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SOMMARIO 

La nota presenta i risultati sperimentali, ottEnuti su una coppia di pilastri 
di muratura soggetti a carichi vertical i e d orizzontali, mostrando l'importanza 
dell"'effetto arco" nel determinare il carico ultimo e il comportamento sotto a­
zioni cicliche di tali strutture. 

I risultati delle prove sono anche stati usati per verificare i risultati ot­
t enuti per mezzo di un modello matematico per l'analisi delle murature basato su 
precedenti studi degli Autori su elementi strutturali dotati di legami costituti 
vi multilineari governati da parametri di danno. 

SUMMARY 

The paper presents the experimental results, obtained on a couple of masonry 
columns under vertical and horizontal loads, showing the importance of the ar­
ching effec t in determining the ultimate load and the behavi our under cyclic ac­
tions of such structures . 

The test results are also used to verify the results obtained by a mathemati­
cal model for the analysis of masonry based on previous studies of the Authors a­
bout structural elements exhibiting multilinear constitutive laws ruled by damage 
parameters . 
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1. GENERALITIES 

The effect of arching as load carrying capacity of masonry piers and walls subjec 
t e d to monotonically increasing lateral forces, as long as the tensile strength -
has been attained, is evaluated from an experimental point of view ; the results 
of experimental tests carried out by two tuff brick masonry piers are compared 
with those ones obtained by calculations carried out by both an approximated theo 
retical method, based on limit analysis (1) and very simple to be used, and a non 
linear analysis, performed by d iscretizin g the structure into finite elemen ts com 
prised of sub-assemblages of mono-dimensional members. 

The onset of the arching effect and its importance in determining the load 
carrying capacity of piers has been well shown experimentally, by both the crack 
distribution and the value of the ultimate lateral force, which is much greater 
than one corresponding to a bending and shearing behaviour. 

The good agreement reached between numerical and experimental results has shown 
the reliability of the adopted schematizations, because the exhibited differences 
are most due to the approximations introduced in the failure domains of material 
and in the force-displacement diagrams, and to the degree of discretization adop­
t e d in the numerical simulation. 

At the pres e nt time the authors have ?erformed the analysis of the same piers 
under cyclic lateral forces; the material behaviour under cyclic loading has been 
obtained by results of experimental testscarried out by analogous piers, axially 
loaded by attaining the ultimate strength at each cycle. 

2. EXPERIMENTAL TESTS 

Two tuff brick masonry piers have been investigated having dime nsions 33x33x75 cm, 
shown in Fig. 1. The piers are supported at the edges by means of two very stiff 
steel beams inserted between the plates of a press

2
which gives to each one of them 

an initial vertical load N = 2.5 t (6' = 2.3 Kg/cm ), and at the bottom and the top 
b y means of two horizontal frames; a lateral force F, monotonically increasing , is 
app lied by an hydraulicjack connected in series to a dynamome ter and, in order to 
account for vertical supports' imperfections, one acts on the press at each loa­
ding increment of the jack, so that relative displacemen t between the pier e dges 
are dropped out. 

The test instrumentation, shown in Fig. 1, is capable of measuring strains é 
at selected points of the central and external sections of the piers (inductance 
transduce rs have been locate d at both the faces of each pier, parallel to the load 
plane), relative vertical displacements, between the bottom and the top of each 
pier (centesimal collimators have been placed between the steel beams), and even­
tually horizontal displaceme nts of the central s ec tions (cente simal collimators). 
Axial force N'schanges are measured by the control apparatus of the press at each 
loading incremen t o f the force F. 

The crack distribution at the end of the test has been depi c ted in Fig. 2. Th e 
crack distribution, even if differen t behaviours have been exhibited by the two 
pie rs, shows the effect of arching ; the pressure curve has been clearly identified 
in pier 2, whereas slippage of horizontal joints, occurred before the collapse, 
makes i t less eas ily understandable. 

The experimental results are shown, as far as the distribution of the most si­
gnif icant quantities , in the Figs. 3 and 4, where they are compared with the re­
sults obtained by nume rical analysis carried out on the basis of the schematiza­
tions of s ect . 3 . 

The onset of the effect of arching is shown by the increment of the axial for­
ce N as the late ral force F increases . 

The relation between N and F is nearly linear; the vertical branc h in the exp~ 
rimental diagram corresponds to an initial bending-compression behaviour due to 
pre-loading. 

The behaviour lineari ty is corroborated by F- S and F- é di agrams shown in the 
Figs . 4 and 5 respectively; namely, the linear distribut i on of the € as F va-

max 
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rles (Fig. 5) allows to assume the distribution of normal stresses to be propor­

tional to strains and hence permits to argue the diagrams ~ shownin figo 6. 

3. FINITE ELEMENT MODELLING AND COMPARISON WHITH EXPERIMENTAL RESULTS 

The experimental tests described in the previous section have been numericall y Sl­

mulat ed, b y discretizing the p ier into fin ite elements, as shown in Fig. 7. The 

finite e lement te chnique is bas e d on subassemblages of mono - dimensional member s 

as described more in detail in (2); the individual finite element is comprised of 

SlX truss members located on the sides and diagonals of a square. 

3.1 Parameter ide ntification 

The me chanical and geometrical parameters of the single finite elements have been 

identified on the basis of experimenta l results pre sente d in sect. 2, as far as 

both the cons titutive law of the sin gle truss member and the failure domains of 

the en tire finite e l emen t are concerned . 

The force -displacemen t experimental diagram is shown in Fig. 9, while th e tri­

linear constitutive law adopted for the sin g l e truss members is presente d in Fig . 

10. Thus masonry has been assumed t o be isotropic with failure domain ~ - ~ shown 

in Fig. 8, whe r e it is compared with expe rimen tal results; the solid an~ da~t ed 
lines r ep r esent r espec tively th e domains generated by usin g the tri-linea r schema­

tization of constitutive law of Fig. 10 and the elastic-perfectly plastic consti­

tutive law . As shown in the follm.JÍng paragraphs, the two constitutive lal.vs l ead 

to the same good agreement with experimental results, provided that the brittle li ­

mit strength in t e nsion of the tri - linear law is suitably larger than the correspo­

nding ductile limit strength of the elastic- plastic law. 

3 . 2 Monotonically increasing loads 

The nume ri ca l results seem to satisfactorily fit the corresponding ewperimental da­

ta, as shown by the comparison presented in Figs. 3 and 4 . 

As far as the elastic- plastic model is concerned t he diffe r ences between experi ­

mental and theore tical diagrams of Figs . 3 and 4 are due to both the adop t ed discre ­

tization by only four elements on the cross section ( t he elemen t dimensions are hen~ 

ce comparable with those one of the compressed section portion), and primarily the 

approxima t ion of the assumed constitutive law; infact, t he model , allowing for un­

rea l ductility of material, gives , even in the collapse proximi t y , load- carrying ca­

paci t y in tension t o t he diagonals and hence underestima t es t he value of t he compre s­

sion N in the cross- section . 

Adopting the tri-linear schema t ization of the cons t i t utive law allows t o achieve 

an even better agreement between theoretical behawiour and exper i men t a l da t a; in 

fact figure 3 shows tha t experimental and t heoretical la t e r a l lo a d- ax i al force dia­

grams have practi ca lly the same slope . Figure 4 shows that bo t h elastic- plas t ic mo ­

deI and tri - linear schematization give an ultimate load practically equal to the 

experimental one, while the tri-linear schematization allows a better a pn roximation 

of the force - displ acement pa th up to the ultimate load. Moreover, numerical inves ­

tigation has be en ex tended to a displacement range wider than the experimental one. 

The same considerations can be expressed about the differences among the theore ­

tical and experimental rr diag rams in the cross-section (Fi g . 6); the linea r distri­

bution of normal stress ~ , which has been experimentally noticed, is confirmed by 
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the calculations, as riported also in (3). 
Eventually the deformed shape given by numerical analysis and the corresponding 

crack distribution, shown in Fig. 11 ewhibit a good agreement with experimental 
results. 

3.3 Cyclic loading 

The same pier has been modelled on the basis of the tri-linear schematization and 
analysed under cyclic lateral displacements simulating an experimental test where 
two hydraulic jacks alternatively push each side of the specimen. Figure 12 shows 
the lateral force-displacement diagram, where the ultimate strength is attained 
at the end of each loading cycle; the loading history is depicted in the same fi­
gure. It is worth to be noticed that in this loading history slippage due to crack 
opening in exhibited only after the second reversal point and that the percentual 
reductions of the ultimate strength during the loading path are: 100, 70, 60. 

Figure 13 shows the first cycle of a further loading program where slippage due 
to crack opening attains significant values. 

4. SIMPLIFIED METHOD VIA LIMIT ANALYSIS 

A numerical comparison has been carried out also by using semplified relationships 
formulated by limit analysis; on the basis of thissimplified procedure, described 
more in detail in (1), the ultimate value of the lateral force is given by: 

E> 1 s3 
F 

u 
1.5 u or F = 0.75 ~ 2 

1 2 _ a2 u u s (1) 

where 5 and 'l:' are the ultimate normal and shear stresses respectively, "a" ~s 
the load~print; ~e normal and shear stress distributions at the central and exter 
nal cross-section are assumed to be linear (according to both experimental and nu 
merical results) and to cover 3/4 of the cross-section (differentlyfrom experim;~ 
tal resultsbut accordingly to the limit analysis method). 

Dsing geometrical characteristics of the specimen in Eqns (1) g~ves 

~ / 6'" = 0.89 ; u u 
( 2) 

ratio (2) allows to identify 6- and 1: in the domain €I -?;' , shown in Fig. 14, cor­
responding to the same domainff - Q previously presented; the ultimate lateral 
force is F = 12.2 t, whereas ~he gormal force is AN = 6.9 t, in good agreement 
with both ~xperimental and numerical results previously given. 
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FIG. 2 - Cracking distribution at collapse 
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FIG. 3 - Horizontal load - axial force: comparison between experimental 

and numerical results. 
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FIG. 4 - Horizontal load - midle span displacement: comparison b e tween 

experimental and nume rical r e sults. 
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FIG . 6 - Stress distribution of midle span cross section: compar~son 

between expe rimental and numerical results. 

475 



FIG. 7 - Finite element 
discretization. 
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FIG. 8 - Material failure domains 
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FIG. 10 - Tr~linear fundamental path. 
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FIG. 11 - Disp1acernent fie1d and cracking pattern at co11apse 

by nurnerica1 rnode11ing. 
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FIG. 12 - Cyc1i c diag rarns horyzonta1 load-rnid1 e span disp1acernent 
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FIG . 13 - Cyc1ic diagrarns horyzonta1 load-rnid1e span disp1acernent 

FIG. 14 - The representation collapse points ~n the cr--t; fai1ure dorninion 
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