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Mechanical properties of old stone masonries

G.C.Beolchini
DISAT, L’ Aquila University, Italy

ABSTRACT: The experimental data of in situ compression and diagonal compression tests have been used
to mathematically model the behaviour of old stone masonry panels. The mechanical parameters have
been identified by using some simple analytical relationships: elasto-plastic, bi-linear and parabolic. Both
experimental results and identified parameters have been presented and discussed. Some simple analytical
relationships among stiffness moduli, stresses and strains have been proposed.

1 INTRODUCTION

From the time of the earthquake in Central Italy in
1984, a research has been carried out in Abruzzo to
determine and to classify the mechanical characte-
ristics of old stone masonries which are in very
common use in Central and Southern Italy. The
objectives are: a) to determine reasonable mecha-
nical parameters valid in a wide region; b) to com-
pare them with those available in literature and in
Italian codes, where mechanical properties are
empirically established on the basis of masonry ar-
rangement and aspect. In fact, data about old stone
masonries are still quite poor and it seems proper

to integrate a knowledge based on few data, often

obtained in other countries, and to verify their re-
liability. ) '
Compression and diagonal compression tests

have been carried out in situ on old stone masonry -

specimens. They have been isolated from walls of
an 18th century building in L'Aquila and of some
buildings in an Abruzzon village (Villetta Barrea).
The demolition of the building in L'Aquila was
planned; the buildings in Villetta Barrea had suffe-
red slight damages during the earthquake in 1984,
and had therefore been or were being restored, li-
ghtly reinforced or partially reconstructed. Even if
L'Aquila rests some distance from Villetta Barrea,
about 100 km, the masonry arrangements are very
similar. Walls are composed of irregularly arranged
rounded calcareous stones, with dimensions
varying up to 25-30 cm. They could frequently be

considered to be made up of two independent ver-
tical layers joined by mortar: the spaces around the
stones are filled, often incompletely, with a rough
mortar of very low mechanical properties. Test
apparatus and preliminary results were presented
in two papers by Beolchini and Grillo (1989, 1990).
A total of thirty tests have been performed: six
compression tests (labelled as BC) and six diagonal
compression tests (BD) in L'Aquila; nine com-
pression tests (VC) and nine diagonal compression
tests (VD) in Villetta Barrea. Each specimen was
about 1 m by 1 m and from 0.35 to 0.60 m thick.
Eight of them, labelled as VCR (four) and VDR
(four), had been lightly strengthened before testing
with a welded deformed wire fabric coated with
cement grout. All compression tests and BD tests
were performed with a cyclic loading; diagonal
compression tests VD with fully reversed cyclic
loading: every case resulted in collapse. The load at
each cycle was predetermined on the basis of cer-
tain percentages, usually 1/3 and 2/3, of the pro-
bable ultimate strength. The ultimate strength has
been evaluated by taking into account previous ex-
periments and the arrangement of the masonry.
Stress-strain diagrams have been plotted for each
test (see Beolchini and Grillo (1989, 1990)).
Envelope curves are recognizable in every dia-
gram. Typical stress-strain diagrams and corre-
sponding envelope curves are shown in Fig. 1: they
can be considered representative of the whole
group of diagrams to which they belong. It can be
noticed that diagrams VD4 and VDS appear quite
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Figure 1. Some examples of stress-strain graphs
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Figure 2. The parameters of the elasto-plastic re-
lationship

different. The first one is basically symmetric with
respect to the load directions, whereas the second
one shows a clear unsymmetrical behaviour of the
specimen. In this case a significant crack appeared
during a loading in the positive direction (positive
and negative are purely conventional here). The
specimen experienced large deformations together
with an appreciable decrease both in stiffness and
in resistance at the end of all the following cycles in
that direction. On the contrary, reversed loads in
the negative direction have brought about reduced
shear strains and do not have caused degradation.

2 IDENTIFICATION OF MECHANICAL
PARAMETERS OF ENVELOPE CURVES

A numerical investigation has been conducted in
order to identify three analytical models chosen to
describe the envelope curves. A preliminary analy-
sis of experimental data has suggested to direct at-

tention to simple relationships which are frequently
used in literature:

a) elasto-plastic:

V=K, v<wv
)
V=K1V1=V1’ V>V1
b) bi-linear:
V=Kv, v<wv
@
V=Kivy + K -vy), v >y
¢) parabolic:
V=-pyv2+ Ky, ®)

V and v respectively being shear stress 7 and shear
distorsion ¥ when referred to diagonal compres-
sion tests, and compression stress ¢ and longitudi-
nal deformation & when referred to compression
tests. The parameters that had been identified in
previous equations were stiffness moduli K; and K,

(K; is the initial tangent stiffness modulus in the
parabolic relationship), the elastic strain v, and p;.

The elasto-plastic relationship and its parame-
ters is shown as an example in Fig. 2.

The parameters of each envelope curve have
been identified by minimizing the objective func-
tion

Lp) = ¥ (- ve))? “)
k

2 being the values of the experimental stress-strain
envelopes, and vy(p) being the model responses
computed by the appropriate relationship. Fur-
thermore the areas under envelope curves and
identified diagrams have been compared: the diffe-
rences are often less than 1% and in any case less
than 4%: so the energetic equivalence of the two
diagrams is ensured.

The actual experimental values have been used.
In some test the collapse occurred when the load
was still increasing, or lightly fluctuating around a
certain value: therefore the maximum value of
stress or other parameters, normally used to de-:
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termine dimensionless diagrams, can not always be
determined in a clear manner and applicable in
every case.

On the other hand some original envelope dia-
grams have been modified before using the identi-
fication procedure. In some cases, in fact, the spe-
cimen experienced very large deformations before
the collapse, with a certain low decrease in load. In
these cases the original envelope diagrams have
been truncated when the descending branch cros-
sed a stress value equal to 0.9 the maximum value
reached in the test. The occurence of too large de-
formations in normal conditions is not admissible:
therefore the adopted truncation criterion can be
considered reasonable, even if it is not the only
one.

3 IDENTIFIED MODELS FOR DIAGONAL
COMPRESSION TESTS

The fully reversed cyclic loading envelope dia-
grams have been split before using the identifica-
tion procedure in order to separate the part corre-
sponding to the positive values of stresses and
strains from the negative ones (remember that
"negative" and "positive" are purely conventional
here). Therefore, two distinct diagrams have been
identified for each fully reversed cyclic loading en-
velope curve: a suffix p or n is added to the corre-
sponding label. .

Identified relationships have been plotted and
compared. The analysis showed that:

a) the parabolic law is absolutely inadequate to
describe stress-strain relationships both in cyclic
and in fully reversed cyclic tests. Identified models
are often very different from the experimental ones
in shape as well as in values of maximum stress;

b) the bi-linear law gives the best fitting of expe-
rimental diagrams. It can be noticed that multi-li-
near relationships give better approximation as a
consequence to the kind of envelope curve to be
identified: some trials done using a tri-linear law
give better results. The stiffness moduli K, are
often very closed to zero: their absolute values are
‘alow percentage (less than 10 per cent) of K;. Only
in two cases is K, about 30 per cent of K;: a signifi-
cant hardening tipifies the corresponding diagrams;

c) the elasto-plastic law gives a very satisfying de-
scription of experimental envelope curves. There-
fore it seems to be the best choice, taking into ac-
count the extreme simplicity of the relationship as

Table 1. Mechanical parameters of diagonals
compression tests

KL n 1 Tmx Tm
[Mpa] [*103] [MPa] [MPa] [*10%]
BD1 1751 960 168 175 1797
BD2 4905 227 a11 127 1955
BD3 6001 227 136 148 1024
BD4 4156 215 102 108 836
BDS 18.40 541 .100 114 16.85
BD6 1494 519 078 050 2161
med 3458 448 116 127 1576
max 60.01 9.60 168 175 2161
min 1494 215 078 0950 836
VD1p 5124 217 a11 3 37
VD1n 2908 395 a15 27 735
VD2p 1949 514 d00 105 1143
VD2a 1430 586 084 090 1694
VD3p 1829 764 140 153 2182
VD3n 270 631 143 19 1101
VD4p 5910 295 174 191 1989
VD4n 5899 282 166 189 2247
VDSp 43.62 358 156 .168 8.78
VDSn 4830 322 156 71 1087
med 3651 436 135 147 1343
max 59.10 764 174 191 2247
min 1430 217 084 00 372
VDR1p 47 602 252 281 8385
VDR1n 817 313 270 285 1215
VDr2p 13231 198 262 213 1119
VDR2n 52.06 497 259 298 11.00
VDR3p 14150 452 640 665 547
VDR3n 10168 642 653 685 1231
VDR4p 16220 365 592 616 1110
VDR4n 17262 319 551 596 821
med 11129 424 435 462 1004
max 17262 642 653 685 1231
min 4179 198 252 273 547

well as the low values of the stiffness moduli K,

computed by using bi-linear relationship.
The mechanical properties of specimens tested

~ in diagonal compression tests have been given in
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Table 1 where shear stiffness moduli K;=Kj, elastic
shear strains <y;, and plastic shear stresses 7,
Ky, are parameters identified by using the elasto-
plastic relationship. Experimental data have been
split into homogeneous groups.

The mean values of mechanical properties of un-
reinforced panels are very similar. It is significant
that panels BD and VD have been isolated in sites
at a distance of about 100 km, and the dispersion of
VD data, related to different buildings, is similar to
that of BD data, which have referred to one buil-
ding.
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Figure 3. Identified shear stress r; versus experi-
mental 7p,y
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Figure 4. Shear stiffness moduli K versus experi-
mental 7,4

The reinforcement, even if light, raises the stiff-
nesses and the ultimate resistances of the panels si-
gnificantly, which are about three times higher than
those of unreinforced ones. On the contrary, the
shear strain «,,, which could be used to define the

ductility of the panel, is lower than those of un-
strengthened panels. This is basically due to the
behaviour of the reinforced panels. Cement grout
reinforcing increases stiffnesses and resistances;
when it becomes detached, the values of the me-
chanical parameters decrease quite rapidly to those
of the original wall: panels have still maintained
the ductility resources, even if they are at a stress
level sensibly lower than that previously attained.

The Figure 3 shows the strong correlation
between 7,,, and 7;: the mean value of the ratio
71/Tmax i €qual to 0.92, and is in agreement to that
usually suggested in literature, as well as for other
kinds of masonry.

The connection between the identified shear
modulus K =K and 7, is clearly recognizable in
Fig. 4, even if there is some difficulty in establi-
shing a precise relationship. A reasonable proposal
seems to consider all the data enclosed in the area
shown in Fig. 4. The exclusion of only two points,
which are in any case related to rather odd stren-
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Figure 5. Ratio vy, /71 versus identified
strain ym
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Figure 6. Correlation between shear stiffness mo-
dulus K, and v,

gthened panel tests, permits the proposal of an op-
tion to K = 1100 7y, the most frequently used em-
pirical relationship between shear stiffness modu-
lus and ultimate shear strain:

K, = (100 ¢ 450) Tpry  Tmax < 0.15 ()

K, =250T1p, + a Tmax > 0.15 (6)

where a varies from -25 to 25. The shear stiffness
modulus K can still vary in a non-negligible range,
but it can at least be established taking into ac-
count an actual mechanical parameter.

The ratio between strain corresponding to maxi-
mum stress v, and elastic strain v, can be conside-
red as a prudential measure of ductility, taking into
account that in general the panels have tolerated
deformations higher than v, without significant
reduction in the strength. The plot in Fig. 5 reveals
that the greater part of these ratios vary from about
2 to about 4. Lower values occur in diagrams like
that corresponding to negative loads of the test
VD4 (Fig. 1).

The interesting connection between K and v; is
shown in Fig. 6: the shear stiffness modulus decrea-
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Figure 7. Identified compression stress oy versus
experimental oy,

ses quite linearly until +; is more or less about a
value of 5, and remains basically constant for hi-
gher values. The strengthened panels data are not
indicated in Fig. 6 because they are completely out

of range. However they follow, in any case, the

same trend in the same range of strains.

It is worth revealing that all the above diagrams
show that the results do not depend on the site
where panels have been tested.

4 IDENTIFIED MODELS FOR COMPRES-
SION TESTS

All relationships used in the identification proce-
dure are apt to describe experimental envelope
diagrams.

In particular, the parabolic law fits accurately
envelope curves in every section, therefore the re-
sults of other researchers are confirmed. As a con-
sequence, identified initial stiffness moduli and
maximum compression stresses, not reported in
this paper, agree in a excellent way with experi-
mental data: in some cases a difference between
strains corresponding to maximum stresses has
been found, depending on the actual curve trunca-
ted due to a sudden collapse of the specimen.

As in the diagonal compression tests, the elasto-
plastic law seems to be a reasonable compromise
between accuracy and simplicity. The stiffness mo-
duli are about 20 per cent lower than initial tan-
gent moduli, identified by the parabolic rela-
tionship: this can be considered acceptable if the
progressive reduction of stiffness in the parabolic
law is taken into consideration. Furthermore the
identified values of plastic stress o7 are only a few
per cent lower than the experimental values, as
shown in Fig. 7 where the good correlation is evi-
dent.

In Table 2 experimental values of maximum com-

Table 2. Mechanical parameters of compression
tests

Tmax em
{MPa] [*103)

BCS 17170 434 75 78 9.06
med 161.46 6.74 98 1.02 9.92
max 306.80 876 127 133 12.10
min 971.76 4.3 75 78 731

44

107
Va3 209.40 5.85 124 85 9.88
vC4 191.10 9.30 178 1.88 16.18
vCs 170.00 1035 1.76 1.84 1839
med 172,14 733 125 1.3 12.96
max 219.50 1035 1.78 1.88 1839
min 70.70 4.87 44 45 6.97
VCR1 101.60 13.16 134 141 17.16
VCR2 7290 1221 .89 95 27.20
VCR3 8450 11.29 95 1.01 14.77
VCR4 21430 5.67 122 110 18.08
med 11833 1058 110 L2 1930
max 21430 13.16 134 141 27.20
min 7290 5.67 89 95 14.77

pression stresses op,,, and corresponding strains &,
are reported together with parameters identified by
the elasto-plastic relationship: longitudinal stiffness
moduli Kj = K;, elastic longitudinal strains ¢y, and
plastic stresses 0, = K &;. Experimental data are
split into homogeneous groups.

The data in Table 2 show that the panel
behaviour does not seem to be conditioned by the
reinforcement. Maximum stresses in tests YCR are
in the same range of those of unstrengthened
panels and stress-strain relationships, not reported
in this paper, are very similar: only the strains
corresponding to maximum stresses reached in the
tests are slightly higher in reinforced panels. This is
most likely due to: a) the light type of
reinforcement used and the low bond between the
reinforcing cement and the wall; b) the manner of
the panels collapsing, which tended to break apart
thus separating the two vertical layers of which the
wall was composed. As a consequence, panel
behaviour in compression tests essentially relates
to the mechanical properties of the panel and the
reinforcement only delays the collapse by confining
the masonry.
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Figure 8. The correlation between identified elastic
strain &; and &y,

The identified elastic strain & seems to be de-
pendent on the strain &g, corresponding to maxi-
mum stress, as shown in Fig. 8: if the data of
strengthened panels are excluded, the following
relation seems to be suitable for directly evaluating
directly the elastic strain once the strain &y is

known:
g, = 0.65 &, M

Other data are sensibly scattered, in a manner
which is not dependent on the site where the
panels have been tested. No general relationships
among them are recognizable, with the exception
of the identified longitudinal stiffness moduli
Kj=K; and the experimental maximum stresses
plotted in Fig. 9. In this case the points are lying in
an area limited by two straight lines: the equation

K= (5: 20 ®

gives a range of variation which is still generally
large, but can be considered more precise than
other empirical relationships.

CONCLUSIONS

The following main conclusions can be drawn when
analyzing the previous results:

- the ultimate strengths are basically in the range
suggested in the published literature, even if they
are sensibly higher than that estimated from the
masonry aspect or its arrangement; it could be ne-
cessary to investigate the influence of dimensions
of the tested panels; )

- the scatter of experimental data depends on
the quality of masonries rather than the site where
tests have been performed; as a consequence, the
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Figure 9. Identified longitudinal stiffness moduli X,
Versus maximum cOmpression stress o,y

results can be considered suitable for framing the
mechanical characteristics of masonries in a large
region;

- the scatter nevertheless, makes it possible to
define simple relationships in order to mathemati-
cally model the behaviour of masonry panels, both
in compression and in diagonal compression tests;

- the analytical relationships such as (5), (6) or
(8) give a range of variation which is large in an
absolute sense: nevertheless they are related to a
specific masonry and therefore can be considered
more appropriate than other empirical expression
which have referred to a generic masonry.
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