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SUMMARY 
Although masonry arch bridge research over the last few decades has spawned several 
advanced capacity assessment tools, the maintenance and assessment of these bridges is 
still a constant concern for the bridge owners. There have been many appeals for the 
MEXE method to be replaced but no agreed alternative has yet been found. Though the 
development of a new, simple and robust capacity assessment is important, there is an 
immediate need to identify critical issues in the current assessment methods which may 
lead to unsafe capacity assessments. This paper provides a critical appraisal of the 
MEXE method proposed in the current Railway Codes. Details of the specific concerns 
are established, justified and assessed. Conclusions are drawn which are potentially of 
significant practical interest. 
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1. INTRODUCTION  
In the UK, the current method of determining the load carrying capacity of a railway 
masonry arch bridge is embodied in the guidance note for the structural assessment of 
underbridges NR/GN/CIV/025 [1] (hereafter referred to as the Railway code). The first 
level in the assessment is to apply the so-called MEXE method.  
The MEXE method evolved from the work undertaken by Pippard in the 1930’s which 
included both field and laboratory tests to calibrate theoretical work [2].  The full review 
of Pippard’s equations is presented by Wang and Melbourne [3]. 
According to the Railway code, the MEXE method for railway structures has been 
developed differently to that for highway structures as defined in BD21 [4]. The 
Provisional Axle Capacity for a railway masonry arch bridge can be determined using 
the envelope curves or calculated using the formulae presented in the Railway code. 
This paper presents a derivation of the basic equations used for the envelope curves in 
the Railway code. Anomalies are identified and discussed. 
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2. CONSIDERING LONGITUDINAL LIVE LOAD DISTRIBUTION 
Pippard’s original equations are based on the analysis of a two-pinned parabolic 
arch  with  a  span/rise  ratio  of  four,  subjected  to  a  point  live  load  applied  at  the  
crown, i.e. no live load distribution is considered. 
When a live load distribution through the fill in the longitudinal direction is considered, 
as shown in Fig. 1, the following equations are derived. 
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Fig. 1. Unit live load distribution through fill in longitudinal direction. 

 
2.1. Horizontal thrust and bending moment  
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   (a)                                                                  (b) 

Fig. 2. Two-hinged parabolic arch (I =I0 sec ). 

 
For a concentrated unit load, as shown in Fig. 2a, the total horizontal thrust and bending 
moment at the crown are: 
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For a uniform distributed load q, as shown in Fig. 2b, thrust and bending moment due to 
the increase of length dxL are given by: 
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Using symmetry, where 

  
L
lL

x s

21
    (5)

 
Then, 

 )2551(
8
1)2(

8
52 5

1
4

1
2

1

25.0 43
2

1
xxx

a
qLdxxxx

a
qLH

x
    (6)

 )25(
8

)510(
8

2 5
1

4
1

2
1

25.0 43
2

1

xxxqLdxxxxqLM
xC

    (7)

 

For a uniformly distributed load where 1sql , the total horizontal thrust and bending 
moment at the crown are given by: 
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2.2. Horizontal thrust stress and bending stress 
If PUH represents the horizontal thrust stress and PUB represents the bending stress at 
the crown due to the effect of the unit live load as shown in Fig. 1, then: 
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2.3. The provisional axle capacity 
If  the  available  live  load  stress  Pa represents subtracting the dead load stress from the 
limiting compressive stress fc at the crown, then the provisional axle capacity is given 
by: 
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The full derivation of the provisional axle capacity for a uniformly distributed load 
across the crown is presented elsewhere [5]. 

 
3. MEXE METHOD IN THE RAILWAY CODE  
3.1. Available live load stress 
The mathematical expression of available live load stress presented in the Railway code 
is as follows: 
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The derivation of the above equation is presented elsewhere [3],[5]. 

 
3.2. Live load effects  
3.2.1. Longitudinal loaded length 
Load distribution is considered in the longitudinal direction and the Railway code offers 
equations 14 and 15 to obtain the longitudinal loaded length. 

          load axle single  toduelength  loaded m25.02hls  (14)

  load bogie  toduelength  loaded m5.22hlb  (15)
 
These equations suggest that loads are distributed from the base of the sleeper through 
the fill onto the arch barrel at a slope of 1 horizontally to 1 vertically in the longitudinal 
direction, as shown in Fig. 3. 

 
Fig. 3. Longitudinal live load distribution through fill. 
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3.2.2. Influence line for bending moment  
The mathematical expression of an influence line for bending moment at the crown is 
presented in the Railway code as: 

    xxxF 135.014.07.0 23  (16)
 
According to the Railway code, the equation is obtained from a close fit to the influence 
line curve for bending moment in the previous report and assessment code.  
Fig. 4 shows a comparison of this influence line and that constructed using equation 1. 

 
Fig. 4. Comparison of the bending moment influence lines. 

 
By integrating equation 16 which calculates the area under the influence line over the 
loaded length, the following equation is given in the Railway code 

 4
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The equation is later used to calculate the bending stress as presented in Section 3.2.5.  

 
3.2.3. Influence line for horizontal thrust 
The mathematical expression of an influence line for horizontal thrust at the crown is 
presented in the railway code as:  

 )(78.0 2xxT   (18)
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According to the Railway code, the equation is an approximation to the influence line for 
horizontal thrust given in the previous report and assessment code. 
Fig. 5 shows a comparison of this influence line and that constructed using equation 2 
for an arch with a span/rise ratio of 1. For an arch with a span/rise ratio of 4, the value of 
T is multiplied by 4 to obtain the actual thrust. 

 
Fig. 5. Comparison of the horizontal thrust influence lines. 

 
3.2.4. Section properties 
Section properties are given in the Railway code by the following expressions, 
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Where, B is defined as the cross sectional area, M is defined as the section modulus, d is 
the thickness of arch ring at the crown, and h is depth of fill between sleeper soffit and 
arch ring at the crown. 
This suggests that the effective width of the arch barrel adopted by the Railway code is 

 (m)  2.14(m),  45.0 hbh   (21)

 (m)  1.22(m),  9.045.0 hbh   (22)
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3.2.5. Unit live load bending stress and horizontal thrust stress 
 
The unit live load bending stress is presented for single axle load in the Railway code by 
the following expression: 
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For a bogie load, the subscript changes to b , i.e. PUBb and the loaded length changes to 
lb correspondingly.  
Replacing A with equation 17, the unit live load bending stress PUBS becomes 
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This suggests that the bending moment at the crown in the Railway code is: 
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Comparison of the results between this equation and those from Eq. (9), for a unit span 
arch, is as shown in Fig. 6. They produce almost identical moments as the loaded length 
increases. 

 
Fig. 6. Comparison of the bending moment at the crown. 
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3.2.6. Unit live load horizontal thrust stress 
The unit live load horizontal thrust stress is presented in the Railway code by the 
following expression: 
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Where B is the cross sectional area. 
This suggests that the horizontal thrust at the crown in the Railway code is: 
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It is not clear how this horizontal thrust is obtained. However, if the influence line in the 
Railway code, i.e. equation 18, is used and integrated over the loaded length, a different 
horizontal thrust equation can be obtained, which does produce the same results as those 
from the above equation, i.e. equation 27.   
Substituting T from equation 18 into equation 27, the following expressions are 
obtained: 

 
3
78.039.04

3
)39.0(4 2

11 xxTH  (28)

 
Comparison of horizontal thrust obtained from this equation and that from equation 8 
(span/rise=4) is as shown in Fig. 7. 

 
Fig. 7. Comparison of the horizontal thrust. 
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3.3. Provisional axle capacity 
The provisional axle capacity in the Railway code is obtained by dividing the available 
live load stress by the sum of the unit live load horizontal thrust and bending stresses and 
expressed by equations 29 and 30. 
For a single axle load, 
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For a bogie load, 

 
bb

a
b PUBPUH

P
C

5.0  (30)

 
The provisional axle capacity is taken as the minimum of Cs or Cb and both are 
represented graphically in Fig. 8. 

 
Fig. 8. Provisional axle capacity for an arch with d=500mm and h= 300mm. 

 
4. ANOMALIES IN THE RAILWAY CODE 
4.1. Load distribution in the longitudinal direction 
Clause 6.1.4 in the Railway code states that ‘loads should be distributed from the base of 
the sleeper through the fill onto the arch barrel at a slope of 1 horizontally to 2 vertically 
in the longitudinal direction’. However, the loaded length i.e. equations 14 and 15, 
adopted in the calculations for producing the envelope curves are based on the slope of 1 
horizontally to 1 vertically. For this inconsistency, a typical 5 m span arch with 500 mm 
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crown ring thickness and 300mm fill cover, has a provisional axle capacity of 56.1 
tonnes for 1:1 load distribution, which is 11% higher than that for a 1:2 load distribution. 
 
4.2. Effective width 
The influence of effective width has been presented elsewhere [7]. The arch capacity 
envelope curves set out in the Railway code are based upon effective width assumptions 
which are shown in Fig. 9, however, there appears to be no logical connection between 
these effective width equations and the descriptions given in Figure 6.2 of the Railway 
code. 
 

 

 
Fig. 9. Effective width of rail arch bridges. 

 

4.3. Provisional axle capacity 
Clause 6.2.2.2 in the Railway code states that the provisional axle capacities obtained 
from the envelope curves are likely to be conservative because assumptions about load 
dispersal laterally and longitudinally are pessimistic. It goes on to suggest that where a 
higher capacity is sought, there is scope to justify a greater load spread than originally 
assumed. 
However, when capacity predictions using several sources are compared, as shown in 
Fig. 5, it is evident that those using Pippard’s original equations suggest much lower 
capacities than the Railway code (Single axle and Bogie). The capacities from the 
Railway  code  drop  to  zero  because  the  Railway  MEXE  method  applies  Pippard’s  
compressive stress criteria (i.e. 1400 kN/m2) under the self-weight only.  

812

Masonry arch bridges



 
 

 
Fig. 10. Comparison of provisional axle capacity (d=500 mm and h= 300 mm). 

 
5. CONCLUSIONS 
5.1. Conclusions  
The elastic capacity assessment produced by Pippard is based upon well established and 
accepted assumptions. 
To derive the envelope curves, the Railway code inconsistently applies its own 
assumptions about: 

 Load distribution angle through fill 
 Effective width of the arch barrel 

Additionally there is no check on the tensile stress level included in the Railway code. 
Capacity predictions using the Railway code are significantly higher than those obtained 
using Pippard’s equations. This is most significant at shorter spans. 
 
5.2. Recommendations  
The equations used in the Railway code are based upon best fit approximations, however 
these have lost their physical representation and it would be more intuitive to use the 
fundamental relationships upon which they are based. 
In order to establish the real dispersal of loading through fill, further physical testing is 
required. This should address both longitudinal and lateral load spread through shallow 
and deep ballast. In particular this must establish a useable dispersal pattern for deep fill 
where load dispersal patterns interfere, and must be compatible with equilibrium.   
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