixample district of Barcelona. Section 3 and Section 4 describe the nu-

merical FEM model of the URM Eixample building, and the FEM models of the jack arch 

floors with details on the material properties used in them, respectively. Section 5 presents 

the numerical procedure for the estimation of the in-plane orthotropic elastic properties 

of the two floor systems. Section 6 contains the interpretation of the results for the push-

over analyses performed in order to study the influence of the typical floor systems. Fi-

nally, Section 7 presents the conclusions of this research. 

2.  Characteristics of one-way steel or timber jack arch floors  

Jack arch floors are one-way floor systems composed of steel or timber beams and 

ceramic tile vaults that can be found in many industrial and urban buildings in Europe, as 

well as in several countries of the world. According to FEMA 356 [23], this floor system 

is considered as an archaic diaphragm composed of shallow brick arches that span be-

tween steel beams.  
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This specific one-way floor system with timber or steel beams had been a common 

horizontal structural system in the eastern coast of Spain since the 15th century until the 

middle of the 20th century [24]. They are present in many historical and existing buildings 

and represent a main feature of the architecture of this area of the Mediterranean. These 

particular floors have evolved during the years by the adoption of different materials and 

diverse construction techniques, resulting in floors of timber, steel elements, reinforced 

concrete or precast concrete. Figure 1 shows different configurations of the jack arch 

floors.  

 

Figure 1 - Different configurations of jack arch floor in axonometric view: a) timber beams with round 

section (debarked trunk of tree) and plaster conglomerate vaults; b) timber beams with rectangular section 

and segmental barrel vaults; c) timber joists with two side battens nailed used for supporting the ceramic 
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tile vaults; d) squared timber joists (placed with a rotation of 45°) and tile vaults; e) steel I profiled beams 

with ceramic tile vaults (Figure adapted from Diodato et al. [14]). 

 

Initially, the jack arch floors were composed of timber beams (with round or squared 

section) and segmental vaults made of flat tiles or poured plaster conglomerate (Figure 

1a). This floor system became very popular because it allowed a simple construction of a 

light weighted structure with a reduced amount of wood [14].  

According to Maheri and Rahmani [15], the jack arch floor with steel beams was de-

veloped in the post-industrial British revolution at the end of 19th century. This solution 

was extensively used to cover large floor areas in factories, warehouses and other indus-

trial buildings. Later, this floor slab technique was adopted in Eastern Europe as well as 

in the Middle East and the Indian subcontinent. Some of the advantages of this floor sys-

tem, namely easy construction, technical simplicity and low-cost, made it a popular 

choice for industrial buildings and URM urban buildings in many countries, as well as 

for high-rise steel and concrete framed buildings [16]. 

When steel is used instead of timber, the typical scheme of this flooring system is 

comprised of steel beam girders and masonry vaults with flat ceramic tiles (in one or two 

layers) or with hollow bricks. The beams have an I-shaped cross section and can be of a 

different height, usually between 140 – 240 mm [25]. The spacing between them can be 

between 600 and 1000 mm. The thickness of the floors can vary from 150 mm up to 200 

mm [21]. Generally, the floor beams are supported by the load bearing masonry walls, 

with a support length of about one-third of the wall thickness. In the ground floors, the 
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use of steel girders and cast-iron columns results in large open spaces, a typical feature 

of the buildings in the Eixample district of Barcelona. 

The one-way slabs found in the typical Eixample buildings are characterized by beams 

made of timber, steel or concrete connected with small ceramic barrel vaults. The choice 

of the material used for the beams depends on the construction period of the building. 

Timber beams with wood plank pavements were used in the early years of the construc-

tion of the Eixample buildings before 1890 [13]. Later and until the middle of the 20th 

century, the horizontal timber structures described as jack arch floors (forjados de re-

voltón in Spanish) were used as they were popular along the Mediterranean coast of Spain 

[24].  

The introduction of new materials and the industrialization led to the replacement of 

the timber beams with metallic beam elements as a horizontal structural system [14]. Alt-

hough steel beams with tile vaults were progressively introduced in the last decade of the 

19th century, timber floor systems had been still used in a period of transition that lasted 

almost 30 years. A metal shortage caused by the Spanish Civil war motivated the use of 

reinforced concrete beams instead of steel ones [21]. Figure 2 shows the evolution of 

different solutions for the flooring system across the last 150 years in Catalonia, Spain.  
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Figure 2 - Use of different types of flooring system in Catalonia since 1850 (Figure adapted from Casano-

vas et al. [26]). 

 

The one-way floors in the existing buildings of the Eixample district consist of the 

following elements (Figure 3): 1) one-way timber or steel beams; 2) tile barrel vaults 

supported by the beams; 3) a layer of rubble or lime mortar used as an infill over the 

vaults; and 4) an upper layer finished with a pavement on top. 
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a) b) 

Figure 3 - Typical one-way floors in the Eixample district of Barcelona: a) timber beams with tile barrel 

vaults, and b) steel beams with tile barrel vaults (Figure adapted from Paricio [13]). 

 

The direction of the beams is determined by the geometric plan of the building, and 

the location of the load bearing walls. In the URM buildings of the Eixample district, the 

beams of the floors are usually perpendicular to the front and rear façades, and perpen-

dicular to the patios and the staircase boxes (see Figure 4).  

 

Figure 4 - Floor plan of two typical Eixample buildings illustrating the direction of the floor beams  [27]. 

 



- 11 - 

 

 

3.  Numerical model of a representative building of the Eixample dis-

trict of Barcelona 

3.1 Geometry and FE mesh  

A building taxonomy has been prepared for the purpose of classifying the different 

structural typologies found in historical building of the Eixample district and to assist the 

assessment of the seismic vulnerability of representative buildings by means of numerical 

methods [27,28]. This taxonomy considers parameters that can influence the structural 

response such as the geometry, material, lateral load bearing system and structural irreg-

ularities, among others. Based on this information, the case study considered in this work 

corresponds to one of the most representative URM building typology in the Eixample 

district. Figure 5 presents a view of the façade and a floor plan of the selected building. 

All the information related with the geometry and the structural characteristics is based 

on the detailed inspection carried out by Cornadó [27]. 
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a) b) c) 

Figure 5 - Selected representative building of the Eixample district: a) ground floor configuration; b) floor 

plan section (adapted from Cornadó, 2015 [27]); c) front façade geometry (dimensions in metres). 

 

The URM structure used as a case study was built in 1891 and is located at number 40 

of Entença Street in Barcelona. The façade walls have a thickness of 300 mm, while the 

lateral and interior structural walls have a thickness of 150 mm. Masonry square pilasters 

of 450 × 450 mm2 are constructed as part of the lateral walls in order to support the steel 

truss beams on the ground floor, used to create a large open space for commercial activi-

ties (Figure 5a). These steel truss beams are commonly composed of several steel profiles. 

The architectural plan of the building has a rectangular shape of 12.50 × 27.15 m2. The 

geometrical configuration consists of a central core connecting two symmetrically shaped 

bays (Figure 5b). The central part consists of an interior patio, a staircase box and two 

exterior semi-patios. The structure has six storeys, with the first two having different 
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height compared to the rest of them. The ground floor is 4 m high, the mezzanine floor 

3.50 m high and the top four stories are 3.00 m high. The overall height of the building is 

19.50 m. 

The façade wall presents a well-defined arrangement of four door openings of 1.20 × 

2.40 m2 size at each level except at the front façade of the ground floor, which has three 

bigger size openings, as this level is used for commercial activities (Figure 5c). The per-

centage of openings on the façades is notably high, 32.3% at the front façade and 36.2% 

at the rear façade. Steel beams are used as lintels for all the openings. 

The structural behaviour of the building is numerically investigated using continuum 

Finite Element models. Figure 6 shows a frontal view of the front façade and a generic 

view of the 3D FEM model, which includes all the structural elements, namely load bear-

ing walls and pillars, steel beams and trusses and floors. The galleries located at the ex-

terior of the rear façade (see Figure 5b) have not been considered as part of the numerical 

model, as due to their large openings, they are not expected to contribute to the structural 

performance. Nevertheless, their mass has been applied to the rear façade wall. 
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a) b) 

Figure 6 - Finite numerical model of a representative building of the Eixample district: a) geometry of the 

front façade; b) 3D view of the building. 

 

The FEM model has been prepared using the software DIANA-FEA [29]. Quadratic 

shell elements have been used for modelling the masonry walls and the flexible floors of 

the building. The used quadratic shell elements (CQ40S) have eight nodes and five de-

grees of freedom (three translations and two rotations) per each node. The integration 

scheme is a 3 × 3 Gauss integration over the element’s plane, and a Simpson integration 

scheme with seven points through the thickness of the elements. The 3D beam element 

CL18B (composed of three nodes and six degrees of freedom for each node) has been 

used for the modelling of the beams of the ground floor and the lintels above all the open-

ings. The movement of the rotational degree of freedom in Z direction (see Figure 6 for 

the used axes convention) of the 3D steel elements has been restrained in order to ensure 

compatibility between beam and shell elements. 
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The dimensions of the beam elements used in the lintels correspond to steel profiles of 

IPN240 for the façade openings at the ground floor and IPN140 for the rest of the open-

ings, while the section of the steel profiles at the basement has been manually defined to 

match the inertia properties of the original steel truss profiles. The FE numerical model 

is composed of 17,596 shell elements (10,949 shell elements for the URM walls and 6,647 

shell elements for the floors), 805 3D beam elements and 3,052 one-node translational 

mass elements used to provide the loads of the diaphragms. The total number of nodes is 

52,155. The final mesh size (with an average element size of 0.5 m), as well as the type 

of elements and integration scheme, have been selected following a mesh convergence 

study. The boundary conditions at the base of the building have been assigned as totally 

fixed by restricting both translational and rotational movements. 

The floors have been modelled as one-way diaphragms using quadrilateral (CQ40S) 

and triangular (CT30S) shell elements. The corresponding permanent and live loads of 

the floors have been applied only at the walls supporting the floor beams. The longitudinal 

axis of the floor beams is orthogonal to the façade walls for the floors located in the front 

and rear bays, and it is parallel to the façade for the beams of the floors located in the 

central part (Figure 5b). The roof has the same one-way slab construction of the floors, 

which provides regularity to the structure, and has facilitated the addition of storeys at the 

top in many buildings in Eixample. In this work, wall-to-floor connections are assumed 

as fixed, as focus is given in the evaluation of the effect of the in-plane stiffness of the 

one-way floors. Therefore, any local failures due to sliding between the floor beams and 

walls are not considered. 
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The loads acting on the structure have been defined according to the provisions of the 

Spanish norm [30] and are shown in Table 1. The dead load of the floor diaphragms in-

cludes the weight of the beams (steel or timber), the rubble infill and the pavement. In 

addition to the live load of 2 kN/m2, a load of 1 kN/m2 has been added to the floors, 

corresponding to the division walls and the potential addition of new pavements, which 

is common in Eixample buildings following past rehabilitation works. The weight con-

sidered during the seismic event has been defined according to NRE-AEOR-93 [25] as 

the entire self-weight load and 30% of the live load applied to the typical one-way floors. 

As already mentioned, in order to simulate correctly the loading conditions given by the 

one-way floor systems, the load of the floors was applied as a concentrated mass to the 

nodes at the edge where the beams of each floor are connected with the lateral walls.  

Table 1 - Loads used in the numerical models of the representative building 

Load  [kN/m2] 

Floor structural system (steel beams and masonry 
vaults) 2.45 

Floor structural system (timber beams and masonry 
vaults) 1.25 

Pavement 1 

Division walls 1 

Live load 2 

 

3.2 Material properties of the representative building 

Masonry is simulated as a continuum material with properties corresponding to the aver-

age response of the composite material. Its nonlinear behaviour is considered through the 
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use of the Total Strain Fixed Crack model implemented in DIANA-FEA software [29]. 

This constitutive model has been commonly used in the literature to simulate the nonlin-

ear response of unreinforced masonry [31–34]. A parabolic softening curve has been used 

under compression and an exponential softening curve under tension. The shear behav-

iour after cracking has been described through a constant shear stiffness reduction with a 

shear retention factor of 0.01. Table 2 presents the mechanical properties used for the 

URM walls in all the simulations. 

Table 2 - Material properties of the unreinforced masonry walls in the numerical models 

Masonry walls Reference 

Young’s modulus 1800  MPa [35] 

Poisson’s ratio 0.2 [-] [36] 

Mass density 1800 kg/m3 [36] 

Compressive strength 4.0 MPa [35,36] 

Compressive fracture energy 6400 N/m [37] 

Tensile strength 0.08 MPa Defined 

Tensile fracture energy 50 N/m [28] 
 

Different values ranging between 1.8 MPa and 4.0 MPa have been reported by previ-

ous studies for the compressive strength of the masonry walls in existing buildings located 

in the Eixample district of Barcelona [20,21,25]. This work considers the values for the 

Young’s modulus and the compressive strength derived from the experimental tests done 

at the Polytechnic University of Catalonia (UPC) on specimens extracted from existing 

buildings in Barcelona [35]. These values correspond to the upper bound of the values 

given by the Italian Code for solid brick masonry [36]. The value of the mass density has 
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been selected according to the recommendations of the Italian code for solid brick ma-

sonry [36]. 

The tensile strength corresponds to 2% of the compressive strength. This value is lower 

than the one given as a function of the shear strength as ft=1.5τ0 [38] considering a shear 

strength of τ0=0.12 MPa according to Moreno-González [39]. The lowest between these 

two values has been chosen as being more representative of the low properties of the 

mortar used in the Eixample buildings.  

The value of the compressive fracture energy has been defined as a function of the 

compressive strength according to Lourenço [37]:  

𝐺𝐺𝑓𝑓𝑐𝑐 = 𝑑𝑑𝑓𝑓𝑐𝑐 (1) 

where d =1.6 mm. For the tensile fracture energy, a value of 50 N/m has been used as in 

previous studies of the representative buildings in Dimovska et al. [28].  

The mechanical properties for the steel beams have been defined according to Moreno-

González and Bairán [39], and have been used for the steel beams in the ground floor, as 

well as for the lintels in the numerical models of the representative buildings (Table 3). 

Table 3 - Material properties of all the steel beams in the numerical models 

Steel beams Reference 

Young’s modulus 210000 MPa [39] 

Poisson’s ratio 0.3 [-] [39] 

Mass density 7850 kg/m3 [39] 
 

The one-way floors have been simulated as an orthotropic elastic material. The elastic 

properties are presented in Table 4 and Table 5 for steel and timber beam one-way floors, 
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respectively. The procedure for the derivation of these orthotropic elastic properties of 

one-way floors is the core of this work and is presented in the following section.  

Table 4 - Material properties of the one-way diaphragm with steel beams and masonry vaults 

Elastic properties 

Ex 1000 MPa 

Ey 7800 MPa 

Gxy┴ (perpendicular to the beams) 27 MPa 

Gxy║ (parallel to the beams) 110 MPa 

νxy 0.06 [-] 
 

Table 5 - Material properties of the one-way diaphragm with timber beams and masonry vaults 

Elastic properties 

Ex 1100 MPa 

Ey 4000 MPa 

Gxy┴ (perpendicular to the beams) 27 MPa 

Gxy║ (parallel to the beams) 46 MPa 

νxy 0.10 [-] 
 

4.  Finite element modelling of the jack arch floors 

4.1 Geometry and FE mesh 

This section presents the detailed 3D solid and the simplified 2D shell finite element 

models that are used to evaluate the in-plane stiffness of one-way jack arch floors. Figure 

7 and Figure 8 illustrate two typical floors that can be found in the Eixample buildings. 

The vaults in both cases are made of thin clay tiles and a compression layer of rubble 

material. Different materials are used for the one-way beams, namely steel and timber. 
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The geometry of the jack arch floors has been defined according to previous research 

studies related with the structural elements in the representative building typologies of 

Eixample [13]. This information was supported by reports of rehabilitation works carried 

out on existing buildings, and by original design plans of buildings found in the public 

archive of Barcelona.  

The first model consists of steel beams spaced at a distance of 700 mm and the second 

model has timber beams spaced at a distance of 550 mm. In both cases, the vaults are 

composed of a double layer of thin clay tiles, and the compression layer on top of them 

is a rubble material. Figure 7 and Figure 8 present the geometrical characteristics of the 

steel and timber jack floors, respectively. 

 

Figure 7 - Section of the jack arch floor with steel beams and tile barrel vaults: Geometry (top) and finite 

element model (bottom) (dimensions in mm). 
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Figure 8 - Section of the jack arch floor with timber beams and tile barrel vaults: Geometry (top) and finite 

element model (bottom) (dimensions in mm). 

 

The 3D finite element models of the two floors (referred hereafter as 3D solid floor 

model) have been prepared using DIANA-FEA software [29]. The models consider a full 

vault and two halves at each side with overall dimensions 1.40 m × 4.00 m for the floor 

with steel beams, and 1.10 m × 4.00 m for the floor with timber beams (see Figure 9). 

The length of the floor models is assumed to be 4.00 m as this is the most typical dimen-

sion for the one-way floors of Eixample buildings. The finite element meshes consist of 

eight-node (HX24L) and six-node (TP18L) solid brick elements, based on linear interpo-

lation and standard Gauss integration. Interface elements (Q24IF) have been used to de-

fine the interface between the beams and the vaults and between the rubble material and 

the beams.  
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a) b) 

Figure 9 - 3D solid finite element models of the floor system with tile vaults and: a) steel beams; b) timber 

beams (dimensions in metres). 

 

The simplified 2D shell models (referred hereafter as 2D shell floor model) follow the 

same modelling approach used for the simulation of the floors in the models of the whole 

buildings (see Section 3.1). The 2D shell floor model is made of the quadratic shell ele-

ments (CQ40S) by considering an orthotropic elastic behaviour.  

  

a) b) 

Figure 10 - 2D equivalent shell model: a) floor model with steel beams; b) floor model with timber 

beams (dimensions in metres). 
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The 2D shell models for the two floors have the same length, width and volume with 

their corresponding 3D solid models (Figure 10). Their thickness is constant and defined 

such that the sections orthogonal to the longitudinal axis of the beams are equal in terms 

of area to those of the detailed 3D models. This results to an equivalent thickness of 121.4 

mm for the floor with steel beams and 100.8 mm for the floor with timber beams. 

4.2 Material properties for the 3D solid FE floor models 

Similar to the masonry walls of the 3D building models, the mechanical behaviour of 

both masonry and the rubble material has been simulated with the Total Strain Fixed 

Cracking model of the DIANA-FEA software [29]. The tensile response has been char-

acterized by a linear behaviour up to the tensile strength followed by an exponential sof-

tening. The compressive response has been represented by a parabolic hardening and sof-

tening. The shear behaviour has been assumed as constant with a shear retention factor of 

0.01. In both cases, the stress-strain curves have been regularized considering the fracture 

energy and the characteristic length of the material. A linear elastic behaviour has been 

adopted for the steel and timber elements. This modelling approach has been used suc-

cessfully in the past for simulating masonry vaults with steel elements in historical build-

ings of Barcelona [40]. 

 

Table 6 - Material properties of the ceramic tile vaults, rubble, steel beams with corresponding interface 

elements, and timber beams with corresponding interface elements in the 3D solid numerical models of 

the jack arch floors 



- 24 - 

 

 

Material properties Reference 

Masonry vaults  

Young’s modulus 1800  MPa [35] 

Poisson’s ratio 0.2 [-] [36] 

Mass density 1800 kg/m3 [36] 

Compressive strength 4.0 MPa [35,36] 

Compressive fracture energy 6400 N/m [37] 

Tensile strength 0.08 MPa Defined 

Tensile fracture energy 50 N/m [28] 

Rubble  

Young’s modulus 690  MPa [41] 

Poisson’s ratio 0.2 [-] [36] 

Mass density 1900 kg/m3 [36] 

Compressive strength 1.0 MPa [41] 

Compressive fracture energy 1600 N/m [37] 

Tensile strength 0.02 MPa Defined 

Tensile fracture energy 20 N/m Defined 

Steel beams  

Young’s modulus 210000 MPa [39] 

Poisson’s ratio 0.3 [-] [39] 

Mass density 7850 kg/m3 [39] 

Interface elements between steel and masonry 

Normal Stiffness 200 N/mm3 [40,42] 

Shear stiffness 100 N/mm3 [40,42] 

Cohesion 0.1 MPa [43] 

Frictional angle 26.5 ° [44] 

Timber beams  

Young’s modulus 8000 MPa [30] 

Poisson’s ratio 0.3 [-] [45] 

Mass density 520 kg/m3 [45] 

Interface elements between timber and masonry 
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Normal Stiffness 200 N/mm3 [40,42] 

Shear stiffness 100 N/mm3 [40,42] 

Cohesion 0.1 MPa Defined 

Frictional angle 30.96 ° [46] 
 

Table 6 presents the material properties used in the 3D solid models of the typical jack 

arch floors. The masonry vaults have been modelled with the same material properties as 

the masonry walls in the numerical model of the representative building (see Section 3.2). 

The properties of the rubble material have been defined according to the experimental 

results in Segura et al. [41] and the selected values are also in line with the lower bound 

for rubble masonry in the Italian guidelines [36]. The value for the compressive fracture 

energy has been obtained following the recommendations from Lourenço [37], as ex-

plained in the Section 3.2. A value of 20 N/m has been defined for the tensile fracture 

energy. 

The mechanical properties for the steel beams are the same as the ones used for the 

steel lintels as presented in Table 6. A Coulomb friction model has been used for the 

simulation of the interface between beams and bricks and rubble. The values for the nor-

mal and shear stiffness have been defined according to Endo et al. [40,42]. Since the 

information in the literature regarding the frictional behaviour between steel and masonry 

or rubble materials is very limited, the frictional parameters have been considered con-

servatively equal to the ones used in the literature for describing a contact surface between 

steel and concrete. A value of 0.1 MPa has been chosen for the cohesion as used in Cam-

pione et al. [43] for the simulation of frictional effects in structural behaviour of no-end-

connected steel-jacketed reinforced concrete columns. This value corresponds to an upper 



- 26 - 

 

 

bound value for an interface between concrete and steel according to Adam et al. [47]  

The frictional angle is 26.5º (tanϕ = 0.5), corresponding to a value for an interface be-

tween steel and concrete according to PCI Industry Handbook Committee [44]. 

The last part of Table 6 presents the material properties for the timber and the interface 

elements used in the 3D solid model of the one-way flexible floor with timber beams and 

masonry vaults. In most of the buildings with timber floors in the Eixample district, the 

timber beams are made out of Pine wood (Pinus sylvestris), which can be easily found in 

the Pyrenees [13]. The Young’s modulus of this type of timber is defined as equal to one 

of the lower resistance class C16 in the Spanish code for construction with timber [30]. 

The density and Poisson’s coefficient have been chosen according to the physical prop-

erties of Pine wood [45]. Due to the lack of information for the cohesive properties be-

tween timber and masonry materials, the properties of the interface elements are conser-

vatively chosen the same as in the floor model with steel beams. The value for the fric-

tional angle has been obtained according to a static frictional coefficient tanϕ=0.6 (fric-

tional angle of 30.96º) between timber and brick [46]. 

5.  Numerical analyses of the jack arch floor systems with steel and 

timber beams 

The aim of the numerical analyses of this section is the estimation of the orthotropic 

elastic properties of the two types of jack arch floors that are necessary for their simplified 

modelling using shell elements in FEM models of URM buildings, as discussed in Section 

3.1. As described previously (Section 4.1), a detailed 3D solid FE model (called 3D solid 

floor model) has been prepared for computing the elastic orthotropic properties of the 
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jack arch floor systems and use them in a simplified 2D shell FE model (called 2D shell 

model). It has not been possible to validate the numerical analyses by comparison with 

experiments, because experimental data at structural level on the floor slab system have 

not been so far carried out. Therefore, numerical simulations are used as a virtual labora-

tory to obtain the desired orthotropic properties of the floors. In the following sections, 

the necessary parameters for the definition of the orthotropic elastic behaviour are com-

puted, namely three Young’s moduli, three shear moduli and three Poisson’s coefficients.  

5.1 Evaluation of the Poisson’s coefficients 

The Poisson’s coefficients of the 3D solid floor model have been computed by per-

forming three linear elastic analyses. In particular, for each of these analyses a compres-

sive distributed load is applied at one of the faces (Figure 11) and the ratio between trans-

versal and axial deformation has been computed, as shown in equations (2) – (4) . 
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Figure 11 - Loading conditions for 3D solid floor model in order to obtain: a) Poisson’s coefficients vxi 

with i =y;z; b) Poisson’s coefficients vyi with i =x;z; c) Poisson’s coefficients vzi with i =y;x  

 

𝜀𝜀𝑥𝑥 =
𝛥𝛥𝛥𝛥
𝐿𝐿

 (2) 

𝜀𝜀𝑦𝑦 =
Δ𝐻𝐻
𝐻𝐻

 (3) 

𝜀𝜀𝑧𝑧 =
Δ𝑡𝑡
𝑡𝑡

 (4) 

In the above equations, ΔL, ΔH and Δt correspond to the average change in the width 

(L), length (H) and thickness (t) of the floor, after the application of the load.  

The following equations (5) - (7) have been used to estimate the Poisson’s coefficients 

(νxy, νyz and νxz), which are required for the elastic orthotropic material in DIANA-FEA 
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software [29]. The other three Poisson´s coefficients are calculated considering the sym-

metry of the orthotropic stiffness matrix, as follows: 

𝜈𝜈𝑥𝑥𝑥𝑥 = −
𝜀𝜀𝑦𝑦
𝜀𝜀𝑥𝑥

 (5) 

𝜈𝜈𝑦𝑦𝑦𝑦 = −
𝜀𝜀𝑧𝑧
𝜀𝜀𝑦𝑦

 (6) 

𝜈𝜈𝑥𝑥𝑥𝑥 = −
𝜀𝜀𝑧𝑧
𝜀𝜀𝑥𝑥

 (7) 

Table 7 - Values for the Poisson's coefficients used in the 2D shell floor models 

Poisson’s 
coefficients 

Floor system 
with steel 

beams 

Floor system 
with timber 

beams 

νxy 0.06 0.10 

νyz 0.14 0.17 

νxz 0.23 0.20 
 

Table 7 presents the computed values of the Poisson’s coefficients, which are used 

later in the numerical model of the representative Eixample buildings. The computed val-

ues satisfy the conditions (8) and (9) for an orthotropic material [29,48]: 

𝜈𝜈𝑥𝑥𝑥𝑥2 <
𝐸𝐸𝑥𝑥
𝐸𝐸𝑦𝑦

 , 𝜈𝜈𝑦𝑦𝑦𝑦2 <
𝐸𝐸𝑦𝑦
𝐸𝐸𝑧𝑧

 , 𝜈𝜈𝑥𝑥𝑥𝑥2 <
𝐸𝐸𝑥𝑥
𝐸𝐸𝑧𝑧

 
(8) 

2𝜈𝜈𝑥𝑥𝑥𝑥𝜈𝜈𝑦𝑦𝑦𝑦𝜈𝜈𝑥𝑥𝑥𝑥
𝐸𝐸𝑧𝑧
𝐸𝐸𝑥𝑥

< 1 − 𝜈𝜈𝑥𝑥𝑥𝑥2
𝐸𝐸𝑦𝑦
𝐸𝐸𝑥𝑥

− 𝜈𝜈𝑦𝑦𝑦𝑦2
𝐸𝐸𝑧𝑧
𝐸𝐸𝑦𝑦

− 𝜈𝜈𝑥𝑥𝑥𝑥2
𝐸𝐸𝑧𝑧
𝐸𝐸𝑥𝑥

≤ 1 
(9) 
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5.2 Evaluation of the Young’s and shear moduli 

5.2.1 FEM analyses of the 3D solid and 2D shell floor models 

The evaluation of the Young’s and shear moduli of the orthotropic material used to 

simulate the floors in the building model has been made through the direct comparison of 

the in-plane response under uniaxial and shear loading of the 3D solid model of the floors 

and 2D shell model of each floor type with elastic orthotropic properties. The same load-

ing conditions have been applied to both 3D solid and 2D shell floor slab models in order 

to allow the estimation of their axial and shear stiffness. 

First, the values of the Young’s moduli for the elastic orthotropic material of the 2D 

shell models have been computed along the local in-plane axes X and Y by matching the 

elastic axial stiffness of the 3D solid floor models. Accordingly, a set of two analyses per 

floor type have been carried out with the 3D solid floor models in order to evaluate the 

axial stiffness of the two floors by applying a compressive load along the two axes of 

orthotropy, i.e parallel and orthogonal to the beams. Figure 12 presents the force-displace-

ment curves obtained from these analyses for the two floor systems.  For load applied 

perpendicular to the beams, the capacity curves present a first linear range followed by a 

hardening branch. This behaviour is observed for the slabs with either steel or timber 

beams. For loading parallel to the beams, the force-displacement curves present a linear 

elastic behaviour up to a displacement of 3 mm. The differences between the two analyses 

reveal the orthotropic behaviour of the floor. As expected, the stiffness is higher for a 

loading parallel to the longitudinal axis of the floor beams, due to the higher contribution 

of the beam stiffness to the total stiffness of the floors. On the contrary, the lower stiffness 
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of the floor in a direction perpendicular to the longitudinal axis of the beams results in a 

higher deformation of the masonry vaults and subsequently their damage. This drop in 

the global stiffness due to the damage in the vaults is illustrated by the nonlinear force 

displacement response shown in Figure 12 (left). 

The initial values for the Young’s moduli in the two directions of orthotropy have been 

chosen such that the axial stiffness of the 2D shell models is equal to the initial (elastic) 

axial stiffness of the 3D solid floor models, see Table 10.  

 

Figure 12 - Load-displacement curves derived from a compression test of the 3D solid floor models in X 

direction (perpendicular to the beams, left) and in Y direction (parallel to the beams, right). 

 

Once the elastic modulus has been calibrated, a simple shear configuration has been 

used for the estimation of the shear modulus by considering the same boundary conditions 

that these one-way floors have in the existing building. This configuration has been pre-

viously verified by means of a simple elastic analysis comparing the states of simple shear 

and pure shear. The shear modulus Gxy of the 2D shell models has been computed by 

matching the elastic shear stiffness of the 3D solid floor models. Thus, two analyses have 

been performed using the 3D solid model for each floor system inducing a shear defor-
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mation of the floor, by applying a horizontal displacement at one end of the floor (re-

straining the vertical displacement) and keeping the opposite end fixed. The displacement 

is orthogonal to the longitudinal axis of the beams in the first analysis, in order to obtain 

the shear modulus of a floor with beams orthogonal to the seismic load (Gxy┴), and par-

allel to them in the second one for obtaining the shear modulus of a floor with beams 

parallel to the loading direction (Gxy║). It is worth noticing that the parameters Gxy┴ and 

Gxy║ have been artificially introduced to distinguish the two different loading procedures 

assumed to evaluate the shear modulus Gxy. Figure 13 and Figure 14 present the contour 

of the horizontal displacements of the floor for a loading of 0.5 mm in the X direction 

(orthogonal to the beams) and in the Y direction (parallel to the beams), respectively. 

Figure 15 shows the force-displacement capacity curves obtained from the in-plane shear 

analyses of these 3D solid floor models for the two loading directions. The capacity 

curves, obtained from the loading applied perpendicular to the beams, present a similar 

nonlinear behaviour for both types of floor. For this loading direction, the floor with steel 

beams is stiffer and shows higher capacity than the one with timber beams. The first 

branch of the curves obtained for loading parallel to the beams is similar for the two types 

of floor slabs investigated. However, the floor slab with timber beams reaches a lower 

ultimate strength than the one with steel beams for the investigated levels of displace-

ments. In both cases, the nonlinear response is due to shear cracking at the masonry vaults 

and sliding at the masonry-beam interface.  
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Figure 13 - Displacements in X direction of the 3D solid floor model with steel beams from a displacement 

load of 0.5 mm applied orthogonal to the beams. 

 

 

Figure 14 - Displacements in Y direction of the 3D solid floor model with steel beams from displacement 

load of 0.5 mm applied parallel to the beams.  
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Figure 15 - Load-displacement capacity curves obtained from in-plane shear tests of the 3D solid floor 

models in X direction (perpendicular to the beams, left) and in Y direction (parallel to the beams, right).  

 

Similar to the case of the Young’s moduli, the initial assumptions on the values of the 

Gxy of the 2D shell models are such that the shear stiffness of those is equal to the initial 

(elastic) shear stiffness of the 3D solid floor models (Figure 16 and Figure 17). Table 8 

presents the corresponding estimated values for each floor system. These values confirm 

the orthotropic behaviour of the jack arch floors, in the two principal loading directions 

(parallel and perpendicular to the beams). The Young’s modulus Ez has been assumed 

equal to the Young’s modulus Ey. The shear moduli in the other two planes (Gyz, Gxz) 

have been considered equal to Gxy. 

 

Figure 16 - Calibration of the elastic shear stiffness based on the comparison of the 3D solid and 2D shell 

floor models with steel beams (for both loading directions). 
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Figure 17 - Calibration of the elastic shear stiffness based on the comparison of the 3D solid and 2D shell 

floor models with timber beams (for both loading directions) 

 

Table 8 - Values of the elastic properties of the floors obtained from the FEM analyses of isolated floor 

slab models 

Type of floor 
Elastic orthotropic properties 

Ex (MPa) Ey (MPa) Gxy┴ (MPa) Gxy║ (MPa) 

Floor with steel beams 
and tile vaults 1000 7800 290 430 

Floor with timber 
beams and tile vaults 1100 4000 320 500 

 

The elastic orthotropic properties obtained from the floor models are different in both 

floor systems depending on the loading direction. There is a difference of around 65% for 

the Young’s moduli Ey, due to the different material used for the beams in the floor sys-

tems and a smaller difference of 10% between the values of the Young’s moduli in the 

direction perpendicular to the beams (Ex), due to the different geometry of the masonry 

vaults and the material of the beams. The values of the shear moduli Gxy┴ and Gxy║ for the 

jack arch floor with timber beams are 10% and 16% higher than the ones of the one-way 

floor system with steel beams. 
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5.2.2 FEM analyses with a global model of the building 

The estimated values of the Young’s and shear moduli reported in the previous section 

were based on FEM nonlinear analyses on isolated detailed 3D solid models of the floor 

slabs. Such values can be adopted for the simplified 2D shell modelling of the floors 

under the assumption of elastic behaviour only if the strain/stress admissibility is guaran-

teed. This check has been performed through a nonlinear seismic analysis of the global 

FEM model of the selected URM building, including the simplified 2D shell modelling 

of the floors. The procedure consists in checking if the deformation levels of the 2D shell 

models of the floor slabs remain in the elastic field during the seismic loading of the entire 

building, simulated with nonlinear FEM pushover analysis. If the level of deformation 

experienced by the floors of the building model corresponds to the elastic deformation as 

identified by the axial and shear tests of the 3D solid floor models (see Section 5.2.1), 

then the selection of the elastic properties for both models is valid. Contrariwise, if the 

level of deformation reached by the 2D shell floors in the FEM building model corre-

sponds to a nonlinear behaviour of the 3D solid floor models, then the values of the 

Young’s and shear moduli for the elastic orthotropic material of the floors are updated 

accordingly (see Figure 18). This updating procedure is iterative, as it will be explained 

in the following. 

The application of the seismic loading to the building models has been simulated 

through pushover analysis. The analysis includes two steps, the first corresponding to the 

application of the self-weight and the second to the horizontal loading of the structure 
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with a force pattern proportional to the distribution of the mass. A Newton-Raphson reg-

ular iteration method has been used along with an arc-length for solving the nonlinear 

system of algebraic equations. The convergence has been checked based on an energy 

norm by considering a tolerance of 0.001. 

 

Figure 18 - Flowchart of the numerical procedure used to compute the values of the shear moduli of the 

jack arch floors. 

 

After performing pushover analyses in X and Y directions, the longitudinal and shear 

deformations have been computed considering the displacements at the end sides of the 

top floors of the model. The pushover analysis in X direction provokes a torsional move-

ment of the building (Figure 19a). This is anticipated due to the non-symmetrical distri-

bution of the walls in the front and rear façades, which result in an eccentricity between 
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the centre of mass and the centre of stiffness of the building. The building is symmetrical 

in the Y direction and it does not exhibit a torsional response when loaded parallel to it 

(Figure 19b). Thus, the floor deformations of the building model have been estimated 

only from the pushover in X direction as this constitutes the only case producing shear 

deformation to the floors due to the torsional response of the building. 

  

a) b) 

Figure 19 - a) Displacements of the floors in the FEM building model from pushover in X direction; b) 

Displacements of the floors in the building model from pushover in Y direction (dimensions in meters). 

Red dashed lines illustrate the deformed shape at the maximum load capacity of the pushover analysis 

(deformation multiplied by 10).  

 

The longitudinal and shear deformations have been used to compare the level of de-

formations experienced by the 2D shell floors in the global FEM model of the building 



- 39 - 

 

 

with those of the 3D solid models of the isolated floors. The analysis stage used as refer-

ence for computing these deformations in the models of the building is the one corre-

sponding to the maximum load capacity. The different levels of the displacements can be 

visualized in the capacity curves in the Figure 22 for each case. The longitudinal defor-

mation of a floor along the loading direction corresponds to the change in the length of 

the floor parallel to the loading direction (i.e. its contraction) over the original length (see 

Figure 20a and Figure 20c). The shear deformation has been computed as the angular 

distortion of the originally orthogonal floor, see equation (11), as shown in Figure 20b, 

and Figure 20d. The average values for the displacements of both sides of the floors 

(marked as ① and ② in Figure 19a) have been considered for the calculation of the 

longitudinal and shear deformation, as they present the maximum deformation during the 

performed analyses. 

With reference to Figure 20a and Figure 20b, longitudinal and shear deformations of 

the floors in the models of the building from the pushover in X direction have been com-

puted using the equations (10) and (11).  

 

Δ𝑢𝑢 =
𝑢𝑢1 − 𝑢𝑢2
𝐻𝐻1

 (10) 

𝜃𝜃 =
𝛿𝛿1 − 𝛿𝛿2
𝐿𝐿1

 
(11) 
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a) b) 

  

c) d) 

Figure 20 - Longitudinal and shear deformation modes: a) longitudinal deformation in X direction of the 

floors in the FEM building model; b) shear deformation of the floors in the FEM building model; c) longi-

tudinal deformation in X direction of the 3D solid floor model; d) shear deformation of the 3D solid floor 

model. 

 

These deformations have been compared to the ones of the 3D solid models of the 

floors, which have been computed using the equations (12) and (13), see Figure 20c and 

Figure 20d. The relative displacements from the floors with maximum deformation of the 

building model have been calculated according to the equations (14) and (15).  
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Δ𝑢𝑢 =
Δh
𝐻𝐻

 
(12) 

𝜃𝜃 =
𝑑𝑑
𝐿𝐿

 
(13) 

Δh = �
𝑢𝑢1 − 𝑢𝑢2
𝐻𝐻1

 � ∙ 𝐻𝐻 [𝑚𝑚] (14) 

𝑑𝑑 = �
𝛿𝛿1 − 𝛿𝛿2
𝐿𝐿1

 � ∙ 𝐿𝐿 [𝑚𝑚] 
(15) 

With regard to the longitudinal deformations, the values computed for all the floor 

types and for both pushover directions fall within the linear range of the capacity curves 

of the 3D solid floor slab model. Therefore, the Young’s moduli in both directions of the 

floor systems have been considered equal to the values shown in Table 8.  

Contrary to the longitudinal deformations, the shear ones experienced by the 2D shell 

floors of the building models fall beyond the elastic range of shear deformations as com-

puted by the 3D solid floor slab models. This implies that the floors in the FEM model of 

the building present an excessive in-plane shear stiffness that should be reduced in order 

to satisfy the shear-strain admissibility derived from the previous nonlinear analyses of 

the 3D solid floor models. Hence, the shear modulus computed for the 2D shell floor 

models has been reduced and an “effective” shear stiffness has been adopted instead of 

the elastic one of the 3D solid floor models.  

The steps to compute the new values of this effective floor stiffness are the following: 

i) computation of the equivalent shear deformation of the 3D solid floor slab model cor-

responding to the shear deformation calculated in the 2D shell floors of the building 

model; ii) computation of the secant stiffness of the 3D solid floor model corresponding 
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to the computed shear deformations of the 2D shell floors of the building model; iii) up-

date of the shear modulus of the 2D shell model so that its effective shear stiffness 

matches the secant stiffness computed for the nonlinear 3D solid floor model; iv) execu-

tion of a new pushover analysis and computation of shear deformation at maximum ca-

pacity. After the execution of the new pushover analysis, a check has been carried out 

considering two factors (Table 9 and Table 10): i) change of maximum capacity from the 

pushover analysis in X direction, and ii) change of relative displacements (δ1-δ2) in the 

floors (with beams parallel and perpendicular to the loading direction) corresponding to 

the maximum capacity of the building model. The iterative procedure has been finalized 

when the changes are below 10% (based on previous experience) between two successive 

iterations. Figure 18 shows a visual summary of the entire procedure.  

The iterative procedure has been followed only for loading in the X direction, which, 

as it is already mentioned, is the case producing shear deformation to the floors due to the 

torsional response of the building. At each iteration, the deformation levels have been 

checked and the shear moduli have been updated, if necessary, for both floors with beams 

parallel and orthogonal to the loading direction. 

Figure 21a and Figure 21b show the effective stiffness values of the 2D shell floor 

models obtained from the procedure for the floors with steel beams parallel and orthogo-

nal to the loading direction, respectively. Convergence of the two monitored parameters, 

i.e. maximum force capacity and local relative displacements of the floors, was achieved 

after four iterations.  
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Figure 21 - Calibration of the effective shear stiffness of the 2D shell model in the 3D building model: a) 

floors with steel beams parallel to the loading direction; b) floors with steel beams perpendicular to the 

loading direction. 

 

Figure 22 presents the capacity curves of the building with steel and timber beam floors 

for the different iterations. These pushover (acceleration-displacement) curves in X di-

rection indicate differences in both capacity and ductility of the building model after mod-

ifying the elastic properties of the floors at each iteration. The building model with elastic 

properties of the 2D shell floors equal to those of the 3D solid model (first iteration) has 

the highest maximum capacity and lowest ductility. There is a drop of 8% for the maxi-

mum capacity of the building model after the second iteration. On the contrary, the duc-

tility of the building increases with the change of the elastic properties in the 2D shell 

floors obtained by assuming the secant stiffness of the 3D solid floor model correspond-

ing to the computed shear deformations of the floors of the building model. This result 

confirms the important influence of the in-plane stiffness of the one-way floors in the 

global behaviour of the URM building. 
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Figure 22 - Capacity curves from pushover analyses in X direction with different shear moduli for the one-

way flexible floors: a) floors with steel beams; b) floors with timber beams. 

 

Table 9 summarizes the values of the monitored parameters during the iterative pro-

cedure. The difference in the values of the shear moduli between the first iteration and 

the second one is around 143% in the floor with beams aligned with the X direction 

(Gxy║), and around 87% in the floor with beams aligned with Y direction (Gxy┴). The 

same difference between the second and the third iteration is smaller, around 56% for 

Gxy┴ and 34% for Gxy║. Lastly, the values of the shear moduli of the fourth iteration have 

converged, with an identical value for Gxy┴ and around 9% difference for Gxy║. The dif-

ferences in the control values of the maximum capacity and relative displacement of the 

floors with beams perpendicular to the loading direction are 2.4% and 6%, respectively. 

The converged values of Gxy┴ and Gxy║ are 9.3% and 25.6% of the elastic ones considered 

in the first iteration. 

 



- 45 - 

 

 

Table 9 - Values obtained of the shear properties of the floor system with steel beams after the proposed 

iterative procedure 

Convergence of the shear properties for the floors with steel beams 

Properties Iteration 1 Iteration 2 Iteration 3 Iteration 4 

Gxy┴ (MPa) 290 48 27 27 

Gxy║ (MPa) 430 170 120 110 

Maximum capacity (g) 0.137 0.126 0.126 0.123 

Displacement ┴ (m) 0.003 0.0064 0.0067 0.0071 

Displacement ║ (m) 0.0012 0.0031 0.0039 0.0039 
 

The graphs in Figure 23 show the convergence of the values of the shear modulus 

when the load is perpendicular (Gxy┴) and parallel (Gxy║) to the longitudinal axis of the 

beams. The difference for the maximum capacity between the third and fourth iteration 

is less than 3%. 

 

Figure 23 - Convergence of the values of the shear moduli of the 2D shell floors with steel beams. 

 

The same methodology has been applied for the calculation of the shear moduli of the 

one-way floors with timber beams and ceramic tile vaults. The pushover capacity curves 

of the building with timber beam floors are presented in Figure 22b. The model with the 

orthotropic properties of the 2D shell floors estimated from the initial elastic stiffness of 

the 3D solid floors has the highest maximum capacity of 0.143g and presents the lowest 
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ductile behaviour. The ductility of the building increases by updating the elastic proper-

ties of the floors in the following iterations. Figure 24 presents the different iterations that 

have been done in order to obtain the final values of the shear modulus for both floor 

directions (Gxy┴ and Gxy║). 

 

Figure 24 - Calibration of the effective shear stiffness of the 2D elastic shell model in the 3D building 

model: a) floors with timber beams parallel to the loading direction; b) floors with timber beams perpen-

dicular to the loading direction. 

 

Figure 25 shows the convergence of the values of the shear modulus for the floors with 

timber beams and ceramic tile vaults. Table 10 presents the values of the shear moduli, 

the maximum load capacity and corresponding relative displacements for the case of the 

timber beam floors. Again, the difference of the maximum capacity between the third and 

fourth iteration is smaller than 5%. The difference for the relative displacements of the 

floors with timber beams perpendicular to the loading direction is 12%. This confirms the 

convergence of the values of the orthotropic properties for the floors. The converged val-

ues of Gxy┴ and Gxy║ are 8.4% and 9.2% of the elastic ones considered in the first iteration. 
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Figure 25 - Convergence of the values for the shear moduli of the 2D shell floors with timber beams. 

 

Table 10 - Values obtained of the shear properties of the floor system with timber beams after the pro-

posed iterative procedure 

Convergence of the shear properties for the floors with timber beams 

Properties Iteration 1 Iteration 2 Iteration 3 Iteration 4 

Gxy┴ (MPa) 320 53 30 27 

Gxy║ (MPa) 500 150 65 46 

Maximum capacity (g) 0.143 0.138 0.13 0.125 

Displacement ┴ (m) 0.003 0.0061 0.0068 0.0057 

Displacement ║ (m) 0.0014 0.0035 0.0051 0.0051 
 

6.  Analysis and discussion of the results 

After having calibrated the elastic orthotropic properties of the two studied floors, this 

section presents the results of the pushover analysis of the representative building with 

different floor systems. 

Figure 26 shows the capacity curves of the static pushover analyses in terms of hori-

zontal acceleration and displacement for the two analysed cases. The shape of the capacity 

curve is very similar for both cases. For the pushover analysis in the X direction, the FEM 

models present a linear behaviour until a sudden loss of stiffness, associated with the 

development of a soft-storey mechanism at the ground floor. This soft-storey mechanism 
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does not appear in the pushover analysis in the Y direction due to the presence of the 

transverse shear masonry walls, which are continuous along the whole height of the build-

ing. This difference makes the studied building more vulnerable in the X direction, show-

ing lower load capacity, whereas a similar deformation capacity is obtained for both load-

ing directions. 

 

Figure 26 - Capacity curves of the Eixample building FEM model with the two different composite floor 

systems composed of steel or timber beams and tile vaults: pushover in X direction (left) and pushover in 

Y direction (right). 

 

The maximum capacity in terms of the applied horizontal acceleration is very similar 

in both floor typologies for the pushover in the X direction. However, there is a difference 

of 8.3% for the maximum capacity of the pushover in the Y direction. A big difference 

exists in the deformation capacity, with the displacement reached at the last converged 

step of the analyses of the building with floors of steel beams being 33.5% and 29.5% 

lower than the one of timber beams for loading in X and Y directions, respectively. This 

shows a less ductile behaviour for the model with one-way floors of steel beams and tile 

ceramic vaults. 
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Figure 27 shows the capacity curves of the static pushover analyses in terms of base 

shear and horizontal displacement for the two floor systems with steel and timber beams, 

in the X and Y directions. As it can be seen from the graphs, there is no significant dif-

ference in stiffness between the two models with different floor systems. The total mass 

of the existing building with one-way floors of steel beams and masonry vaults is 

1,572,300 kg and 1,369,500 kg for the model with floor system of timber beams and 

masonry vaults. Accordingly, the base shear capacity is higher in the model with floor 

systems composed of steel beams and masonry vaults than the model with timber beams, 

due to the difference in the mass of the floor systems. 

 

Figure 27 - Capacity curves in terms of base shear and horizontal displacements of the Eixample building 

FEM model with the two different composite floor systems composed of steel or timber beams and tile 

vaults: pushover in X direction (left) and pushover in Y direction (right). 

 

As already mentioned, the difference in the horizontal stiffness observed between the 

X and Y axes of the building is attributed to the presence of big openings in the façades, 

while there is a small percentage of openings in the lateral walls and the lateral sides of 

the central core. The non-symmetrical distribution of openings between the front and rear 

façades has as important role in the seismic performance, producing a torsional response 
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when the structure is loaded towards the X direction. On the contrary, no torsional re-

sponse is observed when loading along the Y direction, due to the symmetrical distribu-

tion of walls and openings in the Y axis of the building. The effect of the shear stiffness 

of the floors is more evident for loading along the X axis as discussed in the previous 

section.  

Figure 28 and Figure 29 illustrate the damage localization simulated by the FE models 

in terms of maximum principal strains for the pushover analysis in X and Y direction, 

respectively.  

With regard to the pushover in the X direction, the damage pattern is very similar for 

the two buildings with the different floors (Figure 28), with a formation of diagonal cracks 

in the piers of the front façade of the ground floors, which further leads to a shear failure. 

This type of mechanism is commonly known as soft-storey behaviour. The distribution 

of the tensile damage at the maximum capacity of the pushover analysis indicates a col-

lapse mechanism of the piers of the front façade at the ground floor. Additionally, shear 

cracking appears in the other interior parts parallel to the façade and the lintels over the 

openings. Due to the absence of the interior walls at the ground floor in the frontal part 

of the structure and their replacement with steel beams, a local mechanism of overturning 

occurs at the lateral wall perpendicular to the seismic action. The level of the ground floor 

is seen as the weakest part of the structure because of the great change in the in-plane 

stiffness of the resisting elements. 
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a) b) 

Figure 28 - Contour of maximum principal strains at maximum capacity for pushover analysis in X direc-

tion: a) building with composite floor system consisting of steel beams and ceramic tile vaults; b) building 

with composite floor system consisting of timber beams and ceramic tile vaults. 3D view at the top and 

view of the front façade at the bottom. 
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a) b) 

Figure 29 - Contour of maximum principal strains at the maximum capacity for a pushover in Y direction: 

a) building with composite floor system of steel beams and tile vaults; b) building with composite floor 

system of timber beams and ceramic tile vaults. 3D view at the top and view of the lateral walls at the 

bottom. 

 

The pushover analysis in Y direction shows a damage pattern symmetrical with respect 

to the Y axis, due to the symmetrical distribution of the resisting structural elements. 

Diagonal shear cracks appear on the lateral walls, starting from the lowest floor level, 

where the highest axial load exists, and progressing throughout the walls (Figure 29). 

Additionally, high levels of damage are observed in the corners of the semi-patios, which 
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have resulted in a vertical separation of the walls as a local mechanism. The damage 

pattern is very much alike for both models from the pushover in Y direction as well.  

In conclusion, both one-way floors have similar behaviour for the seismic response of 

a multi-storey URM existing building. The collapse mechanism is the same for both types 

of floors, following the evolution of a soft-storey in the pushover in X direction and a 

shear failure of the lateral walls for the pushover in Y direction. The one distinction that 

should be noted is the variation in the displacement capacity, where the floors with timber 

beam present higher displacements than the ones with steel beams.  

7.  Conclusions  

This paper has presented a procedure for the simplified and efficient modelling of jack 

arch one-way floors with tile vaults and steel or timber beams, which are a recurrent floor 

system in industrial and urban buildings of different countries. The adopted simplified 

modelling of floors consists in considering 2D shell elements with orthotropic elastic ho-

mogeneous material. The orthotropic properties have been computed adopting a novel 

iterative procedure, which updates the elastic parameters of the simplified linear 2D shell 

model until matching the in-plane seismic behaviour of a detailed nonlinear 3D floor 

model built with solid continuum finite elements. Once the simplified models for the 

floors are validated, they can be implemented in the global FEM model of selected URM 

building to evaluate its seismic assessment by means of a pushover analysis. A multi-

storey URM building of the Eixample historical district in Barcelona has been considered 

as a case study. 

The following conclusions can be drawn from the presented study: 
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• The proposed modelling procedure for composite floor systems with timber/steel 

beams and tile vaults constitutes a simplified and reliable methodology to calibrate 

the elastic material orthotropic properties of 2D shell diaphragms in a 3D building 

model. 

• The calibrated elastic values of the orthotropic elastic properties can be used to 

represent the shear and axial stiffness of two different types of jack arch floors, i.e. 

including tile vaults and steel or timber beams. The procedure allows to accurately 

simulate their behaviour in case of the application of seismic actions. 

• The proposed methodology has been applied to a case study, consisting in the anal-

ysis of a representative building of the Eixample district of Barcelona. Two differ-

ent types of jack arch floors, one with timber and the second one with steel beams, 

showed similar results in terms of global stiffness, maximum capacity and collapse 

mechanisms. Differences exist in the maximum displacements, with the case of 

steel beams in the floors exhibiting lower displacement capacity and presenting a 

less ductile behaviour. 

• The global seismic behaviour of the URM building changes by modifying the val-

ues of the elastic orthotropic properties used for the modelling of the floors as 2D 

shell elements in the 3D building model. The different in-plane stiffness influences 

both the capacity and the ductility of the existing URM buildings. Hence, the 

proper modelling of the shear stiffness of the different type of floors should be 

always carefully considered in the seismic assessment of existing URM masonry 

buildings.  
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• The buildings of the Eixample district present a very different response according 

to the loading direction. The presence of large open spaces in the ground-floor and 

a large number of openings in the front façade makes the structure more vulnerable 

for loading in the direction parallel to the façade. While this vulnerability is ex-

pected to be reduced due to the construction of these buildings in aggregates, the 

global behaviour is not expected to change as all structures share the same struc-

tural characteristics with the presence of a soft-storey at the ground floor. The max-

imum level of displacements reached by the structure is similar for loading parallel 

and orthogonal to the façade. 
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