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BACKGROUND AND OBJECTIVES 

Economy of the European Union is sustained by a highly complex and interconnected network 

of transport infrastructure. Masonry arch bridges forms the backbone of European transport 

infrastructure network (e.g. there are approximately 200,000 masonry arch bridges still in use 

on the European railway network [1, 2] which represents 60% of the total bridge stock). The 

majority of masonry arch bridges were built in the 19th century, in parallel with the industrial 

revolution. As a result of the over-conservative design methods used for their construction in 

the past, these bridges have been proved to be an extremely durable structural form and they 

are usually able to carry the even-increasing live loads from modern day traffic [3]. Despite the 

fact, that these structures are still in-service but showing significant signs of distress due to 

weathering and due to the demands of increasing axle loads and train velocities [4]. Also, much 

of our masonry infrastructure has significant heritage and cultural value in Hungary and in the 

EU, maintainers have a policy to “retain and repair”, rather than “demolish and replace” them 

[5]. From the above, there is an imperative need to better understand the mechanical behaviour 

of masonry arch bridges and provide detailed and accurate data by state-of-art numerical tools 

that will better inform maintenance programmes and asset management decisions. 

Over the last two decades, considerable effort has been made to gain a greater understanding of 

the behaviour of masonry arch bridges. The empirical MEXE method – developed during the 

World War II [3, 6] – was replaced by the so-called limit state analysis methods [7-9], which 

use the theorems of plastic limit analysis and formulate a linear programming problem. In this 

way, the collapse load and the corresponding failure mechanism of the masonry arch bridge can 

be determined at low computational cost. Currently, limit analysis methods are available for 2D 

problems, hence skew arch bridges, the transverse behaviour of bridges, behaviour of spandrel 

wall cannot be analysed and assessed. It should be mentioned, that for an engineer, the 

permissible load level and the structural stiffness of the bridge (parameters which cannot be 

determined by limit state analysis) are at least as important information as the collapse load. 

The spreading of finite element techniques opens a new chapter in the analysis of masonry arch 

bridges, however the analysis of the inhomogeneity and the anisotropy caused by the different 

construction methods is barely possible with finite element (FE) models. 
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In this dissertation, numerical models based on the discrete element method (DEM) were 

developed to analyse the mechanical behaviour of masonry arch bridges. DEM was originally 

developed in the 70’s to analyse geotechnical problems [10, 11]. Similarly to FE techniques, 

DE models can follow the mechanical behaviour from the initial elastic phase through the non-

linear part until the ultimate load is reached. In contrast to FE models, however, discontinuity 

from stone arrangements can be easily considered, hence various construction methods are 

become comparable. 

The objective of the dissertation is to develop discrete element based numerical models in order 

to analyse those special problems of masonry arch bridges which cannot be analysed by the 

currently available finite element models and limit-analysis methods. These special problems 

can be grouped into four groups as follows: 

- comparative analysis of skew arches and their construction methods, 

- analysis of arch-backfill interaction of regular and skew arch bridges, 

- mechanical role of spandrel walls, 

- effect of moving loads on masonry arch bridges. 

 

RESEARCH METHOD 

The work presented in the dissertation was completed by using the commercial codes of 

ITASCA, the two-dimensional UDEC and the three-dimensional 3DEC [12].  

Discrete element models consist of a set of polygonal / polyhedral elements. Joints are viewed 

as zero thickness interface elements where mechanical interaction between blocks takes place. 

The discrete elements can behave in a rigid or in a deformable manner. In the latter case, the 

discrete elements are subdivided into finite elements. The deformations and the internal force 

system are determined by explicit time-integration of Newtonian equations of motion. In case 

of static analysis, the equilibrium state can be reached with artificial damping forces [11].  
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SUMMARY OF THE RESEARCH 

MECHANICAL BEHAVIOUR OF SKEW ARCHES 

A significant proportion of masonry arch bridges span obstacles at an angle other than 90 

degrees [13]. This results in the faces of the arch not being perpendicular to its abutments and 

its plan view being a parallelogram. 

In the 19th century, different methods of construction [14-16] were developed for skew masonry 

arches. The different methods have an influence on the strength and stiffness of the structures. 

Although a great deal of work has been carried out to assess the strength of square or regular 

masonry arch bridges [17-20], comparatively little work has been undertaken to understand the 

behaviour of skew arches [13, 19]; while the effect of arrangement of voussoirs (stereotomy) 

on the load bearing capacity was not investigated.  

The aim of the investigations presented herein were to compare the different methods of 

construction and their effect on the load bearing capacity of semi-circular skew masonry arches. 

The developed, discrete element based numerical models belong to the group of so-called 

simplified micro-models, where every single voussoir is represented by a discrete element, 

while the mechanical connection between the elements was made by zero-thickness interface 

elements [11]. 

In the framework of the PhD dissertation, three different method of construction used for 

circular skew arches were analysed and compared: (i) false skew arch, (ii) helicoidal or English 

method, (iii) logarithmic or French method. After revisiting the corresponding literature from 

the 19th century [14-16, 21, 22], a methodology was developed to create the numerical models 

of skew arches with arbitrary geometry and in accordance with any of the aforementioned 

construction techniques. Figure 1 illustrates the stereotomy of semi-circular skew arches with 

30° skewness and with the three main types of construction method. 

   

(a) False skew arch (b) Helical method (c) Logarithmic method 

Figure 1 – Skew arches with different methods of construction 
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I determined the so-called minimum barrel thickness (i.e the smallest thickness necessary to 

maintain the equilibrium of the arch subjected to its own weight [23, 24]) for masonry arches 

with 0-45° skewness. (Figure 2). 

 

Figure 2 – Influence of the angle of skew on the minimum barrel thickness 

According to Figure 2, the minimum barrel thickness of false skew arches is non-linearly 

increasing as the skewness is increasing, while in the case of helicoidal and logarithmic method, 

the minimum barrel thickness is non-linearly decreasing with increasing skewness. The failure 

mechanism can help to understand the reasons behind: while in the case of false skew arch the 

voussoirs are just rotating on each other, in the case of helicoidal and logarithmic method, the 

masonry units have to slide on each other beside the rotating movement. 

I observed that the shape of the voussoirs (Figure 3) influences the mechanical behaviour of 

skew arches. In the case of false skew arches the equilibrium of the structure cannot be 

maintained, regardless of the thickness, if the length to width (L/W) ratio of the voussoir is 

smaller than the tangent of the skewness (Figure 4). In the case of helicoidal and logarithmic 

method, with increasing L/W ratio, the minimum barrel thickness is approximately linearly 

decreasing. 

 

          

Figure 3 - Different element shapes (logarithmic method) 
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Figure 4 – Effect of element shape on minimum barrel thickness 

(regular arch; false skew arch; helicoidal method) 

I compared the collapse load of semi-circular skew arches with various skewness and 

construction techniques applying a line load parallel to its abutments (Figure 5). I observed, 

that the location of critical load position (i.e. the position that leads to the smallest failure load) 

does not depend on the skewness or on the construction method of the masonry arch.  

 

Figure 5 –Collapse load of skew arches considering various construction methods and 

skewness values 
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Analysing a semi-circular arch with 45° skewness and 0.20R barrel thickness I categorized the 

failure mechanisms for the three analysed construction method (Figure 6). If the joint friction 

angle is in the range of 20-40°, the collapse load is linearly increasing with the higher friction 

angles. In these cases, failure occurs by the sliding of the voussoirs on each other. When the 

friction angle is above 40°, the collapse load of regular and false skew arches are independent 

of the frictional resistance. This indicates that the failure mechanism developed is due to hinge 

development. However, for arches constructed using the helicoidal and logarithmic method, the 

load bearing capacity is positively influenced by the contact friction even if the angle is above 

40°, but to a much smaller extent; which indicates combination of frictional sliding and hinge 

development for the formation of the failure mechanism. 

 

Figure 6 – Influence of frictional angle on the collapse load  

(b=5.0 m, t=0.20R, Ω=45)°  
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Thesis 1 - Skew masonry arches [FT1, FT2, FT10] 

a.) Based on the literature review of books and journal papers released in the 19th century, 

I developed a methodology to create the 3D geometry of the voussoirs for skew masonry arches 

with circular generatrix. With the developed method, arches can be created with arbitrary 

skewness and with any typical block sizes, and with three different methods of construction: 

false skew, helicoidal and logarithmic.  

b.) I developed a state-of-the-art discrete element based numerical model able to consider 

the stereotomy of semi-circular skew arches for false skew, helicoidal and logarithmic method 

of construction in the range of 0°-45° angle of skew. I determined the required minimum 

thickness for the arch to remain stable under its self-weight, and I determined the failure 

mechanisms to each construction method. I showed, that as the angle of skew increases, the 

minimum thickness is non-linearly increasing in the case of false skew method, while non-

linearly decreasing in the case of helicoidal and logarithmic method. I determined how the 

shape of the voussoirs influences the minimum thickness of skew arches: the static equilibrium 

of false skew arches cannot be maintained - independently from the barrel thickness – if the 

voussoirs length-to-width ratio is smaller than the tangent of the angle of skew; in the case of 

helicoidal and logarithmic method of construction, as the length-to-width ratio of the voussoirs 

increases, the minimum thickness of the skew arch decreases.  

c.) I analysed the collapse load of skew masonry arches subjected to line load parallel to 

the abutments. I validated the developed numerical model against the experimental test results. 

I determined, that the critical load position, where the collapse load of the structure is the lowest, 

does not depend on the method of construction or skewness of the arch. I classified the failure 

of the skew arches into pure rotational, mixed and pure sliding mechanisms. 
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ARCH-BACKFILL INTERACTION 

Past researches showed that the backfill can significantly alter the mechanical behaviour of the 

masonry arch [25-28]. The backfill provides positive effects such as: (i) disperses the 

concentrated loads applied on the surface of the bridge; (ii) adds dead load to the rings and thus 

keeps the voussoirs in compression; and (iii) provides passive earth resistance i.e. restrains sway 

of the barrel arch. 

Nowadays, there are two main approaches to represent backfill in numerical models. In the case 

of limit analysis methods (e.g. [8]), backfill is represented as an external load, load-distribution 

is approximated typically by the Boussinesq-theory, while the development of the passive earth 

pressure is ensured with nonlinear bar elements. In FE simulations, the backfill usually appears 

as an elasto-plastic continuum [19] with various failure criteria (e.g. Mohr-Coulomb criteria). 

Moreover, there are attempts to create discrete backfill models as well (e.g. [29]). 

Previous numerical researches on skew arch bridges were dealt only with the behaviour of the 

skew arch barrel [3]. I extended the numerical model of skew arches presented in the previous 

Section with continuum-type elasto-plastic backfill element (Figure 7). 

 

Figure 7 –Skew arch and backfill – geometry and load arrangement 
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Masonry arch bridges with different skewness (0°; 15°; 30°; 45°) and two different methods of 

construction (false skew arch and helicoidal method) were compared. The width of the bridge 

(measured perpendicular to the axis of the road) was kept constant ( 3 mb = ). The spandrel 

walls were not considered in this study. The collapse load of the structure was determined with 

applying a line load placed perpendicular to the axis of the bridge. 

The collapse load was defined as the smallest failure load measured at 9 different load positions. 

My observation was that the critical load position does not depend on the skewness and on the 

method of construction (Figure 8), moreover, the presence of backfill shifts the critical load 

position towards the abutments.  

 

Figure 8 – Critical load positions – (a) false skew method; (b) helicoidal method 
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(a) 5 cm (b) 10 cm 

   
(b) 20 cm (d) 30 cm 

  
 (e) 50 cm (f) 75 cm 

Figure 9 – Numerical backfill models with various Voronoi cell sizes 

Using the calibrated values for interface stiffness, the developed numerical model showed 

reasonably good agreement (i.e. less than 5% error) with the results of a field test, if the Voronoi 

cell size was chosen smaller than the 3% of the bridge span (Figure 10b). 

 

(a)       (b) 

Figure 10 – (a) Load displacement curves of elastic Voronoi model, with various size of 

Voronoi cells; (b) Convergence of the ultimate load w.r.t. Voronoi cell size 
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Figure 11 illustrates the failure mechanism of the masonry arch bridge with Voronoi cell size 

equal to 5 cm. 

 

Figure 11 – Crack propagation within the soil – average Voronoi cell size: 5 cm 

Thesis 2 - Arch barrel – backfill interaction [FT3, FT4, FT8, FT10, FT12] 

I developed discrete element models to analyse the mechanical effects of backfill in skew 

and regular masonry arch bridges. I calibrated these models against full-scale experimental 

test.  

a.) By modelling the backfill as a continuum, I analysed the effect of backfill on the 

collapse load of skew masonry arch bridges with various angle of skew and in the case of 

false skew and helicoidal method of construction. I justified numerically that the presence of 

the backfill shifts the critical position of the load towards the abutment.  

b.) I developed a methodology to consider the backfill as a series of irregular, closely 

packed particles (Voronoi cells). I analysed the effect of the size of Voronoi cells on the 

capacity and rigidity of a regular masonry arch bridge. Based on the numerical results, I 

showed how the average size of the Voronoi cells and the contact stiffness influence the 

results. I suggested a method on how to scale the contact stiffnesses between the backfill 

particles with respect to the size of Voronoi cells. I proposed the appropriate average size of 

Voronoi cells to choose smaller than 3% of the span. 
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MECHANICAL ROLE OF SPANDREL WALLS 

The mechanical behaviour of masonry arch bridges is complex, characterized by nonlinearities 

due, e.g. to formation of cracks, to sliding of elements upon each other, to nonlinear behaviour 

of the backfill [20]. Complexity of the behaviour is also caused by the interactions between the 

various structural components, e.g. the spandrel walls may interact with the barrel, adding extra 

stiffness and load bearing capacity of the structure, but spandrel walls restrain the lateral 

movement of the backfill as well. While certain phenomena can be reasonably studied by 2D 

models, investigation of the mechanical role of spandrel walls definitely requires 3D models 

[30, 31]. 

Research of Orbán [1] showed that the occurrence of the structural problems connected to the 

spandrel walls is more common than the failure of the arch barrel caused by overloading. Still, 

until now researchers typically focused on the behaviour of the arches and on the arch-soil 

interaction, while mechanical role of the spandrel walls of the masonry bridges were less 

investigated. According to the visual inspection of bridge assessment engineers, the failure 

mechanisms of the spandrel walls can be categorized into four main groups [31] (Figure 12a-

d). While the tilting, bulging and sliding movements of the spandrel wall do not necessarily 

imply decrease in collapse load and/or stiffness of the structure, the detachment of the spandrel 

wall (longitudinal crack of the arch barrel under the spandrel wall) causes the loss of structural 

integrity. In this case, the outer and the inner part of the bridge cannot work together. Recent 

guidelines (e.g. [4]) gives displacement and rotation limits to evaluate the condition of the 

spandrel walls. 

 

(a) 

 

(b) 

 

(e) 
 

(c) 

 

(d) 

Figure 12 – Failure mechanisms of spandrel walls [31]: (a) tilting; (b) bulging; (c) sliding; 

(d) spandrel wall detachment; (e) 3D numerical model 



15 
 

The developed 3D numerical model represents a regular masonry arch bridge, with typical rise-

to-span ratio of the UK bridge stock. Two different heights of backfill, five different types of 

backfill material and three different spandrel wall thicknesses in the range of 20-40 cm were 

investigated and compared. The arch and spandrel walls were constructed according to the 

principles of simplified micro-models, i.e. every masonry unit is represented by a discrete 

element, while the mortar is represented by interface elements. Two different conditions of 

spandrel walls were considered: 

- “Deteriorated spandrel wall”: assuming no tensile strength and no cohesion of the 

mortar between masonry blocks, i.e., shear forces can be transmitted by friction only; 

- “Reconstructed spandrel wall”: the characteristics of contacts between blocks are 

derived from typical characteristics of an intact cement-lime mortar. 

According to the results of simulations, the spandrel wall in deteriorated condition can increase 

the collapse load of the masonry arch bridge (Figure 13a). The surplus in load bearing capacity 

depends linearly on the thickness of the spandrel walls. Moreover the collapse load is influenced 

by the material properties of the backfill and the ratio between the spandrel wall’s and backfill’s 

height. Considering the investigated geometry and deteriorated spandrel walls, the failure of 

the arch barrel occurs prior to the detachment of the spandrel walls. The spandrel walls in 

deteriorated state could not increase the structural stiffness in the investigated range of material 

and geometrical parameters (Figure 13b).  

 

Figure 13 – Effect of spandrel wall thickness and backfill height on the collapse load 
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It was analysed how the behaviour changes if the bridge possesses “reconstructed spandrel 

walls”, where the strength of the mortar was considered. Contrary to all expectations, the 

collapse load could not reach even the collapse load of the case of deteriorated spandrel (Figure 

14). The phenomena can be explained as follows: with the use of mortar, differences in stiffness 

between the inner and outer part of the bridge is increased. Initially, the reconstructed spandrel 

walls were able to increase the structural stiffness of the bridge, but the stiff spandrel wall was 

not able to deform, while the softer inner part was not able to transmit the load to the spandrel 

walls, resulted in the detachment of the spandrel. If detachment occurred, the collapse load can 

be calculated with a reduced bridge width. 

 

Figure 14 – Load-displacement curves with considering spandrel walls 

Thesis 3 - Spandrel walls [FT7, FT11] 

I developed a 3D discrete element based numerical model for analysis of single-track railway 

masonry arch bridges considering the spandrel walls. I showed that the numerical model is able 

to simulate those four typical failure mechanisms of spandrel walls which were documented in 

the literature. I showed that spandrel walls in deteriorated condition (assuming zero cohesive 

and tensile strength for the mortar) cannot increase the structural stiffness of the investigated 

bridges. In the case of a typical height of spandrel wall, I showed that the collapse load of single-

track railway bridge can significantly be increased (in the analysed case the increment was 

found to be 15-60%). I concluded that the surplus depends on the geometrical characteristic of 

spandrel and parapet walls and the material of the backfill. I demonstrated that a reconstructed 

spandrel wall (with intact mortar layers) can increase the rigidity and collapse load of the bridge, 

but typically spandrel wall detachment occurs prior to the development of the four hinge 

mechanism of the arch barrel, hence the surplus in stiffness and strength can be lost.  
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THE EFFECT OF MOVING LOAD 

An important finding from past literature review studies presented by Sarhosis et al. [3] is that 

the majority, if not all, of the past research is focusing on the behaviour of masonry arch bridges 

subjected to static loads. In such studies, to reach the load carrying capacity of masonry arch 

bridges, a point load with increasing intensity is applied at the quarter and/or at mid-span of the 

masonry arch bridge. Considering elasto-plastic material behaviour, the load history (e.g. from 

which direction reaches the vehicle a given position) and the repetition of the loads can alter 

the stress state of the structure. Furthermore, vehicles crossing masonry arch bridges are 

exerting dynamic loads on them, resulting in excitation, leading to magnified actions. 

Most of the standards and industry guidelines [4, 32-34] recommend the use of dynamic 

amplification factors to take into account such effects. In this case, static analysis can be carried 

out, while the static response of the structure (e.g. displacements, internal forces, stresses) 

should be multiplied by the dynamic amplification factor (DAF). In this way, real dynamic 

analysis can be avoided. 

The dynamic amplification factors given by the standards were determined on simply supported 

concrete and steel bridges in the 70’s [35]. The adaptability of these DAFs on masonry arch 

bridges are strongly questionable due to the different static system and mechanical behaviour. 

The aim of the work was to develop a numerical model able to simulate the effects of moving 

loads in a more realistic way compared to the previous numerical models using loads at a fixed 

positions. The model should be capable of following the non-linear structural behaviour, 

considering the load history, and performing real dynamic analysis and considering the vehicle-

structure interaction. 

For the simulations, a 2D discrete element based numerical model was developed containing 

the arch barrel and the backfill. The axle load is moving on the top surface of the backfill layer. 

The vehicle-structure interaction was considered with a single-degree of freedom axle model 

[36]. 

The following simulations were carried out: 

(I) Determination of collapse load at fixed loading positions by the gradual increase 

of the external load magnitude until the collapse of the structure (loss of 

equilibrium). 
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(II) Quasi-static moving load with fixed load magnitude. As the axle load was hauled 

on the bridge in small steps, the equilibrium state was determined for every 

loading step. Dynamic effects were not considered. 

(III) Dynamic analysis: the axle load with fixed magnitude was hauled on the bridge 

with prescribed horizontal velocity while dynamic effects and vehicle-structure 

interaction was considered. 

The collapse load of the investigated bridge was 5-7% lower using the Type II analysis 

compared to the Type I analysis. In the case of Type II analysis, after the axle load crossed the 

bridge, residual deformations and residual stresses remained in the structure. At low load 

magnitudes, these residual deformations and stresses do not increase after the repetition of 

loading process: the structure behaves in an elastic manner and shows the phenomenon of 

shakedown (Figure 15). At higher load levels, (in the case of the investigated structure it was 

around the 50% of the collapse load), the residual deformations do not converge, and the 

structure does not show shakedown behaviour (Figure 16). 

 

 

Figure 15 – Effect of repeated loading (Ry = 30 kN/m = 0.42 Rult) – displacement influence 

lines at ¾ span: (a) two-directional; (b) one directional loading 
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Figure 16 – Plastic shakedown of masonry arch bridge: (a) cumulative plastic deformation at 

¾ span, (b) additional plastic deformations in a single load cycle 

In the dynamic simulations, the axle load crossed the bridge with various horizontal velocity in 

the range of 10-120 m/s. I determined that – in the case of the investigated structure – the effect 

of vehicle-structure interaction is negligible: the contact force between the vehicle and the track 

differs with -10/+5% compared to its equilibrium value which is in accordance with the findings 

of Eurocode EN 1991-2 [33]. 

To determine dynamic amplification factors, the shakedown behaviour arising from the elasto-

plastic material behaviour and the dynamic behaviour need to be distinguished. Before the 

dynamic analysis, in order to establish the shakedown state, the axle load was hauled five times 

on the bridge. After it, axle load was hauled with various horizontal velocities, while influence 

lines for displacements were recorded (Figure 17). 

 

Figure 17 – Influence lines for radial displacements at ¾ span (Ry =40 kN/m): dynamic 

behaviour in the first loading cycle – (a) before and (b) after shakedown  
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DAFs were determined by measuring maximum displacements in dynamic analysis and 

compared to the maximum displacement measured in quasi-static analysis. The value of DAF 

depend on the velocity of the axle load and the ratio of the axle load and the collapse load. 

According to Figure 18, the numerically determined DAF does not exceed the value of 2.10 on 

the investigated bridge. Considering realistic velocities and axle loads, the DAFs given by the 

standards approximate the numerical values from above.  

 

Figure 18 – Global DAFs for displacements at various levels of external load 

Thesis 4 - The effect of moving load on single span masonry arch bridges; [FT6] 

I developed a numerical model based on the discrete element method to investigate the dynamic 

effects caused by passing trains on a single-span, single-track masonry arch bridge. The 

developed model is capable to consider the vehicle-structure interaction. I showed that, as an 

effect of the moving loads, residual displacements and residual stresses remain in the structure. 

I showed that if the intensity of axle load reaches a threshold value (which, in the case of the 

investigated structure, was approximately 50% of the collapse load of the bridge), then the 

structure shakes down, and shows purely elastic behaviour under repeated loading. I have 

investigated dynamic amplification factors and critical speed with respect to the vehicle’s 

velocity, for the first time, by using highly non-linear discrete element based calculations. I 

showed that considering realistic train velocities and low load intensity, the dynamic 

amplification factor is overestimated, while in case of high load intensity the dynamic 

amplification factors can be underestimated by the current European guidelines. The critical 

speed is decreasing as the axle load is approaching the ultimate load, which is explained by the 

softening of the bridge.   

1.00

1.25

1.50

1.75

2.00

2.25

2.50

0 20 40 60 80 100 120 140

G
lo

b
al

 D
yn

am
ic

 A
m

p
lif

ic
at

io
n

 
F

ac
to

r

Load velocity - vx [m/s]



21 
 

RELATED PUBLICATIONS OF THE AUTHOR 

Peer-reviewed journal papers 

[FT1] Forgács T, Sarhosis V, Bagi K. Minimum thickness of semi-circular skewed masonry 

arches. Engineering Structures. 2017;140:317-36. 

[FT2] Forgács T, Sarhosis V, Bagi K. Influence of construction method on the load bearing 

capacity of skew masonry arches. Engineering Structures. 2018;168:612-27. 

[FT3] Forgács T, Sarhosis V, Ádány S. Numerical modelling of skew masonry arch bridges 

taking into account arch ring-backfill interaction. Masonry International. 2019;32:35-

42. 

[FT4] Sarhosis V, Forgács T, Lemos JV. A discrete approach for modelling backfill material in 

masonry arch bridges. Comput Struct. 2019;224:106108. 

[FT5] Sarhosis V, Forgács T, Lemos J. Stochastic strength prediction of masonry structures: a 

methodological approach or a way forward? RILEM Technical Letters. 2019;4:122-9. 

[FT6] Forgács T, Sarhosis V, Ádány S. Shakedown and dynamic behaviour of masonry arch 

railway bridges. Engineering structures 228 (2021): 111474. 

 

Peer-reviewed conference papers 

[FT7] Forgács T, Rendes S, Ádány S, Sarhosis V. Mechanical Role of Spandrel Walls on the 

Capacity of Masonry Arch Bridges. International Conference on Arch Bridges: 

Springer; 2019. p. 221-9. 

[FT8] Sarhosis V, Forgács T, Lemos JV. Modelling Backfill in Masonry Arch Bridges: A DEM 

Approach.  International Conference on Arch Bridges: Springer; 2019. p. 178-84. 

 

Other conference papers and presentations 

[FT9] Kassotakis N, Sarhosis V, Forgàcs T, Bagi K. Discrete element modelling of multi-ring 

brickwork masonry arches. 13th Canadian Masonry Symposium: Newcastle 

University; 2017. 



22 
 

[FT10] Forgacs T, Sarhosis V, Ádány S. Discrete Element Modeling of skew masonry arch 

bridges taking into account arch ring-backfill interaction. In: Milani G, Taliercio A, 

Garrity S, editors. 10th International Masonry Conference. Milan, Italy2018. 

[FT11] Forgács T, Sarhosis V, Ádány S. 3D analysis of masonry arch bridges taking into 

account the spandrel walls. Proceedings of the 5th International Itasca Symposium: 

Itasca International; 2020 

[FT12] Sarhosis V, Forgács T, Lemos JV. Macro and micro-scale modelling of masonry 

structures using the Discrete Element Method. Proceedings of the 5th International 

Itasca Symposium: Itasca International; 2020. 

 

REFERENCES 

[1] Orbán Z. Assessment, reliability and maintenance of masonry arch railway bridges in 

Europe. In: P. Roca CM, editor. ARCH 04: 4th International Conference on Arch Bridges. 

Barcelona, Spain2004. p. 152-61. 

[2] Brencich A, Morbiducci R. Masonry Arches: Historical Rules and Modern Mechanics. 

International Journal of Architectural Heritage. 2007;1:165-89. 

[3] Sarhosis V, De Santis S, de Felice G. A review of experimental investigations and 

assessment methods for masonry arch bridges. Structure and Infrastructure Engineering. 

2016;12:1439-64. 

[4] Jensen JS, Casas JR, Karoumi R, Plos M, Cremona C, Melbourne C. Guideline for load and 

resistance assessment of existing european railway bridges.  Fourth International Conference 

on Bridge Maintenance, Safety and Management (IABMAS 08). France2008. p. pp 3658-65. 

[5] State of the Nation 2018: Infrastructure Investment. In: (ICE) IoCE, editor. UK: Institution 

of Civil Engineers (ICE); 2018. p. 31. 

[6] Wang J, Melbourne C. Mechanics of MEXE method for masonry arch bridge assessment. 

Proceedings of the Institution of Civil Engineers - Engineering and Computational Mechanics. 

2010;163:187-202. 

[7] Milani E, Milani G, Tralli A. Limit analysis of masonry vaults by means of curved shell 

finite elements and homogenization. Int J Solids Struct. 2008;45:5258-88. 

[8] LimitState. LimitState:RING User's Manual: LimitState Ltd.; 2014. 



23 
 

[9] Milani G. Upper bound sequential linear programming mesh adaptation scheme for collapse 

analysis of masonry vaults. Adv Eng Softw. 2015;79:91-110. 

[10] Cundall PA. A computer model for simulating progressive, large-scale movements in 

blocky rock systems. Proc Int Symp on Rock Fracture. 1971:11-8. 

[11] Lemos JV. Discrete Element Modeling of Masonry Structures. International Journal of 

Architectural Heritage. 2007;1:190-213. 

[12] ITASCA. 3DEC - Universal Distinct Element Code Manual. Theory and Background. 

Mineapolis: Itasca Consulting Group; 2004. 

[13] Sarhosis V, Oliveira DV, Lemos JV, Lourenco PB. The effect of skew angle on the 

mechanical behaviour of masonry arches. Mech Res Commun. 2014;61:53-9. 

[14] Fox C. On the construction of skew arches. Arch Mag. 1836;3:251-60. 

[15] Rankine WJM, Millar WJ. A manual of civil engineering1867. 

[16] Nicholson P. The guide to railway masonry: comprising a complete treatise on the oblique 

arch, in three parts: John Weale; 1839. 

[17] Melbourne C, Gilbert M. The behaviour of multiring brickwork arch bridges. Structural 

Engineer. 1995;73. 

[18] Gilbert M, Smith CC, Hawksbee SJ, Melbourne C. Modelling Soilstructure interaction in 

masonry arch bridges.  7th International Conference on Arch Bridges, In: Radiae J, Kuster M, 

Savor Z2013. p. 613-20. 

[19] Zhang Y, Tubaldi E, Macorini L, Izzuddin BA. Mesoscale partitioned modelling of 

masonry bridges allowing for arch-backfill interaction. Constr Build Mater. 2018;173:820-42. 

[20] Milani G, Lourenco PB. 3D non-linear behavior of masonry arch bridges. Comput Struct. 

2012;110:133-50. 

[21] Gay C. Ponts en maçonnerie: Librairie J.-B. Baillière et Fils; 1924. 

[22] Hyde EW. Skew Arches: Advantages and Disadvantages of Different Methods of 

Construction: D. Van Nostrand; 1899. 

[23] Milankovitch M. Theorie der druckkurven. Zeitschrift für Mathematik und Physik. 

1907;55:1-27. 

[24] Foce F. Milankovitch’s Theorie der Druckkurven: Good mechanics for masonry 

architecture. Nexus Netw J. 2007;9:185-210. 

[25] Harvey W, Smith F, Wang X. Arch fill interaction in masonry bridges-an experimental 

study.  Bridge assessment management and design Proceeding of the centenary year bridge 

conference, (HELD) 26-30 September 1994, Cardiff1994. 



24 
 

[26] Fanning PJ, Boothby TE. Three-dimensional modelling and full-scale testing of stone arch 

bridges. Comput Struct. 2001;79:2645-62. 

[27] Callaway P, Gilbert M, Smith CC. Influence of backfill on the capacity of masonry arch 

bridges.  Proceedings of the Institution of Civil Engineers: Bridge Engineering: ICE Publishing; 

2012. p. 147-57. 

[28] Gilbert M, Smith C, Melbourne C, Wang J. An experimental study of soil-arch interaction 

in masonry bridges.  Advances in Bridge Maintenance, Safety Management, and Life-Cycle 

Performance, Set of Book & CD-ROM: CRC Press; 2015. p. 819-20. 

[29] Tóth AR, Bagi K. Analysis of a Lunar Base Structure Using the Discrete-Element Method. 

Journal of Aerospace Engineering. 2011;24:397-401. 

[30] Erdogmus E, Boothby T. Strength of Spandrel Walls in Masonry Arch Bridges2004. 

[31] Gibson DS, Wilkins AG. Spandrel Walls - Managing the Risks. Mott MacDonald, Network 

Rail; 2012. 

[32] UIC. Code UIC 776-1R - Charges à Prendre en Considération Dans le Calcul des Ponts-

Rails, 4e edition. 1994. 

[33] Eurocode 1: Actions on structures–Part 2: Traffic loads on bridges. 2003. 

[34] Rail N. RT/CE/C/025. Railtrack Line Code of Practice: The Structural Assessment of 

Underbridges. Railtrack; 2001. 

[35] Ladislav F. Dynamics of Railway Bridges. 1996. 

[36] Azevedo A, Neves S, Calçada R. Dynamic analysis of the vehicle-structure interaction: a 

direct and efficient computer implementation. 2007. 

 


