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Sommario - La progettazione delle strotture murarie soggette ad azi~ 
ni sismiche richiede la disponibilitã di un efficiente strumento 
per la valutazione delle sollecitazioni. Fino ad oggi tale strume~ 
to ê stato identifica to, almeno in Italia e Jugoslavia, nel metodo 
di analisi denominato POR e nel relativo programma di calcolo . 11 
POR d'altronde presenta numerosi punti deboli che possono condurre 
a valutazioni della s!curezza a collasso della struttura murariaer 
rate per eccesso. Nell'articolo viene presentato un procedimentoed 
il relativo programma di calcolo PORFLX che elimina i principa l i ctl 
fetti deI POR. I risultati ottenuti con il PORFLX evidenziano il ca 
rattere fortemente non conservativo di quelli deI POR. 

Summary - Designing rnasonry structures subjected to seismic action s 
requires an efficient tool to evaluate stresses. Till today such 
tool has been identified, at least in Italy and Yugoslavia, in the 
method of analysis named POR and the relevant computer programo On 
the other hand POR has many weak points which can lead to overe s t l 
mations of the safety against collapse of the masonry structure . 
Hereln a procedure of ana1ysis and the relevant computer program 
PORFLX are presented, which el i minate the main faults of POR. The 
results obtained through PORFLX show clearly the strongly non 
conserva tive character of the POR method. 

1. INTRODUCTION 

The violent earthquakes which recently occurred in Europe, par­
ticularly in Yugoslavia and in Italy, have emphasized the existence 
of a great problem, which is social and economical as well as one 
of seismic engineering; this is the problem of the antiseismic 
strengthening of existing bUildings I in particular of IIp0C?r" rnason r y 
buildings. . 

It is indeed sufficient to have a look at the damage which has 
been surveyed in recent earthquakes E 11 to see that the most damaged 
constructlve typologies are the "old ll masonry constructions , i .e. 
the buildings wi th stone masonry walls and wooden or steel horizontal 
structures (floors and roofs) • 

Besides being the most vulnerable, these typologies are of ten 
the most numerous, especially in the oldest and most historically 
significant settlements. For this reason a large number of research 
workers have recently given their attention to masonry buildings, 
and, as a consequence, some procedures of analysis particularly 
oriented to the problem have been developed. 

Besides the most complicated procedures based upon t he fini te 
element method [2,31, which are too expensive to be used in analyses 
of entire buildings, there are approximate methods, s ome of which 
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l2:2J Horizontal strips l2:2J Horizontal strips 

ISS! Wall elements ISS! Wall elements 

1) Seismic aetion parallel or orthogonal to the 1) Seismic aetion parallel or orthogonal to the 
walls walls 

2) Slabs infinitely rigid in their plan 2) Slabs infinitely rigid in their plan 

3) Zero displacement Df the floor'5 centroid 3) Zero displacement of the floor's centroid 
orthogonal to the seismic aetion orthogonal to the seismic aetion. 

4) Pierced wall idealised as an assemblage Df 4) Pierced wall idealised as an assemblage Df 
strips and wall elements. strips and wall elements. 

5) Strips and wall elements idealised as ane-di- 5) Strips and wall elements idealised as ane-di-
mensional elements. mensional elements. 

6) Strips infinitely stiff and infinitely resistant. 6) Strips infinitely stiff but not infinitely resi­
stant in shear and flexure. 

7) Elastic - plastic wall elements with shear failu- 7) Elastic - plastic wall elements with tension, 
re only. compression and shear failure. 

8) Axial force in the wall elements kept always 8) Axial force in the wall elements varying with 
constant. the hOrizontal load. 

a) POR b) Proposed method IPORFLX) 

Fig. 1 . Assumptions of POR method and of the proposed method. 
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(Vet, POR) have been extensively used for repair and strengtheni ng 
work after the 1976 Friuli earthquake [4] . These assume an elastic 
- perfectly plastic constitutive law for the material, with unlimited 
(Vet) or limited (POR) plastic deformations , a static idealization 
for the action, a sheartype behaviour for the structure . Under these 
hypotheses, they evaluate the safety against collapse. 

The procedure of analysis to be presented herein follows such a 
line of operation and is in fact proposed as an improvement on the 
POR method. Such a choice aims at providing an operational tool 
which is more accurate than the POR method but, nevertheless, has 
the sarne simplicity of use and capability of rnaking inexpensive 
analyses of even large - both in plan and in height - buildings. 

2. FORMULATION OF THE METHOD 

Before presenting the proposed method, it seems opportune to 
briefly recaI I the hypotheses on which the POR rnethod is based, in 
order t o make evident the weak points that the proposed method aims 
at rernovingo These hypotheses are synthetically shown in fig o 1a . 

The assumption of infinite stiffness and'strength of the horizontal 
strips determines the shear type behaviour of the wall elernents, so 
that each floor can be analysed separatelyo Everywall elementgives 
a contribution to the overall hor i zontal force which 1s a function 
of its stiffness, of its distance from the centre of stiffness and 
of the distance between the centroid and the centre of stiffness of 
t .he floor. The uI timate horizonta l load 1s calculated by a step - by 
- step pro c edure which, at every step, increases the displacement of 
the centre of s tiffness and updates the stiffness of the wa1l elements 
which are yielding or collapsing and, consequently, the position of 
the centre of stiffness. 

Arnong the listed assumptions, the most questionab1e seems to be 
that of the infinite strength of the strips (6 ) a nd that of on1y one 
kind of fai1ure for the wall eIements (7) o Indeed, the strength of 
the strips is often insufficient (see fig5. 2a,2b) especially because 
of the thinning of the wall over and under the openings of the 
windows, due to the pre5ence of blind boxes, radiators or to parti­
cular constructive arrangements. 

As for the hypo thes is of taking into consideration only shear 
fai1ures for wall elements, even if it is less rough than it might 
appear at first sight, it is however questionable, especia1ly in the 
case of slender wa1l elementsi severa1 examples of fa11ures in 
flexure, indeed , have been observed after strong earthquakes, some­
times accompanied by shear cracks (see figs . 3a, 3b) . 

Finally it must be observed that the POR method neglects the 
changes ofaxial forces in wall elements, which are related to the 
shear - type idealization and wh ich cause changes of shear strength 
(seeeq . (1» . 

The proposed method of analysis is based upon the hypotheses 
listed i n fig o 1bo As can be see, on1y hipothe ses 6, 7,8, differ 
from the c orresponding ones of POR . Keeping hypotheses 1 to 5, even 
though some of them (3,4) are questionable, i5 justified by the 

1090 



Fig. 2a - Failure of strip in shear. 

Fig. 3a -Failure of wall element in flexure. 

Fig. 2b -Fai lure of strip in flexure. 

Fig. 3b -Failure of wall element in shear and 
flexu re. 

\ 
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desire of the writers, whieh is to obtain a method and a eomputer 
prograrn whose frarnework is as elose as pos5ible to that of the POR 
method and the POR programo Thus operating, in faet, the new proe~ 
dure keeps the veloeity an the effieieney of the POR method praeti 
cally unchanged, and the new program is directly obtained from the 
POR program by performing some rnodifications which do not require 
the complete rernaking of the program o On the other hand the proposed 
method gives results whieh are eloser to the real behaviour of 
masonry buildings and more conserva tive than the ones given by POR . 

The features of the procedure of analysis which come from hypo­
theses 1 to 5 can be found in the specific bibliografy of the POR 
method. Herein the consequences produced on the proeedure by 
hypotheses 6 to 8 will be examined in detail. 

Every floor is analysed individually and every wall (see fig o 4) 
is modeled as an equivalent frame with infinitely rig id parts (heavy 
lines) and deforrnable parts (light lines) o In particular the wall 
elements are considered fixed both at their base and on the upper 
strip and their stiffness depends on the current situation of crac~ 
ing during the displacement historYi as soon as the flexural or 
the shear strength of the upper strip i5 attained, the upper eon­
strain of the wall elernent beeomes a "hinge. 

The following constitutive laws are adopted: the rigid - brittle 
law for normal and shear stresses of strips, the elastic - plastic 
law for shear and compressive stresses of wal l elements, and the 
elastic - br ittle law for tensile stresses of wall elements. 

The strength conditions are (Gc,t = compressive, tensile stress): 

T <Ç T k 1 + -:---::-''"::-::-
1 05 Tk 

.(1) uc'; uk 
F Uc 

I utl .; k Tk 

where: 

Tk characteristic value of the shear strength (Tk > O) 
Gk characteristic value of the compressive strength . 
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The strength verifieations of the strips are carried out through 
eqs (2) (s = thickness of wall): 

(2) ! V';; 2rsTk 
Vc 2 

M = -- .;; -sr2 kTk 
2 3 

The shear forces on the strips are evaluated starting from the 
shear forces on wall elements by idealising the entire wall as shown 
in figo 40 The shear Vi on the i th part of the strip (positive if 
clockwise) 15 given by: 

(3) Vi = [O:i5i(di+ri) +"'i+1 5i+1 (di+1+ri+1)J/(2li) 

The axial force Ri on the ith wall elernent (positive if compres­
sive) due to the shear forces Vi is then given by: 

(4) Ri = Vi - Vi-1 
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Fig. 4 - Static scheme of a wall with ope­
ning and Q' • values. 
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a) Unyielded strip 
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Fig. 6 - Depth of the reacting part of the sec­
tion as a function of the eccentricity 
of the axial force (eq. 2). 
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b) Yielded strip 

Fig. 5 - Possible cracking states of the wall elements (the cracked regions are hatched). 
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As for the wall elements, the strength verification in terms of 
shear stresses is carried out through eq. (5): 

(5) S';; bs Tk 1/1 +....:L ~ V 1.5 Tk 
where: 

N 
-.. =-;--'-'--

b s Gk 
The strength verification in terms of normal stresses, i n case of 
tensile force (N < O) 1s satisfied when the whole section 1s reacting; 
i.e. : 

(6) ~.;; + (1 + t) 
where (see figo 5): 

b 
N p= 

bskTk 
~= 

lei 

In case of compressive force (N > O) I the strength verification 1s 
expressed by eq. (7), for an entirely reacting section (~ .;; 1/6 (1 + 
+ 1 /P)), and by eqs. (8), for a partially reacting section : 

(7) ~.;; + (+ -1 ) 

~ ';; 1 / 2 
(8) P';;1/2 

t ;;. - -"+V-,,' + 3-.. (1-2~) 

where: 

(9) t= z/b = P-VP' + 3P (2~-1) 

Conditions (8) are obtained byequating the characteristic values of 
tensile and compressive strengths to the stresses at the edges of 
the reacting part of the section. 

The stiffness of cracked wall elements 1s evaluated by taking 
into account 'the constrain condition with the upper stri p (see figo 
5a,b), and by assuming a linear re la tionsh i p between the wi dth of 
the reacting part of the section and the eccentric i ty o f the axia l 
force N. Such an assumption is justified by eq. (9), which is ob­
tained by equating the tensile stress at the edge of the reacting 
part of the section to kTk. AS can be seen in figo 6, i n fact, when 
1l~5 (which 1s a condition nearly always satisfied in actual situa 
tions), r varies almost l i nearly with~. 

T~e translational stiffness of the wall elernent 1s given by: 

(10) K = 1/(1/11» 

where: 

( 11 ) I> _1 [2-(.Y.)'+2 
Gs 3 b 

L = ln ( ~) , f (O 

y = 6 
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L - f (a) + f (y) + X ( i- + ~)] D' 
~ (2e + 3D ~) 
2D' (e + D O' 
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e = ab-zy 

a-y 
z-b 

D=-­
a-y 



hinged upper end 

fixed upper end 

The physical meaning of the quantities given by eqs. (10), (11) 
is shown in figo 5. 

3 . NUMERICAL APPLICATIONS 

The above described rnethod of analysis has been codified in 
FORTRAN V by utilizing the frame of the POR program; the procedure 
obtained by introducing the above listed rnodifications has been 
ca lled PORFLX. 

The prograrn works by increasing the displacement of the stiffness 
centre of the considered floor and by evaluating, for each step, 
the stress state of strips and wall elements. if, passing from one 
d isplacement to the next, the strength conditions are no longe r s~ 

t isfied for one or more elements, the increment is reduced until the 
strength conditions are fully satisfied for alI the above said el~ 
me nts but one, which have them satisfied as equalities. At this 
point the static scheme i5 updated by accounting for the new situa­
tion of the element which has attained yielding or failure and a new 
displacernent increment is imposed. 

The wa11 eIement stiffnes5es, which depend on their cracking state , 
are updated at each step, and are assumed cons tant alongo the sing1e 
step . 

The displacement 1s increased until the reactive force rcsults 
to be stationary or decreasing for a fixed number of steps. The 
maximum vaIue of the reactive force during the displacementh istory 
is then assumed to be the ultirnate strength of the consideredfloor 
for an equivalent seismic force which acts in the direction andthe 
way of the imposed displacement. 

Each fIoor 1s tested by imposing displacements, one at a time, 
in two orthogonal directions and in both ways for each direction. 
In fact, considering changes ofaxial forces in wall elements, due 
to the frame behaviour of strip - wall eIernent assernbIage, implies 
that the maximum value of the reactive force changes when changing 
the way of the displacement. 

The safety against co llapse of the considered floor is ~valuated 
by comparing the resistance o f the fIoor to the sum of the equiva­
lent static forces being appIied to the considered fIoor and to 
those above it. 

The input data are the geornetrica1 andrnechanical characteristics 
of wall elernents and strips and the vertical loads applied to the 
wall elernents. Starting from these data, the program calculates the 
coordinates of the centroid and of the centre of stiffness, and 
performs the entire anaIysis. 

The output data are, for each step, the values of the centroid 
dispIacernent, of the reactive force and of the overall stiffness. 
There is also an option which allows the program to ?rint, when some 
elernent attains the yielding or the failure state, the data relevant 
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to the cracking situation of alI wall elements and strips and thei r 
stress and strain state . 

In order to show the e xtent of tne differences bet \-Jeen POR ' s 
and PORFLX's results , the structure shown in fig.7 was examined .The 
calculated strengths of every floar are listed in tabs 1, 2. 
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Fig. 7 . Mason ry structure modeL 

Floor PORFLX PORFLX POR 
l.mm ,.ft h ,;0"' 

3rd 12.5 12.5 34.5 

2nd 39.7 38.0 76.6 

1 si 55.9 53.1 85.9 

Tab. 1 . Ultimate strengths (t.), for displa ­
cement in x-direction. 

Fia0 r PORFLX PORFLX POR 
I 'rom ,.ft I 'rom da"1 

3rd 5.4 3.5 23.6 

2nd 20.5 16.3 64.0 

1 si 24.1 32.6 68.0 

Tab. 2 - Ultimate resis tance (t .) for disp la­
cement in y-direction. 

The cracks in the walls at the collapse of each floor ore depicted 
in figo 8, for displacements in x-direction (a) and in y-direction 
(1"-) • In figs. 8a and 8b the reactive force - centroid dis;?lace.n ..... :1t 
diagrams relevant to thc ground floor are also represented. 

Tabs. 1 and 2 emphasize that the resistance values provided by 
!?OR are strongly non - cons ervative, as they are two to four times 
9 rea ter than those provided by PORFLX. The reason of such differ ­
ences can be identified , at Ieast for that example , in the faiIure 
of the strips, the faiIure in flexure of the wall elements \vhose mean 
plan 1s orthogonal to the direction of the force, the cracks and 
subsequent failures in flexure of the wall elements whose mean pIan 
1s parallel to the direction of the force . AlI that is well empha­
sized by the force - displacement diagrams of figo 8a,b , where three 
curves are represented, which show the results obtained by POR (1 ) 
and PORFLX (2 ,3). In particular , curve 2 was obtained by assuming 
a deformable height equal to the fIoor height for the wall elements 
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orthogonal to the seismic force, while curve (3) was obtained by 
assuming, for the same quantity, the height of the openings, as 
POR does . As can be seen (curves 1 and 2), after a first elastic 
part with different slopes, curve 2 diverges strongly in bo th cases 
from curve 1, because of the failure of a part of a strip, for di~ 
placements in x - direction, 2.nã because of the collapse in tension 
and flexure of two wall elements parallel to the force, for dis­
placements in y - direction. AlI that, along with the subsequent 
cracks in the wall elements, makes the results of PORFLX decidedly 
different from those of POR, which shows an elastic behaviour well 
beyond the first fai lure point of PORFLX and attains the maximum 
reactive force when the wall elements parallel to the seismic force 
are yielding in shear. Finally curve 3 emphasizes that a correct 
evaluation of stiffness and strength of wall elements orthogonal 
to the force has a great importance on the evaluation of the over­
alI resistance. Assigning too large values to such stiffness can 
lead (see figo 8b) to considerable overestimations of the overall 
resistance of the floor. Such a trend is particularly marked in POR 
method, as it neglects the failure in flexure of the wall elements 
orthogonal to the displacements, while they actually sho· .... this type 
of failure as a rule. 

4. CONCLUSION 

As previouly said, the procedure herein presented does not aim 
at being a defini te answer to the problem of the analysis of masonry 
structures subject to seismic acti?ns, but it is proposed as an 
improvement of the simplified methods at present available, from 
which it inherits the ease of application, while providing more 
reliable results. On the other hand the numerical results corrobo­
rate some perplexities on the approach adopted by these simplified 
methods a~ well as by the proposed method. In particular it appears 
questionable to analyse the floars of the structure separatelYi 
such an approach, even though it is the basic simplification, makes 
it impossible to take "exactly " into account the ef~ects of the 
failure of the strips and of the redistribution of the axial force s 
due to the frame behaviour. Suc:-t phenomena, indeed, arE. not negli­
gible at alI, as they lead to considerabl e rp.duction in the resi­
stance of the structure. That has been shown by the numerical resul ts 
abtained through PORFLX, which accounts for them, even if approxi­
mately. The PORFLX program, however, could turn out to be excessi­
vely conserva tive in the evaluation of the effects of the two phen~ 
mena and to give evaluations of the ultimate resistance which are 
too pessimistic. 

It seems then advisable , before accepting a systematic use of 
POR and PORFLX, to accurately define the ranges of applicabilityof 
these procedures. They can be assessed by performing parametric 
analyses which compare the results of POR to those of PORFLX andthe 
results of PORFLX to those of a more sophisticated program (e.g. a 
F.E.M. program) to determine the applicability ranges of POR and 
PORFLX respectively. 
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