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Executive summary 

ring2.0  is a powerful yet user-friendly software application designed to estimate the ultimate load 

carrying capacities of single and multi-span masonry arch bridges. It is most usefully applied to 
short and medium span arch bridges which span approximately squarely between abutments. 
Originally developed as a research tool to assist with the interpretation of results from full-scale 
laboratory tests, various versions of ring  have been publicly available since early 2001. The 

software is now widely used worldwide. This guide is designed to: 

 explain the theoretical basis of ring2.0 ; 

 document studies undertaken to validate the results produced by ring2.0 ;  

 provide practical guidance on using rin g2.0  to assess masonry arch bridges. 

ring2.0  uses computational limit analysis techniques to estimate the ultimate load carrying 

capacities of bridges. A two-dimensional analysis is performed with the constituent masonry 
blocks of a bridge being modelled explicitly. These blocks are assumed to be rigid but are 
separated by masonry joints (contact surfaces) at which rocking, crushing and/or sliding failures 
are permitted to take place. Backfill material, if present in a bridge, whilst not modelled explicitly, 
is assumed to disperse live loads and to provide passive restraint. The main program input 
parameters are: 

 the overall bridge geometry; 

 the unit weight of the masonry and fill; 

 the compressive strength of the masonry; 

 the coefficient of friction of the joints; 

 the backfill angle of friction and cohesion;  

 details of the applied loading must also be specified. 

Rigorous optimisation techniques are used to identify the critical failure load factor and associated 
failure mechanism and distribution of internal forces. This allows the safety of the bridge to be 
assessed. Output from the software has been validated against results from a series of full-scale 
bridges load tested to collapse in the laboratory. Output has also been validated independently 
using data from field bridges load tested to collapse.  

ring2.0  can also be used in support movement analysis mode, to help the user to diagnose the 

likely underlying cause(s) of observed cracks, to confirm the importance of internal details and to 
see how load paths change as vehicles cross a bridge. 

ring2.0  can be used to assess both highway and railway bridges. Standard highway and railway 

loading models are provided with the software and, as well as providing general guidance on 
modelling masonry arch bridges, this guide also includes discussion of highway and railway 
loading issues. Finally, the guide also includes guidance on interpreting output from the software 
and also some fully documented worked examples. 

The software and documentation are suitable for use by engineers of ideally at least graduate 
level. Potential users will benefit from reading around the subject and also inspecting bridges in 
the field before using the software. 

Finally, this guide should be read in conjunction with the companion ring2.0  Program Reference 

Guide, which can be obtained, together with the software itself, from www.masonryarch.com. The 
Program Reference Guide provides information on hardware and operating system requirements 
for ring2.0  and also detailed instructions on using software features.  

http://www.masonryarch.com/
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Scope of guide 

This document is designed to provide practical guidance on the application of 

ring2.0  to the assessment of masonry arch bridges (ring2.0  is computer software 

designed to compute the ultimate load carrying capacities of masonry arch bridges). 

The document also includes a brief description of the theoretical basis of the 

software, together with a description of validation studies which have been 

performed. For detailed step-by-step guidance on using the software, readers are 

referred to the companion ring2.0  Program Reference Guide and/or the help file 

accessible when running the software. 
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1 Introduction 

1.1 Purpose of this guide 

ring2.0  is a user-friendly software application designed to estimate the ultimate load 

carrying capacities of single and multi-span masonry arch bridges. Various versions 
of ring  have been publicly available since early 2001 and the software is now widely 

used by practitioners and researchers worldwide.  

Before starting with ring2.0  the user should have a basic understanding of the 

theoretical basis and range of applicability of the program. Hence this guide is 
designed to: 

 explain the theoretical basis of ring2.0 ; 

 document studies undertaken to validate the results produced by ring2.0 ;  

 provide practical guidance on using ring2.0  to assess masonry arch bridges. 

This guide should be read in conjunction with the companion ring2.0  Program 

Reference Guide, which can be obtained, together with the software itself, from 
http://www.masonryarch.com. The Program Reference Guide provides information on 
hardware and operating system requirements for ring2.0  and also detailed 

instructions on using software features. 

1.2 Glossary 

Masonry arch bridges are very different to the steel and concrete bridges which are 
instead constructed in their place today. As the terminology used to describe different 
parts of masonry arch bridges can appear obscure to the non-specialist, common 
terms are given in Figure 1.  

http://www.masonryarch.com/
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Figure 1 - Masonry arch bridge terminology 

Additionally, many of the terms encountered when modelling a bridge using ring2.0  

are shown in Figure 2.  

In ring2.0  the load from an axle is assumed to be dispersed through the surface fill 

and the main backfill material, then imparting a distributed load on the masonry 
blocks, which are modelled directly, using blocks separated by contacts. 

Upon solving, ring2.0  determines the critical failure mode, with hinges often forming 

as sections of the arch push against backfill elements (designed to replicate the 
effect of the passive restraint offered by the fill). Finally, the thrust zone at collapse is 
also shown. This gives a visual indication of both the position of the line of 
compressive force and the minimum amount of material needed to support it.  
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Figure 2 - Terms used in ring2.0  
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2 Theoretical basis of ring2.0  

2.1 Background 

Masonry arch bridges are statically indeterminate compression structures which 
resist external applied loads primarily as a result of the thickness of the masonry and 
their inherent self weight. They tend to be highly resilient to small support 
movements, with these typically transforming a structure into a statically determinate 
form. Cracks which might accompany support movements are therefore not normally 
of great concern, making the notion of crack widths or other conventional 
serviceability criteria inapplicable. Consequently engineers are generally primarily 
interested in guarding against the ultimate limit state (i.e. structural collapse) 
condition. This occurs when a sufficient number of hinges or sliding planes are 
present between blocks to create a collapse mechanism. 

2.2 Analysis methods used by ring2.0   

ring2.0  idealises a masonry arch bridge structure as an assemblage of rigid blocks 

and uses computational limit analysis methods (also known as óplasticô or 
ómechanismô methods) to: 

(i) analyse the ultimate limit state, determining the amount of live load that can 
be applied before structural collapse; 

(ii) permit investigation of the mode of response when supports undergo small 
movements. 

Limit analysis techniques were originally developed for steel components and 
structures, but it has since been shown that these can be applied to masonry gravity 
structures, such as piers and arches1. To help understand why limit analysis theory is 
applicable, compare and contrast the response of a steel column with uniform plastic 
cross-section and a weakly mortared masonry pier, both subject to a horizontal load 
F, as shown on Figure 3. 

 

Figure 3 - Laterally loaded (a) steel column, (b) masonry pier, and (c) idealised 
response curves   
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It can be deduced that: 

 whilst the tensile and compressive strength of the steel column endow it with a 
finite plastic moment of resistance, Mp, the absence of tensile strength means that 
the masonry pier does not possess a comparable moment capacity derived from 
material strength; 

 however, the thickness and self weight of the pier mean that there is some 
resistance against overturning and the masonry pier could conceptually be 
considered as possessing a moment capacity, albeit one that varies with height 
(moment capacity equal in magnitude to the normal force at a given cross-section 
multiplied by half the pier thickness); 

 furthermore, provided pier displacements do not become large, the resistance of 
the masonry pier against overturning at a given cross-section will remain broadly 
constant; 

 hence, the response of the pier can be considered óductileô, an important 
requirement in order for limit analysis theory to be applicable. 

As already indicated, in masonry structures the moment of resistance effectively 
varies continuously and consequentially this makes conventional bending moment 
diagrams difficult to interpret. It is normally more useful to plot the eccentricity of the 
compressive force, or thrust, at each cross-section (where eccentricity = moment / 
thrust). Figure 4 shows the resulting lines of thrust at collapse for two different 
configurations of masonry blocks and loading types: 

 
                 (a)                                                                      (b) 

Figure 4 - Thrust line at collapse in (a) masonry pier, and (b) masonry arch 

In Figure 4 it can be seen that the lines of thrust lie entirely within the masonry and 
also that hinges form at the locations where the lines of thrust touch the exterior 
faces of the blocks. Formation of a sufficient number of hinges (and/or planes of 
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sliding) leads to collapse. 

In the case of the masonry pier shown in Figure 4(a), the structure is statically 
determinate and statics alone may be used to uniquely determine the position of the 
thrust line both prior to and at ultimate failure. In contrast, the masonry arch shown in 
Figure 4(b) is statically indeterminate and there are many possible positions of the 
thrust line prior to failure.  Therefore, the actual position can only be uniquely 
determined at the point of ultimate failure. 

In addition to basic equilibrium considerations, in the context of masonry gravity 
structures, the following conditions may be used to test for ultimate collapse 
(assuming both hingingÀ and slidingÿ failures at masonry joints are considered 
possible): 

(i) The yield condition, which may be deemed to be satisfied providing the line of 
thrust both lies entirely within the masonry and does not cross any joint at a 

subtended angle ( of less than tan-1(ɛ), where ɛ is the coefficient of friction.  

(ii) The mechanism condition, which may be deemed to be satisfied providing the 
line of thrust either touches exterior faces of the masonry blocks and/or 

crosses sufficient joints at an angle ( of tan-1(ɛ) to create the releases 
required to transform the structure into a mechanism.  

Thus, if a line of thrust satisfies the equilibrium and yield conditions, then the true 
plastic collapse load cannot be less than the applied load ï i.e. it is a lower bound.  

Similarly, if a line of thrust satisfies the equilibrium and mechanism conditions, then 
the plastic collapse load cannot be higher than the applied load ï i.e. it is an upper 
bound. 

It is possible to perform limit analysis by hand. For example, an upper bound hand 
analysis could be carried out by: 

(i) choosing a likely mechanism of collapse; 

(ii) using equilibrium (or a work method) to calculate the collapse load; 

(iii) trying other likely collapse mechanisms until the critical one is found. 

However, even in the case of a single span, single ring, arch the curved geometry 
makes such a hand based procedure extremely laborious and liable to human error. 
ring2.0  effectively automates this process. However, rather than adopting a trial and 

error procedure to find the mechanism associated with the absolute minimum 
collapse load, ring2.0  uses rigorous mathematical optimisation techniques to quickly 

and accurately determine the correct solution (refer to Annex A1 for details of the 
mathematical problem formulation). 

Furthermore, whilst the above discussion has implied that masonry possesses infinite 
compressive strength, this is clearly not the case in reality. In fact the presence of 

                                            
À
 Initially assuming that the masonry possesses infinite compressive strength, so the line of thrust can 

be transmitted through a hinge point lying on an exterior face of the arch. 

ÿ
 Initially assuming that sliding failures follow a ósawtooth frictionô model (i.e. obey an associative flow 

rule, where sliding is accompanied by dilatancy). 
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finite strength masonry means that the line of thrust mentioned previously is better 
thought of as a zone of thrust, which should have sufficient thickness at any point to 
carry the compressive force, with the required thickness depending on the crushing 
strength of the masonry. Clearly, this consideration would add extra complexity to an 
already difficult hand calculation.  However, if a finite masonry crushing strength is 
specified by the user then this thickness is automatically computed by ring2.0 .  It is 

assumed that the thrust is carried by an area of material under a uniform level of 
stress (i.e. assuming a rectangular stress-block, in accordance with a rigid-plastic 
idealisation of the masonry crushing response). 

2.3 Output from a ring2.0  analysis 

2.3.1 Identification of the failure load factor  

Although for simplicity the previous section considered a case where a collapse load 
(e.g. Fp) was to be computed, it is generally more useful to compute the factor which 
would, when applied to some specified pattern of live loads, lead to collapse. This 
factor (or ómultiplierô) is commonly termed the ófailure load factorô and its 
determination for a given bridge is the principal goal of a normal ring2.0  analysis.  

For example, if a 1kN single axle load is specified and ring  indicates a computed 

failure load factor of for example 154, this means that the load which would cause 
collapse is 154kN. Alternatively if a 10kN single axle load was specified, the failure 

load factor computed would be 15.4 (15.4 10 = 154kN).  

When the applied load comprises a series of axle loads, the failure load factor is the 
multiplier which, when applied to all axle loads simultaneously leads to collapse. For 
example, if a 1400kN rail vehicle comprises four 200kN axles and four 150kN axles 
and ring  indicates a computed failure load factor of 3, this means that the loading at 

failure comprises four 600kN axles and four 450kN axles (3 200 = 600kN; 3 150 = 
450kN).  

Full details of the mathematical formulation are provided in Annex A1. 

2.3.2 Bridge behaviour when subjected to support movements 

Although the usual (óstandard analysisô mode) goal of a ring2.0  analysis is to identify 
the failure load factor, ring2.0  can also be used to model the effects of support 

movements. Movement of a support will lead to formation of hinges and/or sliding 
failures in the same way as when excessive applied loading is applied by a highway 
or railway vehicle.  

When in ósupport movement analysisô mode, vehicle loads (if present) are factored by 
a fixed axle load factor specified by the user (default = 1.0) and the critical 
arrangement of hinges and/or sliding failure planes are identified by finding the 
energy associated by moving the supports. The line / zone of thrust is also identified. 
Figure 5 shows the result of a support movement analysis. Full details of the 
mathematical formulation are provided in Annex A2.  
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Figure 5 - Modelling the effects of support movement at the base of a pier 

2.4 Range of applicability of ring2.0  

2.4.1 Spans 

When the failure load factor is sought, ring2.0  is most suited to the analysis of single 

and multi-span masonry arch bridges with short to medium span lengths, where 
foreseeable live loadings are typically non-negligible in comparison to structural self-
weight. 

For spans longer than 20 - 30m, foreseeable live loadings are often essentially 
negligible and other considerations become more important, such as long term 
masonry creep effects (due to persistent moderately high stresses). Additionally, in 
the case of very long span bridges, the presence of high compressive stresses may 
give rise to non-negligible second order deformations, making the failure load factors 
computed by ring2.0  potentially non-conservative. 

2.4.2 Block shape 

ring2.0  provides a realistic model of bridges comprising single or multi-ring arch 
barrels constructed using regular stone blockwork or brickwork. Since in ring  the 

constituent blocks are assumed to be rectangular, the software provides a less 
realistic model of random rubble stone masonry arches. Nevertheless, given that it is 
unfeasible to model the actual layout of stones in a random rubble arch, the software 
may be applied to such arches provided suitably conservative smeared properties for 
the masonry are adopted. 

2.4.3 Stress-related failures 

In common with other limit analysis (or ómechanismô) programs, ring2.0  may not 

accurately predict the ultimate strength of a bridge if either of the following apply: 

(i) The bridge comprises a long (e.g. > 20 - 30m) and/or flat arch (e.g. span/rise > 

 6, or the arch contains very flat sections, for example in the case of an 
 elliptical arch) and it can be expected that elastic deformations prior to 
 collapse will significantly change the arch geometry; 
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(ii) A brittle response of some part of the structure may be expected to prevent 
 the formation of a ductile collapse mechanism (e.g. abrupt failure of the bond 
 between rings; brittle hinge formation). 

However, even in these cases ring  can provide an invaluable upper bound estimate 

of the likely strength of the bridge, which can be used as a benchmark for alternative 
analysis methods. Such alternative methods may comprise: in the case of (i) a 
geometrically non-linear elastic analysis; in the case of (ii) a non-linear elastic 
analysis incorporating a masonry material model respecting fracture mechanics 
principles (e.g. using Hillerborgôs cohesive crack theory2).  

Alternatively if in the case of (ii) the brittle response stems from shear failure at 
masonry joints, it may alternatively be assumed that the initial bond strength at these 
joints is zero, and that only compressive and frictional forces may be transmitted. In 
this case ring2.0  may be used and can normally be expected to provide lower bound 

(conservative) results. 

Unfortunately the decision as to when cases (i) and (ii) might apply is complicated by 
the fact that both are dependent on stress levels. If stresses are very low in 
comparison to the elastic modulus and/or bond strength of the masonry, then brittle 
fracture of the bond between rings for example is unlikely to be an important issue. 
Since it can be shown that stresses increase with the size of structure being 
consideredÀ, this implies that brittle fracture of the bond between rings may not be of 
great concern in the case of very short span bridges. Readers are referred to section 
5.8.2 for further discussion on modelling multi-ring arch bridges.  

2.4.4 Fill depth 

Additionally, since ring2.0  has been calibrated in situations when fill depths are 

relatively small in comparison to the arch span, for bridges with relatively small fill 
depths at the crown (or with no fill) ring2.0  can be expected to provide reasonable 

results. Conversely, when the fill depth at the crown is large (e.g. > span/2) results 
from the program should be treated as being very approximate. In such cases it may 
often be found that the predicted load carrying capacity is in excess of the bearing 
capacity of the arch fill material (i.e. is unattainable in practice). 

2.4.5 3D effects 

In general spandrel walls at the edges of a bridge can stiffen the arch prior to failure 
and, depending on their end restraint conditions, may also enhance the ultimate limit 
strength. Studies of the influence of spandrel walls on the carrying capacity of full-
scale single and multi-span laboratory bridges are detailed elsewhere4,5. 

However, if a bridge is wide in comparison to its span then the effects of the spandrel 
walls on the central section of the bridge may be quite minimal. Furthermore, a 
common defect observed in masonry bridges is detachment of the spandrel walls 
(this is evident by the presence of longitudinal cracks running close to the edges of 

                                            
À
 Consider for example the stresses at the base of two geometrically similar solid masonry piers. If the 

second pier is n times as large, in all dimensions, as the first then its volume and hence self weight will 
be n

3
 larger. However the area at the base of the pier will only be n

2
 times larger, so it follows that the 

gravity stresses at the base (and elsewhere) in the second pier will be n
3
/n

2 
= n times larger. 
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the bridge). For these reasons spandrel walls are not modelled in ring2.0 . 

Since the software idealises the arch in two-dimensions, it is most suited for 
assessing masonry arch bridges which span squarely between abutments; readers 
are referred to section 5.3 for further advice on modelling skew bridges.   

By default, ring2.0  utilises a user specified fixed bridge width in the analysis.  

However, an effective width which varies according to simple user-defined transverse 
distribution rules can alternatively be used; readers are referred to sections 6.1.4 and 
6.2.3 for further guidance on choosing an effective bridge width.  

2.4.6 Range of collapse modes identifiable 

The general problem formulation and rigorous mathematical solvers employed mean 
that ring2.0  can identify numerous potential failure mechanisms. Figure 6 shows a 

selection of those mechanisms that have been observed whilst using the program to 
assess real bridges. 

The ability of ring  to identify hitherto unknown failure modes has led to some 

interesting findings. For example, it has previously been suggested that a multi-span 
bridge can safely be analysed as a series of separate single spans if the piers are 
óstockyô (i.e. thick in comparison to their height). However, this is not in general the 
case. For example, the failure load factor associated with the mechanism shown on 
Figure 6(f) is actually much lower than that computed if the outer spans are omitted 
from the analysis - indicating that the presence of stocky piers (and backing in this 
case) is no guarantee that the structure can be safely idealised as a series of 
separate single spans. In general, users should avoid using such rules of thumb and 
should where possible model as much of the structure as is practicable (refer to 
section 5.4 for further advice on modelling multi-span bridges). 
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Figure 6 - Selection of potential failure modes identifiable using ring  
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2.5 Finite masonry strength 

In ring  it is assumed that in the vicinity of hinges the thrust in the arch is transmitted 

across joints either: 

(i) through an infinitely thin strip of material lying on an exterior face, or, if a finite 
material strength is specified; 

(ii) through a rectangular stress block located adjacent to an exterior face. 

For both cases, moment vs. normal force failure (yield) envelopes for a contact can 
be plotted, as shown on Figure 7: 

 

Figure 7 - Contact surface moment vs. normal force failure envelopes for: (i) 
infinite; (ii) finite masonry crushing strengths 

It is evident from Figure 7 that the envelope for case (i) is defined by linear 
constraints whereas in the case of (ii) these are non-linear.  In ring2.0  the envelope 

for case (ii) is approximated using sufficient linear constraints to ensure that any 
deviation from the true non-linear yield envelope is negligible. To achieve this, linear 
constraints are adaptively added, using an iterative procedure which is described in 
Annex A3. The procedure ensures that converged solutions are obtained more 
rapidly and reliably than was the case with previous versions of ring .  

2.6 Sliding failures 

Unlike many other masonry arch bridge analysis programs, ring2.0  does not rule out 

the possibility that sliding failures might occur. A ósaw toothô model for friction is used 
(also referred to as óassociative frictionô). This means that separation is assumed to 
accompany sliding. The main advantage of using a ósaw toothô model is that the 
linear character of the problem is preserved. 

Whilst it can be shown that use of a ósaw toothô model for friction can lead to non-
conservative failure load factors being obtained if sliding is involved in the critical 
failure mode3, when previously applied to multi-ring brickwork arch bridges 
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reasonably good agreement between experimental and numerical results were 
obtained (in fact it was found that the numerical multi-ring model always under-
estimated the experimentally observed carrying capacity)4. 

2.7 Backfill 

2.7.1 General 

The vertical dead weight of backfill material effectively pre-stresses the masonry in 
an arch, thereby increasing its load carrying capacity (provided the constituent 
masonry has sufficient compressive strength). The backfill also has two other 
beneficial effects (Figure 8): 

(i) it disperses live loads; 

(ii) it can restrain movement of the arch when the latter sways into the fill. This is 
 often termed ópassiveô restraint.  

 

Figure 8 - Masonry bridge soil-structure interaction 

Each of the above effects has the potential to significantly enhance the carrying 
capacity of a masonry arch bridge. However, whereas the constituent masonry 
blocks of a bridge are modelled explicitly in ring2.0 , the backfill is presently modelled 

indirectly according to the simplified model described in the following sections. 

2.7.2 Dispersion of live loads 

The vertical live load pressures on the back of an arch are assumed by ring2.0  to be 

either: 

(i) uniformly distributed, the intensity being governed by the depth of fill under 
the centre of a given axle and the specified limiting dispersal angle; or  

(ii) dispersed according to a Boussinesq type distribution, with a limiting 
distribution angle specified by the user.  

The Boussinesq distribution model generates a suitable óbell shapedô distribution of 
load, which laboratory tests have indicated better approximates reality than uniform 
pressure distributions, and which also models the effects of overlapping dispersed 
loads more appropriately. This is therefore the default distribution model in ring2.0  

(except for the surface layer, if present, where a uniform distribution is adopted). A 
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default cutoff angle of 30° is used to prevent excessive distribution. Further details of 
the Boussinesq model are provided in Annex B1. 

2.7.3 Passive restraint 

One-dimensional bar elements, for convenience hereafter termed óbackfill elementsô 
(Figure 9) are used to model the passive restraint experienced by sections of the 
arch moving into the fill material.  

Backfill elements compress at constant force (e.g. h  vertical projected area) where 

h is the horizontal stress, but have no tensile capacity. Use of these elements 

ensures that pressures are mobilised in the correct sense. For example, in Figure 
9(c) the backfill elements only apply a force to the non-loaded side of the bridge. 
Note that in ring 2.0 , active pressures on the loaded side of the bridge, which are 

usually relatively small, are for simplicity ignored.  

 

 

(c) 

Figure 9 - Arch restrained with uniaxial backfill elements (a); (b) backfill 
element response; (c) ring2.0  representation of backfill elements 

Classical lateral earth pressure theory developed originally for vertical retaining walls 
is often used in masonry arch analysis to estimate the amount of horizontal passive 
restraint which can be realised. This approach is also used in ring2.0 .  

According to vertical retaining wall theory the horizontal passive restraining stress h 
applied to the back of a smooth wall is: 

cKK pcvph          (1) 



                                              Theory & Modelling Guide  
 

16 

Where 21 sin
tan 45

21 sin
pK , v is the vertical stress, ppc KK 2 , and where 

 is the effective angle of friction of the fill material, and c is the cohesion of the fill 

material. For a frictional backfill, drained strength properties  and c  would be used.  

In ring2.0 , equation (1) is used in modified form: 

cKmKm pcpcvpph          (2) 

where mp and mpc are modification factors designed to account for additional effects 
not represented by simple vertical retaining wall theory: 

Determination of mp Consider a wall which retains a frictional soil. In the case of a 
vertical wall which rotates at failure, full passive pressures will not be mobilised until 
rotations are very large (Figure 10(a)). In practice, a reduced earth pressure 
coefficient is often used to limit rotations to acceptable levels (Figure 10(b)). If the 
wall is actually curved (i.e. part of an arch) then the coefficient can be assumed to be 
further reduced (Figure 10(c)). 

 

Figure 10 - Commonly used horizontal earth pressure coefficients: (a) large 
wall rotation, (b) small wall rotation (~ 0.5%), (c) arch segment rotation into 

surrounding fill 

It has been found that taking 3
1

pm  gives rise to a restraint force which is 

approximately equal to that measured in laboratory tests (at least for backfills with 
relatively high angles of friction). Hence this value is used as the default in ring2.0 . 

i.e. when the user inputs the angle of friction for a granular backfill this is used to 

compute a Kp value which in turn is multiplied by the vertical stress, v, and the mp 

modification factor (default = 0.33) to compute the horizontal restraining stress h. 

Determination of mpc The cohesive strength of clayey backfill materials may 
enhance the load carrying capacity of short span bridges. However, little 
experimental evidence is available at present and a conservative default modification 

factor on pcK  of pcm = 0.01 is therefore currently used in ring2.0 .  

Once equation (2) has been used to determine a value of the horizontal restraining 

stress h applied to a given block, this is checked to see whether it exceeds the 
magnitude of horizontal stress that can be applied without causing the strip of backfill 
acting on the block to slide. If so, then the reduced horizontal stress associated with 
the sliding failure is used (this can be overridden if a user-defined pressure is 
specified). Further details are given in Annex B2. 
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Finally it should be appreciated that there are several important simplifications 
inherent in the way ring2.0  treats passive (and active) restraining horizontal 

pressures. For example: (i) backfill pressures are assumed to be mobilised by 
infinitesimal structural movements; (ii) the failure mode is assumed not to influence 
the magnitude of peak pressure mobilised. Further background information on these 
assumptions is provided in Annex B3 and B4. 
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3 Validation of ring2.0  against bridge test results 

3.1 Bolton laboratory tests (full-scale) 

At Bolton Institute, UK, in the early 1990's a number of 3m and 5m span bridges were 
tested in the laboratory. Two of the bridges tested are shown on Plate 1, Plate 2, 
Plate 3 and Plate 4. A key advantage of these tests over those carried out in the field 
(e.g. see section 3.4) was that the internal constructional details and material 
properties were known.  

ring  was originally developed to assist with the interpretation of the results from 

these laboratory tests. Since the original publication of the work in The Structural 
Engineer4,5,6, the program has been significantly enhanced and for example now 
accounts for  material crushing around hinges and includes more realistic models of 
the dispersion of the applied load through the backfill. 

 

 

Plate 1 - Bolton bridge ó5-2ô containing debonded rings approaching collapse 
(note the diffused hinges under the load) 
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Plate 2 - Bolton bridge óMulti-2ô built with detached spandrel walls awaiting 
testing 

 

 

 

Plate 3 - Bolton bridge óMulti-2ô approaching collapse (note that the left and 
centre spans are involved in the failure mechanism) 
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Plate 4 - Bolton bridge óMulti-2ô immediately following collapse (note that the 
right span has remained fully intact) 

Table 1 presents ring2.0  analysis results alongside experimental test results from 

Bolton Institute (representative bridges with detached spandrel walls are included 
since these behave demonstrably in a two dimensional manner). To obtain the 
ring2.0  results, measured geometrical and unit weight properties were used together 

with a measured angle of friction of the soil backfill of 60°. (The backfill was purely 
frictional so zero cohesion was specified.) The computed failure load was found to be 
relatively insensitive to crushing strength so a value of 20N/mm2 was used in all 
cases (experimentally recorded values for the brickwork used to construct the bridges 
ranged from 18.1 to 28.2N/mm2).  

It is clear from Table 1 that predictions are quite conservative when the default soil 
angle of friction is used (column A), but become much more realistic when the 
measured value is used (column Bÿ).  

It should be noted that the over-prediction of the strength of bridge 5-1 results from 
the sudden onset of partial ring separation in the experimental load test. This is a 
quasi-brittle and unpredictable phenomenonÀ which cannot be modelled directly 
using ring , although the program can be used to try to bound the load carrying 

capacity from above (by modelling the barrel as a voussoir arch) and from below (by 

                                            
ÿ
 Note that the predictions in column B differ from those given in the ring1.5  Theory and Modelling 

Guide principally because in the latter case a 45° cutoff angle for the Boussinesq load distribution 
model was specified, whereas the default value of 30° was used here. 

À
 In fact a nominally identical bridge (bridge 5-3) tested subsequently failed at an even lower load of 

1000kN, with failure again initiated by the onset of ring separation. 
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modelling the barrel as a series of separate arch rings). 

The ring2.0  data files corresponding to the aforementioned analyses are distributed 
with r ing  (these are located in the óSamplesô subdirectory, e.g. C:\Program 

Files\LimitState Ltd\ring2.0\Samples). 

Table 1 - Sample comparison between Bolton laboratory and ring2.0  collapse 

loads 

3.2 Sheffield laboratory tests (small-scale) 

A series of small-scale tests were performed at the University of Sheffield to confirm 
the relative importance of passive restraint effects (i.e. as parts of the arch barrel 
remote from the load sway into the fill) and live load dispersion effects (i.e. as the live 
load spreads through the fill).  

In these tests the applied load could be either applied to the surface of the fill or 
optionally directly onto the arch barrel. Also, to allow fill to optionally be placed only 
on one side, a keystone of extended height was used. Finally the fill on the passive 
side could optionally be contained either side of the three-quarter point hinge so as to 
act as a vertical dead load only. Further details of the tests are provided elsewhere7.  

Experimental and ring2. 0 results are summarised on Table 2. In the ring2.0  

analyses measured geometrical and unit weight properties were used. The measured 
angle of soil friction was also used. Passive restraint, vertical dead weight over a half 
span and distribution of the load were switched off in line with the circumstances of 
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ring2.0  analysis (kN) r ing2.0  (B) / 

experiment (A) 

Default soil 
properties 

except using 
measured unit 

weight 

 

(B) 

As (A) but using 
measured angle 
of soil friction 

(60°) 

3-1 
3m single 

span 
540 265 

 

442 

 

82% 

5-1 
5m single 

span 
1720+ 1178 

 

1915 

 

111%+ 

5-2 

5m single 
span; 

debonded 
arch rings 

500 253 

 

400 

 

80% 

Multi-2 
3m triple 

span 
320 202 

 

320 

 

100% 

+
the experimental collapse load of this bridge was reduced by the sudden onset of partial 

ring  separation  
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the particular test arch being modelled.  

It is evident from Table 2 that the ring2.0  predictions are remarkably good (all within 
10% of the experimental results). This verifies that the simplified ring2.0  soil model is 

capable of capturing the key effects of backfill.   

Test 

[Key*] 

Photographs of model bridges with 

superimposed displacement vectors at 

peak load 

Experimental peak 

load capacity (N) 

[results without 

extended keystone] 

ring2.0  

analysis 

(N) 

r ing2.0  

result  /  

mean expt. 

result 

T1 

[---] 

 

107 

[104] 

108 

[104] 

107 

[106] 

 

99 

 

93% 

T2 

[-P-] 

 

141 142 140 

 

133 

 

94% 

T3 

[AP-] 

 

138 

[137] 

137 

[135] 

137 

[138] 

 

132 

 

96% 

T4 

[APL] 

 

181 

[178] 

183 

[177] 

182 

[179] 

 

187 

 

104% 

T5 

[A--] 

 

103 104 100 

 

97 

 

95% 

T6 

[A-L] 

 

130 131 136 

 

136 

 

103% 

*A = Active; P = Passive; L = Load spreading 

Table 2 - Results from load spread / passive restraint separation tests 
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3.3 Salford laboratory tests (full-scale) 

To better establish the nature of the soil-arch interaction which takes place a series 
of bridges have recently been tested at the University of Salford, UK. The model 
bridges tested to date have been 3m in span and have been housed in a large, 8.3 m 
long × 2.1 m high and extremely stiff test chamber incorporating large frictionless 
observation windows along one face to permit measurement of the soil and arch 
movements (Plate 5 shows vectors of soil displacements in the case of bridge 1). 
Further details are available elsewhere7.  

 

     

Plate 5 - Bridge 1: arch and backfill remote from the load, also showing soil 
displacement vectors  

 

For the ring 2.0  analyses, measured geometry and unit weight properties were used 

initially (for sake of simplicity the soil unit weight for bridge 2, which was clay filled 
with a limestone capping layer, was taken as the mean of the limestone and clay unit 
weights). For bridge 1 the angle of friction of the soil was taken as 54.5 degrees (the 
measured value). For bridge 2, a cohesive strength of 78kPa was used (the 
measured value). Finally the masonry crushing strength was taken as 25MPa, which 
is representative of that found for the type of brickwork used. Experimental and 
analysis results are provided on Table 3.  

It is clear from Table 3 that, when the measured soil strength parameters are used, 
column (B), ring 2.0 provides of load carrying capacity. 
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Table 3 - Sample comparison between Salford laboratory and ring2.0  collapse 

loads 

3.4 Field bridge tests 

In the late 1980ôs and early 1990ôs, the Transport and Road Research Laboratory 
(TRRL, now TRL) in the UK carried out a series of load tests to collapse on redundant 
arch bridges. Most bridges failed in four hinge mechanisms, although some of the 
bridges were reported as failing by óthree hinge snap throughô or in ócompressionô 
(material failure). It was likely that many of the bridges tested were restrained 
considerably by their attached spandrel walls and/or masonry backing. Outline 
information on these bridge tests has been provided by Page8. 

With the benefit of hindsight, significantly more pre- and post-test investigation work 
should have been performed to better characterise the internal construction details 
and material properties. This would have been useful in providing a more 
comprehensive data set for use by analysts who have since attempted to model the 
behaviour of the bridges under load. 

In 2001 TRL were commissioned to independently validate ring  and other available 

masonry arch bridge analysis software. Despite the uncertainties outlined above, as 
part of the validation process it was decided that the programs would be used to 
predict the carrying capacities of 5 of the field bridges load tested more than a 
decade previously. Details taken from the TRL report9 relating to ring  are provided in 

Table 4. 

 

 

 

Bridge Description 

E
x
p

e
ri

m
e
n

ta
l 

c
o

ll
a
p

s
e
 l
o

a
d

 

(k
N

) 
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3m single 
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limestone fill 

126 84 120 95% 
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3m single 
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clay fill 
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BridgeÀ Theoretical /experimental collapse load 

Torksey 81% 

Bridgemill 100% 

Barlae 92% 

Preston 90% 

Table 4 - Correlation between TRL field bridge test and ring collapse loads 
(independently produced by TRL) 

It is evident that agreement between the ring  predictions and the full-scale test 
results was found to be reasonably good. The TRL report concluded that ring  

ógives good resultsô 

and 

óéwith some investment in an improved solver, [ring ] would be a very effective tool 

for most assessment engineers...ô 

The concern about the speed of the solver was addressed following the release of 

newer versions of ring  which were up to 200  faster than ring 1.1  which was used in 

the 2001 TRL.  

 

                                            

À
Strathmashie bridge was also modelled but was in poor condition and, because ónone of [the] defects 

were modelled during the analysis, all the programs returned non-conservative resultsô. 
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4 Preliminary bridge assessments using ring2.0  

Increasingly assessment codes and other guidance documents advocate a multi-
level approach to bridge assessment. A preliminary, or óLevel 1ô, assessment might 
traditionally be performed using a semi-empirical assessment procedure (e.g. the 
MEXE method). If this assessment procedure indicates that the bridge is safe then in 
the past the assessment engineer has typically not been required to study the bridge 
further (i.e. does not need to undertake a óLevel 2ô or óLevel 3ô analysis). 

However, there are increasing concerns over the reliability of existing semi-empirical 
assessment procedures, and consequently their range of recommended application 
is being successively reduced by the relevant regulatory bodies. However, the large 
numbers of bridges which need to be assessed means that rapid means of 
conservatively assessing bridge load carrying capacity are required.  

Reflecting this, ring2.0  has been designed so that it can be used with default 

settings to rapidly perform a preliminary and generally conservative assessment of 
load carrying capacity rapidly, with many dialogs in the program being simplified. For 
example, refer to Figure 11 which shows the óBackfillô page of the New Bridge 
Wizard. In a preliminary assessment default backfill parameters can be used, Figure 
11(a). If the bridge proves to have insufficient load carrying capacity then a follow up 
assessment can be performed using more realistic values (e.g. informed by trial pit or 
penetrometer investigations). In a second level assessment it may very occasionally 
be necessary to also adjust other details of the ring soil model, Figure 11(b). 

  

(a)                                                           (b) 

Figure 11 ï Backfill dialog of New Bridge Wizard 

Note that before ring2.0  is used to perform a series of preliminary analyses it is 

advisable to review the default parameters, and to check that these are reasonable 
for the type of bridges being assessed. As an example, although the default values 
are normally conservative, in an area where bridges are constructed using very soft 
red bricks and lime mortar the default masonry crushing strength of 5MPa may be 
non-conservative. 

 

Basic default values 
Detailed settings 
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5 Detailed bridge assessment using ring2.0   

5.1 Analysis parameters 

The first step in an analysis is typically to identify sensible values for the analysis 
parameters. Default parameters are shown in Annex C. However, it should be borne 
in mind that some of the default values proposed may be quite conservative and 
more accurate values should be used where possible.  

Additionally, in order to save computational effort a default value of 40 is often given 
for the number of blocks per arch ring (rather than the actual number of units). This 
may lead to a very small overestimate (up to 2 or 3%) of the predicted carrying 
capacity of a given bridge if the real structure contains more than 40 blocks. 

5.1.1 Partial factors of safety  

In order to facilitate limit state analysis of bridges, the template files also contain the 
partial factors of safety shown on Table 5. 

Description Symbol 

Partial factor for permanent load, masonry f,m 

Partial factor for permanent load, fill f,f 

Partial factor for permanent load, surface fill / ballast f,sf 

Partial factor for permanent load, track f,t 

Partial factor for axle load f,l 

Partial factor for dynamic load f,dyn 

Partial factor for material (masonry strength) m, ms 

Partial factor for material (masonry friction) m, mf 

Table 5 - Partial factors used in ring2.0  

Note that if a value other than unity is specified for the partial factor for live load then 
the resulting output from an analysis will really be an adequacy factor rather than a 
failure load factor. This adequacy factor must be greater than 1.0 for a safe 
structureÀ. 

Some assessment codes use a global condition factor. A global condition factor 
should not normally be applied to ring2.0  analysis output since the effects of defects 

such as ring separation, low strength masonry and the influence longitudinal cracks 
have on the ability of a given bridge to distribute the load transversely can all be 
accounted for directly.  

 

                                            
À
 The adequacy factor may need to be commensurately greater than 1.0 for a safe structure if dynamic 

and/or other factors have still to be applied following completion of a RING analysis. 
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5.2 Modelling the shape of the arch 

In ring2.0  the arch can either be modelled as óSegmentalô or as óUser-definedô. When 

modelled as óSegmentalô the software models the arch profile as a single circular line 
segment whereas when modelled as óUser-definedô the software fits a series of line 
segments between the points given, using the assumption that one of the points 
corresponds to the maximum arch rise. Sometimes some manipulation of raw survey 
data is required to ensure this is accepted by the software (particularly if relatively 
inaccurate survey data is used). 

It is the shape of the arch, in relation to the pattern of loadings applied to it, which 
governs stability. Hence it is of paramount importance that due care is taken when 
recording and entering the shape into ring2.0 . All too often this is ignored; with the 

default óSegmentalô arch shape often being used without careful forethoughtÀ. When 
transverse cracks are present it follows that the arch profile must differ from that 
originally constructed, and this makes it even more important to perform an accurate 
survey of the bridge prior to analysis, to ensure that the true shape of the arch is 
modelled. 

To obtain an indication of the influence of arch shape on carrying capacity, refer to 
Figure 12, which shows the effect on the computed failure load factor of 
simultaneously modifying the ¼ and ¾ point rises of Bolton bridge 3-1 (see section 
3.1) (critical load position allowed to vary). In this case the maximum computed 
failure load factor approximately corresponds to the segmental arch shape, and it is 
evident that quite significant reductions in failure load factor are observed as the 
shape deviates from this (span and crown rise fixed). 

0.5

0.6

0.7

0.8

0.9

1

0.6 0.7 0.8 0.9 1

quarter span / crown rise

L
o

a
d

 f
a
c
to

r 
(n

o
rm

a
li

s
e
d

)

 

Figure 12 - Influence of varying ¼ and ¾ point rises (as ratio of midspan rise) 

It is also important to note that if the arch shape is asymmetrical (i.e. if the quarter 

                                            

À Indeed it can be considered just as important to accurately record the arch shape and thickness as it 

would, for example, to accurately measure the overall depth, flange thickness etc. of a steel I-beam 
prior to analysis. 
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and three-quarter point rises differ) then carrying capacity can be significantly 
reduced.  

5.3 Skew bridges 

Since ring2.0  is 2D analysis software, it is most suitable for the analysis of bridges 

which span squarely between abutments. Skew bridges tested in the laboratory10 
have exhibited distinct 3D failure modes which cannot be replicated using a 2D 
analysis tool.   

However, given the comparative computational expense and lack of availability of 
mainstream 3D analysis tools, some codes of practice pragmatically permit the use of 
2D analysis methods for skew bridges. ring2.0  can be used in such cases. 

5.4 Multi-span bridges 

Multi-span bridges are modelled in ring2.0  in exactly the same way as single-span 

structures (i.e. in essence as assemblages of interacting rigid blocks and backfill 
elements). Using ring2.0  the most critical failure mode will automatically be 

identified, whether this involves a single or multi-span failure mode. Multi-span failure 
modes typically, although not always, involve two adjacent spansÀ. 

The following points are particularly relevant to the analysis of multi-span arch 
bridges: 

 for a viaduct comprising a large number of identical spans only two representative 
adjacent spans need normally be modelled initially;  

 large railway viaducts frequently had large óking piersô at frequent intervals (e.g. 
every 6 spans). These are typically sufficiently massive to ensure that no 
interaction occurs between the two spans abutting a óking pierô; 

 for a bridge comprising spans of different geometries, ideally all spans between 
óking piersô should be modelled;  

 full-scale laboratory tests indicate that significant backfill pressures can be 
mobilised above the piers between adjacent spans, enhancing carrying capacity5; 

 alternatively, backing or internal spandrels are often present between spans, and 
this can play an important role in propping apart adjacent spans; 

 in some cases the presence of strong fill or backing above a pier may mean that 
adjacent spans can interact in the failure mechanism without movement of the 
intermediate pier (e.g. see Figure 6(f)); 

 in cases where intermediate piers are very slender, the user should consider 
separately performing other local checks (e.g. that elastic instability will not limit 
the vertical load that can be applied; no such check is currently done by ring2.0 ). 

                                            

À
 Note though that for a bridge with slender piers initial failure of one or two spans is likely in practice 

to quickly precipitate failure of neighbouring spans, because of the out-of-balance thrusts which then 
act at the tops of piers supporting these.  
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5.5 End abutment blocks 

Abutment blocks at the ends of a bridge can be included in the model. However, 
currently soil pressures are not applied behind end abutment blocks. Hence if end 
abutments are used to model soil-backed abutments there is the potential for the 
resulting failure mode, and failure load factor, to be unrealistic (e.g. the skewback 
may be observed to slide when only a small load is applied to the bridge whereas in 
reality such movement would be restrained by soil). 

In ring 2.0  distributed load which falls beyond an end abutment is assumed to be 

ólostô (in the same way as distributed load which falls on or beyond a fixed support is 
ólostô). Note that this differs from ring 1.x  behaviour. 

5.6 The influence of infill material 

Except in the case of relatively shallow arches, the passive restraint offered by infill 
material (soil and / or backing) behind an arch can lead to very significant increases 
in carrying capacity. The problem for the assessment engineer lies in determining, for 
the purposes of analysis, what level of restraint is likely to be available.  

In the case of a bridge with apparently insufficient load carrying capacity, it may be 
necessary to perform appropriate intrusive investigations (e.g. dig trial pits, perform 
penetrometer testing etc). These investigations can furnish soil strength parameters 
for use in ring2.0 . Such investigations can also be useful in identifying unexpected 

beneficial construction details (e.g. the presence of generous concrete backing). 

If internal hollow spandrel walls are encountered then these may be approximately 
modelled in ring2.0  by: 

(i) specifying backing above the piers and abutments, and 

(ii) using an averaged unit weight for the fill which takes account of both the solid 
and voided regions of the spandrel. 

Finally, if there are grounds to believe that the distribution of the live load is more 
limited than usual (e.g. due to pulverisation of the fill material) then the distribution 
cutoff angle should be reduced below the default value of 30°. 

5.7 Modelling the mechanical properties of masonry 

In many cases the mechanical properties of the masonry are of secondary 
importance when ascertaining the load carrying capacity of a masonry arch bridge. 
Indeed, in some cases reasonable accuracy can be obtained even when it is 
assumed that the masonry possesses infinite compressive strength. This is most 
likely to be the case when the span is relatively short and when the constituent 
masonry is relatively strong. However, in other cases it is prudent to specify a finite 
masonry crushing strength in ring .  

Masonry is a composite material, comprising masonry units (stone, brick, concrete 
etc.) and mortar joints. The mechanical properties of the units and the joints together 
give rise to composite material properties which are generally quite different to those 
of either the masonry unit or masonry joint parent materials. An important point to 
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realise is that the crushing strength specified in ring  should be that of the composite 

masonry material. This will typically be lower than that of the masonry units but 
higher than that of the mortar in the joints.  

Note also that in ring 2.0  different strengths can be allocated to the spans and piers 

(or even to localised areas of a span or pier). 

Masonry typically fails in compression due to tensile splitting of the masonry units. 
Since tensile splitting is a quasi-brittle phenomenon, the compressive stress-strain 
characteristics of masonry do not exhibit the long flat plateau assumed in rigid-plastic 
theory, and also in ring .  As an example of this, the experimental compressive 

stress-strain loading responses of the masonry used in the Bolton test bridges 
mentioned in section 3.1 are shown in Figure 13. To account for the potential lack of 
ductility, it is possible to factor down experimentally recorded values for the ultimate 
strength of the masonry. However, this refinement may not be deemed necessary in 
practice because: 

(i) the bridge load carrying capacity is often relatively insensitive to the precise 
value of the specified crushing strength; 

(ii) the eccentric loading regime found in masonry arch bridges (in the vicinity of 
hinges) appears to permit realisation of higher stresses at the edge of a cross 
section compared with those in a specimen which has been uniformly loaded. 
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Figure 13 - Bolton masonry compressive stress-strain loading responses 
(masonry: solid engineering bricks and 1:2:9 cement:sand:lime mortar)   

5.8 Modelling bridge defects 

The majority of our masonry arch bridge stock was constructed more than a century 
ago and, in most cases, the passage of time will have led to a variety of material and 
/ or structural defects.  These defects can often have a bearing on the load-carrying 
capacity of the bridge and it is therefore important that they are modelled as 
accurately possible. 



                                              Theory & Modelling Guide  
 

32 

5.8.1 Missing mortar and/or localised spalling of masonry units 

Localised areas of missing mortar or occasional spalled masonry units are inevitable 
in old masonry structures, and need not be considered a cause for concern. However 
in cases when mortar loss and/or spalled units are more widespread, and it is hence 
considered that the effective thickness of the arch barrel is being tangibly reduced, 
then this should be accounted for in the analysis. In ring2.0  localised regions of 

arches and/or piers may be readily selected and the effective thickness reduced as 
required (Figure 14). 

It should be noted that the influence of missing mortar/spalled units on carrying 
capacity depends not only on the depth of missing material but also on location within 
an arch barrel or pier. In certain locations a considerable reduction in effective 
thickness may be found to have little or no influence on overall carrying capacity. 

 

 

Figure 14 - Mortar loss in a ring2.0  model 

5.8.2 Ring separation in multi-ring brickwork arches 

Various bonding styles are used in the arch barrels of masonry arch bridges (Figure 
15). 
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(a) stone voussoir (b) brick: header (c) brick: stretcher (d) brick: hybrid 

[1 ring] [1 ring] [3 rings]   [2 effective rings] 

Figure 15 - Typical masonry arch bonding patterns 

A powerful trademark feature of ring2.0  is the ability to model an arch barrel which 

comprises a number of separate rings (Figure 16). 

 

Figure 16 - ring2.0  model of multi-ring arch 

It is usually satisfactory to assume that a brickwork arch with a bonding pattern of the 
form shown in Figure 15(b) effectively behaves as a single ring voussoir arch (i.e. as 
Figure 15(a)). However, if very weak bricks are present, headers may shear through 
and the arch should then be modelled as if composed from separate rings (e.g. see 
Plate 6 for a real-world example of this).                  
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(a) (b) 

Plate 6 - Arch barrel containing headers which have sheared through: (a) view 
of edge of barrel; (b) view through core hole showing separation of bottom 

layer of brickwork 

However, even when inter-ring cracks are not evident, the circumferential mortar 
joints present in the multi-ring bonding patterns shown in Figure 15(c) and Figure 
15(d) form potential surfaces of weakness and careful consideration should be given 
to modelling bridges constructed with these types of barrels.  

In fact, when multi-ring brickwork arch bridges are assessed, the general question 
arises: should, for the purposes of analysis, the individual rings in the arch barrels of 
these bridges be assumed to be adequately adhered together or not? From the 
Bolton work referred to in section 3.1 the following was observed: 

 Two 5m span arch bridges containing 440mm thick arch barrels, in which 
individual rings had been properly mortared together, suffered ring separation 
whilst being load tested to collapse. This separation prevented the bridges from 
reaching the collapse load they otherwise would have achieved (the sudden onset 
of ring separation was estimated to have reduced carrying capacity by up to 
approximately 55%). 

 A similarly constructed 3m span arch bridge containing a mortar bonded 215mm 
thick arch barrel did not suffer ring separation when loaded to collapse. 

In addition to the in-situ mechanical properties of a given joint (the above bridges 
were constructed using a 1:2:9 [sand:cement:lime] mortar), scaling effects will also 
be important in governing the likelihood of ring separation. Essentially, by almost 
doubling the span, rise etc, the internal stresses will also be almost doubled and for 
this reason very short span bridges are likely to be less susceptible to ring separation 
than bridges with longer spans. This can be taken account of in the analysis (e.g. a 
2m span multi-ring brickwork arch in good condition may justifiably be analysed with 
fully bonded rings but this is unlikely to be an appropriate idealisation for a 
geometrically similar 20m span bridge ï since the higher stresses would mean it 
would be likely to suffer ring separation, were the bridge to be loaded to collapse). 
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5.8.3 Cracking in the arch barrel 

5.8.3.1 Macro cracks 

There are several distinct types of macro-cracks observed in masonry arch bridges: 
e.g. longitudinal, transverse and diagonal. The potential influence of longitudinal 
cracks on the effective bridge width and hence on ultimate carrying capacity will be 
briefly discussed later in the guide.  

Transverse cracks may be caused by small movements of the supports (e.g. perhaps 
due to slight outward spreading following removal of the centering). Identification in 
an arch of transverse cracks indicative of formation of three hinges is not necessarily 
of concern, provided the abutments are sound. This is simply the statically 
determinate form of an arch. However, if the location of the crown region crack/hinge 
is observed to change under the action of normal traffic loading then this can be 
problematic, with subsequent fatigue failure of the structure a possibility. 

Less frequently, transverse cracks may be identified which are indicative of the 
partial formation of hinges due to excessive live loading at some point in the past. In 
general when sufficient releases (hinges and/or sliding planes) to form a mechanism 
are identified this should be considered to be potentially very serious. Whilst it is 
theoretically possible that there might exist additional reserves of strength, for 
example because of the potential for increasing passive soil restraint to be mobilised 
as structural movements increase, in this case the large structural deformations 
required are such that the structure will anyway fail to meet any meaningful 
serviceability criteria. 

It may be feasible to point up transverse cracks but if this is not done a conservative 
ring2.0  analysis may be performed simply by locally reducing the arch thickness at 
the position of the crack, Figure 17 (it should be noted that ring2.0  is not capable of 

modelling the presence of cracks which close up completely after finite movement).   

 
(a) (b) (c) 

   

Figure 17 - Modelling an existing crack in an arch using the mortar loss feature: 
(a) crack; (b) crack closing under loading and (c) crack opening under loading 

In square spanning bridges diagonal cracks may often be caused by abutment 
settlements. Whatever the cause, when diagonal cracks are present the arch profile 
should be surveyed at several positions across the width of the bridge, with an 
analysis being performed for each profile. 
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5.8.3.2 Micro cracks 

Isolated fine cracks may be present in masonry joints or within masonry units.  When 
numerous cracks are concentrated in parts of the structure, this can be indicative of a 
major problem, especially if there are signs of recent cracks. This is because 
masonry tends to fail in compression due to tensile splitting of the masonry units and 
hence widespread micro-cracking may indicate that the compressive capacity of the 
masonry has been almost exhausted (note that rough calculations of the stresses 
within a masonry pier can be misleading because the pier may be hollow or rubble 
filled). The cracks may continue to propagate due to long-term creep effects or due to 
the effects of repeated (fatigue) live loading. Masonry compression failures, although 
rare, will generally have catastrophic consequences and thus the assessment of a 
bridge with such symptoms should be carried out with extreme care; a simple 
ring2.0  analysis alone is highly unlikely to be appropriate in such a case. 

5.9 Modelling flooded masonry arch bridges 

Masonry arch bridges typically derive the majority of their load carrying capacity from 
self-weight effects. In flood situations, buoyancy reduces these effects and hence 
also potentially the load carrying capacity. According to Archimedesô principle, the 
ratio of normal to flooded bridge load carrying capacities may be postulated to lie 
between the buoyancy ratios (ratio of dry to submerged weight) of the backfill and 
masonry, typically 1.6 ï 1.8. This has recently been confirmed by a recent series of 
tests on small-scale model arch bridges11.  

When using ring  to assess an un-waterproofed masonry arch bridge subject to 

flooding, buoyant unit weights should be specified for the masonry and backfill 
materials. This enables the modelling a bridge which is flooded up to road / rail level - 
the most severe flooding scenario.  

When a bridge is waterproofed and flooded from below it is conceivable that the 
deleterious effects of flooding on load carrying capacity will be even more severe. 
This scenario has been modelled using ring , although the hydrostatic pressures had 

to be entered manually11. 
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6 Loading models 

6.1 Loading from railway vehicles 

6.1.1 Railway loading models 

For convenience, a library containing common railway load models is distributed with 
ring2.0  (see also Annex D). Alternative loading models may also be defined by the 

user.  

Some standard loading models contain components of distributed loading. Given the 
origins of such load models (typically determined from influence lines for simply 
supported or continuous beams) it is debatable as to how appropriate their use is for 
masonry arch bridges. Nevertheless as they are used by some authorities they are 
listed for completeness. However, there are two practical issues which must be borne 
in mind: 

(i) the length of distributed loading may be variable, and in this case it is the 
responsibility of the user to determine the length of distributed loading which 
proves to be most onerous; 

(ii) the distributed loading part of a model can be introduced by adding an 
appropriate number of extra axles.  

6.1.2 Distribution of rail loads through the track 

In ring2.0  it is assumed that a sleeper is always located under an axle load. Half of 

the load is then distributed to the adjacent sleepers (such that the loading follows a 
25%, 50%, 25% pattern). The specified sleeper spacing governs the location of the 
adjacent axles (e.g. see Figure 18). 

 

Figure 18 - Dispersal of twin-axle loads through track 

6.1.3 Longitudinal dispersion of load through ballast and fill 

After distributing the rail loads through the track, ring2.0  computes the live load 

pressure at the underside of the sleepers. By then assuming a simple uniform 
distribution model this is then spread through the ballast (default spread 15°, approx. 
corresponding to 4:1, vertical : horizontal as per UIC 774 ï 2R). Live load is then 


