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Abstract 

The aim of the present research was to provide a practical theoretical model based on elementary 

statics, for assessment for masonry arch bridges, that benefits from the large scale experimental 

programme at Salford University, together with insight gained from the Distinct Element 

numerical modelling work. 

The need for large scale laboratory controlled load tests of physical models that may be reliably 

confined to a specific domain of behaviour with known parameters and modelling constraints, 

was highlighted in chapter 2 with reference to literature. 

Load tests on various distributions of surcharge were carried and the mechanisms of failure 

observed. The numerical modelled was shown to agree with expected theoretical behaviour and 

shown good agreement with experimental results. 

A theoretical model was developed which benefitted from insight from the experimental and 

numerical work to provide a means of predicting the failure load of the arch-fill system for the 

lading arrangements carried out in the physical and numerical tests. 

The model provided predicted failure loads for a range of material variation within a reasonable 

expected range and showed promising resemblance to the physical modelling results.  
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Chapter 1 Introduction  

1.1 Background 

1.1.1 Two-dimensional modelling 

Evidence of arch construction can be found in ancient civilisations dating back several millennia. 

Before the scientific revolution, construction was based on experience, trial and error and 

empirical rules. 

Early theoretical developments on the stability of the masonry arches were primarily two-

dimensional. These were during a time when masonry arch bridges were studied for design and 

construction. When construction of these structures came to an end in the early 1900ôs, the 

decades following saw little research effort in this area. As the demands on Britainôs transport 

infrastructure grew rapidly, research activity in this area was revived, but with a focus on 

assessment rather than design. 

A review of research carried out in the past few decades, reveals that the pursuit of an improved 

understanding of even the two dimensional behaviour of only a single span arch restrained to 

single-ring rigid voussoir action has been an active area of research in which substantial 

experimental and numerical efforts have been made in the present decade alone. It has become 

clear that further work on explicit modelling the fill and itôs interaction with the arch is needed. 

There is currently no practical assessment methodology the ultimate limit state capacity based 

directly on statics. There has been a leap from early theoretical knowledge to advanced 

numerical modelling work, leaving a gap in the theoretical and intuitive understanding of the 

static stability of the arch-fill system. 
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The present research has focussed on an in-depth study of the static stability of the arch and fill 

as a composite system by means of physical, numerical and theoretical modelling. Taking a two-

dimensional slice in the longitudinal direction of unit width (Figure 1.1).  

 

Figure 1.1 ï Typical features of a masonry arch bride span and two-dimensional scope of study 

in the present research  
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The behaviour of Masonry-arch bridges is three dimensional in reality, and the role of lateral 

stability, out of plane buckling and increased capacity due to the spandrel wall is likely to be 

very important.  

 

1.2 Modes of failure under investigation 

In the theoretical model described in the present research, crushing failure of the arch barrel is 

not considered directly. In continuation of the research recently carried out on single-ring 

voussoir arches the physical model in the present research is constructed with a header bonded 

configuration to limit behaviour to resemble that of a single-ring voussoir arch as previously 

done at Salford University. 

  

Figure 1.2 ï a) Single-ring voussoir arch. b) Header-bonded construction. c) Multi-ring arch 

However the effects of masonry crushing may be accounted for by reducing the thickness of the 

arch barrel according to some constitutive criteria. Experimental evidence as well as numerical 

and theoretical observations indicate that shear forces in the arch cross section are rarely 

permitted to reach high enough values for frictional shear to occur before rotational failure 

becomes incipient. Thus the most onerous mode of failure in the plain-strain arch-fill system is 

usually by rotational opening of radial joints about specific points of contact, termed hinges. 

In the present research, the tensile and cohesive strength of masonry joints is modelled 

numerically for a range of values. These have a significant influence on the load bearing capacity 

of the system; however these have not been included in the theoretical model for reasons 

discussed in Chapter 2.  
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Failure of the arch in shear, i.e. relative sliding of radial joints is very unlikely other than for 

unusual geometric and loading conditions as discussed in section #. The reason for this becomes 

clearer on consideration of the basic statics of the arch fill system under a concentrated 

surcharge, as discussed in section #. Shear failure of the masonry in the direction tangential to 

the arch, i.e. inter-laminate sliding as may occur in multi-ring arches is also eliminated from the 

present study by using header-bonded construction in the physical model as shown in Figure 

1.2b.  

 

Figure 1.3 ï Typical four-hinged rotational failure of a masonry-arch bridge 

For some geometric and loading configurations it may not be possible for a purely rotational 

failure mechanism to occur, in these cases, the additional degree of freedom is released by 

translation of an abutment. The role of abutment translation on the single span arches as well as 

sway at intermediate piers in multi-span arch bridges is discussed in Chapter 4. 

Furthermore, the initial failure mechanism may only be a transient one and can often be very 

different to the ultimate failure mechanism. An advantage of the numerical modelling software 

used in the present research (UDEC) is that it is a time-stepping scheme that re-evaluates the 

statics as well as kinematics of the system continuously as loading progresses. If loading or 

displacement is increased slowly enough, inertial terms become negligible and equilibrium may 
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be assumed. This enables any transient processes to be distinguished from the residual state after 

ultimate failure. 
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1.3 Problems related to fill -arch interaction 

The invaluable experimental work carried out in the 1930ôs by Pippard et al resulted in Pippardôs 

elastic analysis of arches and was followed by Heymanôs work on the staticôs and stability of 

arches. This was a prime example of theoretical development in the area of static analysis of 

arches that benefitted directly from experimental work and visa versa. 

Heyman and others later, described geometrically the relationship between a set of vertical point 

loads and the corresponding polygon of internal forces within the arch to transmit these to the 

abutments and the conditions under which failure mechanisms may occur.  

1. These existing models require further generalisation to enable soil-structure interaction 

studies. In order to apply realistic loading to the arch, to fully capture the loads due to 

interaction with the fill, normal stresses as well as traction components need to be 

considered which may be continuous stress distributions.  

2. The aforementioned aspect of the model only deals with the general relationship between 

stresses acting at the arch-fill interface and internal forces within the arch. In order for the 

static stability of an arch-fill system to be assessed, methods for modelling the fill are 

required for two key situations. 

a. Transmission of surcharge by the fill to the arch 

b. Resistance of the fill to deformation of the arch.  

The transmission of surcharge by the fill material has been treated very simplistically to 

date. Current UK practices such as Highways Agency, Netweor Rail and London 

Underground recommend simple longitudinal distribution at a fixed gradient of 1:2; 

horizontal : vertical which has not been justified by research and workers such as Harvey  

have highlighted the need for re-evaluation of this area. (Callaway et al 2011)  

The only attempts to model the resistance experienced by the arch from the fill as a 

Mohr-Coulomb medium have been through the use of numerical modelling software. 

Some bespoke numerical models have been setup with special one-dimensional elements 

to idealise the resistance from the fill, however these have grossly simplified the 
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behaviour of the fill and the assumptions used have only been justified by the absence of 

any better alternative. 

3. There is nothing stopping the pressures due to a) - dispersed from the applied surcharge, 

from overlapping specially on the arch with pressures due to b) - Resistance of the fill to 

deformation of the arch. This potentially results in a coupled interaction of the applied 

surcharge (active) pressure reaching the arch on one hand and the (passive) pressure 

resisting displacement of the arch into the fill on the other. Pressures causing deformation 

of the arch need to be clearly distinguished from those that are a reaction to arch 

deformation in order for straightforward static stability assessment to be carried out. 

 

1.4 Contributions of the present research 

1. A generalised equilibrium formulation to account for this level of interaction is described 

in the present thesis (section#). This takes a continuous pressure distribution over the arch 

with both normal and traction components and provides a continuous mathematical 

relationship between these external pressures and the internal line of thrust. A system of 

equilibrium differential equations is formulated and their simultaneous solution is shown 

to agree with the direct application of static equilibrium.  

2.  

a. In the present thesis, the Boussinesq distribution has been applied, accounting for 

the horizontal stress components which have previously been ignored. A novel 

application of the Boussinesq distribution in the present thesis is consideration of 

the change in direction of the horizontal component of pressure either side of the 

resultant surcharge described in section#. The curvature of the arch-fill interface 

has also been accounted for in the present application of the Boussinesq 

distribution. The analytical model, makes use of simple statics to establish the 

direct causal relationship between an arbitrary stress distribution acting on the 

arch and the resulting forces transmitted through the arch-fill system in the 

context of the limiting equilibrium state for stability analysis. 
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b. A novel analytical model is presented in the present research that generalises 

Rankine passive earth pressure theory for smooth vertical retaining walls, to 

extend the same approach so that it may be applied to the curved arch interface 

with the bridge fill, including friction at the interface, as discussed in section #. 

One of the aims of the present research is to provide an improved idealisation of 

the resistance experienced by the arch from the fill and an analysis procedure that 

is at least as rigorous as existing analytical methods used for geotechnical analysis 

of earth retaining walls in current practice. For this reason the novel analytical 

model presented  in this thesis has been limited to the non-associative Mohr-

Coulomb, perfectly plastic shear failure model commonly used for geotechnical 

analysis. The role of dilation and other complexities of the behaviour of the fill 

are discussed, however are beyond the scope of the model presented present 

research although further work to extend the present model to account for the 

effects of dilation is recommended. 

3. A procedure for two-dimensional static analysis of masonry arches with backfill, subject 

to a concentrated or arbitrarily distributed surcharge is presented in the present thesis, 

which benefits from insight gained from experimental and numerical observations carried 

out hand-in-hand. One of the benefits of the experimental and numerical observations 

was been a deeper insight in to the role of the fill in the failure mechanism of the 

composite system this has enabled some assumptions to be made which enable the 

separation of pressures in to the two parts below. Further insight gained about the 

systems behaviour has enable the difficulties of the coupled system to be broken down 

into a straightforward analysis procedure, described in section #.  

a. óknownô pressures ï i.e. those that come directly from the known dead loads and 

dispersal of known surcharge. 

b. óunknownô pressures ï i.e. those that are a reaction to deformation of the arch. 

These are initially unknown because they depend on the specific locations of 

hinges. The locations of hinges also depend on these óunknownô pressures 
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Chapter 2 Physical Modelling 

2.1 Background 

2.1.1 Pippardôs Experiments 

 

At the request of the Building Research Board, Pippard et al (1936) very precisely constructed a 

model voussoir arch at Imperial College London, in order to investigate aspects of the mechanics 

of the voussoir arch. In particular, the opening and closing of hinges in response to an imposed 

point load as it increases, and its relationship to the horizontal thrust. A detailed description of 

these experiments is given in Pippard et al (1936).  

The apparatus consisted of a set of fifteen precisely machined steel voussoirs, spanning four feet 

and rise one foot. This was in order to experiment on  an arch with definite elastic properties. A 

thin rubber sheet was used to provide more consistent behaviour at the interfaces. The design of 

Pippard's apparatus is shown in Figure 2.1 below. 
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Figure 2.1: Experimental Apparatus of Pippardôs steel voussoir arch tests (after Pippard et al, 1936)
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Weights were hung from voussoirs to simulate dead load from fill and an extra weight was hung 

at specified points to represent live load. The first set of experiments were with pinned supports 

at both abutments.  The relationship between vertical load and horizontal thrust at abutments 

was measured for different live load positions.  

As highlighted earlier, Pippard advocated that in reality masonry arches would be effectively 

three pined arches under their own dead load, due to imperfect contact at supports which may be 

caused, for example, by horizontal or differential settlement of the abutments. This may also be 

caused by setting out error of the abutments so that they are closer together than the designed 

span.  

άLƴ ƻǊŘŜǊ ǘƻ ŎƻƳǇƭŜǘŜ ǘƘŜ ƛƴǾŜǎǘƛƎŀǘƛƻƴΣ ǘƘŜǊŜŦƻǊŜΣ ƻbservations were made of the behaviour of the 
model structure when the arch was given a small but definite spread and also when the abutments 
ǿŜǊŜ ōǊƻǳƎƘǘ ŎƭƻǎŜǊ ǘƻƎŜǘƘŜǊέ 
  

It should be noted here, that the hinges at the abutments in Pippard's two-pinned model structure 

are not representative of a voussoir arch mechanism; the pins are located at the centre of the 

section, so that the thrust line is forced to always pass through the centre of the end voussoir or 

springing. In a real voussoir arch, however, the thrust line may be anywhere within the section 

and in the case of the existence of a hinge; this would be either at the intrados or the extrados of 

the springing, which, in general, would affect the overall shape of the thrust line. 

Figure 2.2(a) illustrates the gradual migration of the third hinge from the central voussoir, 

towards the loaded voussoir, as the load is gradually increased. This phenomenon is a clear 

demonstration of the effect of a point load on the thrust line within the arch. The hinge remained 

at its final position, beside the loaded voussoir toward the centre, until failure. When the load 

was removed, the hinge returned to its original position, to the left of the central voussoir. These 

observations were consistent on subsequent loading and unloading. From this, Pippard concluded 

that when a two-pinned arch is spread slightly at the abutments, it becomes effectively a three 

pinned arch with a hinge on the extrados. Conversely, it was observed that when the abutments 

were contracted, a hinge formed on the intrados, initially beside the central voussoir, but on the 

opposite side to that of the loaded voussoir. As the load was gradually increased, the hinge 

migrated away from the loaded voussoir (Figure 2.2 (b)) 
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Figure 2.2: a) Under dead load only, (top left) a double hinge exists either side of the central 

voussoir, as the load is gradually increased, the hinge migrates towards the loaded 

voussoir  

b) When the abutments are contracted, the initial hinge is on the intrados, opening 

on the extrados. As the load is increased, it closes the existing hinge as before, but 

the new hinge opens away from the loaded voussoir.  

c) (i) Arch trued  (ii) Abutments spread, arch free to rotate (iii) Abutments spread, 

no rotation of skewbacks (iv) Abutments too close together, no rotation of 

skewbacks. (after Pippard et al (1936)) 
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The highly idealised model structure used by Pippard et al (1936) was developed further to 

include some more realistic characteristics of a masonry arch. Pippard and Ashby (1939) used a 

larger apparatus than previously used as well as mortar joints, introducing non-zero tensile 

capacity and concrete voussoirs, introducing the possibility of material failure  in compression. 

The new arch was built as large as possible within the practical constraints of the laboratory. The 

same span to rise ratio of 4:1 was maintained as in his steel arch, this time with a span of 10 feet 

and rise of 2.5 feet. 

Two sets of loads were used to represent the vertical deadweight of the backfill; 'light' and 

'heavy'. The light loading was estimated on a fill height of 6 inches above the crown and a 

density of 70 lb. per cubic foot. The heavy loading was estimated on a 12 fill depth at the crown, 

of density 140 lb. per cubic foot. The majority of the tests were made under the light loading; the 

distribution of dead load is shown in Figure 2.3. One test was, however, made with heavier 

loading. 

 

 

Figure 2.3: Distribution of dead load applied to the masonry voussoir arch to represent fill 

(after Pippard and Ashby, 1939) 
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Seven series of tests were made on arches built in various combinations of limestone or granite 

voussoirs and Non-hydraulic lime or Rapid-hardening Portland cement mortar.  

¶ άThe non-hydraulic lime gives a mortar with practically no tensile strength, and it 
was used solely to form a bedding for the voussoirs. It is also weak in compression 
compared with cement mortar.  ά 

¶ άThe cement mortar was a mixture of rapid-hardening Portland cement and sand in 
the proportion 1 : 3 by weight.έ 
 

The following procedure was followed in these tests:  

¶ άEach test consisted in applying an extra load to one or other of the voussoirs by 
means of a turnbuckle attached to a spring balance ά 

¶ άThe load was gradually increased by suitable increments while observers kept 
careful watch on the tell-tales (plaster of Paris smeared over joints). The normal 
observations made were the loads causing the appearance of the first tension-
crack and subsequent cracks, and the positions of these failures. The test was 
continued until complete failure occurred, usually by the development of a fourth " 
pin-point " (or hinge) causing the structure to become unstable, or in some cases by 
spalling of the voussoirs, or by slipping along a joint.έ 

 

Pippard et al observed: 

¶ άIt was found that the load could be steadily increased to the value at which a 
fourth pin developed, when a sudden collapse occurred. The centring of the arch 
prevented a complete break-up, and on removing the point load it was generally 
found that the structure returned to its original position unless slipping between 
voussoirs had occurred.έ 
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2.1.1.1 Early load tests on field Bridges 

 

Das (1995) reports that soon after the start of Professor Pippard's research, the Building Research 

Station itself began a programme of tests on behalf of the Ministry of Transport on actual arch 

bridges under applied vehicle loads of various configurations. In 1942, the Ministry of War 

Transport asked the Station to carry out similar tests on typical arch and other older types of 

bridges for assessment purposes. The results of these tests were then used as the basis for the 

assessment of other similar types. Full details of these tests were recorded by (Davey, 1953). 

Based on the tests, the Building Research Station recommended the following criterion for the 

assessment of arch bridges: 

  For bridges up to 45 feet span, under a single 20-ton axle 

 (1) The spread (increase in span) should not exceed 0.015 in. 

(2) The deflection at the crown should not exceed 0.05 in. 

 If the above criteria were satisfied, it was considered safe for the bridge to carry a 40-ton bogie. 

 The above criterion was derived from the load deflection characteristics observed in a number of 

collapse tests on the basis that pins (hinges) did not form until such deflections were reached.  

This was later confirmed by Chettoe and Henderson (1957) through tests.  

These load tests were intended to extend the work already reported by Davey et al (1953) for the 

Building Research Station (B.R.S.) at the request of the Ministry of Transport by testing a variety 

of bridges under a greater range of loads than was available to the B.R.S., using the same 

assessment criteria for crown deflection and abutment spread described above, by Davey et al 

(1953). 

 Chettoe and Henderson were conscious of the wide variety that exists in masonry arch bridges 

and the countless parameters that vary from bridge to bridge. Recognising that it would be 

impossible to conduct such a large number of tests that would make it meaningful isolate 
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parameters, they tried to derive a method of assessment based on the elastic behaviour of an ideal 

arch,  

" ..with allowances, where necessary, for other factors. "  
  

Although the arches were comparatively few in number to those of Davey et al (1953), Chettoe 

and Henderson observed that the tested bridges were fairly representative. 

A key advancement of the load testing program of Chettoe and Henderson, following that of 

Davey et al was their ability to apply far greater loads. In this investigation deflexion and spread 

were measured at various load increments, located above the crown. A test vehicle was used that 

was able to apply loads ranging from 20 tons by increments of 6 tons to 90 tons-a far heavier test 

load than had previously been used. The maximum load used in the previous tests by Davey et al 

was a 36-ton on a bogie or a maximum single axle of 27 tons. The loading arrangement of the 

test vehicle is described on detail in Chettoe and Henderson, (1957). 

 

Comparison with the BRS tests reported by Davey et al (1953) 
  

Due to the wide and complex variations amongst masonry arch bridges, Chettoe and Henderson 

found that it was very difficult to directly compare the results, even for apparently very similar 

bridges.  Chettoe and Henderson observed very inconsistent behaviour between apparently very 

similar bridges. They set out to interpret the test results with the aim of answering, as far as 

possible, the following questions. 

¶ What dispersion of load through the fill covering the arch ring can be assumed? 

¶ What allowance can be made for transverse strength of the bridge and the possibility of 

there being slab action? 

¶ To what extent can it be assumed that masonry arches behave elastically? 

¶ What is the effect of abutment movement? 

¶ What allowance can be made for the strength contribution of the fill, the parapet, and the 

spandrel walls? 

¶ To what extent can mortar joints be assumed to carry tension? 
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Chettoe and Henderson presented the results of these tests in a very large number of figures, 

including plots of the deflection profiles of the transverse sections of the bridges for all load 

increments. These are not presented here as they are not relevant to the present research. The 

plots of primary importance however are those that show the vertical crown deflection verses 

load. The reader is referred to paper cited in this section.  

The presence of mortar joints, with non-zero tensile capacity also makes more likely that the 

transition from elastic rib behaviour to mechanism behaviour would be more abrupt as well as 

stable (due to the fill), than the gradual transition observed in Pippard and Ashby (1939).  

confirms that, although the load verses deflection plots are all fairly linear, the bridges were not 

behaving elastically since significant residual deformation was observed. For the same bridge, 

the consistent recovery of spread shows that this residual deflection of the crown was occurring 

due to deformation in the masonry rather than movement of the supports.  

2.1.1.2 Transport Research Laboratory Tests 
 

After attempts to codify arch bridge assessment with the MEXE rules, developed after the 

second world war and later modified to take account of the needs of civilian traffic and civil 

engineers, the code of practice remained unchanged for several decades. Research in this area, 

however did continue.  A step forward was made with the publication of the Departmental 

Standard BD21/84 (Department of Transport, 1984a) and companion advice note, BA16/84 

(Department of Transport, 1984b), following the initiation of a major programme of research in 

the late 1970s. These documents introduced the concept of equilibrium analysis of arches as 

described by Heyman.  

 Das (1995) relates that by 1991, Bridges Engineering Division of the Department of Transport, 

had the results of collapse tests carried out under a Transport Research Laboratory (TRL) 

programme on 9 redundant bridges and 2 small-scale models, and the details of a number of 

computer based failure analysis methods. In addition, the Department was also supplied with the 

theoretical estimates of the ultimate capacities of the 10 bridges tested to failure. Bridges 

Engineering Division of the Department of Transport had the task of revising the Assessment 
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Code recommendations based on this information, and in particular, the task of determining the 

appropriate factors of safety to be applied with these methods.   

Harvey(2002) further relates that in 1993, a revision to the departmental standard was produced 

(BD21/93) in an effort to derive benefit from the program of experimental and numerical 

research that followed BD21/84 into the revised document. According to Harvey, subsequent 

revisions of this document have brought relatively insignificant improvement. 

 The tests mentioned above, carried out by TRL, are reviewed in this section. These were a series 

of load tests to failure or near failure on eleven masonry arch bridges undertaken between 1984 

and 1994. The series covered a wide variety of spans, materials and conditions and a wide 

variety of maximum loads and failure modes were achieved. The details of the procedure 

followed and the results are available in Error! Reference source not found. 

Discussion 

  

From these tests it can be seen that there is wide diversity and complexity in masonry arch 

bridges. Although a standard procedure was intended, the method of applying the load had to be 

adapted to suit each bridge, so that in practice, it was not possible to maintain much consistency 

in the test conditions. For example, as described earlier by Page (1995), the entire loading rig 

was supported on steel rods that passed through holes drilled straight through the bridge. As the 

bridge deformed laterally, the entire loading rig would move with it, while the steel rods passing 

through the bridge would bend and interact heavily with the arch mechanism.  The methods used 

to analyse these bridges, were based on simplifications that did not allow them to take into 

account significant features of the bridge behaviour, such as the contribution of the spandrel 

walls, and 3D effects, introducing uncertainty to the results. 

  

For example the, the modified MEXE method of assessment was recommended in UK practice, 

(BD 21/93 and BA 16/93, Department of Transport, 1993a, b) before other methods of analysis 

are attempted. It calculates the allowable axel loads for a single axel, two and three axel bogies 

and as such, is not directly comparable with these load tests. In fact, based on the following 
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conditions, given in BD 21/93, for seven of the eleven bridges tested, it was doubtful whether the 

MEXE method was applicable at all, as reported by Page (1995):  

¶ It is not intended for use with heavily skewed bridges such as Barlae. 

  

¶  Where the depth of fill is greater than the arch ring thickness, BD 21/93 states that 
the results should be confirmed by a more rigorous method; this applies to 
Bargower, Preston, Bolton model and Rotherham Road. 

  

¶  Where the arch is appreciably deformed, BA 16/93 states that the method should 
not be used; this applies to Prestwood. 

  

¶  The method is not intended for use with multi-span bridges such as Rotherham 
Road unless the intermediate piers are short and stocky enough to treat each span 
as an individual single arch span; the load test on Rotherham Road suggested this 
was 

  

The results from various methods of analysis were obtained and provided for consideration by 

the Department of Transport in the publication of BD21/93. Harvey noted much inconsistency in 

the performance of these analyses in predicting the failure load from bridge to bridge.  The 

methods used involved, Pippard's elastic method, the mechanism method and 2D finite element 

models. Harvey plotted the predicted failure loads of the various methods used as percentages of 

the actual failure loads for each bridge.  

These results illustrated the various issues. In order to develop more reliable models, we will 

need to gain deeper insight into the behaviour of the masonry arch bridges. This requires careful 

experimentation and detailed measurement. Individual aspects of the masonry arch bridge 

behaviour need to be systematically isolated as precisely as possible. This is important so that 

objective conclusions may be made that are based on reliable and accurate experimental 

evidence and can justifiably be generalised in to improved models. From field tests such those 

described so far, it is clear that this is very difficult due to the unavoidable and gross variability 

from test to test. In addition, for a given test, it is impossible to gain accurate information about 

any of the materials involved in the bridge, whether masonry, fill or internal features, as 
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explained in section 1. This makes it impossible to isolate any individual aspects for study, so 

that that causes of variability in capacity from bridge to bridge may be identified with any 

certainty.  

 

2.2 Experiments on backfilled masonry arches 
 

2.2.1 Int roduction 
  

From Pippard's experiments' in the 1930's on model voussoir arches, to the TRL tests on 

complete masonry arch bridges, we have seen the extent of complexity in these structures. The 

precision and simplicity of Pippard's laboratory sized model arches, enabled him to closely 

observe their qualitative as well as quantitative behaviour. This enabled Pippard to draw 

conclusions about the fundamental mechanisms of idealised voussoir arches. These conclusions, 

however definite, were drawn from experiments on highly idealised models and thus limited in 

their validity for the assessment of real masonry arches. Analytical models were developed based 

on understanding gained from these experiments, which were later developed into numerical 

models and computer algorithms. By the late 1990's in light of the results from the TRL load 

tests, it became apparent that existing models were not capable of capturing the complexity of 

real masonry arch bridges. This was true even for the full scale models at Bolton and Dundee, 

due to the complexity of their three dimensional behaviour.   

 On one hand, idealised laboratory models enable detailed measurements to be taken but do not 

represent the complexity of real bridge. On the other hand, in load tests on complete bridges, 

very little information is provided apart from the geometry and the failure load, although this 

information represents the real response of the bridge. Even if an abundance of measurements 

were taken in the later case, the data would be impossible to interpret without an understanding 

of the complex processes and their relative influence on various aspects of the response of the 

bridge, unless a sufficient degree of control is introduced in order to isolate parameters of 

interest. 
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In light of the above, and the limited of understanding of the complex behaviour of masonry arch 

bridges, workers at Salford and Sheffield Universities sought a compromise in their experimental 

apparatus, which have been designed to provide high quality data under controlled boundary 

conditions, while accommodating essential aspects of the interaction of the fill, masonry arch 

and abutments. These   include small scale physical models at Sheffield University and large 

scale models at Salford University (to which the author is party). 

 They decided to eliminate the three-dimensional components of the bridge, the third dimension 

being in the lateral direction (the horizontal axis, perpendicular to the span of the arch) and to 

study the complex composite behaviour of the soil fill and the masonry arch in the longitudinal 

plane (i.e. parallel to the arch span). 

 In order to eliminate the three dimensional aspects of the bridge and simulate plain strain 

conditions in the laboratory model, firstly, the spandrel walls were excluded and the fill was 

contained within a very stiff walled chamber. Secondly, the inside faces of the longitudinal walls 

were treated in order to minimise friction.  

 Recent intrusive investigations performed on local authority owned bridges in the UK have 

frequently identified that abutments are relatively insubstantial (i.e. not much wider than the 

thickness of the arch itself) and that a wide range of fill material exist, from granular fill, to 

clays. As steps toward addressing these aspects of diversity among masonry arch bridges, the 

Salford and Sheffield tests are being conducted with granular as well as clay fills. To create more 

realistic support conditions at the arch springings, the abutments were designed with  a 

horizontal mortar joint below the springings in order to model the complexity of yielding 

supports and their interaction with passive soil pressure.  

In order to observe the two-dimensional displacement field of the fill using imaging techniques, 

one of the longitudinal walls were made of transparent acrylic, lined with silicone grease and thin 

latex sheet. In the case of the small scale tests, the latex sheet was excluded due to poor 

visibility, and a single acrylic panel provided sufficient stiffness to simulate plain strain 

conditions under the pressures involved. In the case of the large scale tests, acrylic panels were 
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fitted between an array of vertical steel beams within a structural frame forming the longitudinal 

wall of the chamber designed to achieve sufficient stiffness to simulate plain strain conditions.  

 All arch barrels tested within both setups are of identical geometry. These are segmental arches 

with span to rise ratio of 4:1. The large scale arches are constructed with 'header bonds' (Figure 

2.4) so as to behave as a single ring. The masonry is laid in the traditional manner by an 

experienced bricklayer. The small scale arches are one quarter scale of the large scale arches 

with equivalent ring thickness. However, the width is not equal, but this should not have an 

effect of the comparability of results since this is the irrelevant dimension in the plain strain 

assumption. The voussoirs of this arch are cut from clay bricks and are joined by a non-cohesive 

soil. 

  

 
 

Figure 2.4: Header bonded arch barrel construction 

  

Scaling laws, however prohibit the direct comparability of results between the small and large 

scale tests; stresses in the small scale tests are not representative of those in the large scale tests. 

A solution to this problem in small scale mechanical models has been found through the use of 

centrifuges (e.g. Burroughs et al. 2002), which enable experiments to be carried out under 

several g. However, it is very difficult and time consuming to conduct tests in this manner, which 
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also limits the scope of the apparatus. To minimise the influence of stress-level related issues, the 

arch barrel is composed of rigid blocks separated by frictional soil.  

 The most onerous position to apply a vertical point load on a segmental arch is considered to be 

at quarter span. This is also the position conventionally used by most experimenters in past 

research. In order to keep all tests as consistent as possible every arch loaded to failure in these 

apparatus was loaded at quarter span. In order to maintain plain strain conditions the load was 

applied evenly across the entire width of the arch by means of a rigid beam (bearing beam). The 

width of the beam was of an appropriate width so as not to cause premature failure of the soil fill. 

The load is applied by means of a servo controlled hydraulic actuator. The relevant dimensions 

are shown in Error! Reference source not found. for the large scale tests. 

 Insight from an understanding of active and passive soil pressures on retaining walls, together 

with that of the four hinged mechanism that develops in arches under such loading, indicated that 

active and passive actions of the fill are developed on the loaded and opposite sides of the arch 

respectively. This indicated that the horizontal range within which significant influence on the 

fill in response to the arch deformation, would be greater on the passive side than on the active 

(loaded) side. Earlier small scale tests (Calloway 2007) confirmed this. 

 As a result, the arch barrel was positioned with the loaded side closer to the end of the chamber 

(see Error! Reference source not found.), leaving a greater range of fill material on the other 

side. This was done to minimise the influence of the end walls on the stresses experienced by the 

arch barrel so as to minimise the error in generalising results to real bridges which are not 

confined in this way. 
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2.3 Recent Experimental work on Backfilled Masonry arches  

Laboratory Tests on 3D Multi -span backfilled arches with spandrel wall at Bolton Inst. 

Melbourne et al (1995b) constructed a full scale masonry rch bridge under laboratory conditions, 

this was a realistic model, incorporating most degrees of freedom including in the transverse 

direction, such that it3 dimensional modes of deformation or failure were also free to occur as 

the system was not confined. The bridge include brickwork spandrel wall, constructed in the 

usual way and the arches were multi-ringed, allowing the possibility of delimitation of arch 

rings. Pressure cells were installed on the arch extrados and deflections were monitored. The test 

to failure provided useful insight into the failure mechanism as it could be observed closely and 

in a controlled manner. However it was not possible to observe the deformation of the fill or the 

failure mechanism of the arch-fill system during the test. 

Small Scale 2D tests with backfill at Sheffield 

Calloway et al (2012), Made significant progress in this regard, using a small scale test chamber 

designed to confine a model arch-fill system to plain strain conditions and was also transparent 

on one side to enable image analysis of the deformation of the fill during load tests. A number of 

test were carried in order to observe the respective effects of the backfill on the loaded side of the 

bridge and the restraining effect of fill on the side of the arch furthes from the applied load. 

These two sides of the arch crown were separated by inclusion of a physical vertical barrier fied 

to the crown, to force a separation between the role of the fill on either side. With this apparatus, 

various loading scenarios were tested, including point loads applied directly to the arch with 

back fill on the other side to for restraint. Also repeating the same scenario with fill on both sides 

to observe influence of the fill. The fill range of scenarios are described in detail in Calloway et 

al (2012).  

However real nature of separation between the fills influent on the loaded side and that on the 

furthest side of the arch is not known. In fact it cannot be assumed that these tow aspects of the 

fillôs interaction with the arch can be separated at all. 
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Preliminary  large scale tests at Salford 
  

Preliminary tests on the apparatus described in section 2.2 earlier, were carried out prior to the 

present research. The arches in these preliminary tests were constructed in an identical manner as 

those in the present research. Gilbert et al (2007) report that the main initial objective of these 

tests was to prove the test apparatus. The first test bridge was designed to be similar to the 3m 

span bridges tested at Bolton in the 1990s (Melbourne and Gilbert 1995), thereby permitting 

direct comparison. However, unlike the Bolton bridges, which had been constructed between 

rigid abutments, potentially movable abutments were specified and furthermore the walls of the 

plane-strain test chamber marked the edges of the bridge, rather than brickwork spandrel walls as 

used previously. The second test bridge was designed to be identical to the first with the 

exception that fill material below the level of the crown of the arch was replaced with a soft clay, 

representative of that found in some local authority owned bridges in the UK. 
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2.4 Apparatus and Procedure 

This section describes the physical model used for the present research, to study the behaviour of 

a masonry arch with backfill, subjected to a vertical load at the surface of the fill. 

As discussed in section 2.3, there are a number of problems associated with small scale models 

when studying soil structure interaction in geotechnical structures. To avoid these problems so 

that the physical model may better represent the conditions within a real masonry-arch bridge, a 

large scale model was constructed for the purpose of the present research. The construction of 

the arch and abutments is described in the present section. 

As stated in section #, an aim the present research is to study the fundamental two-dimensional 

behaviour of the arch-fill system. To enable investigation of the only two-dimensional behaviour 

of the arch-fill system, the model was confined to plane strain conditions as far as possible using 

a specially designed test chamber. The fill was placed and compacted in a controlled manner so 

as to enable a reliable and repeatable density. The procedure for placement of the fill within the 

test chamber is described in section #. The special features of the test chamber to facilitate two-

dimensional modelling are described in section #. With the same objective, multi-ring behaviour 

has been eliminated in the design and construction of the arches, as described in section #. The 

abutments have been designed to enable displacement and rotation as described in section #. 

The test apparatus setup was largely a precise replication of an earlier series of tests (EP0) for 

which the test chamber mentioned above, was originally designed and constructed. EP0 

consisted of a single actuator load, slowly increased up to and beyond peak capacity of the fill-

arch system, bearing on a rectangular hollow section steel beam representing a statically loaded 

sleeper at quarter span of the arch. The confining structure and load reaction frame was re-used 

in the test series carried out for the present research. The results of the former tests are also 

compared with those carried out during the present research, primarily to assess the repeatability 

of the model construction and apparatus setup. 

In the tests prior to the present research as well as during the present research, two types of fill 

material were tested. The first was a MOT type 1 aggregate of crushed limestone, a cohesionless 
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frictional fill of low moisture content. The second was a moist, high plasticity clay. The present 

thesis has only studied the case of cohesionless fill. 

In addition to a repeat of the former test (EP0), several new loading regimes were introduced 

along with associated structures and apparatus during the present research. All physical model 

tests used in the present study are listed below. 

i. EP1 ï The fill -arch system was first subjected to 1 million cycles of service loading by 

means of a five actuators, each bearing on steel beams representing sleepers. Each on the 

1 millions cycles consisted of an oscillation of the actuator loads in sequence so as to 

simulate a moving axel load across the bridge to represent a prolonged period of service. 

Subsequently a steadily increasing load was applied to one sleeper at quarter span 

position, slowly enough to avoid any inertial component, passed ultimate failure  of the 

system and continued to achieve a steady state of yield before undoing. 

ii.  EP2 ï This was an exact repeat of EP1 but without the cyclic loading regime 

iii.  EP3 

a. EP3 PH1- the cyclic loading regime applied in EP1 was repeated, followed by a s 

steadily increasing static load applied over three steel sleepers, equally spaced and 

connected by a high stiffness longitudinal beam. The steel sleepers were 

positioned at mid-span, quarter-span and end of span as shown in Figure #. 

b. EP3 PH2 ï Following EP3 PH1, a series of restorative loads were applied 

sequentially, starting from the side furthest actuator from the position at which the 

static load to failure was applied in EP3 PH1, and working towards he crown. The 

purpose of this sequence of loading was to resort the arch to itôs original 

configuration as far as possible. Another cyclic loading regime of 10
5
 cycles was 

then applied to the system in order to re-bed the system to a more realistic state. 

Subsequently, the same static loading regime to failure as was applied in EP3 PH1 

was applied to the restored system. The purpose of the EP3 PH2 was to 

investigate the residual strength of the fill-arch system after having failed at least 

once in the past. 
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c. EP3 PH3 ï This was a repeat of EP3 PH3 but with the three sleepers spaced at 

half the spacing as in EP3 PH2, i.e.1/8
th
 span, ¼ span and 3/8

th
 span. 

During all of the tests listed above, the arch and apparatus were fitted with various measurement 

instrumentation which were all connected to a data acquisition system. Those from which 

measurement data was used in the present research included soil pressure cells built into the arch 

extrados, to measure pressures acting normal to the arch from the fill and displacement gauges 

(LVDT) on the arch intrados, abutments and chamber walls. Preparation and setup of this 

instrumentation is described in section #.  

2.4.1 Abutments design and construction 

The overall objective of the physical model in the present research, to seek a compromise 

between investigating realistic behaviour while limiting the complexity to enable study of the 

fundamental two dimensional behaviour of the system, is reflected in the design of the abutments 

to simulate: 

i. The case of insubstantial abutments as frequently found in field inspections, i.e. with 

dimensions comparable to the thickness of the arch. 

ii.  To investigate the role of abutment displacements on the failure mechanism of the arch-

fill system. 

iii.  To limit the behaviour of the abutment to rigid body horizontal displacement and/or 

rotation and to eliminate vertical settlement and internal material deformation such that 

material failure may only occur at mortar joints. 

In line with the above objectives, the abutments were constructed of reinforced concrete in two 

parts, lower (base) and upper (skewback). The bases were fully fixed to the structural floor by 

means of a steel beams, fully fixed at either end to prevent bases from spreading relative to each 

other, lifting or rotating in any direction.   

The skewbacks were only temporarily fixed to the bases by means of removable anchors which 

only remained in place prior to decentring, which is the removal of temporary supports when the 

arch-fill system is ready to be loaded. The skewbacks were connected to the bases by horizontal 
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mortar joints. These enabled failure of the joints which may include horizontal translation or 

rotation of the skewbacks. The dimensions and construction details are shown in Figure #. 

Figures # and # are photographs of the abutments and associated fixtures. 

2.4.2 Arch design and construction 

The majority of brickwork masonry arch bridges are multi-ringed and multi-span. These, among 

many other aspects of masonry construction and configuration such as the role spandrel walls 

and three-dimensional mechanisms, have all been studied to some degree and as discussed in 

section # all of these aspects are influential and therefore should be incorporated into models for 

assessment of masonry arch bridges. A model that accounts for all of these complexities should 

therefore be the ultimate aim of the present line of research. 

However, a common area to which attention is required is that of soil-arch interaction in masonry 

arch bridges and many important questions remain unanswered in this area with respect single-

span, two-dimensional arch-fill systems before introducing further complexities such as the role 

of spandrel walls and three-dimensional behaviour.  

Prior to test series EP0, full scale bridges incorporating fill that have been tested have been field 

bridges which are generally multi-ring, multi-span, with various hidden features such as backing, 

heterogeneous fill with contrasting strata, varying in defect types and states of deterioration. 

Tests on full-scale laboratory models have been conducted which have incorporated 

homogeneous fill but have also been either multi-span, multi-ring with spandrel walls. 

The complexity of three-dimensional behaviour and the large number of geometric and/or 

material parameters that may contribute significantly to the overall capacity, made it difficult to 

identify with clarity the respective roles of individual elements in a repeatable manner. Harvey () 

made a number of observations in this regard with respect to the TRL series of load tests to 

collapse (). The most notable large scale laboratory tests incorporating fill were those carried out 

by Melbourne et al () which were three-dimensional, multi-span, multi-ring and had spandrel 

walls. Some of the many questions that arise due to these complexities are also listed below#. 
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What is the relationship between of the following attributes and their contribution to the overall 

capacity of the bridge? 

 Spandrel wall 

  Brickwork pattern or configuration 

Thickness profile with depth 

Lateral deflection/strain response with respect to vertical load/lateral stress profile 

Lateral stability  

Frictional resistance to deformation/flow of the fill 

 Multi -span 

  Relationship between horizontal thrust and stability of piers 

  Resistance to sway of intermediate piers provided by adjacent arches 

  Propagation of horizontal thrust and deflection over multiple spans 

 Multi -ring 

  Location of centres of rotation of multi-ringed hinges 

  Location of centres of pressure at multi-ringed hinges 

  Moment resistance of multi-ringed hinges 

  Energy dissipated by inter-ring sliding throughout segments between hinges 

  Buckling of individual rings and restraint from the fill and adjacent rings 

An in-depth study with high quality data and that can be dependent on a smaller number of 

geometric and material parameters and tied in with numerical modelling as well as theoretical 

modelling studies, required a strategic reduction in complexity in order to make meaningful 
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progress in this area. Once fundamental behaviour is more thoroughly understood, the 

aforementioned complexities may be introduced one at a time as separate subsequent studies. 

The physical model used in the present research has therefore adopted particular features that are 

designed to provide a compromise between realistic behaviour and simplicity in order to obtain 

reliable data that may contribute to clear information about the behaviour of the system being 

modelled albeit limited in complexity. This is with the hope that improved understanding of a 

simplified model, may enable introduction of complexities in a controlled and well informed 

manner in subsequent research endeavours. These features are described as follows: 

2.4.3 Masonry construction 

Single span 

The transmission of forces and displacements from one span to another is not studied directly in 

the present research. Since these forces and displacements depend on the interaction of 

individual arches with the loads above them, there would be no real benefit in understanding the 

interaction between adjacent arches until the transmission of loads by a single arch span to the 

thrust at the springings is better understood. Therefore the focus of the present research has been 

on an individual arch span and itôs interaction with applied loads, the fill, and the abutments. 

Shallow abutments with horizontal movement joints 

A wide variety of abutment geometries and construction types exist in the field. These interact 

with the adjacent earth or structure in various ways depending on site conditions. In most cases, 

the displacement of abutments is primarily horizontal rather than vertical. A survey carried out 

by Essex county council () revealed that a large proportion of these were non-substantial, i.e. of 

width not much greater than the thickness of the arch. For these reasons as well as due to the 

need to carry out controlled tests within a laboratory environment the abutments were only 

slightly wider than the arch barrel. In order to enable the study of the effect of yielding supports, 

the abutments were constructed with a fixed base and an upper part, termed skewbacks, 

connected to the arch springing. A horizontal mortar joint forms the connection between the 

skewback and the fixed base. This is designed to distinguish between two possible modes of 
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failure at the abutment. The abutment may either slide along the horizontal joint or overturn 

about an edge of contact with the fixed base. Although this does not prevent these two modes 

from existing simultaneously, the additional cohesion provided by the mortar joint is designed to 

encourage one mode to occur distinctly from the other.  

Header-bonded masonry construction 

This prevents deformation of the arch cross section such that arch behaviour is equivalent to a 

single ring or voussoir arch. In multi-ringed construction (Figure 2.5c) there is a continuous 

mortar surface between rings from one springing to the next. The header-bonded configuration 

eliminates this so that it is not possible for shear failure or loss of cohesion to occur over more 

that than one course by mortar failure only. In order for a crack to propagate tangentially to the 

arch through more than one course in header bonded construction, it would be necessary for the 

bricks themselves to fracture which would be the same case for a single ringed arch. Thus the 

header bonded construction enables single-ringed behaviour to be studied for thicker arches. This 

configuration also provides interlocking in the transverse direction, which prevents longitudinal 

shearing deformation of courses across the width of the bridge. Thus header bonded arch of 

thickness of one stretcher (Figure 2.5a), would model the rigid voussoir arch better than an arch 

of the same thickness constructed of all bed jointed bricks. The arch was constructed to the 

dimensions in Figure 2.7. 

 

Figure 2.5 ï a) Single-ring voussoir arch. b) Header-bonded construction. c) Multi-ring arch 
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2.4.4 Fill Material  

Cohesionless fill, low moisture content 

Although the test carried out as part of the test program were also carried out with a cohesive 

clay fill, the present research has focussed on the behaviour of an arch-fill system which is 

purely frictional and cohesionless. Part of the reason for this was the difficulty in compacting the 

clay to achieve a homogeneous medium within the apparatus. Another difficulty was the highly 

nonlinear behaviour and compressibility of the clay well before the ultimate load was reached. 

Another reason the tests on clay were not studied was that his would have greatly expanded the 

theoretical scope of the research while very little by way of theoretical modelling of the arch-fill 

interaction in masonry arch bridges has been established to date. It was therefore considered 

prudent to seek theoretical advancements in the area of cohesionless fill with the hope that this 

could provided a bases for extension to cohesive clays and possibly generalised to ὧ ‰ᴂ soils in 

subsequent research endeavours. 

Uniformly compacted, Homogeneous 

To enable straight forward analysis of the relationship between the applied loads at the surface of 

the fill and the pressures occurring at the arch extrados, substantial investment was made in to 

achieving a medium that was as uniform as possible after compaction with a fill material that 

was not unrealistic. MOT type 1 crushed limestone used. This was a course grained angular fill, 

quantitative details obtained from laboratory testing on this fill are described in section #. This 

was placed in 120mm thick layers and compacted using a 10.5 kN compaction plate to a unit 

weight of 2.0 kN/m
3
. The material was placed within the apparatus using a hopper that contained 

the required mass for the intended layer thickness after compaction. Sensitive areas where there 

was risk damage to the apparatus or masonry were compacted manually using a hand rammer. 
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2.4.5 Boundary conditions 

In order to meaningfully study the two dimensional behaviour of the arch-fill system, it was 

necessary to confine the system to plane strain conditions. This was achieved by means of very 

stiff structural steel panels forming two longitudinal walls and two end walls. These were formed 

of a series on closely spaced structural steel beams vertically arranged to form that longitudinal 

wall panels. Spanning each of these beams were 50mm thick acrylic slabs, forming a continuous 

plane, lining the steel frame to form the inside surface of one side the test chamber. The other 

side was lined with 50mm plywood slabs with 4mm acrylic sheet over it, forming another 

smooth plane. In order to achieve plane strain conditions as far as possible, the stiffness of the 

chamber was maximised and the traction in the longitudinal plane was sought to be minimised. 

To minimise traction,  these inside faces were further treated by application of a thin layer of a 

silicone based sealant upon which a 0.33 mm latex sheet was placed. For normal stresses >10 

kPa, it has been reported that this treatment gives interface friction angles of <2° (Fang et al., 

2004) 

The length of the chamber was designed to accommodate foreseeable failure mechanisms within 

the fill. On the side at which the load is applied the end panel is not a very far from the arch, 

however the far side, the end panel is placed much further. This is based on the expectation that 

the loaded side of the ach would exhibit a mechanism between the point of application of the 

load and the arch barrel. The only influent the adjacent soil was expected to have on this area of 

the stress filed, was the confinement of the compressive stresses between the applied load and 

the arch. On far side however, from mechanisms observed in other tests with arch fill, such as the 

small scale tests carried out at Sheffield University () , a more far reaching failure mechanism 

was expected, resembling the passive failure zone of an earth retaining wall. The upper boundary 

is simply a free, horizontal surface. The space between the two longitudinal walls is uniform as 

shown in the diagram at approximately 1m. The lower boundary of arch-fill system is formed of 

the concrete structural strong floor of the heavy structures laboratory, which may be assumes not 

to undergo unnoticeable deflection relative to the displacements measured within the ach-fill 

system at any point during the load tests.  
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Figure 2.6 ï Geometry, arrangement and construction of the abutments and arch 

 

Figure 2.7 ï Longitudinal cross section of the arch fill system within the test chamber, showing 

loading actuator arrangement and supporting structural elements 
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Figure 2.8 ï Plan of structural apparatus including elements forming the test chamber and 

reaction beams to support applied load from actuators by transmission to the structural floor 

 

Figure 2.9 ï Arrangement of pressure cells (PC) and displacement transducers (LVDT) 



42 

 

 

Figure 2.10 ï Concrete abutments showing skewback with horizontal mortar joint and tie beam 

 

Figure 2.11 ï Fixture of tie beam to lower abutment and removable upper restraint to skewback 
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Figure 2.12 ï Brickwork configuration and construction sequence 

 

Figure 2.13 ï Arch near completion with recesses to accommodate soil pressure cells 

 
















































































































































































































