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1 Introduction 

 

Arch bridge building in the UK reached its peak during the construction of the canals towards the 

end of the eighteenth century, and declined significantly when the rail network was almost 

complete at the beginning of the twentieth century [1]. A very small number of masonry arch 

bridges have been built since. The development of faster methods of bridge construction, such as 

reinforced concrete, caused a considerable decline in masonry arch bridge construction in the 

twentieth century. However, in recent years, the repair and maintenance of bridge structures has 

become a major concern. Corrosion of steel reinforcement in reinforced concrete structures is a 

growing concern, and is costing the owners of such assets increased capital in maintenance and 

strengthening. The UK Highways Agency [2,3] recommends the use of the arch structure and 

also states “consideration shall be given to all possible means of reducing or eliminating the use 

of corrodible reinforcement”. The lower maintenance costs and longer design life of arch bridges 

over alternative bridge designs were key reasons in the selection of several arch bridges built 

towards the end of the twentieth century and the beginning of the twenty first century [1]. 

 

The FlexiArch bridge system has been developed under a Knowledge Transfer Partnership 

through QUB and Macrete over the last decade to address issues related to construction time, 

durability and sustainability of bridge structures [4,5]. The FlexiArch bridge system allows a 

masonry arch bridge to be cost competitive with other forms of bridge systems while offering 

superior durability and lower long term maintenance. 

 

This flexible arch system can be fabricated off site and transported to site flat and lifted into 

position. For the construction of the arch, individual voussoirs are cast in concrete, cured and 

placed adjacently on a flat construction bed. A polymeric reinforcement is placed on top of the 

voussoirs and is connected via a top screed (Figure 1). The polymeric reinforcement consists of a 

polyester filament core with a protective polyethylene sheath. The flat arch ring is lifted at three 

points, with the polymeric reinforcement holding the voussoirs together during lifting of the arch 

ring. The tapered cross-section of the voussoirs enables the arch ring to form with the desired 

span and rise. A spandrel wall is positioned at the elevation of the bridge and acts as permanent 

formwork for the backfill that is placed on top of the arch ring. 

 
 

 
Fig. 1. Fabrication of the flexible arch ring 
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The square (that is, zero skew angle) FlexiArch bridge system has been used in practice after 

previous research carried out at QUB to verify its structural behaviour [6,7]. This research also 

included numerical modelling of the square FlexiArch bridge system through 2D non-linear 

finite element analysis (NLFEA). 

 

The aim of the research presented in this paper was to extend the knowledge of the FlexiArch 

into the behaviour of FlexiArch bridge systems with skew. This research investigated the load 

carrying behaviour of the skew FlexiArch through a detailed experimental test programme where 

the variable was the skew angle. The experimental test data was then compared to a 3D NLFEA 

model used to predict the load carrying behaviour of the skew arch. The development of the 3D 

NLFEA model can be used to design new arch bridges and to analyse the structural integrity of 

existing arches which are due for assessment. 

 

2 The skew arch 

 

Square spanning arches can be regarded as a structure used to bridge a crossing at ninety 

degrees. However, it is common for two systems to cross at an oblique angle. Square arches may 

still be used, but the more efficient and sustainable choice is a skew arch, as shown in Figure 2. 

A square arch has a width bsq, with the equivalent skew arch having a lesser width bsk, and is 

therefore more efficient as it uses less material and gives a more aesthetically pleasing solution. 

A square arch is really a special case of a skew arch, in that it has zero degree skew. 

 

 
                                                                       

Fig. 2. Advantage of the skew arch – plan view 

 

 

 

 

 

 

 

 

 

 

(a) Square arch (b) Equivalent skew arch 
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3 Assessment & design of masonry arch bridges 

 

Harvey et al. [8-10] comment on how the pressure distribution model in 2D arch analysis 

techniques is that of an effective strip (Figure 3(a)); the patch load would be supported by a 

parallel thrust in a strip of the arch confined to the width of the patch load. Harvey states that a 

Boussinesq distribution (Figure 3(b)) or a curvilinear flow (Figure 3(c)) is a more realistic 3D 

pattern. 

 

 

 
                                                                                                  

Fig. 3. Load distribution models through the arch ring [10] 

 

The use of NLFEA to analyse arches began in the late twentieth century when Towler and 

Sawko [11,12] developed a 1D NLFEA model where a brickwork arch ring was idealised as a set 

of straight beam elements. Choo and Gong [13] developed a 3D NLFEA model of masonry skew 

arch bridges using curved quadrilateral shell finite elements to take account of skew angles. 

 

4 Laboratory skew FlexiArch models 

 

4.1 Experimental test programme 

 

As shown in Table 1, the test models were third scale models of a typical FlexiArch bridge ring 

used in practice [14], having a full scale square span, rise and square width of 5m, 2m and 1m 

respectively, with varying skew angles; 15
o
, 30

o
 and 45

o
. In line with previous FlexiArch test 

models [7], a third scale concrete mix was used for the voussoirs, 200mm of backfill cover was 

provided above the crown, and a 150mm wide pressure load was applied across the full bridge 

width at the third span point to obtain the peak load. 

 

Table 1. Experimental test programme 

Test 

Model  

Variable Arch Ring Details 

Skew 

Angle,  

Ө (degrees) 

Square 

Width, b 

(m) 

Square 

Span,  

L (m) 

Skew Span, 

x (m) 

Rise,  

y  (m) 

Skew 

Width,  

w (m) 

1 15 1.00 1.67 1.73 0.67 1.00 

2 30 1.00 1.67 1.93 0.67 0.93 

3 45 1.00 1.67 2.36 0.67 0.80 

 

 

 

(a) The effective strip model (b) The fan model (c) The sweeping model 



Behaviour and Analysis of a Novel Skew Flexible Concrete Arch Bridge System 

 

4 
 

4.2 Construction of test models 

 

The desired skew angle was created by varying the step distance between the voussoirs when 

they were laid flat prior to casting the top screed. The step distance between the voussoirs 

constantly varied in order to have a consistent skew angle across the span of the arch ring when 

in its arch form. The 23 voussoirs were 67mm deep, with a 15mm screed layer cast on top of the 

polymeric reinforcement to physically bond it to the voussoirs. Figure 4 illustrates the temporary 

side formers which were placed adjacent to each voussoir using silicon prior to the casting of the 

screed on top of the polymeric reinforcement. An adhesive was used on the top surface of the 

voussoirs to ensure an effective bond between the voussoirs and the top screed. 

 

 
Fig. 4. Voussoir alignment of the arch ring – test model 3 – 45

o
 skew 

 

Following the casting of the top screed, 5mm crack inducers were placed directly above the 

joints between the voussoirs (Figure 5). This enabled controlled cracking of the screed when 

lifting into the arch form. 

 

 
Fig. 5. Casting of top screed on the arch ring – test model 3 – 45

o
 skew 
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As shown in Figure 6, the arch rings were lifted by a crane which was connected to a lifting 

frame that had individual winches attached to each lifting point. The picture on the far left of 

Figure 6 shows how the arch ring formed an S-shape when flat, with the picture on the far right 

illustrating the straight edge of the arch ring when fully lifted. 

 

 
Fig. 6. Lifting the arch ring – test model 3 – 45

o
 skew 

 

The arch rings were then lifted into position under an accurately calibrated 600kN capacity 

hydraulic actuator, where they were backfilled prior to peak load testing. Backfill was applied 

with formwork providing horizontal support (Figure 7). The use of a transparent thermoplastic 

sheet at one side of the arch ring allowed the behaviour of the FlexiArch bridge system during 

backfilling and peak load testing to be visualised. Polystyrene wedges were used to fill the 

stepped gaps between the voussoirs and the spandrel walls. The polystyrene wedges contained 

the backfill but did not contribute to the strength of the system. A small gap of ~10mm was 

positioned between the arch ring and the spandrel walls to allow for transverse movement of the 

arch ring. The well graded backfill was a scaled version of the Type 3 GSB fill used in bridges in 

the UK [15]. The backfill was compacted in ~150mm layers using a vibro-compactor. 

 

  
Fig. 7. Backfilling the arch ring – test model 3 – 45

o
 skew 



Behaviour and Analysis of a Novel Skew Flexible Concrete Arch Bridge System 

 

6 
 

An axle load was represented by a rigid steel loading plate measuring ~150mm wide, as shown 

in Figure 8, and was placed at the loading point in order to distribute the load over the full width 

of the FlexiArch bridge system. The load was applied at the third span point, as this was known 

to have the most adverse effects in arches [1]. The load was applied perpendicular to the skew 

line, as this is perpendicular to the direction of traffic flow in a typical arch bridge system. The 

load was applied incrementally using load control up to the peak load, and using stroke control 

post peak load. This test was aimed at investigating the behaviour of the skew FlexiArch bridge 

systems under simulated axle loading. The values for the serviceability limit state in this research 

are scaled down values of a maximum axle load of 250kN applied over a width of 3.5m from an 

SV TT vehicle [16]. 

 

  
Fig. 8. Peak load testing the backfilled arch ring – test model 3 – 45

o
 skew 

 

4.3 Test set up & instrumentation 

 

Readings from the test instrumentation were monitored at each increment of load, which was 

approximately every 1kN. As shown in Figure 9, strain gauges were installed on every other 

voussoir along the arch ring intrados to measure the strains in the voussoirs. The strain gauges 

were positioned at both the acute and obtuse ends of the voussoirs to ascertain any difference in 

strain between each end of the arch ring. The strain gauges were utilised during testing to 

establish the failure mode, and to gain an understanding of the flow of forces through the arch 

ring. 
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Fig. 9. Strain gauge locations – arch ring intrados – plan view

(a) Test model 1 – 15
o
 skew (b) Test model 2 – 30

o
 skew (c) Test model 3 – 45

o
 skew 

e.g.      1.A = Strain gauge at the acute end of voussoir 1 

             2.O = Strain gauge at the obtuse end of voussoir 2 
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5 3D NLFEA 

 

5.1 Introduction 

 

3D NLFEA is an arch analysis method that is able to capture the 3D behaviour of the skew arch. 

The 3D analysis allows the load distribution through the backfill and the arch ring to be 

accurately modelled. The proposed finite element models of the FlexiArch bridge system 

presented within this research were developed using a commercially available NLFEA package 

known as Abaqus [17]. 

 

5.2 Material models 

 

The arch ring was modelled as discrete voussoirs. Elastic isotropic concrete material properties 

(Table 2) based on testing of control samples [7] were used. To model potential tensile cracking 

and crushing of the voussoirs, additional inelastic properties (Table 3), using the ‘concrete 

damaged plasticity’ option in Abaqus, were required. 

 

Table 2. Elastic isotropic concrete material properties [7] 

Density, ρ (kN/m
3
) 

Young’s Modulus, E 

(GPa) 
Poisson’s Ratio, v 

Coefficient of 

Friction, μ 

24 27.4 0.167 0.6 

 

Table 3. Concrete damaged plasticity properties [7] 

Dilation Angle 

(Degrees) 
Eccentricity fb0/fc0 K 

Viscosity 

Parameter 

15 0.1 1.16 0.667 0 

 

The stress/strain curves were based on testing of control samples for the concrete in both 

compression and tension. The compressive strength fc and tensile strength ft were taken as 

35N/mm
2
 and 3.25N/mm

2
 respectively. The granular backfill was modelled using a Drucker-

Prager yield criterion, which is a pressure dependant model for determining whether a material 

has undergone plastic yielding. Table 4 presents the Drucker-Prager backfill properties based on 

testing of control samples [7]. 

 

Table 4. Drucker-Prager backfill properties [7] 

Density, ρ 

(kN/m
3
) 

Young’s 

Modulus, E 

(MPa) 

Poisson’s 

Ratio, μ 

Angle of 

Friction, β 

(Degrees) 

Dilation 

Angle 

(Degrees) 

Cohesion 

Yield Stress, 

  
  (N/mm

2
) 

20 40 0.3 42.66 42.66 0.0986 
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5.3 Model development 

 

The NLFEA explicit solver was required to analyse the highly non-linear nature of the arches, 

which predominantly originates from material non-linearity and contact analysis. The arch ring, 

backfill and abutments were modelled as separate parts using 3D deformable solid elements. 

Two load steps were created for each NLFEA model. The first was a gravity step which involved 

applying the self weight of the arch ring and backfill, and the second was an applied load, which 

similar to the experimental test models, was a 150mm wide pressure load applied at the third 

span point. 

 

Boundary conditions were applied to the transverse faces of the backfill and the abutments to 

prevent displacement in the longitudinal direction. The bases of the abutments were restrained in 

the vertical direction. The longitudinal faces of the abutments were restrained in the transverse 

direction. Partial transverse restraint, aimed to simulate the stiffness of the spandrel walls, was 

applied to the longitudinal faces of the backfill. 

 

A NLFEA model demonstrated that the stepped profile of the arch ring had little influence on the 

flow of forces through the arch ring. Therefore, the geometry of the skew arch was simplified by 

basing it on the profile of a straight arch but with a skew angle (Figure 10), and applying the 

boundary conditions to the backfill in this NLFEA model was much simpler. 

 

 

 
(a) Reduced width straight edge skew arch ring 

 
(b) Skew arch ring with straight edge 

Fig. 10. Plan view of straight edged skew arch ring model – test model 3 – 45
o
 skew 
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5.4 Model analysis 

 

The NLFEA test models were developed using hexahedral 8-noded linear elements. The analysis 

of a 3D NLFEA arch model can require a high level of computational time. A loading time and 

mesh sensitivity analysis demonstrated that a loading time of 10seconds at a 3D h value (mesh 

density) of ~30mm was appropriate. This low mesh density, which corresponds to two radial in-

plane radial elements for the arch ring, was achievable as the failure pattern was dictated less by 

the mesh density, and more by the contact behaviour between the discrete voussoirs. 

 

6 Comparison of results 

 

6.1 Failure modes & peak loads 

 

For test model 1, with 15
o
 skew, the backfilled arch ring sustained a peak load of 65.3kN and 

failed by the formation of hinges at the joints between the voussoirs, converting the statically 

indeterminate structure to a mechanism. Close observation of the tested arch ring after removal 

of the backfill showed that hinges had formed, three of which were clearly visible (Figure 11). 

The fourth hinge was difficult to locate, but appeared to be at the abutment furthest from the 

pressure load. The low skew angle meant that the arch system behaved similarly to the square 

arch system. 

 

 
Fig. 11. Formation of hinges on arch ring – peak load testing the backfilled arch ring –  

test model 1 – 15
o
 skew 

 

For test model 2, with 30
o
 skew, the backfilled arch ring sustained a peak load of 55.1kN and 

similar to test model 1, failed by the formation of four hinges, converting the statically 

indeterminate structure to a mechanism. As the pressure load was at 30
o
 to the direction of the 

voussoir courses, the mechanism was induced by tensile cracking of the concrete in the arch ring 

combined with joint opening between the voussoirs. 
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The first cracks developed at a load of ~30kN, and the final crack pattern is illustrated in Figure 

12, after the backfill had been removed. The major crack line formed at both the arch ring 

intrados and extrados under the pressure load; the unreinforced voussoirs went into bending and 

effectively snapped under the loading. 

 

 
                                                                                      

Fig. 12. Arch ring cracking – peak load testing the backfilled arch ring –  

test model 2 – 30
o
 skew – plan view 

 

For test model 3, with 45
o
 skew, the backfilled arch ring sustained a peak load of 50.3kN and 

failed in a similar manner to test models 1 and 2; by the formation of four hinges, converting the 

statically indeterminate structure to a mechanism. Similar to test model 2, with 30
o
 skew, the 

mechanism was induced by tensile cracking of the concrete in the arch ring combined with joint 

opening between the voussoirs. 

 

The first cracks developed at a load of ~26kN, and the final crack pattern is illustrated in Figure 

13, after the backfill had been removed. The intrados cracks first appeared directly under the 

pressure load, and as the load was increased the cracks propagated towards the obtuse corners of 

the arch ring. 

 

 
 

Fig. 13. Arch ring cracking – peak load testing the backfilled arch ring –  

– test model 3 – 45
o
 skew 

 

 

(a) Intrados cracking (b) Extrados cracking & pressure load 

(a) Intrados cracking (b) Extrados cracking & pressure load 
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For the NLFEA model of test model 3, with 45
o
 skew, stability problems were encountered 

under gravity loading, as shown in Figure 14. It appeared that a skew angle of 45
o
 was too high 

for the NLFEA test model. When the skew width of the 45
o
 skew NLFEA test model was 

increased from 0.61m to 1.00m, the stability problems were eliminated. NLFEA test models 1 

and 2, with 15
o
 and 30

o
 skew respectively, did not encounter any stability problems under gravity 

loading. 

 

 
(a) Elevation view 

 
(b) Plan view 

Fig. 14. Stability problem in the discrete voussoirs NLFEA model during gravity loading –  

test model 3 – 45
o
 skew 
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Figure 15 presents elevation views of the predicted von Mises stresses with the deflected shape 

for the arch ring at the predicted peak load for NLFEA test models 1 and 2, with 15
o
 and 30

o
 

skew respectively. The backfill has been removed to allow the hinge locations to be seen more 

clearly. The predicted von Mises stresses on Figure 15 assist in showing where the predicted 

hinges formed. For both NLFEA test models, the predicted hinges formed in a similar location to 

the experimental test models. 

 

 

 
(a) Test model 1 – 15

o
 skew 

 

 

 
(b) Test model 2 – 30

o
 skew 

Fig. 15. Predicted von Mises stresses with deflected shape for the arch ring at the predicted peak 

load – NLFEA models – elevation view 
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Figure 16 presents plan views of the predicted principal stresses (S11) for the arch ring intrados 

close to the predicted peak load for NLFEA test models 1 and 2, with 15
o
 and 30

o
 skew 

respectively. The white dashed lines represent the predicted location of the two compressive 

hinges that formed on the arch ring intrados. Figure 16 shows that the predicted stresses under 

the pressure load were tensile, and this is where cracking of the voussoirs occurred in the 

experimental test models. 

 

 

 
(a) Test model 1 – 15

o
 skew 

 
(b) Test model 2 – 30

o
 skew 

Fig. 16. Predicted principal stresses (S11) for the arch ring intrados close to the predicted peak 

load – NLFEA models – plan view 
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Figure 17 presents a comparison of the peak loads between the experimental and NLFEA test 

models. As the skew angle was increased, and the square span and square width were kept 

constant, the peak load decreased. The peak loads between the experimental and NLFEA test 

models compared well. 

 

 
Fig. 17. Comparison of peak loads between the experimental and NLFEA test models 

 

6.2 Voussoir stresses 

 

Figures 18, 19 and 20 show the change in stresses on the intrados of the voussoirs for test models 

1, 2 and 3, with 15
o
, 30

o
 and 45

o
 skew respectively, during the peak load tests. The change in 

stresses for several voussoirs were negligible and therefore omitted. For all three test models, the 

change in stress response of the arch system under the applied load was reasonably linear up to 

the maximum service load, and became highly non-linear approaching the peak load. The 

maximum change in stresses occurred in the regions where the two compressive hinges formed 

on the arch ring intrados. 

 

For test model 3, with 45
o
 skew (Figure 20), there was a significantly higher change in 

compressive stress at the obtuse end of voussoirs 3, 5, 13, 15 and 17 in comparison to the acute 

end, indicating that the skew arch was attempting to transfer the load along the shortest load 

path; namely the square span direction where possible. For test model 2, with 30
o
 skew (Figure 

19), there was a higher change in compressive stress at the obtuse end of voussoirs 5, 13, 15 and 

17 in comparison to the acute end. However, the variation between the stresses at the acute and 

obtuse ends of the voussoirs was higher in test model 3, with 45
o
 skew, in comparison to test 

model 2, with 30
o
 skew. A large proportion of test model 1, with 15

o
 skew (Figure 18), was able 

to transfer the load along the square span direction, which is the shortest load path, resulting in a 

minimal variation between the stress concentrations at the acute and obtuse ends of the 

voussoirs. 
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Figure 21 illustrates a plan view of the expected load path diagram for test models 1, 2 and 3, 

with 15
o
, 30

o
 and 45

o
 skew respectively, by assuming that the arch will always transfer the load 

along the shortest distance. The load dispersal in the square span direction is represented by solid 

black lines, while the skew span direction is displayed as dashed red lines. The figure indicates 

how the stress concentration varies between the acute and obtuse ends of the arch at the two 

hinge locations that caused compressive stress at the arch ring intrados. The two horizontal blue 

lines represent the approximate positions of the hinges that caused compressive stress at the arch 

ring intrados. The solid lined green boxes and dashed lined purple boxes highlight the stress 

concentration at the obtuse and acute ends of the hinges respectively. 

 

For test model 1, with 15
o
 skew, a large proportion of the arch was able to transfer the load along 

the square span direction, which is the shortest load path, and there is little difference in the 

stress concentration at the acute and obtuse ends of the arch ring at the hinge locations. As the 

skew angle increases, less of the arch is able to transfer the load along the square span direction. 

In the case of test model 3, with 45
o
 skew, the entire arch transfers the load along the skew span 

direction as no part of the abutments face each other. This causes the stress concentration at the 

obtuse end of the arch ring to be higher than the acute end at the hinge locations. This behaviour 

was clearly visible in the experimental test models. Therefore, the skew arch test models 

transferred the load along the shortest load path; namely the square span direction where 

possible, or the shortest distance in the highly skewed arch bridges. 

 

Figure 22 presents plan views of the predicted von Mises stresses for the arch ring intrados close 

to the predicted peak load for NLFEA test models 1 and 2, with 15
o
 and 30

o
 skew respectively. 

Again, the white dashed lines represent the predicted location of the two compressive hinges that 

formed on the arch ring intrados. The maximum predicted stresses occurred in the regions where 

the predicted compressive hinges formed on the arch ring intrados, and was higher at the obtuse 

end of the voussoirs in comparison with the acute end, especially at the higher skew angle. 

Therefore, similar to the experimental test models, the NLFEA test models predicted that the 

load would be transferred along the shortest load path; namely the square span direction where 

possible, or the shortest distance in the highly skewed arch systems. 
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Fig. 18. Change in stresses on the intrados of the voussoirs – peak load test – test model 1 – 15

o
 skew 
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Fig. 19. Change in stresses on the intrados of the voussoirs – peak load test – test model 2 – 30

o
 skew 
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Fig. 20. Change in stresses on the intrados of the voussoirs – peak load test – test model 3 – 45

o
 skew 
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Fig. 21. Expected load path diagrams & stress concentration variations for the experimental test models – plan view 

 

 

 

(a) Test model 1 – 15
o
 skew (b) Test model 2 – 30

o
 skew (c) Test model 3 – 45

o
 skew 
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(a) Test model 1 – 15

o
 skew 

 
(b) Test model 2 – 30

o
 skew 

Fig. 22. Predicted von Mises stresses for the arch ring intrados close to the predicted peak load – NLFEA models – plan view
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7 Conclusions 

 

The research presented in this paper has demonstrated that the skew FlexiArch bridge system is a 

viable structural solution for short to medium span bridges. 3D NLFEA was found to accurately 

model the load carrying behaviour of the skew FlexiArch bridge systems tested. Similar to the 

experimental test models, the NLFEA test models predicted that the load would be transferred 

along the shortest load path; namely the square span direction where possible, or the shortest 

distance in the highly skewed arch systems. 
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