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AB STRACT Tu find uut the extent tu which s ume masunry bridges must be adapted fur 
the new luading cunditiuns, the mJst impurtant step is cuncerned with 
the safety uf tall huled piers . This pape r desc ribes a mathematical 
mudeI that succeeds in explaining the causes uf the systematic cracking 
aruund the upenings . Furthermure, s uitable methuds tu study the uverall 
s tabilit y uf the piers and their dynamic behaviuur are present ed. 
Finally, guidelines fur re s turat iun are gi ven. 

1. INTRoDUCT IoN 

The regiunal railway netwurk serving the district tu the nurth and w2s t uf Milan 
was fir st built at the end uf the last centur y. Depending un their lucatiuns, 
the bridges were ma de eithe r entirely uf bricks ur else, when stune masunr y was 
used fur the pi e r s , with brickwurk unl y fur the arches . 
Heavi e r and fast er trains made it nec essary tu mudernize and strengthen the se 
lines , and this in turn implied and ex tensive s urvey intu the needs uf impruving 
the bridges su that they cuuld safely cupe with t he changed se rvice luads . 
The ta ll er and, fur t hat pe riud, mur e advanced bridges ( i.e. fur these purpuses 
with piers uf at least 30 m in height ) alI cuntained a platfurm halfwa y up as an 
ins pect iun catwalk (mainly fur military purpuses , see figo 1) . Thi s means that 
these pi ers cuntain upenings that invulve stress cuncentratiuns . 
Tu find uut the extent tu which these bridges wuuld adequate fur the new luading 
situatiun, and tu see huw much resturatiun and/ur impruvement may be needed, 
certain steps have tu be taken : 

- data must be ubtained un the mechanical characteristics and state uf 
degradat iun uf the mas unr y (whethe r bricks ur stunewurk [1], [2] ) , and un the 
pruper ties uf the fuundatiun suils; 
the ca uses uf sys tematic cracking aruund the upenings uf the pi e rs must be 
established, in urder tu prevent this uccurrlng in the future, after 
resturatiun; 

- st ructural analys i s must be carried uut un the variuus cumpunent member s 
(arches , pie r s , abutments, fuund at iuns) tu determine the ir safety l eve I and tu 
assess the need fur any additiunal measures tu increase the s trength uf the 
mas unr y ur the cruss-sec tiuns uf the pi ers. 

It is abuve alI the structural analysis uf the hul ed pier s that r equires the mu st 
att entiun. This has tu be deve luped in three steps : 

evaluatiun uf the stress cuncentratiun aruund the upenings (as an aspect uf 
lucal safety tu prevent cracking, see figo 2); 

- assessment uf uverall stability; 
- dynamic respunse uf the system tu hunting ur earthquake induced excitatiun. 

Wurk un each uf these steps can be greatly facilitated by the use uf pruper 
ideali zati uns uf the stress - strain relatiuns hip and by the chuice uf suitable 
techniques tu cunvert the actual 3-D r ea lity uf the pi ers intu 2-D cumputer 
cudes . 
Thi s l eads tu cunsiderabl e sav ing in cumputer time, and seems wurth further 
exp l anatiun tu underline its uperatiunal s implici t y . 
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2. STRESS CONCENTRATIONS 

The systematic presence uf cracking aruund the upenings makes it r easunable tu 
presume that t here is a st rict causa l relatiunship between t he cracks, the 
upenings in the piers and t he cunstraints exerted by t he catwalk. 
A first cl ue un t he cause uf cracking is tu be fuund in the well knuwn studies un 
stress cunc ent ratiuns aruund a hul e due tu plane states uf stress in the linear 
range [3], [4], [ 5J. Tu be precise, the results uf these st udies cannu t be 
direc tly ex t ended tu uwn particular case, because uf t he furm uf the upening and 
t he particul ar nat ure uf t he material (practically strengthl ess in tensiun ) . 
Huwever, the limitatiuns are nut as dec i sive as they migh t seem tu be at first 
s ight , si nce the main pu rpuse uf thi s preliminary investigatiun is tu ubserve the 
creatiun uf tensile st r esses whi ch the material cannut cupe with and that lead tu 
cracking. Su it seems reasunabl e tu make use uf a mudeI uf material with li near 
behaviuur pruvided that, as i n this case, t he ratiu between the maximum 
cump ress ive stresses and t he stress at cullapse is nut greater than 1/10. 
As a cunsequence, it seems that the maximum hur izuntal tensile stresses, great 
enuugh tu i nduce vertical cracki ng, are cunfi ned tu the areas uf masunry 
immediately abuve un beluw t he upening. 
In reality, huwe ver, thi s dues nu t happen . Thi s may be due tu twu facturs: 
the width and t hickness uf the piers are cumparable tu each uther, and 
already cunstitutes a limitatiun un the plane appruach ; b) t he presence uf 
braci ng arches impuses, in the area under the upening, buundary cunditiuns 
in f act make the prublem three dimensiunal. 

a) 
this 
flat 
that 

Thr ee dimensiunal s ulu tiuns 1n clused furm [6J are nut suitable fur this 
particular case, fur t wu reasuns . First, because they in truduce analytical 
difficulties t hat are practically insuperable; secund, because t he effects uf 
t he third dimens iun unly becume nuticeable fur high values uf V ( Pui ssun' s 
ratiu ) , and this dues nut arise fur s tune masunry, fur whi ch 0.05 < v <0 .1. 
For alI the reasuns pu t furward earlier , but alsu tu avuid the excess ive 
cumputatiuns i nvulv ed in a 3-D analysis that wuuld nu t be j ustifi able fur present 
purpuses , it seemed suitable, and suffici ently representative uf the s tructural 
cumpl exity in ques tiun, tu car r y uut a numerical anal ysis by finite e lements uf a 
2-D mude I able tu simul ate lucall y t he cunstraints due tu the flat bracing 
arches . 
The numer ical mudeI refers tu the l ength uf pier that i ncludes the upening, as 
illustrated in figo 2. This chuice dues nu t imply any t hi ckening uf the mesh in 
individual zunes cl use tu t he upening, because there was nu particular reasun in 
this case tu investigate the t ens ile stress gradi ent s and the ir cunsequent 
ma ximum val ues, gi ven the already mentiuned characteristics uf stune masunr y. 
Each prucess ing tuuk 60 " in t e rms uf CPU time . 
Only a unifurml y distributed vertical luad was cunside red, fur the fu ll uwing 
r easuns . 
Dead luads preva il uver live luads in this case . 
Huri zunt a l fur ces due tu wind and huntinig, even thuugh in cumbinatiun and 
prese nt up tu their maX1m1m l e veI, du nut initiate vertical t ensile stresses . 
Besides this, t he y are r e l at ively sma ll cumpared tu the verti cal luads , in 
perc entage, and s u du nut cause s ignificant variatiun~ frrnn the unifurm 
distributiun. 
In agreement with the De St.Venant pustul ate , the luaded cruss-sectiun is 
sufficiently far frum the tup uf the pier, and its di stance frum the tup uf the 
upening is greater than the width uf the upening itself. 
The numerical analysis used the SAP V2 cumputer cude fur a plane state uf st r ess . 
This i s unl y exactly satisfied when the materi a l shuws V ~ O. Huwever , it is 
reasunable tu assume that fur v ~ 0.05 the appruximatiun is s till acceptable. 
In fact, as shuwn in [6J fur a paralle lepiped crussed by a circular hule, the 
max imum stress in the t hird direc tiun (z) are very mude s t, and anyway 
0z max / p ~ 0 . 1 fur v = 0 .05 . 
AlI t hat is required, and it is quite reasunabl e in the present case, l S tu 
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interpret t he 
dimensiun. 

stune ma sunry as material with a Puissun ratiu v ~ O in the third z 

The flat braeing arehes, whieh pruvide the eunstrai nt s agai nst displaeements in 
direetiun y , is simul ated by attributi ng unly tu the mate rial in the area uf the 
springe r s, urthutrupie behaviuur eharaete rised by an idea l elastie mudulu s E 
mueh greater than Ex' the latter being the va lue assumed fur the masunry uf th~ 
pier . In fae t the presenee uf the areh gives a high degree uf extens i unal 
stiffness tu the masunry element s a ruund the spri ngers. 
Nu precise experimental data is available un the value tu be attrlbuted the Ey 
mudulus uf ideal material with greater st iffness . 5u a se ries uf calculatiuns 
we r e carried uut with 10, 20, 40, 100 as the assumed values fur the r at iu 
E / Ex' in urde r tu have sume bas i s fur judging what influence variatiuns in 
t~is r a tiu might have un the s tress state, and partieu l arly un the distribu tiun 
and s i ze uf the tensile stresses . 
In each case the numerical analysis cunfirms the presenee uf huri zuntal tensile 
stresses alung a guud part uf the length which is in fact damaged in the pi er . 
Variatiuns in the ratiu exert unl y a mudest influenee un the extent uf the 
tens il e zune and t he si ze uf the ma ximum tensile stresses . 
Fig . 3, illustrates twu uf t he 0y ( x ) st ress distri butiuns that lead tu damage 
in the masunr y . The amuunt uf this damage, even in the part which in the mudeI 
is s ubj ected tu cumpressiv e s tresses , s huuld be nu s urpri se . In fact, even a 
rel a ti vely shurt crack will change the mudeI. 5u even withuut any specific 
ana l ysis it i s e lear huw the crack, une e i t has started, can prupagate as in the 
pler. 
Fig. 3 alsu shuws the variatiun in directiun y uf stresses 0x at the hei ght uf 
the springing line . They are practically independent uf ratiu Ey / Ex As was 
tu be expected, the ratiu between the values uf t he stresses 0x un the fibre s at 
the twu ends is very cluse tu three . 
The results uverall shuw that the mathematical mudeI prupused here lS 
sufficiently representative uf the real cumplex structure and is able tu shuw the 
causes uf craeking as suun as the ratiu Ey 1Ex rises abuve 10. 
It ma y be uf sume cunfurt tu nute that abuve this limit the su lu tiun is little 
influenced by variatiuns in Ey 1Ex Thi s means that the indeterminacy uf this 
ratiu, which can never be eliminate, dues nut invalidate the mudeI in questiun. 

3 . 5TABILI TY DF PIER5 

Any dec isiun abuut the structural safety uf the piers must alsu be based un a 
study uf t heir stability . In that sense the catwalks at t he tup and half way up 
the piers cunstitute very st iff lungitudinal cunstraints. Because uf the 
effective s l enderness values unly transversal dispacements ar e tu be feared . The 
catwalks are in fact rather cumpliant cunst raint s aga inst transversal 
displacement, and as suc h are difficult tu define . Huwever , they du uffer sume 
mudest cuntributiun which, as it lS un the s ide uf safe t y, will here be 
negl ected. 
The presence uf the hul es is uf nu great impurtanee fur present purpuses , giv en 
their pusitiun _ (fig . 1, 2) . Wh en the entire cruss-sectiun reacting, the ratiu 
between the s pan uf the upen i ng and the larger side uf t he cruss- seetiun is neve r 
greater than 0 . 2, su that the reductiun in inertia is l ess than 1%. 
Tu s um up , given these cunditiuns the analysis can be perfurmed un a pier mudeI 
uf variable cruss-sectiun, with nu upenings and s ubject tu its dead weight and a 
luad P acting with knuwn eccentric ity e at the tup. When nu specifie dynamic 
analysis is required (see the fulluwing 5ect . 3) , the real cunstituti ve l aw uf 
the material (o - E) , whi ch i n fact is nun linear, must be substituted with the 
ideal law uf elastie- brittle material. As 5ahlin suggests, the E mudulus lS 
given the average value between the tangent at the urigin and the secant at 
failure [7]. 
As the dead weight must alsu be taken intu accuunt, the indefinite equilibrium 
equatiun has tu be expressed in terms uf s hear [8]. The resulting differential 
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equation has the form: 

y'" + [P+qX(1H.X)]y'/[EJ(x)] = o 

in which the superscript indicates the order of derivation of the displacement 
function y(x), J (x ) is the moment of inertia of the variable section, q is the 
weight per unit of length referring to the top section and r= (ho-h) /( 21h ) with 1 
the height of the pier. The depth of the cross-section at the top of the pier is 
h, and at the foot ho. 
Equation (1) must satisfy the following boundary conditions : 

y(O) = k y' (O) = O y' , (1) = Pe/ (EJ) , where k = O 
ho)/4 for cracked cross-section. 

for undamaged 
cross-section and k = (6 e o 

The differential formulation of the problem is entirely general. The value of 
J(x) must obviously refer to the effective reacting section . 
To integrate (1) it is convenient to use the method of finite differences. The 
resulting system of algebraic equations can be summarised in the form 

[A] {y} = {b}. (2) 

Here [A] and {b} are, respectively, the square matrix of order n (with n the 
number of elements, of length a, into which the structure has been sub-divided ), 
and the column-vector of the n known terms: 

c
1 

-1 O O O O -------------------------------------

-c O c
2 -1 O O O -------------------------------------2 

1 -c O c
3 

-1 O O -------------------------------------3 

O 1 -c O c
4 

-1 O -------------------------------------4 

----------------------------- O -c O 
n-3 

----------------------------- O O 1 c 
n-2 

----------------------------- O O d d 
n-3 n-2 

in which c. = a2 [p + q.i.a.(1+r.i.a.)]/(EJ ) + 2 and also 
1 

c 
n-3 

d 
n-1 

d = 2/ 3 - (1/ 12) c . 
n-3 n' d 2 = ( 1/ 2 ) c -4; d = 8 - (7/ 4 ) c 

n- n n-1 n 

d = (4/3) c 14/3 . 
n n 

The elements of the column-vector {b} are : 

b
1 

= c k ; b
2 

= -k ; b
3 

= O ....... b
n

_
2 

= O 

b = Pe/EJ 
n-1 

b = -Pe (c + 4 )/( 4EJ ) . 
n n 

The coe ffici ent of the last row of matri x [A] were obtained 
method of "backward di fferen ces", which fa c il itates the 
particularl y diff icult problem of odd order differential 
processing the probl em alI differ ences higher than the 
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negl ected. 
There are simple modifications to be introduced should it be necessary to know 
the response of the s ys tem to horizontal forces which, in cumpliance with the 
codes , translate wind and hunting effects in static terms. In that case equatiun 
(1) woul d become non h omog~neous, with ubviuus variations in defining the 
elements uf vector {b}. In any case, the differential problem is brought back to 
a non homogeneous algeb raic s ystem of linear equations. 
It is worth noti ng that with the conditions e=O and k=O thi s system becumes 
homogeneuus, and its solution depends on determining eigen-value, which is 
t ypical of class ical instability problems. 
The following process was adopted tu establish the value of the criticaI load. 
For an assigned eccentricity value e at the top, the load P is increased, and for 
cross -sect ion length the eccentricity of the vertical forces is determined 
through the ratio EJ (x)y "/ N(x). In this way it is possible to redefine the 
section which is actually reacting and correct, as necessary, its geometrical 
characteristics. Iteration of the process can be continued up to the desired 
degree of appro ximation. 
The stationary puint un the load-displacement curve supplies P 
For piers of modes t slenderness, it ma y be the condition a = ac (reached at the 
point under greatest stress ) which signals collapse. This is in fact, the way 
that the bridge piers of figo 1 behave. However, their service load is very 
confortably on the safe side. 

3. DYNAMIC BEHAVIOUR 

Once aga in, for the same sort of reasons 
stability, mos t importance will be given 
displacements occur out of the mean plane of 
live loads . 

as in the preceding section on 
to the study of piers when the 

the bridge, and in the absence of 

First of alI a modal anal ys is of the piers was carried out, with the help of a 
suitab l e F.E. computer code, in order to find the periods and modal shapes. For 
thi s purpose it is essenti a l to know the value of the Eo modulus corresponding to 
the tangent at the origin of the stress-strain curve (a - € ) of the masonry. 
For old constructions it is difficult make reliable estimates of this value . 
However, useful information on the possi ble interval of variations in the period 
T as a function of Eo can be obtained from the well known formula [9J 

which can also be satisfactorily applied to piers of 
cross-sect i on. 
A st ud y of the result s concern ing the central bridge piers 
r e l a tive openings (f ig. 2 ) , with or without the hori zontal 
by the catwa l ks, l eads to the foll owi ng conc lusions : 

(3) 

sI ightly varying 

of f ig o 1 and the 
constrai nt s provided 

the presenc e of th~ upenings has no great influence on the definition of the 
per iods and moda l s hapes ; 

- the prese nce of the ho r i zon tal constra in ts , by adding cons iderab l y to the mass 
of the system , l eads to a significant increase in the natural period, which 
rises from 0.64 t o 0.72 secs.; 

- e xpression (3) i s a reliable instrument fo r establishing the T (Eo ) r e l a­
tionsh ip. 

Still today the Italian codes specify no particular methods for the seismic 
checking of masonr y str uctures . 
Ass uming a damp ing coefficient of 5% for the ma sonry, a survey of the r esponse 
spectra of accelerograms from some of the classical earthquakes in seismic 
engineer i ng sho~ls that the seismic coeff i cient envisaged by It alian regulations 
may be in suff i cient in the interval 0.3 < T < 0.6 secs . 
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The attention of engineers is directed towards t h is result when having to deal 
with the seismic checking of piers through the method based on defining a seismic 
coefficient. 
The next step was the dynamic analysis, non linear in geometrical and 
cons titutive laws, by means of t he computer code ADINA [10J. It was assumed that 
t he stress-strain cur ve (o - €) of the masonry was qual itat ively similar t o the 
so-called concrete model [11J. The tensile strength was taken to be 0.05 MPa, a 
reasonable value for decaying masonry. The failur e domain of the masonry is 
based on the work of Kupfer [11J and Page [12J. Df course, when t he ADI NA code 
is used, the stud y of pier stability s hould ignore t he method proposed here in 
sect. 2. The dynamic ana l ys i s used a step-by- step method , and appli ed a 
sinusoid31 t ype of acce l erogram to the soil, with an a~plitude that also varied 
sinusoidall y. The maximum acce l eration was about 0.2 g. 
The model of t he pier has 2-D solid elements with 4 nodal points of suitable 
t hi ckness. The effect of the catwalks is simulated by "beam element s " able to 
represent the actual stiffne3s of the catwal ks . 
Comp arisons were made tu decide what influence the opening 3 had on the dynamic 
response of the piers with horizontal constraints. Th2 results s ho'Ned that: 

the local stress state around the opening ( fig. 2) undergoes significant 
variatio,s that must be carefully taken into account for practical purpose3; 

- the hori zontal displa cements s how ~o signifi cant variatio,s everywhere . 

A com parison between situations with and without constraints brings to light a 
considerab l e differenc2 in the respo,se . In particular, it is wo rth u,derli ning 
that the maximum dif f erence in terms of di s placements i s about 5~%. This s hows 
hJw important it i s to include the catwalks in the analysi s . Another effective 
method to do t his in through a mudeI based o, the so-called "boundary elements". 

4 . CONCLUSIONS 

Thi s 3tudy has c l ear ly show~ the need tu r epai r the d3maged areas of the piers. 
It i s essential tu restore the struc t ural continuity endang ered by the vertical 
crasks ( fig. 2) by injecting them with =ement mortar, w~i ch waul d satisfy a 
numbe r of requirements . Greater durability is conferred on the structure, 
undesirable stre3s states due to environmental conditions may be prevented , 
greater strength is given to the ma teria l and the original cross-sections are 
restored. 
HJwever, it is a l so reasonable to b2 exp9cted that the damag e may arise again, 
under normal service conditions. So it is evidently necessary to protect the 
threate~ed areas from tensile stresses by applying an equilibrat ed system of 
hori zontal forces above and be low the openings strong enough to replace to 
tensile stresses with a limited leveI of compressive ones . 
Thi s would serve three purposes: 

- it would offer precautions against the inevitably approximate results from the 
numerical analysis which depend on the model used and on the notorious ly 
uncertain mechanical characteristics of masonry; 

- it wauld give local improvement to the str ength of the material in the presence 
of compressive st r esses in the two main directions of the pl ane model, in the 
same way as for concrete [11J; 

- it wauld 9ns ure conformity be tween the r ea l structure and the mudeI used to 
s tudy o~erall stability and dynamic behaviour. 

These ajditional h'Jrizo,tal compressive stresses are achieved by a two-by-two 
s ystem a f steel beams tig~tened with a, impact spann9r t o provide the correct 
pre3tressing in the masonry. This too was simulated in the numerical analysis 
figo 4 shows t he distribution of stress 0y ,which are e ve rywhere compressive, 
in the previously damaged position. The position and number of the hor izontal 
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furces applied d?pend un the need to spread the effect uf pre2umpressiun and 
limit the maximum values uf 0y . 
The nJmer ical a.alysis alsu demJnstrated that, as was tu be expected, the values 
uf 0x changed hardly at alI . 
There are alsu evident cumputatiunal advantages tu be ubtained by translating, 
with suitable expedients, the 3-D reality uf the cunstructiun intu simpler 
computer codes that make use uf 2-D 2lements . When necessary ( if the particular 
aspect uf the prublem permits it ) the real stress- strain curve (o - s ) uf the uld 
masunry, which is generally su unreliable, can be interpreted as a straight line. 
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Fi g . 3 Stress di s tributions depend i ng 
on Ey/Ex rat io 
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Fig . 4 Distribution of hor i zontal 
s tresse s af t e r prestres sing 


