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The bridge at Aldochlay in the Strathclyde region is small 
and is constructed f r o m random rubble masonry. I t shows 
no sign of distress, bdt it became clear very early in the 
assessment process that different types of analysis yielded 
very different answers for this structure. The example de­
scribes the root causes of some of these conflicts. Bargower 
is a semicircular bridge constructed f r o m dressed sandstone 
and has a 10-m span. Its behavior is influenced by various 
effects of soil pressure and soil-structure interaction that 
are not wel l represented in many analytical approaches. 

^ I 1 he bridges o f Br i t a in are no t unique but are 
I quite unusual i n tha t a very large number o f 

A bridges w i t h masonry arches are s t i l l i n use o n 
the h ighway system. India p robab ly has a larger stock 
o f arch bridges, bu t i t is a much larger country. China 
certainly has an enormous stock, bu t knowledge o f its 
assessment procedures is on ly just f i l t e r ing ou t o f the 
country. The ravages o f land-based w a r i n Europe 
means that the European ma in land arch bridge stock is 
drastically reduced and nearly a l l bridges are modern . 

I n Br i t a in we have a special interest i n arch bridge 
assessment. O f the stock o f approximate ly 70,000 
arches o n the h ighway system, by fa r the m a j o r i t y were 
bu i l t before the i n t roduc t ion o f any load ing standards. 
I t is therefore clear that they were designed entirely em­
pir ical ly . There are considerable regional variations i n 
the style o f bridges and also more local variations in the 
qua l i ty o f workmansh ip and the standard o f design. 
Nonetheless, tha t p r o p o r t i o n o f the arches that d i d no t 

collapse early in their lives and tha t are s t i l l car ry ing 
t ra f f i c has proved w e l l able to sustain the steadily i n ­
creasing loads imposed on them, provided they are rea­
sonably w e l l mainta ined. The Depar tment o f Transport 
regulations i n Br i t a in require a m a j o r inspection and 
assessment at least every 6 years f o r a l l t r u n k road 
bridges, and the same rules are usually applied to 
bridges o n locally owned roads. 

Interest i n arch assessment techniques tends to r u n 
i n 30-year cycles, w i t h a long per iod o f consol idat ion 
using the techniques that have been developed f o l l o w e d 
by a burst o f e f fo r t . There has been a substantial 
amount o f ac t iv i ty o n arch assessment in Br i t a in since 
1980, largely influenced by Heyman 's (1) w o r k on the 
appl ica t ion o f plastic theorems to arches. His proposals 
were incorpora ted i n the Depar tment o f Transport 's De­
par tmental Standard BD21 /84 (2) as an alternative to 
the long-estabHshed empir ica l me thod or ig ina l ly devel­
oped by Pippard i n the 1930s. W o r k i n g engineers were, 
on the who le , happy w i t h the appl ica t ion o f the M E X E 
method after 40 years o f use, w i t h no k n o w n failures 
o f bridges tha t had passed assessments. 

The new approach of fe red i n BD21/84 (2) was 
sl ightly mod i f i ed f r o m Heyman 's and at tempted to pre­
sent a l i m i t state me thod o f assessment. Engineers were 
much less conf ident tha t the l i m i t state proposed w o u l d 
yie ld b o t h safe and satisfactory results. Thei r concerns 
are heightened by the fact that after 10 years and p rob­
ably nearly £ 2 m i l l i o n ( £ 1 — $1.60) w o r t h o f research 
w o r k , the clauses o n the use o f Heyman ' s me thod were 
deleted f r o m the updated version o f the s tandard tha t 
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appeared i n 1993. Indeed, an appendix casts consid­
erable d o u b t o n those computer ized approaches that 
were based o n Heyman ' s methods. I t is perhaps sur­
pr i s ing tha t s imi lar doubts were also cast o n the range 
o f finite-element methods tha t have been developed 
since 1990. 

A l t h o u g h this paper is w r i t t e n by the authors o f one 
o f the programs based on Heyman's techniques, an at­
tempt w i l l be made to present a reasoned v iew o f the 
tools available f o r arch assessment and the way that 
they m i g h t be applied and to o f f e r suggestions as to 
h o w fu r the r progress migh t be made. 

PROCESS OF ASSESSMENT 

The assessment o f the capacity o f a masonry bridge re­
quires three elements: 

1. A field inspection, 
2. A desktop study, and 
3. Reflect ion and the appl ica t ion o f judgment by a 

competent and experienced engineer. 

There is considerable desire to remove the need f o r the 
t h i r d element, but i t w i l l be demonstrated that i t is ex­
tremely unl ike ly that i t w i l l ever be possible to do so. 

Field Inspection 

Three things are required. The first and most obvious 
is a geometric survey. A r c h bridges depend on their 
shape f o r their strength to a greater extent than any 
other f o r m o f bridge. Ideally, the assessing engineer 
wants to k n o w the basic geometry o f the intrados or 
so f f i t o f the arch, that is, the span, the rise, the shape 
o f the curve, and the p lan shape (whether square or 
skewed). The assessing engineer w o u l d clearly l ike to 
k n o w the height and thickness o f the abutments and 
the nature o f the foundat ions on w h i c h those abutments 
stand. Knowledge o f the thickness o f the arch r i n g and 
any var ia t ion in tha t thickness over the span is also i m ­
por tan t , as is knowledge o f the thickness and height o f 
the spandrel walls and the depth and qua l i ty o f the fill, 
w h i c h brings a steeply curved arch up to a reasonably 
level surface f o r the road. 

M a n y o f these details are completely hidden. I n par­
ticular, i t is extremely d i f f i c u l t to ob ta in dimensions f o r 
the abutment and r i ng thicknesses and f o r the nature 
and qua l i ty o f the foundat ions . BD21 /84 (2) and B D 2 1 / 
93 {3) avo id the most d i f f i c u l t o f these problems by 
saying tha t i f there is no sign o f distress i n the abut­
ments, then they should be assumed to be adequate. 

This seems a very strange response in the l igh t o f the 
concern that is expressed about the performance o f the 
arch itself. 

Once the basic geometry is noted, the engineer w i l l 
proceed to consider the cond i t i on o f the bridge. The 
masonry units , b r ick or stone, may have deteriorated 
w i t h t ime, par t icu lar ly i f moisture has been a l lowed to 
penetrate f r o m the road surface t h rough the fill and in to 
the masonry. Some of the poorest stones and bricks used 
i n arches deteriorate progressively w i t h t ime, even when 
they are kept i n relatively benign cond i t ion . The mor ta r 
i n the joints between the masonry units presents rather 
more problems. A l t h o u g h o n some bridges that the au­
thors have inspected i t is s t i l l possible after 300 years 
to see the impression o f the f o r m w o r k on the mor ta r 
between the stones, o n others the mor t a r has been com­
pletely eroded. I t cannot be" emphasized too strongly 
that the mor ta r is at least as impor t an t as the masonry 
units to the performance o f an arch, not least because 
the forces must flow t h rough the structure, and i f there 
is a gap between t w o adjacent stones, then no force can 
pass between them. 

Another impor t an t question f o r the field inspector is 
whether the bridge is cracked i n any way. Cracks i n the 
arch barre l are regarded as par t icu lar ly impor tan t . 
Transverse cracks, except f o r a single crack very close 
to the c r o w n , are very u n c o m m o n and are in any case 
unUkely to be par t icu lar ly impor tan t . Long i tud ina l 
cracks, however, indicate some sort o f b reakdown o f the 
s t ructural system. They occur most common ly at the 
inside face o f the spandrel wal ls and, par t icu lar ly in r a i l ­
way bridges, between opposing t ra f f i c lanes. Cracks o f 
this nature can hardly be caused by direct tension in the 
masonry. I t is sometimes suggested that the pressure o f 
fill o n the inside o f the spandrel walls w i U push the 
walls o u t w a r d , and they w i l l sometimes take the arch 
w i t h them and crack i t . Bearing i n m i n d that the span­
drels are supported o f f the arch usually w i t h a very sof t 
mortar , this mechanism seems extremely unlikely. H o w ­
ever, the flexural stiffness o f the spandrel walls and the 
fill behind them is very d i f fe ren t , and the result is that 
the arch attempts to d e f o r m between the spandrel wal ls 
and is held i n shape by the walls themselves, generating 
large displacements and enormous strains and stresses 
tha t cause long i tud ina l cracks. Once the cracks have 
f o r m e d , the broken edge o f the arch may w e l l push the 
spandrel walls o u t w a r d . The spandrel walls may bulge 
as a result o f pressure f r o m the fill. This p rob lem is no t 
a matter f o r the present paper. 

Diagona l cracks are rare bu t are o f rather more con­
cern since they can on ly occur as a result o f some f o r m 
o f tw i s t ing de fo rma t ion o f the arch barrel . Whether the 
twis t takes place between abutments that remain firm 
or whether the abutments themselves move is a matter 
f o r inspection and measurement. I t is, o f course, ex-
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t remely impor t an t that the inspecting engineer exercise 
judgment , deciding wha t features o f the structure are 
i m p o r t a n t and w h a t can be ignored. 

Some data tha t the inspecting engineer w o u l d very 
much hke to have can only be obtained at considerable 
expense and probably by do ing damage to the structure. 
I t is possible to take cores f r o m a bridge to ascertain 
un i t strength and so develop the strength and, indeed, 
calculate elastic properties f o r the masonry. I f these 
cores are w e l l preserved and the assessing engineer is 
certain that they w i l l no t change w i t h t ime, then cor ing 
may be jus t i f ied. However , the enthusiasm some assess­
ing engineers have shown f o r knock ing holes i n bridges 
i n this way must be questioned. 

A f u l l understanding o f the in ternal geometry o f the 
structure and o f the properties o f the f i l l material can 
on ly be obtained by digging t r i a l pits. D r i l l i n g or cor ing 
th rough the arch barrel or spandrel walls is notor ious ly 
ineffective in p r o v i d i n g adequate, accurate data. 

Analysis 

The constraints on the data available f r o m a f ie ld survey 
must be borne i n m i n d in deciding wha t analysis m i g h t 
be carried out . I f a method demands part icular items o f 
data and these data are no t available, reasonable esti­
mates must be made. The sensitivity o f the analysis to 
them must then be investigated. A n engineer's experi­
ence i n this is extremely impor t an t since the sensitivity 
o f d i f fe ren t shapes and sizes o f bridge to d i f fe ren t items 
o f data w i l l vary and a complete parameter study can­
no t be carried ou t on every structure that is assessed. I n 
the end, an assessment is a matter o f developing the 
confidence o f the engineer in the structure that the en­
gineer is assessing. 

M o s t assessments are n o w carried ou t by consul t ing 
engineers w h o , because o f the nature o f their w o r k , 
must carry insurance. The cost o f that insurance is cr i t ­
ical ly dependent on the engineer's success. A t the same 
t ime, the engineer must submit to fee compet i t ion i n 
ob ta in ing w o r k and therefore must min imize the 
amount o f e f f o r t that he or she puts in to a par t icular 
assessment. 

The authors therefore suggest that analysis f o r as­
sessment should be a matter o f explora t ion and con f i ­
dence bu i ld ing and should progress f r o m simple, rela­
t ively understood techniques to more complex ones 
on ly i f the engineer requires more support to improve 
his or her confidence. This approach is c o m m o n prac­
tice among many engineers, bu t i t is discouraged by the 
w o r k i n g o f the design standard used. 

Analytical Tools 

M E X E A n a l y s i s 

The M E X E rout ine completes the assessment o f an arch 
o n one piece o f paper. For most engineering groups this 
is on a standard f o r m . The engineer begins by inserting 
leading dimensions. A n o m o g r a m or f o r m u l a gives a 
capacity f o r a perfect arch (the Provisional A x l e Load­
ing, or PAL) . A series o f reduct ion factors is then ap­
pl ied to take account o f 

1. a less than "per fec t" shape, 
2. a ra t io o f r i n g thickness to f i l l depth tha t d i f fers 

f r o m the assumed value, 
3. qual i ty and geometry o f the masonry units and 

the joints between them, and f inal ly , 
4 . an entirely empir ica l cond i t ion factor. 

The result o f the f ina l assessment may be 20 percent or 
less o f the in i t i a l value extracted f r o m the nomogram. 

The nomogram itself is based o n an elastic analysis. 
I t was assumed that the arch is completely elastic and 
is supported on a p i n at each end, tha t the fill on ly acts 
as dead load , tha t the cr i t ica l pos i t ion f o r a load is a t 
the center o f the span, and that the on ly impor t an t con­
t r o l is the compressive stress i n the arch r ing . W i t h t ime 
i t has become increasingly clear that this model does 
not i n any way represent the true behavior o f an arch. 
Nonetheless, the results obtained have proved satisfac­
tory, a l though no one knows whether the actual factor 
of safety achieved is 1.1 or 1 1 . 

I n BD21/93 (3) an updated version o f this procedure 
(described as the computer ized P i p p a r d / M E X E method) 
is recommended. I t uses a f rame analysis p rogram to 
analyze an elastic arch r i ng on t w o hinges. The authors 
believe that the benefits o f this procedure are w h o l l y 
imaginary and that the dangers are considerable. The 
M E X E procedure has s tood the test o f t ime, whereas 
no at tempt has been made to check that the new 
method either leads to results tha t are similar to those 
o f M E X E o r tha t i t produces conservative results f o r a 
range o f bridges that are demonstrably i n sound con­
d i t i o n . The system has, however, been calibrated against 
a series o f full-scale tests to destruct ion that are o f ques­
tionable value f o r this par t icular appl ica t ion. 

E q u i l i b r i u m A n a l y s i s 

I n 1676 Rober t H o o k e "so lved" the p rob lem o f the 
func t i on ing o f a masonry arch (4). Essentially, he said 
that an arch w o r k s i n the same way, but inverted, that 
a chain supports a system o f loads. For 300 years n o w 
engineers have sought to find the pat tern o f the chain 
f o r a par t icular system o f loads and thereby prove that . 
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the chain being contained w i t h the depth o f the arch 
mater ia l , the arch is sound. T h r o u g h the 19th century 
and a large par t o f the 2 0 t h century many engineers 
have at tempted to f i n d a par t icular solut ion to this 
hanging chain p rob lem. Ba r low (5) i n 1846 demon­
strated tha t the a t tempt was doomed to fa i lure bu t i n 
any case was unnecessary. I t is suff icient to show that a 
par t icular po lygon or line o f thrust can be contained 
w i t h i n the arch w i t h o u t k n o w i n g precisely w h i c h line 
o f thrust is used to carry the loads. 

Pippard understood this w e l l and knew that at the 
l i m i t o f arch behavior, a mechanism was f o r m e d i n ­
vo lv ing alternate hinges on the intrados and extrados 
(Figure 1). Despite this and despite the his tor ical con­
text o f his w o r k exactly at the per iod at w h i c h Baker 
was advancing the plastic theorems, Pippard c lung to 
inadequate elastic analysis f o r his assessment method. 
I t was l e f t to H e y m a n (1) to p ick up French w o r k f r o m 
the 18th and 19 th centuries o n the collapse o f arches 
and develop a l i m i t state procedure based o n the col ­
lapse mechanism. H e y m a n w o r k e d w i t h Hooke ' s line 
o f thrust and cont inued to treat the f i l l as unrealistic. 

The present authors f o u n d that this had t w o disad­
vantages, one o f w h i c h was picked up by the wri ters o f 
the Depar tmenta l Standard. Using the line o f thrust as 
a test f o r stabiUty o f a structure ignores the fact that 
s tabi l i ty can be destroyed by mater ia l fa i lure . BD21/84 
(2) required that the l ine o f thrust never approach 
closer to the boundaries o f the arch than ha l f the w i d t h 
o f a rectangular stress b lock capable o f car ry ing the 
thrust at tha t po in t , whereas the authors t o o k this one 
step fu r the r and drew a zone o f thrust (6,7) w h i c h was 
at a l l points t h rough the arch capable o f sustaining the 
appl ied thrust (Figure 2) . A p p l y i n g this analysis to real 
bridges produced unacceptably l o w results, and i t 
qu ick ly became clear that the soil f i l l cou ld exert an 
enormous stabil izing influence o n the arch. Approaches 
tha t take account o f this influence, however, lead to 
more compl ica t ion i n the analytical procedures and to 
a demand f o r more data. The approach taken i n the 
A R C H I E p r o g r a m was therefore to a l l o w an engineer 
to explore the l imi t s o f influence o f various parameters 
i n a very fast analyt ical cycle. 

Live load 
Arch segment load from 

1̂  r, fill and live load \ 

Zone of thrust 

F I G U R E 1 Mechanism forming in a loaded arch. 

F I G U R E 2 Zone of thrust is the minimum arch capable of 
supporting these loads. 

F i n i t e - E l e m e n t Ana lyses 

D u r i n g the late 1980s and early 1990s a number o f 
workers developed specialized finite-element packages 
f o r analyzing masonry arch bridges. Cr isf ie ld (8) at the 
Transpor t & Road Research Labora to ry adapted an ex­
is t ing p r o g r a m to treat the soil f i l l as a M o h r - C o u l o m b 
mater ia l to a l l o w elasto-plastic c racking behavior i n the 
arch r i ng and to take account o f the ensuing changes i n 
geometry. The p rog ram produces interesting and valu­
able results, bu t i t takes several hours to produce a so­
l u t i o n f o r a single load case and is therefore entirely 
imprac t ica l f o r assessment use. 

Bridle and Hughes (9) at C a r d i f f developed a com­
puterized version o f Castigliano's analysis. They com­
puted elastic and, indeed, inelastic de fo rma t ion o f the 
arch and progressively removed f r o m the compu ta t i on 
those zones o f the mater ia l that were cracked, sh i f t ing 
the centerhne o f their elastic arch r i b appropriately. 

Choo at N o t t i n g h a m used plane strain elements to 
represent the arch r i ng bu t tapered them progressively 
to remove f r o m the calculations that par t o f the mate­
r i a l that w o u l d be in tension. Un l ike the C a r d i f f ap­
proach, his analysis d i d no t take nonlinear geometry 
i n t o account. 

Bo th o f these finite-element programs treat the soil 
fill as a set o f hor izonta l -y ie ld ing elastic springs. The 
results obtained are obviously cr i t ica l ly dependent on 
the spring constant used. The model used by Choo is 
not k n o w n , bu t i t is k n o w n that Bridle and Hughes 
cal ibrated their soil springs to produce analytical results 
that match test failures as closely as possible. 

Examples 

T w o examples are presented. They show to some extent 
the problems o f bridge assessment and also the l imi t a ­
t ions o f the tools that are i n use. In par t icular they w i l l 
emphasize the role o f judgment i n bridge assessment. 
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Aldochlay Bridge, Strathclyde Region 

This small-span bridge had been repaired by guni t ing 
at some t ime. I t is a t r u n k road bridge owned by the 
Scottish Development Depar tment f o r w h o m the Strath­
clyde Regional Counc i l acted as agent. The owners re­
qui red an assessment to be carried ou t by the t r ad i t iona l 
M E X E approach but also f o r a ra t ing to be produced 
f o r heavy vehicles, w h i c h necessarily involved more ad­
vanced analysis. The advanced analysis that was used 
involved a very simple version o f the mechanism, or 
e q u i l i b r i u m analysis, and produced a result substan­
t ia l ly lower than that yielded by M E X E . The authors 
were asked to carry ou t a review o f the analysis and 
expla in w h y these anomalies occurred. 

The M E X E analysis (Figure 3) considers a load at 
midspan, whereas a proper ly consti tuted mechanism 
analysis (Figure 4) searches f o r the most c r i t ica l pos i t ion 
f o r a load. I t was clear tha t the v iew of the geometry 
of the arch barrel tha t had been taken was simplistic. 
The masonry was hidden behind gunite, bu t i t seemed 
l ike ly tha t the stone was selected r andom rubble, and 
experience showed that the o l d masons tended to select 
bigger stones f o r the springings and smaller ones f o r the 
c r o w n and then to hide this o n the exposed spandrel 
face by carefu l ly choosing stones o f s imilar depth to 
express a paral lel r ing . Experience has shown that i t is 
usually safe to assume that , p rov ided the zone of thrust 
does no t leave the arch u n t i l a p o i n t o n the extrados 
vert ical ly above the face o f the abutment (Figure 5) , the 
structure w i l l be secure since there w i l l be mater ia l to 
carry the thrust . 

A n excavation was carried ou t on site at a cost o f 
some £ 2 , 5 0 0 , and i t was f o u n d tha t the arch was i n fact 
much thicker than this near the springings, as shown 
by the broken line i n Figure 5. This example clearly 
shows (a) the need f o r experience i n bridge assessment. 

Live load 
1 2 0 k N / m w\dtW 

Force applied t o 
r ing s e g m e n t \ ^ 

Zone o f t h r u s t 

Ext rat f los 

\ntradoe 

F I G U R E 4 Zone of thrust with a single asymmetric load. 

preferably backed up by regular observation o f such 
bridge excavations and demoli t ions that take place, and 
(b) the need no t to take analyses at face value. 

Whatever f o r m o f ra t iona l analyses was applied to 
the structure, t ak ing in to account the addi t iona l mate­
r i a l i n the arch w o u l d produce a substantially higher 
result than ignor ing i t . The o p t i o n o f t ak ing such ma­
terial i n to account is no t available i n the M E X E method 
and is actual ly l ike ly to have a detr imental effect i n the 
computerized P i p p a r d / M E X E method because t ak ing a 
hinge at the centeriine o f the arch depth at the spring­
ings w o u l d i n this case result i n a much shallower arch 
curve w i t h o u t a corresponding increase i n effective 
depth at the cr i t ica l points . 

Twin axle placed 
centrally 
1 2 0 k N / m w i d t h 

ch 

Live load 5 0 0 l < N / m w i d t h 

Ver t ica l line a t a b u t m e n t f a c e 

True E>ctrados 

A s s u m e d e x t r a d o s 

H G U R E 3 Zone of thrust view of M E X E analysis. 
F I G U R E 5 Increased capacity from a small amount of 
additional material. 
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Bargower Bridge 

The bridge at Bargower was one o f a series tested to 
destruction i n a p rog ram sponsored by the Depar tment 
o f Transport and carr ied ou t under the d i rec t ion o f the 
Transport & Road Research Labora tory . The bridge 
has a span o f 10.54 m and is semicircular and appar­
ently s t i l l i n its true shape. I t stands o n abutments 5 m 
high and is sl ightly skewed, a l though no t suff icient ly to 
have any significant effect o n the assessment. A t the 
t ime o f the test cracks were evident at the inside face o f 
the spandrel walls over the middle ha l f o f the span. For 
this example i t is w o r t h r u n n i n g t h rough the actual 
M E X E analysis. 

Assessment 

The first step i n the assessment is to determine the P A L 
( in metric tons). This can be f o u n d f r o m either a nomo­
gram or an equat ion (which w o u l d appear to be d i -
mensional ly incorrect) . The f o l l o w i n g actual dimensions 
are used f o r the bridge at Bargower: 

Span, 10.54 m (L) 
Rise, 5.18 m (r,) 
Q p t rise, 4.49 m (r,) 
R ing thickness, 0.588 m {d) 
Cover to c r o w n , 1.71 m (h) 

P A L 
740{d + hf 740 • (0.588 + 1.71)' 

10 .54 ' 
1 8 3 T 

The various factors that must be applied are then 
considered. 

The span/rise fac tor (F.^) makes allowances f o r the 
fact that steeper arches are stronger than f la t arches. For 
arches f o r w h i c h the span/rise ra t io is greater than 4 the 
value is read f r o m a graph. For values o f less than 4 , 
as w i t h the bridge at Bargower, f o r w h i c h the span/rise 
ra t io is approximate ly 2 , f „ is 1. 

The prof i l e fac tor (Fp) makes al lowance f o r arches 
that do not c o n f o r m to the ideal p ro f i l e , w h i c h is as­
sumed by this method to be parabol ic . The value may 
be obtained f r o m a graph or an equat ion. 

= 2.3 • 2.3 
5.18 - 4.49 

5.18 
= 0.686 

The mater ia l fac tor (F„) is based o n t w o other fac­
tors, barrel fac tor and fill fac tor Ff, w h i c h are ob­
tained by reference to tables. The barrel fac tor ranges 
f r o m 1.5 f o r buil t- in-course masonry t o 0.7 f o r masonry 
i n poor cond i t ion . The fill fac tor varies f r o m 1.0 f o r 
concrete fill to 0.5 f o r weak materials. This w o u l d be 
the case i f wheel t r ack ing were evident. For the bridge 

at Bargower the values chosen were an o f 1.5 and 
an Ff o f 0.7. F „ is then obtained f r o m the f o r m u l a 

f « = 
(F, • d) + (F^ • h) 

d + h 

(1.5 • 0.588) + (0.7 • 1.71) 

0.588 + 1.71 

0.90 

The j o i n t fac tor (F^) takes account o f the j o i n t w i d t h , 
mor ta r cond i t ion , and depth o f mor t a r loss and is the 
product o f three other factors, one f o r each o f the ele­
ments given earlier. W i d e joints , joints w i t h missing 
mortar , and loose f r iab le mor t a r a l l reduce the value o f 
this factor. 

F, = F „ • F , • F„ 0.9 • 1.0 • 1.0 = 0.9 

The cond i t ion factor (F^) is intended to take account 
o f any cracking or de fo rma t ion , w h i c h cou ld affect the 
load capacity o f the bridge and is perhaps the most sub­
jective o f a l l the factors. The bridge at Bargower exhib­
ited long i tud ina l cracks under the inner edge o f the 
spandrel wal ls . The suggested cond i t i on factor f o r this 
type o f defect gives an F, o f 0.8. However , i t is un l ike ly 
that those cracks w o u l d have had any significant effect 
on the capacity o f the arch, a l though they may have 
reduced the s tabi l i ty o f the spandrel wal ls . 

M o d i f i e d A x l e L o a d 

A l l o f the various factors listed above are used to de­
termine the mod i f i ed axle load. This value is then m u l ­
t ip l ied by axle factors to get the safe load f o r a part ic­
ular axle arrangement. For a bridge w i t h a 10.5-m span 
such as the bridge at Bargower the single axle fac tor is 
1.6. The safe axle load is given by 

F „ • Fp • F „ • F, • F, • P A L • A, 

= 1.0 • 0.686 • 0.9 • 0.9 • 0.8 • 183 • 1.6 = 1 3 0 T 

Exp lo r ing the performance o f the structure by the 
e q u i l i b r i u m analysis presents some interesting d i f f i c u l ­
ties. Figure 6 shows the effect o f apply ing a load at the 
cr i t ica l p o i n t on the span, roughly the t h i r d p o i n t f o r a 
semicircular arch o f this scale, w i t h the soil act ing sim­
p ly as vert ical dead load . I t is clear that under these 
circumstances the bridge is quite incapable o f support­
ing a load . Figure 7 shows the same load but w i t h the 
soil exert ing a hor izon ta l component o f pressure w i t h 
the at-rest coefficient , (1 - sint})), f o r a value o f ^ o f 
35 degrees. Clearly, the performance is dramat ical ly i m ­
proved. A p p l y i n g a p r o p o r t i o n o f passive pressure to 
tha t par t o f the arch that w o u l d rise as i t fa i led (shown 
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lOOkN/m width 

F I G U R E 6 Fill acting as dead load only, negligible 
capacity, for bridge at Bargower. 

lOOOkN/m width 

250kN/m width 

F I G U R E 7 Fill exerting at-rest horizontal pressure for 
bridge at Bargower. 

F I G U R E 9 Assuming masonry backing to quarter point for 
bridge at Bargower. 

by the a r r o w i n Figure 7) increases the load capacity by 
a factor o f 2 (Figure 8) . 

A l l o w i n g the thrust to escape f r o m the arch at roughly 
the quarter po in t (Figure 9) increases the capacity by an 
additional factor o f 2.5. This is a reaUstic scenario because 
on demoli t ion i t was f o u n d that the bridge had masonry 
support to the arch r ing up to this depth. Even assuming 
a depth o f backing as suggested above increases the load 
capacity to 400 k N / m o f w i d t h (Figure 10). 

I t is clear f r o m this example that a detailed survey o f 
the bridge is necessary and that i f a realistic assessment 

400kN/m width 

Passive pressure 
from soil 

F I G U R E 8 
Bargower. 

Fill exerting passive pressure for bridge at 

600kN/m width 

F I G U R E 10 Assuming minimum masonry backing for 
bridge at Bargower. 
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is to be made, estimates are required f o r the complex 
geometry o f the bridge interior. I t is hoped that this also 
indicates the value o f t ak ing an exp lora tory approach 
to analysis f o r bridge assessment, progressively explor­
ing more complex geometries. 

ANALYSIS IN APPLICATION 

I t is clear that the M E X E analysis, i f analysis i t can be 
called, is very simple to use and has the confidence o f 
engineers. A n y approach that is more d i f f i c u l t t o use is 
un l ike ly to be welcome. Thus, u n t i l such t ime as some­
one wri tes a p r o g r a m t o speed its appl ica t ion , the c o m ­
puterized P i p p a r d / M E X E method recommended by the 
Depar tment o f Transpor t is un l ike ly to come in to reg­
ular use. There are other pieces o f sof tware k n o w n to 
the authors, but A R C H I E , the C a r d i f f p rog ram CTAP, 
and the N o t t i n g h a m p rog ram M A F E A are a l l charac­
terized by specially w r i t t e n data inpu t modules that 
speed operat ion. 

Nonetheless, a l l three have m a j o r drawbacks. Per­
haps the most impor tan t , shared by a l l o f them, is the 
fact tha t they are essentially two-d imens iona l analyses 
o f three-dimensional structures. They a l l ignore the po­
tential s t i f fen ing effect o f spandrel walls and can on ly 
take account o f load d i s t r ibu t ion by the use o f empir ica l 
effective wid ths . 

I t is clear f r o m the nature o f the C a r d i f f and N o t ­
t ingham programs that a l though they are capable o f 
p r o v i d i n g rather more i n f o r m a t i o n at loads less than the 
ul t imate l i m i t , once the l i m i t is reached, the results 
should be very similar to those produced by the much 
simpler A R C H I E p rogram. O n l y i n the case o f very 
large flat arches i n w h i c h substantial elastic de fo rma t ion 
takes place before fa i lure w i l l the C T A P p rog ram pro ­
duce noticeably d i f fe ren t results f o r the ul t imate l i m i t , 
and then they migh t be substantially lower. 

CONCLUSIONS 

1. A r c h bridge assessment is a complex and d i f f i c u l t 
operat ion made more d i f f i c u l t by the lack o f firm data 
on w h i c h to base an analysis. 

2. Exp lo ra to ry analysis investigating the effects o f 
various parameters is extremely valuable, increasing an 
engineer's confidence i n his or her results. 

3. Such exploratory analysis w o u l d be too expensive 
to carry out w i thou t efficient, specially designed software. 

4. Analysis based o n unreasonable s t ructural theory 
is un l ike ly to lead to confidence i n the ou tpu t . 

REFERENCES 

1. Heyman, J . The Masonry Arch. Ellis Horwood Ltd., 
Chichester, United Kingdom, 1981. 

2. Department of Transport. The Assessment of Highway 
Bridges and Structures. Departmental Standard BD21/84. 
1984. 

3. Department of Transport. The Assessment of Highway 
Bridges and Structures. Departmental Standard BD21/93. 
1993. 

4. Hooke, R. A Description of Helioscopes, and Some Other 
Instruments. London, 1676. 

5. Barlow, W. H . On the Existence (Practically) of the Line 
of Equal Horizontal Thrust in Arches and Modes of De­
termining It by Geometric Construction. Minutes of the 
Proceedings of the Institution of Civil Engineers, Vol. 5, 
1846, p. 162. 

6. Harvey, W. J . The Application of the Mechanism Analysis 
to Arch Bridges, journal of the Institution of Structural 
Engineers, Vol. 66, No. 5, March 1988, pp. 77-84. 

7. Harvey, W. J . Stability, Strength, Elasticity and Thrust 
Lines in Masonry Structures, journal of the Institution of 
Structural Engineers, Vol. 69, No. 9, May 1991, pp. 181-
184. 

8. Crisfield, M. A. A Finite Element Computer Program for 
the Analysis of Masonry Arches. Report L R U 15. Trans­
port & Road Research Laboratory, Crowthorne, Berk­
shire, England, 1984. 

9. Bridle, R. J . and T. C. Hughes. An Energy Method for 
Bridge Analysis. Discussion. Proceedings of the Institution 
of Civil Engineers, Part 2, Vol. 89, Sept. 1990, pp. 617-
630. 

APPENDIX 

MEXE Method 

The M E X E approach began w i t h a series o f assump­
tions. The arch is assumed to be parabolic to ease the 
calculations, i t is assumed to be elastic bu t supported 
o n pins, the span/rise ra t io is assumed to be 4 , and the 
ra t io o f r i ng thickness to fill depth is assumed to be 1. 
A l l loads are assumed to act vert ical ly on the arch. The 
live load is a t w i n axle placed centrally. W i t h this layout 
a f o r m u l a can be w r i t t e n f o r the value o f live load axle 
that w i l l produce a compressive stress o f 200 lb/ in .^ or 
1.4 M P a at the c r o w n . This calculated stress was f o u n d 
empir ica l ly to correspond to the first crack i n a series 
o f real arches tested i n Br i t a in i n the 1930s and 1950s. 
The approach therefore takes empir ica l account o f such 
factors as load d i s t r ibu t ion and s t i f fen ing o f the arch 
by the spandrels. For ease of use a n o m o g r a m (Figure 
11) was produced, relieving m i l i t a r y engineers w o r k i n g 
under stress f r o m the need to carry ou t calculations. 

Clearly, arches are no t a l l parabolic , nor do they a l l 
have a span/rise ra t io o f 4 or equal depths o f r i ng and 
fill. M o d i f i c a t i o n factors were computed to take ac­
count o f each o f these changes. I t is w o r t h no t ing that 
however the factors were computed, they are demon­
strably w r o n g since the shape factor indicates the para-
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F I G U R E 11 Nomogram for determining provisional 
axle loading of masonry arch bridges before factoring. 

bolic shape to be the best, whereas f o r a typica l real 
arch w i t h realistic soil pressures, the best shape w i l l 
vary considerably w i t h the span and rise. There are ad­
d i t iona l factors to take account o f the strength and s t i f f ­
ness effects o f d i f fe ren t materials, a lost section as a 
result o f loss o f mor ta r i n the joints , and finally, a gen­
eral cond i t i on fac tor f o r the bridge. The cond i t ion fac­
tor is entirely a matter o f judgment , a l though guidance 
is p rov ided i n the Depar tment o f Transport standard by 
the use o f photographs. There is no ind ica t ion o f h o w 
the factors were actually derived, nor is there any evi­
dence that the loss o f capacity indicated has been 
checked against test results. The nomogram f o r the var­
ious factors is presented below. 

Computerized Pippard-MEXE Method 

The computer ized P i p p a r d - M E X E method is essentially 
a modernized basic M E X E method. The arch is d iv ided 
in to a number o f segments and is analyzed as a r i g i d 
jo in ted f rame w i t h p inned supports. A l l loads are as­
sumed to be vert ical and concentrated at the nodes, but 
the true shape o f the arch and the correct loading can 
be used. Despite these improvements the method re­
mains empir ica l since i t is recognized that the analytical 
model does not represent the real behavior o f the arch. 




