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The evaluation of the shear behavior of masonry walls is a first fundamental step for the
assessment of existing masonry structures in seismic zones. However, due to the complexity of
modelling experimental behavior and the wide variety of masonry types characterizing historical
structures, the definition of masonry’s mechanical behavior is still a critical issue. Since the possibility
to perform in situ tests is very limited and often conflicting with the needs of preservation, the
characterization of shear masonry behavior is generally based on reference values of mechanical
properties provided in modern structural codes for recurrent masonry categories. In the paper, a

and the assessment of the shear behavior of masonry walls is presented together with the experimental
results obtained on three stone masonry walls. The procedure consists of a combination of three
different in situ tests to be performed on the investigated wall. First, a single flat jack test is executed
to derive the normal compressive stress acting on the wall. Then a double flat jack test is carried
out to estimate the elastic modulus. Finally, the proposed shear test is performed to derive the
capacity curve and to estimate the shear modulus and the shear strength. The first results obtained
in the experimental campaign carried out by the authors confirm the capability of the proposed

definition of capacity curves of walls and consequently the evaluation of seismic vulnerability of the
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Masonry buildings are a large part of a built environment, especially in historical
towns. Since these structures were mostly built according to empirical rules and with-
out following specific seismic design provisions, they are often characterized by a high

structural performance a significant criterion for planning maintenance and strengthening

Understanding and modelling the mechanical behavior of masonry elements is a

in the field of heritage structures, where modern studies suggest also to resort to advanced

which is commonly evaluated through nonlinear static analysis, is highly dependent on
assumptions related to the main mechanical parameters of the material: shear modulus,




sitivity studies carried out by the authors [ , , ] emphasized that the seismic risk index
, which summarizes the seismic performance of the structure, could significantly vary

As confirmed by the available experimental results [ ], the estimate of the shear
modulus of the masonry is characterized by huge uncertainty. Actually, the shear modulus
and the effective stiffness of masonry walls not only are a function of the masonry type,
but significantly depend on the adopted test setup [
compression tests [ ], diagonal compression tests [ ], and shear compression tests [ ].
Since global resistance, effective stiffness, and shear failure mechanisms of the wall depend
on compressive stresses, quality of mortar [ , ], and other influencing parameters, the

sion and shear compression tests performed on panels, suitably obtained by cutting the

fast but accurate estimation of masonry parameters is thus a priority, also in view of the
definition of the capacity curves of masonry walls [
In the framework of an important research project regarding the seismic assessment of

was carried out by the authors on different masonry typologies [ ]. The experimental
results, compared with the ones derived adopting different test methods on similar masonry
walls, allowed for identifying suitable modifications of the test arrangements.

In the paper, an innovative in situ shear test arrangement for masonry panels is
illustrated, together with the first promising experimental results. The proposed test

of masonry walls are preliminarily recalled and commented. Then the proposed testing

Finally, the obtained results are critically discussed, highlighting the most significant
parameters, also considering their dependence on basic assumptions and the main features

Masonry has been the main construction material for millennia. Since historic construc-
tions, built by craftspeople, are not the result of industrial processes, they are characterized

The quality and mechanical properties of a given masonry type depend on many
factors, such as availability of the constituent materials, building importance, skills of
workmanship, local customs, and architectural canons, if any [ ]. For that reason, the

Some preliminary guidance can be often found in modern structural codes, where
typical ranges of values for compressive resistance, ; shear resistance, ; elastic modulus,
; shear modulus, ;and specific weight, , are given for recurrent masonry typologies.

masonry, irregular soft-stone masonry, squared soft-stone masonry, squared hard-stone
masonry, brickwork masonry with lime-based mortar, and hollow-bricks masonry with
cement mortar [ ]. These ranges, summarized in Table 1, refer to low-quality masonry, but



on mortar strength, thickness of mortar joints, regularity of courses, efficiency of transverse

; and specific weight,

Anyhow, even if the masonry typology is well identified, subjective judgements can
notably influence the estimation of mechanical properties. In practical cases, a possible

pertaining to the identified masonry typology, with the results of limited semidestructive
or nondestructive in situ tests. A procedure for the identification of masonry classes and

In the framework of already-cited vulnerability assessments performed by the authors
during the last 4 years on about 80 masonry school buildings in the Municipality of Florence,
a large experimental campaign, consisting of in situ and laboratory tests, was carried
out [ , ]. The experimental results, supplemented with relevant literature data, allowed

from which it was possible to derive a rational classification. At the same time, adopting

a general procedure, based on cluster analysis of raw data, successfully proposed by the

The database mainly contains results of about 100 double flat jack tests performed on

As said, considering the already-mentioned guidelines for the application of the Italian

classes and the statistical parameters characterizing their main mechanical properties: com-

The relevant statistical parameters obtained are summarized in Table 2. In the ta-
ble, mean values and coefficients of variations ( s) of compressive strength, elastic
modulus, and shear modulus are given not only for the whole data collection, but also
for each homogenous population/class, identified according to the previously mentioned

classification, simple and very effective from the engineering point of view, reflects the



identified classes (based on data derived from [

Elastic and shear moduli have been derived linearizing the experimental — dia-
grams in three stress ranges to describe the relevant sections of material behavior
(i.e., , , and ). In Table 2, results are
reported only for the first section, , corresponding to the quasi-elastic
branch. For a complete description of the methodology for masonry class identification

Figures in Table 2 demonstrate that, as expected, the identification of homogenous
populations is an essential step of the analysis for a sound estimation of relevant statistical

Notwithstanding the advances in masonry class identification and the reduction of

shear strength  is still lacking. For that reason, is currently estimated by means of
suitable correlation expressions from rough reference data, like those given in Table 1,
or, indirectly, from other mechanical properties. For example, based on experimental
data provided in the relevant literature, a suitable expression has been proposed in [ ],

X

Shear behavior of masonry, first evaluated in situ by Sheppard [ ], is currently
investigated according to different test arrangements. Usually, tests are performed on

The mainly adopted test arrangements are illustrated in Figures 1 and 2. They basically
include shear compression tests (Figure 1) and diagonal compression tests (Figure 2).
Clearly, shear characteristics can be derived from compression tests only by means of
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Shear compression tests are carried out on rectangular panels, whose height, 2, is

the remaining part only by vertical cut(s), is subjected to the actual vertical loads; therefore,
the real value of the compressive stress  needs to be measured or calculated. In the
modified scheme illustrated in Figure
wall also on the upper part by a horizontal cavity: the compressive stress  is thus applied,
and maintained constant during the test, by means of hydraulic jacks resisted by a suitable
system of steel ties and steel profiles.

During the test, an increasing horizontal force F is applied at the mid height of the
panel by means of a steel metal profile actuated by a hydraulic jack via two steel bars,
inducing a significant shear stress pattern in the panel.



the sample along the diagonals of the two square panels. Horizontal displacements and any
possible rotations are measured by means of six additional transducers, duly positioned

the masonry, , is thus derived according to the well-known Turnsek and Cacovic criterion

as a function of the maximum applied force, A being the cross-sectional area of the panel. In
Equation (2), the shear stress distribution factor, , which accounts for the actual variability

Diagonal compression tests are carried out on a square panel isolated from the masonry

compressive diagonal force A is applied by a hydraulic jack, placed on one of the two
corners. The panel is equipped with four or more displacement transducers, arranged
along the diagonals on both sides, allowing for the measurement of the deformations
at each load step. In the regular test procedure, couples of equal cycles of loading and
unloading, with a load increase of 10 kN at each step, are applied till failure. Hence, the

where  is the net area of the panel, determined as the average of the width and height of

A review of test procedures and relevant results reported in the literature can be
found in [ ], while more details about in situ diagonal test and shear compression tests are
approximated by a bilinear envelope[ , ] (see Figure 3). Let be the maximum shear
0.7 , while the ultimate displacement  is defined as the value corresponding to a

significant drop -
0.2 , or as the largest drift reached during the test, if such a large drop is not

The bilinear approximation represents the so-called capacity curve, which is generally
adopted to model the nonlinear behavior of masonry walls in seismic analysis [ — .

() _




where is the height of the panel, is the shear span, is the area of the gross section,
is the moment of inertia of the gross section, and and are the elastic and shear

], the effective stiffness should duly consider the influence
stiffness is estimated as one half of the gross sectional stiffness. From the measured effective
suitably fixing the

As known, shear compression tests, carried out according to the previously illustrated
scheme in Figure 1, and diagonal compression tests are not only extremely invasive, but

also very difficult and complicated to be carried out in practice. In fact, for safety reasons,
these test schemes often require, especially when performed in significantly loaded walls,

The proposed procedure combines a single flat jack test, a double flat jack test, and a
suitably modified shear compression test on a properly selected wall panel.

in the original Sheppard test [ ], so that the actual normal stress pattern on the panel
remains practically unaltered and can be assessed by a single flat jack test, performed near

The horizontal load is applied to the panel by a hydraulic jack, which is resisted on

Easiness of preparation: identifying existent openings, like doors or windows, the
number of vertical cuts needed to define the panel is limited.

Adequate carrying capacity of the remainder of the structure: the preparation of a
dedicated supporting structure to withstand the horizontal load causing the

Significant values of normal stress  due to vertical loads: the application of external
Once the masonry wall is identified and the plaster removed (if present), the in situ

o  First, a single flat jack test is carried out to evaluate the actual value of the compressive
stress in the wall panel, . The test is performed near the investigated panel according

fixed in the area across the selected cut line, and the initial distances between each pair
reproducing the shape and dimensions of the flat jack is made, taking care to minimize
the disturbance in the surrounding masonry, and a second set of measurements is
taken to determine the strain variation. The flat jack is thus inserted, and pressure is
applied till the strain is returned to the original state (i.e., before the cut was made).

e Itis important to recall here that even if a single flat jack test represents a common

of results is required. In fact, conflicting information can be obtained by the different
deformometers due to the local presence of inelastic deformations, which is caused



by the nonuniform stress distribution after the horizontal cut. An accurate visual
inspection of the investigated area around the cut is thus an essential step for a correct
understanding of the response of the measuring devices, and a correction may be
needed to determine the stress  as described in [ ]. Moreover, since the location
of the test is close to the investigated panel but still not coincident (see Figure 4),
the resulting stress  should also be checked and compared with the vertical load

e  After that, a second horizontal cut is made, vertically spaced about 500 mm from
the previous one, and a double flat jack test [ ] (see Figure 4b) is carried out to

flat jack is inserted, four pairs of measurement bases, three orthogonal to the cuts
and one parallel to them, are installed between the two jacks, and the initial base
lengths are measured. The pressure is gradually increased, recording the strain
variations for each pressure increment. The test is stopped when the ratio between
the increase of jack pressure and the strain increment rapidly drops and the first
cracks occur in the masonry. From the experimental — diagram recorded, the
elastic modulus, , in different behavioral conditions can be derived, as a function

e  Finally, the shear compression test is performed, as described below (see also

The sequence of the relevant phases for the preparation of the tests and their per-
formance is summarized in Figure 4: removal of the plaster and performance of a single
flat jack test (phase 1), preparation and performance of a double flat jack test (phase 2),
realization of the vertical cut and making of a cavity in the wall to insert the hydraulic
jack (phase 3), and setup of the shear test with the placement of the measuring devices,

As anticipated, the test setup is conceived in such a way to simplify the preparation of

made in the wall at 0.8 0.9  distance from an opening in such a way to obtain a panel
with a height/length ratio of about 2 (see Figure 5). Evidently, the proposed scheme is

As already remarked, in that way the test procedures are simplified and the perturba-
tions of the existing stress pattern in the panel are minimized. In fact, since the wall panel is

panel by means of two hydraulic jacks, placed in a prismatic cavity of suitable dimen-
sions, previously made in the remainder of the wall. A thick steel plate placed between
the hydraulic jacks and the test element allows for obtaining an approximately uniform
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Sequence of relevant test phases: phase 1—removal of the plaster and performance of a single flat jack test ( ),

phase 2—preparation and performance of a double flat jack test (
a cavity in the wall to insert the hydraulic jack ( ), phase 4—setup of the shear test with the placement of the measuring






