
1 INTRODUCTION  

The study of arches is usually based on limit anal-
ysis that permits the determination of the safety fac-
tor related to the most probable collapse mechanism 
induced by the external loads.  
The analysis of the collapse mechanisms is strongly 
related with the determination of the possible confi-
gurations of the funicular polygon. 
In the last centuries many researches have been de-
veloped on the static behavior of arches, recently 
summarized  by J. Heyman. 

The limit analysis “safe theorem” states that if a 
thrust line can be found, which is in equilibrium 
with the external loads (including self weight) and 
lies everywhere within the thickness of the arch, 
then the arch is safe. 

The ultimate compressive stress of the material is 
not really the critical problem and, for this reason, its 
determination can be avoided, except in case of 
strong chemical or physical deterioration of the ma-
terial. In most cases, in fact, the collapse of the arch 
is due to a global mechanism, not a local fault.  

 

 
This statement has been broadly supported by 

numerical and experimental evidence: the load that 
corresponds to the material collapse is usually much 
higher than the one that causes the collapse mechan-
ism of the structure. 

In most cases, also the drift between the blocks 
does not occur, since usually the thrust line exceeds 
the arch ring domain before the combination of axial 
and shear loads exceeds the local friction cone. 

Therefore, the crisis of the arch is mainly due to 
the formation of plastic hinges, that are alternate at 
the extrados and at the intrados of the arch itself. 

The main possible collapse mechanisms of an 
arch are two: the first one involves the abutments; 
the second one concerns the arch itself, once the ab-
utments remain fixed. 

 
The overturning (or the horizontal translation) of 

the abutment is governed by the thrust that acts on 
the abutment. In the illustrated case, the resultant of 
the forces in the right abutment goes outside from 
the cross-section and a rotation occurs, generating 
the collapse of the arch (Figure 1). 
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Figure 1. Funicular polygon of an arch (A.Giuffrè, 1992). 

 
In the second collapse mechanism, the thrust line 

is safe in terms of horizontal loads, but in various 
points it is tangent to the extrados or the intrados of  
the arch. Increasing the loads, a failure mechanism 
will occur with the formation of, at least, four plastic 
hinges. 

Four plastic hinges will form in  a non-symmetric 
case (Figure 2), while in a symmetric case five 
hinges will take form.  

   
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Non–symmetric or symmetric loads cause the forma-
tion of four or five plastic hinges in an arch (Heyman 1966). 

2 THE  “RAM”- REINFORCED ARCH METHOD 

In masonry arches the formation of plastic hinges 
give rise to cracks in the intrados or the extrados 
side of the arch. 

If it were possible to prevent the formation of at 
least one plastic hinge among the two families (ei-
ther of intrados or extrados ones) the failure of the 
arch could not occur. 

In fact, a three-pin arch is a satisfactory, statically 
determinate, structural form and, as a consequence, 
the funicular polygon related to a given distribution 
of load is unique. 

A possible solution to avoid the formation of 
hinges is the use of a distributed reinforcement, ap-

plied to the extrados or the intrados of the arch. It is 
possible to use FRP or steel reinforcing bars, able to 
resist in tension. 

It is important to add that if post-tensioned cables 
are adopted (working as an “active” system), a radial 
distribution of forces is immediately applied to the 
arch. This new load distribution induces an axial 
compression between the blocks and, as a conse-
quence, the thrust line is re-centered. 

The main purpose of the “RAM” Method is to 
modify the distribution of loads acting on the arch so 
that the combination of the old loads plus the new 
loads get be the “right one” for the given and known 
geometry of the arch. 

As shown by experiments and calculations, the 
proposed technique achieves results that are equiva-
lent, in many cases even better, than the ones ob-
tained with the more traditional (but much more in-
vading) method that consists in a “passive” concrete 
layer, poured over the arch, at the extrados. 

Using the RAM method, the additional reinforc-
ing elements (i.e. the cables) do not interfere with 
the in situ masonry material and respect the original 
structural behaviour of the existing bridge. 

 
 
 
 
 
 
 
 

 
Figure 3. Interaction forces between the cable (in tension) and 
the arch (in compression) when a post-tensioned cable is 
placed at the extrados (A) or at the intrados (B). 

 

2.1 Experimental tests 

Large scale experimental tests have been con-
ducted to measure the improvement of safety ob-
tained with the adoption of RAM Method. Several 
tests were undertaken by the author in which the 
arches have been subjected either to vertical loads or 
to horizontal-seismic loads. 

The experimental tests showed that it is possible 
to increase the ultimate load of the arch, even pre-
serving reversibility in the consolidation procedure 
and respecting the original static building concept. 
No additional weight is needed (that is a relevant 
factor in seismic areas) and no modification of shape 
is requested. The applied confining actions can be 
calibrated where and how it is necessary. 

The first experimental campaign was conducted 
in 1996, when twelve brick masonry arch specimens, 
200 cm span and 12 cm thick, were built and tested 
to collapse.  
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Figure 4. Experimental tests on masonry arches (Jurina, Cultre-
ri, Savoldelli, 1996). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        

 
 

Table 1.  Experimental results showing the Reinforced Arch 

Method compared with other methods (Jurina, Cultreri, Savol-

delli, 1996).  
 

Four cases were compared:  
- 3 plane arch specimens (1);  
- 3 arch specimens strengthened with a 5 centimeter 
layer of extrados reinforced concrete, connected 
with the masonry (2);  
- 3 arch specimens strengthened by a layer of extra-
dos reinforced concrete, with no connectors between 
masonry and concrete (3);  
- 3 arch specimens strengthened with a pair of un-
bonded steel cables, placed at the extrados and post-
tensioned, i.e. the RAM Method (4). 

The test results are summarized in Table 1, with 
reference to a quarter-span vertical point load. They 
show a strong increase of the ultimate load in all the 
consolidated arches, if compared to the plain unrein-
forced arches.  

In the case of arches consolidated with extrados 
cables, both the limit resistance and the ductility of 
the arch system were strongly increased by applying  
tension to the confining  cables. The last two rows of 
Table 1 show the beneficial effect of introducing  
higher and higher tension in the cables. 

In confrontation with the other two traditional 
systems which make use of concrete layers, the 
RAM reinforced arches show a higher ductility and 
a lower residual inelastic deformation when dis-
charged. 

In case of vertical concentrated loads, the in-
crease of load capacity of the arch reached at least 
800% in presence of  RAM. 

In the years 2008-2009 a second experimental 
campaign was conducted by the author applying ver-
tical loads in different positions of RAM reinforced 
arches. 

Seven different shapes of arch were investigated 
up to collapse, for a total amount of 400 arch speci-
mens, comparing the behavior of plane arches and 
arches reinforced with RAM Method. 

 
 
 
 
 
 
 
 
 
 
 

Figure 5. Four hinges collapse mechanism of  a model arch un-
der a concentrated vertical load, reinforced with RAM cables at 
the extrados. (Jurina - Giglio, 2008) 

 
Experimental and numerical results showed a li-

near relationship between the load multiplier factor 
µ and the tension force N applied to the cables. (Fig-
ure 6) 

Not only the limit load capacity is increased by 
the Reinforced Arch Method, but also a strong in-
crease in  ductility was detected.  
 

 
 
 
 
 
 
 
 
 
 
 

 
     
 
Figure 6. Linear relation between the collapse load multiplier 
factor µ for vertical loads and the tension force N in the cable. 

 
A third experimental campaign was conducted in 

2011 in order to evaluate the effect of the RAM Me-
thod in case of horizontal loads simulating seismic 
loads. (Figure 7) 



The tests showed that, even in this case, the RAM 
technique induces an high increase of the collapse 
load. 

With the application of the RAM Method it is 
possible to obtain not only a seismic improvement of 
the structure, but, in some cases, even a seismic ad-
justment according to the current Standards.  

By means of the limit analysis kinematic theorem 
it was easy to check the increase of the ultimate load 
capacity of the structure when the post-tension force 
applied to the cable was modified.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Arches under horizontal applied loads: experimental 
tests (Jurina – Bonfigliuoli 2011). 
 

In the following some numerical and experimen-
tal results are presented, concerning the case of  
“circular arch” and the case of “depressed arch”. 

In this second case, the central part presents a 
dangerous inverted curvature. (see Figure 7 and 8) 

The “depressed arch” case is not frequently de-
scribed in literature, even if it often appears in his-
torical buildings.  

 

 
 

Figure 8. Geometry of the depressed arch tested during the ex-
perimental campaign. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 9. Depressed arch: seismic tests with 4 point loads ap-
plied. Collapse load Pc is a linear function of the tensile force 
in the cable N (either positioned at extrados or intrados) 

 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
Figure 10. Collapse test with 4 point loads applied on arches of 
five different shapes. Collapse load Pc is a linear function of the 
tensile force in the cable N for all the different geometries. 

 

A strong increase of the collapse load (seismic – 

horizontal load), was experimentally detected with 

respect to plain arches. The relationship between the 

collapse load and the post-tension applied to the ca-

ble is almost linear. This result was obtained both 

with extrados or intrados cables for all the five dif-

ferent shapes of arch tested. (Figure 10 and Figure 

11) 

In Table 2 it can be observed that the increase of 

limit load capacity for horizontal loads ranges from 

200%, with low tension applied to the cables, to 

about  1400%, with high tension applied.  

Of course, in case of high post-tension forces it is 

worth to check that the induced compression does 

not exceed the compressive resistance of the materi-

al itself. 

   

 

 
 
 
 
 



 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Table 2.  Increment of collapse horizontal  load and position of 
plastic hinges as a function of the tensile force N in the cables. 

 

During the experimental campaign the obtained 

results were checked with calculations based on the 

Virtual Work Principle. In addition to the work done 

by the vertical loads, in “method 1” the virtual work 

considered the sum of product between the radial 

loads applied from the cable to the arch and its dis-

placements. In “method 2” the calculated work is be-

tween the moment and the rotation evaluated in the 

position of the plastic hinges. 

 

 

 

 

 

 

 

 

 

 

 

 
 Figure 11. Full circular arch: comparison between calculated l 
and experimental collapse load Pc , function of the tensile force 
in the cable N (cables positioned at extrados). 

 
 

 
 
 
 
 
 
 
 
  
 
 
 

 
 
 

Table 3.  Full circular arch: comparison between calculated and 
experimental collapse load Pc function of the tensile force in 
the cable N (cables positioned either at extrados or intrados). 

In order to obtain the minimum collapse load 

Pc,min, the VWP was applied for different collapse 

shapes. 
The average difference between calculated and  

experimental collapse loads ranges between 7-9% 
with method 1, and between 9-11%, with method 2. 
(Table 3) 

The linear trend Pc,-N obtained during the expe-
rimental tests is also confirmed by the calculated re-
sults. (Figure 11) 

It is important to remember that among the ad-
vantages of RAM Method, the increment of ductility 
represents a relevant characteristic. The possibility 
that a masonry arch resists horizontal loads, even if  
damaged, is strictly related to energy dissipation. 

Every structure starts to dissipate in post-elastic 
field and as the masonry arch approaches the col-
lapse mechanism, plastic permanent deformations 
are induced. 

During the experimental tests, horizontal and ver-
tical displacements of the arches have been meas-
ured comparing frames taken during the experiment 
(i.e. the initial geometry “A” and the geometry near 
the collapse  “B”). 

Results are reported in Figure 12, as a function of 
the seismic collapse acceleration. 

The RAM Method helps to increase the deforma-
tion capacity of the structure. It has to be focused, in 
fact, that ductility increases with the tension N ap-
plied to the cable. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Full circular arch: maximum vertical and horizontal 
displacements measured immediately before the collapse 
(cables positioned at intrados). 

3 THE “RAM” METHOD APPLIED IN THE 
CONSOLIDATION OF MASONRY BRIDGES 

After having described the principles of the Rein-
forced Arch Method, it’s worth to illustrate its appli-
cation in the consolidation of masonry bridges. 

The first case is a XIV century pedestrian bridge 
in Sogliano al Rubicone – Italy. (Figure 13) 

 



The stone bridge was in a very critical static con-
dition due to the partial collapse of the masonry 
spandrels that affected the overall structure. 

The cross-section was extremely compromised, 
especially in the fill and king-stone zones. The ma-
sonry texture was disconnected and it lost almost en-
tirely its capacity to resist gravity loads. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13a,b,c,d. The masonry bridge of Sogliano al Rubicone, 
before and after the consolidation with RAM Method. 

 

The Romanic bridge of Sogliano could keep its 
safety only thanks to a temporary steel protection 
scaffold. In order to restore the possibility of public 
access and use, a consolidation work was developed, 
that included rebuilding of the crushed zones, injec-
tion and stitching of cracks and restoration of the 
surfaces. 

Thanks to these interventions, the load capacity 
of the bridge was strongly increased. At the date the 
restored geometry, together with the improved me-
chanical strength of the stone masonry permitted the 
bridge to resist the pedestrian loads but not possible 
seismic event, as requested by the National Code. 

For these reasons, in addition to the restoration of 
the masonry texture, the RAM Method was applied. 

Three stainless steel cables were placed at the 
extrados of the bridge, strongly connected to the lat-
eral bedrocks by means of micro-piles, and then 
shortened. 

The post-tension in the cables induces a benefi-
cial compression effect on the arch, closing the 
cracks and compacting the stones of the bridge. 

Thanks to this intervention the load capacity of 
the bridge was increased, not only under gravity 
loads but also under horizontal ones. A seismic im-
provement was obtained either for the axial direction 
and for the cross direction of the bridge. 

This positive effect was proved by a numerical 
analysis conducted on the bridge. (Figure 12)  
The loads applied in the model were: 

- self weight of masonry; 
- self weight of fill; 
- self weight of the crown; 
- distributed loads of the roadway slab; 
- point loads, both vertical and horizontal; 
- seismic loads along the two main directions. 
Static and seismic analysis were performed to 

evaluate the effect of the reinforcement of the arch. 
Results show a seismic adjustment of the bridge, 

thanks to the RAM Method. A satisfactory safety 
factor  C=1,65 >1 was obtained. 

      
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Numerical results: state of stresses in the arch and 
axial force between the blocks subjected to gravity loads.  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
Figure 15. Consolidating interventions on the masonry bridge 
of Sogliano, using the RAM method.  

 
Apart of the extrados cables, other interventions 

were applied to reinforce the bridge and to increase 
the safety factor. 

Seven steel chains were placed to connect the op-
posite spandrels, to avoid any opening of the arch in 
presence of non-symmetric loads. This concept was 
surely well known and adopted also during the orig-
inal construction of the bridge, as some cross timber 
chains were discovered during the restoration. (Fig-
ure 15) 

 
A second case which illustrate the beneficial ef-

fects of the RAM Method is the stone masonry 
bridge over the Strona stream, at Postua (Italy). 

The three span masonry bridge presents a total 
length of 41,25 m and a width of 5,10 m. 

Each span has a length of about 12m and the arch 
section is about 65 cm.  

 
The solution chosen for the consolidation of this 

three spans bridge includes some additional innova-
tive technological aspects involved in the method. 
(Figure 16) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Consolidating interventions proposed for the stone 
masonry bridge of Postua. 

 

The bridge could be consolidated and upgraded to 
resist heavy first category traffic loads simply using 
seven stainless steel cables laid on the extrados and 
tensioned to 3 tons each one. The reinforcing cables 
could be applied by removing just a little amount of 
soil below the road paving and simply drilling di-
agonal holes through the piers. 

By using the virtual work principle an the kine-
matic theorem the collapse load was calculated. 
(Figure 17) 

Numerical results showed that the minimum col-
lapse load corresponds to a point load applied at 
about ¼ of the span of the arch, as expected.  

With the application of the RAM Method a strong 
increase of load capacity and a seismic improvement 
was obtained. 

The collapse point load increased from 8 tons to 
27 tons by applying the seven steel cables on the 
extrados. 
 

 
  

 

 

 

 
Figure 17. Virtual work principle applied to compute the point 
collapse load of the bridge, taking into account the beneficial 
radial forces induced by the post-tensioned cables. 
 
 
CONCLUSIONS 

 
RAM Method represents an innovative technique 
that places itself among the possible solutions for 
consolidating masonry arches and vaults, and, in 
particular, masonry brick or stone arch bridges. 

The basic idea consists in laying one or more 
steel cables on the extrados (or at the intrados) of the 
arch and tensioning it. Thus, a beneficial compres-
sive force is induced between the masonry blocks. 
Several experimental campaigns, on large and small 
scale, have been conducted by the author, analyzing 
different shapes of arches and different load distribu-
tions. 

By comparing numerical and experimental re-
sults, relevant considerations can be underlined in 
terms of load capacity and ductile behavior of the 
reinforced arches. 
The main advantages of RAM Method are: 
- Strong increase of the collapse load and the ductil-
ity under symmetric and non symmetric vertical 
forces, that permits to upgrade old masonry bridge to 
the current design codes; 
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- Seismic improvement of the structure under hori-
zontal loads; 
- Application of an “active” method, immediately 
efficient, as post-tensioned cables are used; 
- Reduction of the invasivity and total reversibility, 
with respect to other methods. The RAM solution 
not only respects the aesthetic of the bridge, but also 
its static; 
- No changes in masses and stiffness; 
- Lightness and simplicity, thanks to the reduced 
size of the added elements;  
- Possibility of easy maintenance, thanks to the use 
of manholes that allow the re-tensioning of the 
cables; 
- Possibility to implement the static behavior, since 
the load capacity of the bridge can be increased by 
increasing the tension in the cables. 

REFERENCES 

 Heyman J., 1966, The stone skeleton” in “International Journal 
of Solids Structures. 

Jurina, L., 1999, Una tecnica di consolidamento attivo per archi 
e volte in muratura, in Int.Symp.on Seismic Performance of 
Built Heritage in Small Historic Centers, Assisi, Italia 

Jurina, L., aprile-maggio 2000, L’Arco armato nel consolida-
mento di archi e volte in muratura, Riv. Recupero e Con-
servazione, De Lettera Editore, Milano, pp. 54-61. 

Giuffrè, A., 1992, La meccanica nell’Architettura, Nuova Italia 
Scientifica, Roma. 

Foraboschi, P. and Siviero, E., 2004, Adeguamento funzionale 
di ponti e viadotti, in Seminario CIAS sul tema: Evoluzione 
sulla sperimentazione per le costruzioni, crociera sul Medi-
terraneo. 

AA.VV., 1999, Manuale per la riabilitazione e la ricostruzione 
postsismica degli edifici, Regione dell’Umbria, Tipografia 
DEI, Roma. 

Mastrodicasa, S., 1992, Dissesti statici delle strutture edilizie, 
Hoepli, Milano  

Briccoli Bati, S., Paradiso, M. and Tempesta, G., 1997, Archi 
in muratura soggetti a carichi e cedimenti delle imposte,   
Costruire in Laterizio, pp.436-443, n.60. 

Fumagalli,C., 1996, Le catene nella progettazione e nel conso-
lidamento strutturale di archi e volte: tecniche e metodi di 
calcolo nell'interazione arco-catena, Tesi di Laurea, Fac. 
Architettura, Politecnico di Milano, rel. L. Jurina 

Cultreri O., Savoldelli G., 1997, Arco armato, Tesi di laurea,  

      Fac.   Architettura, Politecnico di Milano, rel. L.Jurina 

Senini, A., Zanon P., 1999, I ponti storici in muratura. Ade-
guamento a nuove condizioni di esercizio: una modifica so-
stenibile, Tesi di Laurea, Fac. Architettura, Politecnico di 
Milano, rel.  L. Jurina. 

Giglio, S.M., 2008, Consolidamento di archi e volte in muratu-
ra mediante la tecnica dell’arco armato. Approccio speri-
mentale, Tesi di Laurea, Fac. Architettura, Politecnico di 
Milano, rel. L. Jurina. 

Bonfigliuoli, S., 2011, Consolidamento strutturale e antisismi-
co di archi e volte in muratura: una sperimentazione sulla 
tecnica dell'arco armato, Tesi di Laurea, Fac. Architettura, 
Politecnico di Milano, rel. L. Jurina. 

 
 
 


