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ABSTRACT 

 

This paper examines the validity of existing methods of assessment of masonry arches with 

the results of full-scale load tests carried out by the Transport Research Laboratory (TRL) and 

with the results of an empirically based method, the MEXE method,  which was developed by 

the military for rapid evaluation of masonry arches. 

 

The paper also discusses the results of a programme of research on multispan masonry arch 

assessment carried out by the author and sponsored by the TRL.  The paper compares 

strengths of single span arches with those of equivalent multispan arches using linear elastic 

finite element models. 

 

Multispan masonry arch analysis in the United Kingdom, at present, concentrates only on 

single spans and very arbitrary recommendations are made about relating the results to 

multiple spans.  The above programme of research comprised the detailed analysis of over 90 

finite element models with varying spans, centre rises, pier stiffnesses and material properties. 

 All models were based on stable arches generated using the author's masonry arch analysis 

program, `ASSARC'.   

 

The paper describes the formation of the models, the material properties adopted and the 

analysis of the results.  It was found that the results of the research agreed very closely with 

empirical figures recommended in a study which was carried out in 1963.  

 

 

1.0 UK ASSESSMENT CRITERIA 

 

Masonry arches have been used extensively in bridge construction for at least 4000 years and 

yet we still do not fully understand their behaviour under load.  In the United Kingdom, they 

are the most aesthetically acceptable type of bridge, offering low maintenance costs, yet they 

are rarely constructed today.  The assessment of masonry arches is a highly emotive topic 

amongst bridge assessment engineers and many myths abound.  Each method of analysis has 

its proponents whether it be MEXE, the line of thrust, the mechanism method, bar finite 

element, elastic finite element or non-linear finite element.  Analytical models are, however, 

invariably two dimensional even though arches behave essentially in three dimensions. 
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In the United Kingdom, the Department of Transport's Assessment Standard, BD21/93  (ref 1) 

allows all approaches though it specifically mentions the MEXE and the mechanism methods. 

 The MEXE method, as laid out in Advice Note BA16/93 (ref 2), is normally used for an 

initial 'quick' assessment.  This is based on analytical and experimental work carried out in the 

1930's and 1940's by Pippard (ref 3) and calibrated by full-scale destructive tests carried out by 

Davey (ref 4).  During the period of the second world war vehicles increased considerably in 

weight and a correlation method was developed after this period by the Military Engineering 

Experimental Establishment to provide military engineers with a quick means of assessing a 

masonry arch's capacity to carry military vehicles.  Further full-scale tests were carried out by 

Chettoe and Henderson (ref 5) and the resulting combined knowledge of arch behaviour was 

consolidated in the Solog Study on Bridge and Gap Closing in 1963 (ref 6).  The MEXE 

method in use at the present time is a refinement of the Solog Study and takes into account 

modern axle configurations.  

 

The mechanism method involves lengthy iterative calculations and is gaining in popularity as 

more and more microcomputer programs are developed.  The ASSARC analysis is carried out 

in terms of ultimate limit state of collapse for masonry arch bridges.  There are two criteria for 

failure: 

 

 i. The formation of a four hinges in the arch barrel to turn the structure into a 

mechanism. 

 ii. Excessive compressive stress in the barrel. 

 

 

These failure criteria have been illustrated by full-scale tests carried out by the Transport 

Research Laboratory (TRL) on a number of redundant masonry arches in the United 

Kingdom.  Arches tested either failed as a mechanism  or  by compressive stress or as a 

combination of both. 

 

The task of the assessment engineer is therefore complex. The strength of a masonry arch 

depends to a large extent on the geometry and yet this is difficult to measure and define.  

Masonry arches tended to be built by rules of thumb and so the load carrying capacity can 

vary enormously between apparently similar structures.  Drawings are rarely available for 

these structures and so critical factors such as the thickness of the barrel, the size and extent of 

haunchings behind the abutments and the presence of internal spandrel walls are extremely 

difficult to determine. 

 

 

 

2.0 MECHANISM ANALYSIS 

 

The basic mechanism analysis put forward by Pippard in 1939 is illustrated in Figure 1. 
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Initially the hinge locations at A, B, C and D are assumed on a longitudinal section of unit 

width.  Moments are taken about C and B to obtain two equations in terms of the unknown 

reactions at A.  The vertical reaction at A can then be eliminated from the equations and the 

horizontal reaction calculated.  Moments are then taken about D for the whole arch and the 

unknown load W can be calculated.  This is repeated for different hinge locations to obtain the 

minimum value of W.  The method is laborious to carry out manually and at the time that it 

was proposed, plastic methods were viewed with suspicion and the method was not accepted 

until Professor Heyman of Cambridge University rediscovered it in the 1970's (ref 9). 

 

The disadvantage of Pippard's approach is that it allows hinges to form at the outside edges of 

the arch barrel thereby assuming infinite compressive stress.  Also, if the wrong critical load 

positions or the wrong hinge locations are selected then the capacity of the arch is over-

estimated.  These are often not as expected due to the effects of multiple axles, load 

dispersion, lateral fill pressure, and sloping road profiles. 

 

 

 

3.0 ASSARC ANALYSIS 

 

A micro-computer program, ASSARC, was developed by the author to comply with the 

requirements of Department of Transport's Assessment Standard and this is now in general 

use throughout the United Kingdom.  The limitations of the standard mechanism approach are 

overcome in two ways.  Firstly, the line of thrust is constrained to a core within the barrel.  

This enables compressive stress to be checked at the same time as mechanism failure is 

investigated. 

 

 

 

 

 

 

 Figure 1:  Basic Mechanism of Collapse 



 

 

The thrust is assumed to act on a rectangular stress block equal to twice the distance between 

the edge of the core and the edge of the barrel.  Secondly, the program also automatically 

moves the loads across the bridge, trying every permutation and combination of hinges for 

each load position, and selects the position that gives the lowest load.  This not only makes the 

program easy and quick to use, it also ensures thoroughness and gives the optimum solution. 

 

Lateral fill pressure is taken into account in the analysis.  The approach utilizes a simple 

Rankine pressure distribution for active and passive pressures.  Pressure at rest is taken at the 

springings varying to full passive or active depending on the relative movement of the 

mechanism.  The Bell modification is adopted for cohesive soils.  Although lateral pressure is 

not specifically mentioned in BD21/93, it is generally recognised that it is essential to take this 

into account if realistic results are to be obtained. 

 

In the United Kingdom, arches must be assessed for single, double and triple axle bogies of 

British 38T and European 40T vehicles.  The full spectrum of these bogies as set out in 

BD21/93 are therefore applied by ASSARC.  Bogies are automatically reversed in order to 

obtain the critical load case.  ASSARC obtains the critical load for each bogie as described 

above.  Weight restrictions are then recommended for the arch according to the 

recommendations of BD21/93. 

 

 

 

4.0 COMPARISON OF MECHANISM RESULTS WITH FULL-SCALE LOAD 

TESTS 

  

The full-scale tests carried out by TRL (refs 7, 8, 10, 11, 12) have shown that arches fail by a 

combination of mechanism and compressive stress failure.  If ASSARC is run for the arches 

tested under the TRL full-scale test programme, the collapse loads given in Table 1 are 

obtained. 

 

 

 

Table 1:  Comparison of ASSARC results with full scale test results. 

 

 

Bridge  Name 

 

Span 

 

 

Centre 

Rise 

 

COLLAPSE LOADS 

 (m) (m) Test 

(kN) 

ASSARC 

(kN) 

Difference 

% 

Bargower* 

Bridgemill 

Prestwood 

Torksey+ 

10.36 

18.30 

 6.55 

 4.90 

5.18 

2.85 

1.43 

1.16 

5600 

3100 

 228 

1060 

6037 

2767 

 211 

1143 

+7.8 

-10.7 

 -7.5 

+7.8 

 

 Figure 2:  ASSARC Modified Mechanism Analysis 



Shinafoot 

Strathmashie# 

Barlae 

 6.16 

 9.43 

 8.53 

1.19 

2.99 

1.70 

2500 

1325 

2900 

2442 

1378 

2844 

 -2.5 

+4.0 

 -1.9 

 

*  During the test the load was cycled at a high level before the collapse load was reached 

which may have reduced the capacity.  The arch was also cracked longitudinally before the 

test though the crack did not appear to affect the capacity. 

+ This brick arch was in poor condition before the test with cracks in the arch up to 75mm 

wide. 

#  This stone arch was cracked longitudinally before the test and failure appeared to originate 

from this crack. 

 

 

These ASSARC loads are calculated for the actual position of the test load which, in most 

cases, does not coincide with the critical position.  Compressive strengths used to obtain the 

results are obtained from crushing test results carried out in conjunction with the load tests.  

The program has a facility for the user to modify the results by a condition factor.  This factor 

depends on the size and locations of cracks and deformations.  Its application depends largely 

on engineering judgment and agreed values have been incorporated in the above results. 

 

It is seen from the table therefore that the computer program is able to simulate the failure 

loads extremely accurately. 

 

 

 

5.0 MEXE ASSESSMENT 

 

The MEXE method is favoured by many assessment engineers as it is simple and quick to 

apply and it allows scope for engineering judgment.  A popular misconception is that it gives 

conservative results.  The method uses a nomogram, based on the span of the arch and the 

combined thickness of the barrel and fill at the crown, to give an axle loading for a perfect 

arch (the Provisional Axle Load, PAL).  Sweeping assumptions were made in the derivation of 

this nomogram in that the arch is assumed to be parabolic and perfectly elastic with a 

compressive strength of 13 T/ft2.  Factors are used to modify the PAL to take into account 

variations from the idealized arch.  The span/rise factor allows for the 'flatness' of the arch and 

is based on the ratio of the quarter span height to the half span height.  The profile factor takes 

into account the difference between the shape of the actual arch and the original parabola.  

The material factor is a combined factor which takes into account the estimated strength of 

the arch material and the strength of the fill over the barrel.  The joint factor takes into 

account the width and depth of the joints and the estimated strength of mortar.  The condition 

factor takes into account the observed condition of the arch.  These factors rely to a certain 

extent on measurement but mainly they rely on engineering judgment. 

 

These various factors are applied to the PAL to obtain the modified axle load and this is 

further modified by axle factors for single, double and triple axle bogies to obtain the 

allowable vehicle loading. 

 

 



 

6.0 COMPARISON BETWEEN MEXE AND MECHANISM 

 

Table 2 compares the MEXE results with the mechanism results.   The mechanism results are 

quoted for the bogies at the critical positions as opposed to the TRL test load positions of 

Table 1. 

 

It is seen from Table 2, the MEXE assessment results are inconsistent and  can  over-estimate 

the strength of an arch.   If the various factors are not judiciously applied, the method gives 

unsafe results.  The mechanism method then is a more appropriate approach to simple 

masonry arch assessment. 

 

 

Table 2:  Comparison of MEXE with ASSARC 

 

 

Bridge 
ASSARC 

Failure 

Allowable Single Axle 

 Load 

(kN) 
ASSARC 

(tonnes) 

MEXE** 

(tonnes) 

Difference 

% 

Bargower 

Bridgemill 

Prestwood 

Torksey 

Shinafoot 

Strathmashie 

Barlae 

5839 

2510 

 173 

1143 

2442 

1305 

2386 

43.89 

20.59 

 3.61 

10.53 

18.65 

15.43 

18.41 

61.64 

++ 

 8.53 

22.67 

20.93 

30.54 

32.99 

+40 

 

+136 

+115 

 +12 

 +98 

 +79 

 

**  The various modifying factors as described above are set to values appropriate to the 

bridge in question.  The condition factor is set to the same value as that used for the 

mechanism analysis, i.e. unity. 

++   The span of this arch is outside the limits of applicability of the MEXE method. 

 

 

 

7.0 MULTI-SPAN ARCHES 

 

It is seen therefore that the mechanism method gives a good correlation with the full-scale test 

results.  However, as noted above, it is only applicable to single span arches and some means 

is therefore required to relate the method to multispan arches. 

 

The UK Assessment Standard and consequently the above program,  does not cover the case 

of multispan arches where the intermediate piers are sufficiently slender that the load carrying 

capacity of one span is affected by adjacent spans.   As most masonry arches are multispan, 

this is a serious limitation.  In order to overcome this deficiency, the author has carried out a 

programme of research on behalf of the TRL to investigate the effects of additional spans on 

the single span results.  Two dimensional linear elastic finite element techniques are 

employed to model a range of typical arch configurations with spans varying from 6m to 18m. 



 

The study seeks to investigate the effects of adjacent spans on the load carrying capacity of 

arch barrels for a variety of pier stiffnesses.  Its scope is limited to segmental arch barrels only. 

 Elastic finite element analysis is used to compare the stresses in the barrels of three-span 

models with those in the barrels of equivalent single span models to obtain a relationship 

between the variables. 

 

The spans of the barrels studied are 6m, 12m and 18m.  Fill depths of 0.25m, 0.6m and 1m 

were investigated for each span.  The pier thickness was kept constant at 1m though where the 

barrel thickness was such that a pier thickness of 1m was too small, a pier thickness of 1.75m 

was used.  The variation in pier stiffness was achieved by varying the height.  Heights 

investigated were 1m, 4m and 8m.  Where the thicker pier was used, the proportion of height 

to thickness was kept the same as for the 1m thick piers. 

 

Table 3:  Barrel thicknesses of arches investigated. 
 

SPAN 

(m) 

RISE 

(m) 

FILL 

DEPTH 

(m) 

BARREL 

THICKNESS 

(mm) 

6 1 0.25 375 
  0.60 300 
  1.0 250 
 2 0.25 375 
  0.60 275 
  1.00 200 
 3 0.25 300 
  0.60 200 
  1.00 125 

12 2 0.25 500 
  0.60 450 
  1.00 400 
 4 0.25 375 
  0.60 275 
  1.00 225 
 6 0.25 200 
  0.60 175 
  1.00 150 

18 3 0.25 625 
  0.60 575 
  1.00 525 
 6 0.25 400 
  0.60 300 
  1.00 250 
 9 0.25 200 
  0.60 200 
  1.00 200 

 

Loading on the arches covered the range of C&U bogies given in BD 21/93  i.e. single axle, 

double axle (1.4m and 1.85m axle spacing) and triple axle (2.6m spread).  In the case of the 

three-span models, these loads were applied to the middle spans only. 

 

The circumferential stresses due to standard load cases on three- span segmental arches are 

compared to the equivalent stresses on single span arches.  The barrel thickness for the span in 

question is taken as the minimum thickness for no weight restriction.  This minimum 

thickness is obtained from an analysis by the ASSARC modified mechanism computer 

program.  Barrel thicknesses used in the study are given in the Table 3. 

 

The barrel strength assumed by the ASSARC program was 5 N/mm2.  A non-cohesive fill 

with  an angle of internal friction of 37 degrees was used.   The partial factors for active and 



passive pressure was taken as 1.5.  All other partial factors were in accordance with the 

Assessment Standard. 

 

 

 

8.0 FINITE ELEMENT ANALYSIS 

 

As masonry arches behave in a non-linear fashion, an elastic finite element analysis is not the 

most appropriate form of analysis and non-linear techniques should be used.  This study, 

however, essentially compares like with like and a non-linear analysis is unnecessary. 

 

The finite element analysis used two-dimensional plane strain four-node rectangular and 

three-node triangular isoparametric elastic elements.  Typical meshes for single span and 

three-span models are shown in Figures 3 and 4. 

 
 

 

 

 

The barrel was divided into four layers to ensure an accurate distribution of stress through its 

thickness.  This determined the number of elements used to model the barrel to comply with 

the above limitations on element geometry.  An aspect ratio of four was generally aimed at 

though for large thin barrels, the aspect ratio had to be increased to about six.  The limits to 

the aspect ratio also determined the number of layers of fill elements. 

 

In accordance with typical practice, haunching was assumed over the piers and abutments up 

to the level where the line of the pier cut the extrados of the barrel. 

 

The finite element model was restrained in both the vertical and horizontal directions at the 

abutments and at the bases of the piers.  Horizontal restraints were also applied to the fill 

nodes at the left and right edges of the model.  To minimize end effects of the restraints, the 

edges of the abutments and fill were taken beyond the actual limits of the barrel for a distance 

equal to one extra element.  The size of this extra element was the maximum that an aspect 

ratio of four would allow. 

 

 Figure 3:  Finite Element Mesh for a Single Span 



 

 

 

 

 

 

Values of material densities for the masonry and the fill are taken in accordance with values 

recommended by the Assessment Standard i.e. 2100kg/m3 for both masonry and fill (ballast).  

Elastic properties were taken from the suggestions of Crisfield (refs 13 & 15) and Towler (ref 

14).  The values of elastic modulus assumed for the masonry and the fill were 10,000N/mm2 

and 40N/mm2 respectively.  Corresponding values assumed for Poison's ration were 0.2 and 

0.4.  A sensitivity exercise was carried out for these parameters and it was found that 

variations made little difference to the end result.  It was also found that the insertion of radial 

only connections between the fill elements and the barrel elements to allow for interface slip 

again made little significant difference to the results. 

 

 

 

 

 

9.0 RESULTS OF MULTI-ARCH STUDY 

 

Over ninety different models were analyzed and some significant results have emerged.  The 

first is that confirmation of an acceptable tensile stress for the elastic analysis under ultimate 

loads has been obtained.  The generally accepted allowable value of tensile stress is 0.25 

N/mm2 (ref 14).  Figure 5 is a typical plot of circumferential stress around the soffit or 

intrados of the arch barrel for the arches investigated.  

 

 

 

Figure 4:  Finite Element Mesh for a Multispan Arch 



 
 

Figure 5:  Typical Circumferential Stress Plot around Intrados 

 

 

This figure gives a maximum tensile stress of 0.207 N/mm2.  As this is obtained for an arch 

that is just able to carry the design loading, it suggests that the generally accepted value is of 

the correct order. 

 

Figure 6 shows the stress distribution under a double axle bogie.  This shows that load 

dispersion is small and that the maximum tensile stress occurs directly under the most heavily 

loaded axle. 

 

All of the results used in the study were obtained in terms of principal stresses.  Principal 

tensile stresses around the intrados of the internal span were plotted for all cases.  It was 

assumed that cracking would take place perpendicular to the direction of the maximum 

principal tensile stress.  Principal tensile stresses in the extrados of the adjacent unloaded 

arches were also investigated.  For all cases examined, values obtained are small enough to be 

ignored. 

Principal compressive stresses were also investigated.  Again, for all cases examined, values 

obtained are below 5 N/mm2 which was the strength assumed in the calculation of the barrel 

thickness.  Henry (ref 16)  suggests that the allowable uniaxial strength of masonry can be 

increased by approximately 20% for masonry arches.  Minimum uniaxial strengths obtained 

from test on piers quoted by Hendry are of the order of 4 N/mm2.  Applying a partial factor of 

1.5 in accordance with BD 21/93, this gives an allowable masonry strength of 3.2 N/mm2.  

This indicates that compressive stress can be critical. 



 

Figure 6:  Stress Distribution under a Double Axle Bogie. 

 

 

 

10.0 DETERMINATION OF MULTI-SPAN FACTOR 

 

Care must be taken in the determination of Fmult that factors are only applied for the governing 

criteria. 

 

The results obtained from this study indicate that both tensile and compressive stresses in the 

intrados of the loaded span govern.  The lowest factor from both tensile and compressive 

stresses is used in the determination of Fmult. 

 

Figure 7 shows the relationship between pier stiffness and load factor based on principal 

tensile stresses around the intrados of the centre spans.  This figure shows that for all cases 

studied, the adjacent spans appear to reduce the effective end passive resistance to the arch 

barrels.  This has the effect of reducing the load capacity by approximately 0.82 for a pier 

height/thickness ratio of unity. 

 

The results of the study also appear to show that flatter arches are less affected by adjacent 

spans than are higher arches.  Flatter arches have a greater horizontal component of reaction at 

the tops of the piers.  However, this appears to be compensated by the fact that adjacent spans 

of flatter arches give better resistance to thrust 
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Figure 7 - Influence of Pier Height/Thickness Ratio on Load Factor 

 

 

 

 

The factor should thus be: 

 

Fmult = [  Tp/Hp ]
0.15

  +  0.03 S/Rc  -  0.1Hf  -  0.15 

 

 

      where Hp is the height of the pier 

       Tp is the thickness of the pier. 

       S is the span. 

       Rc is the centre rise 

       Hf is the depth of fill over the crown. 

 

 

This factor should be applied only to piers with a height/thickness ratio greater than unity.  

Also, where the span under investigation is the end span between an abutment and a pier, then 

it would seem reasonable to adopt a factor equal to the average of Fmult for the span and unity. 

 

The above formula gives results which verify the simplistic values given in the Solog Study 

(Ref 6).  The Solog Study recommended a factor of 0.8 for arches supported on two piers and 

0.9 for arches supported on one abutment and one pier. 

 

 

 



11.0 CONCLUSIONS 

 

The above results show that a mechanism analysis modified to take into account of 

compressive stress and the effects of lateral pressure gives a good correlation with the results 

of full-scale load tests.  The empirically based MEXE method is found to be less than 

consistent and relies heavily on sound judgment of its various factors. 

 

The finite element study has demonstrated that an elastic tensile stress of 0.25N/mm2 is 

acceptable under ultimate load conditions and that the first hinge in the span occurs under the 

most heavily loaded axle of a multi-axle bogie when it is placed in the critical position. 

 

The finite element study has also shown that the empirical figures recommended by the Solog 

Study of 1963 are simplistic but of the correct order for reasonably stiff piers.  It was found 

that for high pier height:thickness ratios, the allowable loads on multispan arches can be 

reduced to as much as 60% of those on single span arches. 
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