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Abstract In-plane performance of masonry load-
bearing walls was tested in a quasi-static fashion by
loading individual brickwork perforated walls with
constant normal force and increasing lateral force.
Fifteen full-scale unreinforced frames were con-
structed by professional bricklayers, from ordinary
bricks and lime-mortar according to ancient tech-
niques, so as to be representative of historic masonry.
Each wall was subjected to two monotonic loadings
(with unloading), up to the full drop-off in the
stiffness and complete development of the kinematic
mechanism. The specimens exhibited significant
overstrength with respect to the strength provided by
the masses and high deformation capacity, which are
not adequately represented by code provisions for
analysis of ancient masonry buildings. The over-
strength is here described by several key parameters,
namely: (1) Level of coupling piers by spandrels, (2)
virtual work done by interlocking and friction forces,
(3) and maximum tensile stress in the top spandrel and
nodal panels. The paper attempts also to calibrate the
behavior factors (g) for masonry frames that are not
overly conservative, as code-prescribed g-factors are.
Thus, another key issue in the paper is to derive
g-factors directly on the basis of the measured values
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to reproduce the overstrength, allowing for the normal
force in the piers and the masonry texture of the wall.
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1 Introduction

This paper deals with the seismic behavior of
brickwork and stonework vertical structures of
historic buildings. More specifically, the object
of this paper is in-plane seismic capacity of masonry
load-bearing walls of existing constructions.

Many historical constructions are still in service,
so to assess masonry buildings is a main concern of
structural engineering. When the safety margins are
no longer assured or prove inadequate for new
structural demands, two are the options, namely: (1)
To reduce the structural demand, or (2) to upgrade the
structure. The first option is unacceptable for histor-
ical constructions since it tends to “fossilize” the
building, whereas historical building conservation
requires keeping the construction in service to satisfy
present needs. If an existing construction that holds
cultural value is unable to meet the present building,
road, rail or waterway structural demands, thus, to
upgrade the structure is the only satisfactory option.
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Strengthening historical buildings in order to
prolong the service life poses serious concerns, since
reinforcement techniques may guarantee an adequate
increment in strength, stiffness and ductility, but
usually do not fulfill aesthetic or restoration needs
and sometimes do not guarantee durability. Hence,
the crucial point is not to upgrade or retrofit the
construction considering also conservation and res-
toration demands, but to assess safety as precisely as
possible.

Historical buildings may not satisfy structural
demand code since modern-day loads are far higher
than the ones initially considered, or substantial
alterations are made to meet present architectural
requirements and demands. But above all, historical
masonry buildings usually do not satisfy seismic
demand code.

The response of historical structural systems to
seismic excitation actually differs substantially from
the response of more modern structural systems, but
often is not as deficient as usually perceived and
supposed by codes. The notable conservatism of the
codes derives only in part from the poor performance
and extensive damage shown at times by masonry
structures in past earthquakes, but for the major part
derives from the general conviction that it is more
difficult to reach a precise analysis result for masonry
structures than steel or concrete structures since,
compared with steel or concrete materials, the prop-
erties of masonry material exhibit a greater degree of
uncertainty due to the uncontrollability of handicraft.

The crucial point is that some of the favorable
aspects of masonry seismic response are specific to
the single structures so can hardly be generalized,
while safety assessment methods established by
current codes disregard the contributions to structural
capacity that are neither standard nor usual. This
means to allow only for the strength due to the
masses, whose contribution is the only one that can
be generalized for unreinforced masonry. This nota-
ble conservatism may be suitable for new masonry
buildings, whose structure includes unreinforced
masonry only marginally, since steel bars or beams
reinforce the vast majority of masonry spandrels and
piers, as well as floors and lintels are well connected
to masonry walls. On the contrary, it may be not
appropriate for the review of existing buildings,
whose structure is entirely composed of unreinforced
masonry, where unacceptable economic and cultural

penalty could be imposed should seismic analyses
allow only for the strength provided by masses.
Highlighted are new seismic code provisions for
ancient structures that have been adopted recently by
a number of code bodies, in particular by 2003 Italian
code (the last version is of 2005) [1], devoted to the
design of structures for earthquake resistance, that are
overly conservative.

Hence, ancient building conservation entails to
point out the buildings whose current usage is
definitely unable to meet present structural demand,
and to avoid structural work stemming only from the
great degree of uncertainty about actual capacity of
masonry structures or from erroneous convictions
about masonry response.

The excessive conservatism of codes is mainly due
to the fact that code provisions do not consider the
contribution of masonry tension strength and texture
interlocking. Neglecting these contributions, the
interaction between masonry spandrels and piers of
perforated walls is totally disregarded. Thus, the
coupling effect is a crucial point.

2 Position of the problem

Due to the small tensile strength and brittle behavior
in tension of masonry material compared to the fairly
high compressive strength (although the behavior in
compression is brittle as well), together with the
relatively large dimensions of the cross sections of
vertical load-bearing structures, the controlling fail-
ure modes of masonry structures are rocking (Fig. 1)
and sliding (Fig. 2) mechanisms. Conversely, crush-
ing failure (included toe crushing) and diagonal
tension are not the controlling failure modes, except
for unusual configurations or special constructions
[2-7]. As regards diagonal tension, while it is not an
actual failure mode, conversely it may be the cause of
diagonal cracks through joints and bricks. Thus,
diagonal tension may initiate failure for shear mech-
anism, i.e., it may trigger a mode of failure whose
cause is the shear action, as sliding mechanism
(Fig. 2), but whose movement consists of translation
of the masonry portion that results from diagonal
cracks.

Accordingly, the load-carrying capacity of
masonry structures is predicted by the kinematic
mechanism analysis of rigid body movements,



Materials and Structures (2009) 42:279-300

281

Fig. 1 Rocking failure p
modes of unreinforced
masonry perforated wall:
(a) lower, (b) intermediate,
(c) upper, (d) and global
overturning shapes of
kinematic mechanism
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Fig. 2 Sliding failure mode of unreinforced masonry perfo-

rated wall
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together with friction mechanism analysis (which
includes the ultimate shear stress integrated over the
uncracked part of the cross section, although this
contribution is not substantial). On the contrary, no-
tension analysis can only predict the stress distribu-
tion for given external loads but can not assess the
safety condition, since safety of masonry structures
depends neither on the maximum compressive stress,
nor on the crushing strength. In masonry historical
buildings, in fact, major dead loads were employed
regardless the stress level, just to increase the masses
that are lifted up by the rigid body movements of the
kinematic mechanisms, so increasing the load-carrying
capacity.
Some modern structural standards recognize that
rocking and sliding (including shear failure) lie at the
bottom of the resistance hierarchy of masonry
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structures. This approach represents advancement
with respect to the codes of past generation. If
however the ultimate seismic capacity considers
only the strength provided by the masses of the
construction, code provisions result to be overly
conservative, since in so doing assessment neglects
any strength provided by masonry material (except
for shear stresses, whose contribution however is
marginal).

As regards the Italian seismic code [1], unrein-
forced masonry spandrels are assumed to be fully
uncoupled with respect to supporting piers. As
regards the Eurocode 8, the final version [8] specifies
that (sec. 9.4.4) ‘spandrels may be taken into account
as coupling beams between two wall elements if they
are regularly bonded to the adjoining walls and
connected both to the floor tie beam and to the lintel
below’. Contrary to new spandrels, however, usually
such connections do not exist in ancient spandrels.
Thus, spandrels cannot be taken into account as
coupling beams. Actually, ancient masonry structures
do not fall within the scope of Eurocode 8.

Consequently, code provisions for horizontal
resistance calculation of ancient masonry structures
consist of the lower external lateral load that turns the
structure into a kinematic mechanism, according to
an analysis based on rocking and friction mecha-
nisms. Hence, calculations of ultimate horizontal load
disregard the contributions to load-carrying capacity
that imply tensile stresses, in particular do not allow
for any strength due to frame action of the perforated
wall. In such codes, thus, only the behavior factors
(g) could reproduce the strength that supplements the
load-carrying capacity provided by masses. Con-
versely, the code-prescribed behavior factors are too
low for this purpose, i.e., the g-factors take into
account only hysteretic energy dissipation provided
by masonry system, while the g-factors neglect
coupling effect.

Unfortunately, the masses together with the code-
prescribed behavior factors provide the masonry
frame only with moderate theoretical capacity of
withstanding lateral forces. As a result, the vast
majority of historical buildings turn out to be
seismically unsafe and thus require upgrading work.
This requirement does not seem consistent with the
numerous historical buildings that are still in service
and exhibit marginal damage despite they have been
struck by major earthquakes [9-12].

An historical building may really not satisfy
seismic demand code despite its long service life.
In fact, the return period of the design action for
ultimate limit state is about half of millennium (and
the return period for collapse limit state is more than
two millenniums); so, even an historical building may
have not yet met the expected seismic action.
However, also a building survived a major earth-
quake without appreciable damage may be
seismically inadequate. In fact, a building may have
tolerated an intense earthquake only because its first
natural frequencies are far from the peaks of the
seismic action in the frequency domain, whereas it
collapses if it is struck by an earthquake with the
same intensity but adverse spectrum. Similarly, a
building may have tolerated a major earthquake only
because the horizontal action struck the building in its
strong direction, while it fails if it is struck by an
earthquake with the same intensity but in the weak
direction. Moreover, the seismic capacity decreases
throughout centuries, with the increasing of crack
patterns.

On the other hand, the survival of great stocks of
buildings proves that the mean seismic capacity of
such buildings is considerably higher than code-
prescribed seismic capacity, and masonry buildings
may satisfy the demand code with minor upgrading
work. This is the case of the historical buildings of
Mediterranean basin that, as reported during major
earthquakes, can perform quite well under certain
circumstances, particularly if the out-of-plane over-
turning moment of the walls is resisted.

3 Scope of the paper

Several mathematical models, including “strong
pier—weak spandrel”, “equivalent frame” and
“strong spandrel-weak pier”, have been successfully
employed to model perforated in-plane masonry
walls [3-6, 9, 10, 13-17]. These models attempt to
reproduce the effect of coupling piers by spandrels.
However, model results are affected by the great
degree of uncertainty of masonry properties. There-
fore, the predictions of such models may be
unreliable for assessing the load-bearing capacity
and the safety performance of masonry structures.
The relatively large discrepancies between model
results necessarily entail the codes to ignore the
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coupling between the spandrels and piers. Despite the
code assumptions, yet, the models that incorporate a
substantial coupling effect are the most consistent
with experimental observation. Therefore, it would be
worthwhile to develop knowledge in this field. This
research aims at contributing to the topic of span-
drels-piers coupling, in particular at defining how
much spandrel may be taken into account as coupling
beam.

4 Strength provided by masses

The strength provided by masses is dictated by
rocking or sliding. As regards rocking, the strength
derives from the masses that are lifted up and taken
down by the rigid body movements of the kinematic
mechanism (the former movements provide positive
contributions while the latter negative contributions
to strength). A rocking kinematic mechanism consists
of a set of masonry portions joined by pins. A pin
does not correspond to a hinge. Contrary to the
common structural hinge, in fact (Fig. 1), the pin’s
position is on the boundary of the section (not on the
centroid), only the relative opening of the two pinned
sections is possible (the rotation is unilateral), and no
plasticity and friction are displayed by a pin (the pin
does not behave as plastic hinge).

The point is to determine the mechanism dictating
the load-carrying capacity of the structure, whose
shape mainly depends on the nodal panel (the
intersection between pier and spandrel). Four are
the possible shapes of rocking mechanism of perfo-
rated walls, namely: I—Lower; II—intermediate;
[II—upper; IV and global overturning (Fig. 1).

Lower, intermediate and upper shapes of mecha-
nism (Fig. la—c) are the result of the piers in the
condition of cantilever over the span extending from
either the lower or the upper level of the bottom
spandrel, to either the upper or the lower level of the
top spandrel. By the in-plane deformation, thus, the
piers rock about the leeward individual toe while the
top spandrel rotates with respect to either the nodal
panel, or the piers. The lateral strength of a
mechanism derives from both the fraction of the
total mass that is lifted up by the rigid body
movements and from the lever arms of the masonry
portions joined by pins, as shown by the virtual work
equations (such equations are described in [18]). In

the lower mechanism, the spandrel contributes to
lateral strength only because of its mass, so the level
of coupling piers by spandrels is the minimum. The
opposite in the upper mechanism, where the spandrel
contributes to lateral strength also because of its
flexural and shear strength, so the level of coupling is
the maximum. Consequently, the lateral external
force in equilibrium with the lower mechanism is the
minimum, and with the upper mechanism the maxi-
mum, among the three mechanism of Fig. la—c.
Accordingly, the lower mechanism matches up with
Italian code provision (strength by masses). The
global overturning shape of mechanism (Fig. 1d)
consists of the rigid rocking movement of the entire
perforated wall. It occurs when the opening is small,
otherwise the load-carrying capacity of the global
overturning mechanism is greater than that of the
upper one.

As regards sliding (Fig. 2), the shear resistance is
given by the friction coefficient and the normal force,
where the latter derives from the masses (strength by
masses).

5 Description of experimental tests

The main objective of the tests described herein was
to address the knowledge gap pointed out in Sects. 2
and 3, considering as well the numerous experimental
results found in the technical literature. A range of
experimental work has been carried out on the in-
plane performance of masonry walls and panels, but
they have often been limited to testing scale models,
small panels, or these with artificially imposed
boundary conditions. Conversely, a limited number
of tests have been carried out on full-size specimens
and relatively few experimental investigations have
been conducted on complete structures. But above
all, ancient masonry structures have been considered
only occasionally. Although all the aforementioned
studies provided valuable insight into nonlinear
properties of masonry [2, 4, 7, 11, 16, 19-25], much
work is still needed to characterize the true inelastic
behavior of masonry walls.

5.1 Design of test structures

It was intended to represent the typical bearing wall
structures of historical buildings. Window and door
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openings, as well as historic mortar have a significant
influence on the behavior and the ultimate capacity of
these types of structure. The test structures were
therefore single-story full-scale unreinforced brick
masonry walls with opening, assembled by hydrated
lime mortar (Figs. 3—12). Each specimen was hence
composed of two piers, two spandrels and a lintel
beam, with bed joints without cement.

All the walls were constructed by experienced
masons, in line with the ancient rules of construction
of the historical treatises, and a licensed masonry
contractor experienced and skilled in restoration of
old brickwork supervised. Insofar as possible, con-
struction procedures were consistent with standard
practice for historical buildings, and details were
designed to promote the device of ancient masonry
structures.

Several types of models were used to predict the
response of the research perforated wall prior to test
[26]. Theoretical results showed that the adopted
geometry and arrangement allowed for the investi-
gation of the main key parameters.

5.2 Description of specimens

Fifteen real brickwork frames were fabricated and
then tested in a quasi-static fashion (Figs. 3-5). Brick
nominal dimensions were 250 mm in length, 125 mm
in width, and 61 mm in thickness. All the fifteen test
frames had the same geometry and were composed of
the same bricks and mortar. The dimensions of each
frame were 3.06 m height x 3.12 m width, and of

Fig. 3 Test perforated wall; texture 1

-

Fig. 4 Test perforated wall; texture 2 and test setup

each opening 1.21 m height x 1.07 m width. Dimen-
sions were chosen to represent common load-bearing
perforated walls.

The frames were composed of double wythe brick
masonry; so, the wall thickness was 0.250 m (Fig. 5).
This is the typical thickness of historic masonry
bearing walls.

Five masonry textures were adopted; hence, three
specimens per texture. The bond pattern was the same
for all the frames, while the textures differed in the
number of transverse bricks. From the first to fifth
texture, an increasing number of bricks with the long
side normal to the masonry surface were set. The
adopted textures are representative of old Italian
buildings and of those in other countries as well,
since a texture is characterized by the number of
transverse bricks per square meter.

The wall specimens were constructed and then
exposed to strong rainwater as well as many sunny
days for approximately 18 weeks before testing.

5.3 Material properties

Critical material properties typically used for design
and safety assessment were measured using standard-
ized tests, such as compression tests of square prisms of
brick and masonry, as well as of cylinders of mortar,
bond wrench, four-bricks direct shear tests, and tensile
tests. Nominal dimensions of prism brick were
150 mm in length and 60 mm in side, and of cylinder
mortar were 200 mm in length and 80 mm in diameter.
The prisms of masonry were built of three bricks units
put on top of each other, using the same mortar and the
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Fig. 5 Left: Elevation of
the specimen. Right: Basic
dimensions P P
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Table 1 Key material properties measured (or experimentally deduced*) using standardized tests
Masonry (N/mm?) Bricks (N/mm?) Mortar (N/mm?)
Compressive strength, f;,, 1.21 Compressive strength, fj, 2.36 Compressive strength, f; 0.77
Modulus of elasticity, E,, 1,360 Modulus of elasticity, Ej 3,150 Modulus of elasticity, E; 1,013
Tensile strength*, f,,, 0.08 Tensile strength, f3, 0.14 Tensile strength, f;, 0.05

same construction technique as was used for the test
walls. Prisms and cylinders were subjected to the same
environment conditions as the walls. The results of the
material tests are given in Table 1.

5.4 Test rig

To simulate realistic boundary conditions, a 194 mm
height concrete braced loading distribution beam was
poured on the top of each wall and the brickwork was
laid onto a 292 mm height concrete foundation beam
fixed to the pavement of the laboratory (Fig. 7). The
beams reproduced also the floors, including flexible
floor diaphragms, since usually they are unreinforced.
The net height of the brickwork was hence
2,574 mm.

In so doing, imposed displacements to the top of
the leeward pier (pier at the side opposite to loading
side) were essentially the same as those imposed to the
top of the windward pier (pier at the loading side) and
the shear action was well distributed in the piers. The
concrete elements affected only slightly the coupling
effect, since they were unreinforced and they cracked
well before the initiation of coupling effect.

Relevant aspects of the design of the lintel pertain
to the observed seismic response of historical

buildings. Typically, masonry piers are not coupled
by lintels over the window and door openings, due to
the marginal anchorage and the brittle failure of
historical lintels. To accomplish this, the opening was
spanned by nonstructural lintel. The lintel was
composed of quasi-vertical bricks, separated from
the spandrel by 7 mm expansion joints to allow the
spandrel to rotate relative to the piers without
engaging the lintel, and not initiating the cracking
and the failure of the lintel (Fig. 6).

Imitating typical method of constructing lintels in
the past was the goal of this approach, as well as
imitating typical ancient construction methods was
the goal of the specimen design. First contact and
damage of the lintel did not occur until the wall
attained an overall drift level of 1.3%, at which point
the expansion joint closed completely and the lintel
engaged the adjacent spandrel (Figs. 6, 8 left). Thus,
the use of nonstructural lintel prevented behaviors
that are unrealistic in ancient buildings.

5.5 Testing procedure
To simulate the actual gravity loads on load-bearing

walls that offset the lateral load, four vertical forces
were applied at the top of each test wall. This was
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Fig. 6 Closeup of the lintel beam during test 1-3, at an overall
drift level of about 1.3%

Fig. 8 Closeup of the lintel
beam after test 1-3 (left)
and 5-3 (right)

horizontal actuator

actuator

Fig. 9 Loading system: actuators and steel reaction frame

accomplished by four prestressing tendons (high
tensile steel cables) and four actuators (Fig. 9), i.e.,
a vertical prestressing tendon and actuator per side of
the masonry wall and per pier, to develop the required
total level of clamping vertical load, P,.

-

| el

|
top and bottom bracedfbeam e

Fig. 7 Test rig; concrete braced loading distribution beams

The main difficulty in using this approach was that
as the pier’s midheight horizontal displacement
increased, the top of the wall height was raised
slightly, thereby extending the actuators. However,
the servocontrol that governed the actuators permitted
to keep the clamping vertical force of each actuator
nearly constant during each test (the prestressing force
applied by each tendon varied less than £1%). Thus,
the wall specimens did not suffer significant increases
in precompression even at large displacements, and
constant force assumption was considered to be
largely acceptable during all the tests. Accordingly,
each vertical tendon provided P,/4. So, clamping
vertical forces acted like real gravity loads.

Three levels of P, were applied at each of the five
textures: P, = 40 kN (20 kN per pier), P, = 80 kN
(40 kN per pier) and P, = 140 kN (70 kN per pier).

The tests were conducted in displacement control
(Figs. 9-11), so as to capture also the softening
branch of the load-deflection curve. The testing
procedure included two loadings per wall with
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Fig. 10 Applied loads; the vertical top forces were kept
constant during each test, while the horizontal lateral top force
was increased up to reaching the maximum displacement

Fig. 11 Loading system: device to apply and smear the
horizontal force

unloadings. The vertical force P, was kept constant
during each loading (and unloading), while the
horizontal top force was monotonically increased
(Fig. 10) up to reaching the maximum lateral dis-
placement attainable (Fig. 13). The second loading
was applied in the same direction, so the testing
procedure consisted of a repeated loading with
unloading and not a cyclic loading.

5.6 Experimental test setup and instrumentation

The test setup primarily consisted of five mounted
servocontrolled hydraulic actuators (Figs. 4, 9), one
providing an in-plane top horizontal force and four
providing two in-plane vertical resultant forces, i.e.,
pier axial force. A steel reaction frame collected the
reaction of the horizontal actuator. A strong floor, at

. 1 194 |
/4

displacement 645
transducer <&— —+

642
— X +
= 642
> +

645
7 |1 o B
4

Fig. 12 Displacement transducers on the test specimen to
record the displacements

which the concrete bottom beam was fixed by anchor
bolts, collected the reactions of the vertical actuators.
Lateral and verticals forces were measured by load
cells positioned in series with the hydraulic actuators.

Displacement transducers were positioned to
record the horizontal in-plane and out of plane
displacements at several heights, to capture also the
distribution of the strain acting on the wall (Fig. 12).
Another 16 displacement devices were located
throughout the wall to measure: Actuator displace-
ments; horizontal slip of walls at construction joints;
spandrel/lintel rotations over the opening. Moreover,
potentiometers were used to measure the global
vertical movements as well as to monitor sliding
behavior, and strain gages with a 35 mm gage length
to measure the strain.

6 Tests results: summary and detailed discussion

Each test is labeled by a two-digit number. The first
digit indicates the level of the vertical load: 1 — P, =
40 kN (i.e., 20 kN per pier); 2 — P, = 80 kN (.e.,
40 kN per pier); 3 — P, = 140 kN (i.e., 70 kN per
pier). The second digit indicates the percentage of
bricks set with the larger side across the wall thickness
with respect to the wall surface: 1 = 2.5%, 2 = 5.0%,
3 =10.0%,4 = 15.0%,5 = 20.0% (Figs. 13 and 14).

6.1 Load—displacement response
Coupling effect, to which the paper is devoted, is

pointed out by the measurements of the top displace-
ment transducers and the load cells, while the

=
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Fig. 13 Some of the new
response limit states
exercised by the tests,
attained by the perforated
walls during the loadings
(pull direction: first
photograph). (a) Masonry
textures number 5. The pier
rocks about the leeward
individual toe. Pier
overturning produces first
crack that here is shown at a
drift of 1.45%. (b) Masonry
texture 4. First crack during
the first loading, when the
windward pier tends to
rock. (¢) Cracking in the top
spandrel during the second
loading. Crack interlocking
produces internal resisting
couples. (d) Ultimate state
of the top masonry spandrel
at the end of the second
loading

measurements of the whole mounted extensive
instrumentation of Fig. 12 were here used only to
check the load-deflection diagrams (while such
results will be the subject of next papers).

The curves lateral force versus horizontal transla-
tion at the top of the wall are reported in the 15
diagrams of Fig. 14 (30 curves), in which the lower
abscissa shows the displacement (in mm) applied at
the top of the brickwork, while the upper abscissa
shows the drift (in percentage), where the drift is
defined as the lateral displacement (lower abscissa)
divided by net wall height (i.e., 3.03 m). Moreover,
the left ordinate shows the lateral force (in kN)
associated with the displacement, while the right
ordinate shows the ratio of the lateral force to the sum
of the own weight of the mass portions involved in
the mechanism (two piers and the upper span-
drel = 23.38 kN) plus vertical top load P,. In each
diagram, the first loading is represented by the solid
curve and the second loading by the dashed line.

6.2 Key experimental results

In Fig. 14, the circle represents the theoretical lateral
top force that triggers the lower shape of mechanism
(Fig. 1a), the square the intermediate (Fig. 1b), the
rhombus the upper (Fig. 1c), the triangle the sliding

-

o i
. | Spandrel damage
at the first loading
Texture 2 :
C—

mechanism (Fig. 2) calculated by using a friction
coefficient of 0.4 and the test measured shear strength
of 0.11 N/mm>.

A summary of the key experimental results and a
comparison of the test measurements with rigid body
analytical predictions is given in Tables 2—4. The
values of maximum experimental lateral load, F,,,,,
and wall top-height displacement, d,,,,, When F,,,,
was recorded, are respectively given in columns 2
and 6 for first loading, 8 and 12 for second loading.
These tables list also the first and second loading
drifts in columns 7 and 13 respectively. Moreover,
the Tables 2—4 compare F,,,, to the strength obtained
by the rigid body model for each of the three rocking
mechanisms of Fig. la—c, and for each P,. The ratio
of F,... to the strength estimated, respectively, for
lower mechanism, Fj,, denoted A, intermediate
mechanism, Fj,, denoted f, and upper mechanism,
Fy,, denoted 7, are given (in that order) in columns 3,
4 and 5 for first loading, and in columns 9, 10 and 11
for second loading.

6.3 Interpretation of the load-deflection diagrams
To gain a better understanding of the findings of the

research as presented in Fig. 14, this paragraph
recalls the following results.
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Lateral force (kN)

Lateral force (kN)

Lateral force (kN)

Fig. 14 Load-displacement response of the 15 perforated
walls: solid line = first loading; dashed line = second loading.
Rocking and sliding lateral forces calculated by the motion
lower mechanism (Fig. la) =

analysis
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Horizontal multiplier of vertical load
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shadowed circle; intermediate mechanism (Fig. 1b) = shad-
owed square; upper mechanism (Fig. 1c) = black rhombus;
sliding mechanism (Fig. 2) = triangle
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TOP VERTICAL FORCE: 40 + 40 kN
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TOP VERTICAL FORCE: 70 + 70 kN
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Table 2 Summary of test results for the set of five walls with vertical normal force P, = 20 + 20 kN, where 1 = F,,../Fp.»

ﬁ = FmaA/FIrzv Y= Fmax/FUp
First loading Second loading

wall mec ;L’ ﬁ y dmax (S F”lHX /’L ﬁ V dmw( 5
Label kN - - - mm % kN - - - mm %o
1-1 18.2 1.69 1.53 0.77 23.5 0.78 17.9 1.66 1.50 0.76 24.6 0.81
1-2 28.3 2.62 2.38 1.20 49.1 1.62 242 2.24 2.03 1.03 355 1.17
1-3 352 3.26 2.96 1.49 323 1.07 314 291 2.64 1.33 40.0 1.32
14 22.4 2.07 1.88 0.95 25.8 0.85 21.8 2.02 1.83 0.92 22.0 0.73
1-5 34.8 3.22 2.92 1.47 43.5 1.44 23.6 2.19 1.98 1.00 51.6 1.70

Table 3 Summary of test results for the set of five walls with P, = 40 + 40 kN, where 1 = F,../Fp, B = Fuad Fin» V = Fnax/Fup

First loading

Second loading

Wall Frax A p y dypax d Foax A p y dopax 0
Label kN - - mm % kN - - mm %
2-1 59.8 3.44 3.07 1.55 26.6 0.88 46.7 2.68 2.39 1.21 19.1 0.63
2-2 47.6 2.74 2.44 1.23 30.2 1.00 41.8 2.40 2.14 1.08 28.5 0.94
2-3 50.4 2.90 2.58 1.31 36.1 1.19 452 2.60 2.32 1.17 323 1.07
2-4 56.9 3.27 2.92 1.47 29.3 0.96 39.9 2.29 2.05 1.03 314 1.04
2-5 80.9 4.65 4.15 2.10 38.6 1.27 38.8 2.23 1.99 1.01 27.0 0.89

Table 4 Summary of test results for the set of five walls with P, = 70 + 70 kN, where A = F,,,,/F;,,, f =

me(/FIns V= Fmax/FUp

First loading

Second loading

Wall Frax A p Y o 1) Frax A p y Ay 0

Label kN - - - mm % kN - - - mm %

3-1 64.2 2.35 2.08 1.05 31.1 1.03 57.5 2.11 1.87 0.93 39.2 1.29
3-2 83.1 3.04 2.70 1.36 21.8 0.72 65.1 2.38 2.11 1.06 28.1 0.93
3-3 84.6 3.10 2.75 1.38 26.7 0.88 59.4 2.18 1.93 0.97 20.5 0.68
34 62.9 2.30 2.04 1.02 38.3 1.26 58.4 2.14 1.90 0.95 40.2 1.33
3-5 62.4 2.29 2.03 1.02 31.8 1.05 61.3 2.25 1.99 1.00 39.5 1.30

First cracking always occurred at a load signif-
icantly lower than the peak of the curve.

All the curves exhibit high deformation capacity,
even for the second loadings, while do not exhibit
any quickly drop off in the horizontal resistance,
i.e., softening behavior is not pronounced.

The higher the normal force, the greater is the
slope of the pre-peak branch. The greatest slope
was for the intermediate number of transverse
bricks (texture 3).

PiEM

For low normal force and few transverse bricks,
second loading post-peak branch tends to overlap
first loading one, whilst it is very different for high
normal force and many transverse bricks. The
strength of the second loading beyond the peak is
sometimes above the strength of the first loading.
This observation can be explained by an increment
of interlocking and friction forces at the second
loading, due to more closed fracture surfaces and
to the plasticity-induced crack-closure.
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6.4 Interpretation of the behavior throughout the
loading and limit states

Visual inspections of the specimens revealed some
interesting effects and trends.

— First cracking occurred at the construction joint
between the piers and the bottom spandrel for
textures 1—4, and at a lower level for texture 5
(Fig. 13a-b). First cracking initiated in the hor-
izontal mortar joints at the windward pier side
and developed into a horizontal crack. Bottom
cracks occurred well before top cracks.

— Observed mode of failure was the intermediate
shape for textures 1-4 and the lower shape for
texture 5. Conversely, F,,,, resulted almost
always greater even than the lateral force that
triggers the upper mechanism Fy, (Figs. 13, 14;
y of Tables 2-4).

— The lateral strength calculated for the friction
mechanism (triangle) is almost always greater
than for the upper mechanisms (rhombus). Before
piers or spandrels may slide, hence, piers rocked
about their individual leeward toes, while the top
spandrel rocked as well, so sliding mechanism
was not observed. Thus, friction failure mode can
be ignored in the discussion of the results.

— Crushing strength had no significant effect on the
response of the test structures.

— First considerable damage was a diagonal crack
that appeared in the leeward top nodal panel.
Crack initialized at the center of the nodal panel
and propagated diagonally until it reached the
upper and lower corners of the nodal panel. After

P P lp
Fi2 Fr2 Fi2

a slight increase of drift, a similar crack devel-
oped in the windward top nodal panel (Fig. 15).

— Nodal panels cracking occurred at the first
loading, when the drift was substantially lower
than the ultimate drift. Increasing the drift,
especially at the second loading, cracking prop-
agation formed edge-notched cracks in the top
spandrel (Fig. 13c—d).

— In all the walls, hence, first damage occurred in
the nodal zones and consisted of a dense array of
cracks, which were interlocked rather than stress
free. The observation that cracks were interlocked
and that first damage occurred in the nodal zone is
contradictory to many conventional models in
which cracks are modeled as pins and the nodal
zones are modeled as rigid zones. Since such
models influence the seismic codes, this observa-
tion may explain the large discrepancy existing
between the code provisions and the good
performance or at least moderate damage shown
often by masonry structures in past earthquakes
(as developed in the chapter 6.5).

6.5 Interpretation of nodal panels cracking and
correlation with coupling effect

Cracks in the nodal panels initialized at the center of
the nodal panel, due to the high tensile stress
concentration at 45° provoked by the shear action
(Fig. 15a), and propagated diagonally up to diagonal
tension failure (Fig. 15b). Conversely, cracks in the
nodal panels were not the result of any frame action,
since each crack did not initiate at the edge of the

P P P
Fi2 Fi2 Fi2

> e > > > >
panel node
tension \ (LCKS)
diagonal
(a) (b) (c)

Fig. 15 Observed cracking in the top spandrel. (a) Tensile stresses in the nodal panel; (b) explanation of the cracking. (¢) Cracking

that would occur if the perforated wall behaved as a frame
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nodal panel, i.e., frame behavior was not observed
(Fig. 15¢).

The nodal panel that failed was the leeward one,
rather than the windward one, because the leeward
pier transmitted a fraction of total shear action greater
than the windward pier. This was a consequence of a
compressive normal force greater in the former than
in the latter, due to the overturning resisting moment
provided by the piers through the lever arm resulting
from the span between the piers.

Since the dense array of diagonal cracks behaved
as interlocked, the interfaces of each crack were
partially prevented from rotating one with respect to
the other. This explains why the mechanical inter-
locking occurring at the crack interface during in-
plane deformation reinforced the participation of the
top spandrel. Observed substantial spandrel partici-
pation can be described by a couple transmitted
across the cracks due to interlock effects. Hence,
crack state impacted the response of masonry perfo-
rated walls, since cracks supplied additional strength
and deformation capacity to resist the lateral load by
means of interlock engaged by the dense array of
edge-notched cracks (cohesive cracks) developed
even at major drifts and at the second loading, which
affected substantially the lateral behavior of the
perforated wall.

The lateral force remained close to the maximum
as long as the couples transmitted across cohesive
cracks were held by interlocking. Since cracks did not
release interlocking even for high drifts, the devel-
opment of the mechanism was resisted by the
interconnections engaged between crack edges and
the lateral force remained relatively close to the
maximum for a wide range of drift, even at the
second loading. This result has a great relevance for
the seismic evaluation of unreinforced masonry
buildings, although the degradation due to cyclic
loading implies a reduction of such benefit.

7 Overstrength with respect to the lower
mechanism

Analyses of the observed behaviors were mainly
devoted to the horizontal resistance that supplements
the strength of the lower mechanism, hereafter referred
to as overstrength. The overstrength derives from
coupling effect between spandrels and piers. Since first

cracking totally disconnected the bottom spandrel
from the piers, coupling effect is provided only by the
top spandrel. Consequently, coupling effect ensues
from the couple developed by the internal shear force
acting in the two cross-sections at the ends of top
masonry spandrel. In fact, such shear forces result in a
global overturning resisting moment, C, developed by
the piers normal forces N acting over the lever arm
L = 1.025 4 1.07 = 2.095 m between the axes of the
two piers (Fig. 5, right), where N is the total normal
force acting in each pier minus the normal force due to
the vertical loads (i.e., minus the fraction of normal
force due to the own weights plus P,).

The maximum value of the global external moment,
M,, is given by F,,,. over the lever arm given by the
height of the brickwork, that is H = 2.768 m. Due to
coupling effect, M, = F,,,, - 2.768 kN m is resisted
partially by the lower mechanism and partially by C.
Thus, the overstrength corresponds to C. The writer
believes that the most logical representation of the
overstrength is the following parameter 0 (Table 5)
that compares the overstrength with the total strength
(the latter is equal to the maximum applied global
overturning external moment).

C L-N 1.025-N N

=— = = =0.37-
M. H- Fmax 2.768 - Fmax Finax

(1)

An additional representation of the coupling effect

can be gained by the ratio { of F,,,, to the lateral top

force F, that triggers the global overturning mecha-
nism (Fig. 1d).

Fmax

c=tr @

Consider that the own weight of the brickwork
plus upper beam is 33.94 kN, the overturning lever
arm is 3.06 m, and the resisting lever arm under the
assumption that the wall rocks about its individual
leeward toe is 3.12 m (i.e., not considering that the
pin takes place inside the section, as conversely
shown in Fig. 1d), the following values were obtained
for the overturning force F,: for P, =40 kN,
F, =40.48 kN; for P, =80 kN, F, = 60.88 kN;
for P, = 140 kN, F, = 91.46 kN, by which { was
calculated (Table 5).

The overstrength can also be expressed by the field
of tensile stresses in the top spandrel at the ultimate.
However, this representation is not objective since
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Table 5 Ratio 0 of Eq. 1 and ratio { of Eq. 2

1: P, = 40 kN 2: P, =80 kN

3: P, = 140 kN

First loading Second loading First loading

Second loading First loading Second loading

0 ¢ 0 ¢ 0 ¢ 0 ¢ 0 ¢ 0 ¢
1 041 044 040 0.42 071 093  0.63 0.73 057 065  0.53 0.59
2 062 068 055 0.58 063 074  0.58 0.65 067 085 0.8 0.66
3069 084 066 0.75 065 078 062 0.70 068 086 054 0.60
4 052 054 050 0.52 069 089 0.6 0.62 057 064 053 0.60
5069 084 054 0.57 0.78 126 0.5 0.60 056 064  0.55 0.63

First row = Total clamping vertical force; first column = Masonry texture type

Table 6 Maximum tensile stress for each test

1: P, = 40 kN 2: P, = 80 kN

3: P, = 140 kN

First loading Second loading First loading

Second loading First loading Second loading

1 0.687 0.202 0.676 0.193 2.259 1.293
2 1.069 0.526 0.914 0.395 1.798 0.902
3 1.330 0.748 1.186 0.626 1.904 0.992
4 0.846 0.337 0.823 0.318 2.149 1.200
5 1.314 0.735 0.583 0.376 3.056 1.971

1.764 0.873 2.425 1.072 2.172 0.857
1.579 0.716 3.139 1.678 2.459 1.101
1.707 0.825 3.195 1.727 2.244 0.918
1.507 0.655 2.376 1.030 2.206 0.886
1.466 0.619 2.357 1.014 2.315 0.979

First row = Total clamping vertical force; first column = Masonry texture type. Left column of each loading: Elastic model of the
framed structure. Right column of each loading: Stress field that balances F,,,, with the minimum peak of tensile stress (lower bound

theorem for masonry structures)

stresses have to be theoretically deduced from an
assumed masonry constitutive law while can not be
experimentally measured. A variety of elastic and
inelastic approaches were used to investigate the
response of the masonry structures tested in the
laboratory, and the most logical models to represent
the stress field resulted to be (Table 6): (1) A finite
element elastic model of the framed structure; and (2)
the stress field that balances F,,, with the minimum
peak of tensile stress, in accordance with the lower
bound theorem for masonry structures. The real
maximum tensile stress is comprised between these
two types of results.

8 Pier height model of overstrength

Consider that the theoretical value of F,,,, depends
on the shape of the mechanism, that the measured
value of F,,. is greater than the value of F,,,
associated with the observed kinematic mechanism,
and that the shape is identified by the effective pier

height involved in mechanism, this is tantamount to
assuming an effective pier height taken as lesser than
the actual one. Hence, the equivalent pier height
approach disregards the actual governing mechanism
but describes the horizontal resistance by adequately
tuning the height of the piers. Taking pier height as
the height of adjacent opening plus the two spandrels,
as in the codes of ancient buildings, results in overly
conservative strength estimation, whereas taking pier
height as the height of the adjacent opening, the
horizontal resistance of the test structures results in a
sufficiently accurate and conservative strength
approximation.

Although this approach is expedited, it is not
completely effective since it control neither the
masonry texture nor the normal force. Consequently,
the estimation provided by this approach may be
precise for these frames, but this precision is due to
compensating errors. It is concluded that these
competing factors neutralized one another and results
in a seemingly accurate estimation of strength. This
type of accidental accuracy of equivalent pier height
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Table 7 Virtual work done by the interlocking and friction forces at the ultimate

1: P, =40 kN 2: P, =80 kN

3: P, = 140 kN

First loading Second loading First loading

Second loading First loading Second loading

1 8.19 35 7.80 34 52.39 67
2 21.32 58 15.99 51 36.53 59
3 30.29 66 25.35 62 40.17 61
4 13.65 47 12.87 45 48.62 66
5 29.77 66 15.21 50 79.82 76

35.36 58 43.42 52 34.71 46
28.99 53 67.99 63 44.59 53
33.41 57 69.94 64 37.18 48
26.52 51 41.73 51 35.88 47
25.09 50 41.08 51 39.65 50

First row = Total clamping vertical force; first column = Masonry texture type

For each loading: left column = Work done for a unitary angle of rotation and for each hinge (kN m/rad); right
column = Percentage of work done by the interlocking and friction forces with respect to the total work done by the system

forces at the ultimate (%)

approach should not be relied upon when dealing
with configurations different from the ones by which
pier height was tuned.

9 Interlocking and friction model of overstrength

The most effective approach to allow for overstrength
of masonry frames is to model its actual source.
Overstrength derives from the opposition to kine-
matic rigid relative movements given by interlocking
from indentation of cracks interfaces and friction
from compressive internal forces, which result in a
couple transmitted across each crack that supple-
ments the lower mechanism strength.

To describe the actual source of overstrength, the
virtual work equation that governs the equilibrium of
the rigid bodies has to include also the virtual work
done by the interlocking and friction forces in
resisting relative rotation of the two pinned sections.
The test results permitted the estimation of such work
and to express it an applicable form (Table 7). In fact,
the work done by the interlocking and friction forces
is equal to the work done by the external horizontal
force F,,,,, minus the sum of the works done by the
weight of the masonry portions lifted up and taken
down by the rigid body movements of the mechanism
and by the vertical precompression forces.

10 Recommendations
Codes devoted to masonry buildings allow for cou-

pling effect between masonry spandrels and piers only
if the tensile force of the internal couple is furnished by

steel bars or beams. Unfortunately, this condition
pertains only to new masonry but usually is not
satisfied by ancient masonry. Since tensile forces are
not provided and tensile stresses are neglected, conse-
quently coupling effect is disregarded for unreinforced
masonry. Therefore, the code-prescribed horizontal
resistance of ancient masonry perforated wall is the
lateral load that triggers the lower shape of mechanism.

Accordingly, almost all the seismic codes of last
generation devoted to ancient buildings (e.g. Italian
code [1]) assess the ultimate seismic capacity of
masonry building as the minimum lateral load
applied to the building that turns the weakest load-
bearing wall into the lower kinematic mechanism,
and assess the ultimate seismic demand as the lateral
load generated by the elastic spectrum (i.e., design
spectrum) lowered by the behavior factor g. Since
maximum horizontal load calculation disregards
coupling effect between masonry spandrels and piers,
only the code-prescribed behavior factors may allow
for such effect.

The behavior factors of masonry buildings are
given by the following expression

q:a'f'q/:“‘% (3)

in which gg = & - ¢’ allows for ability of dissipating
kinetic energy ensured by unreinforced masonry
structures and o for overstrength provided by the
capacity curve obtained by non-linear static analysis of
the building. For instance, [1] adopts ¢ = 2.0 and
& = 0.75 if the stiffness center is eccentric with respect
to the mass centroid and therefore the energy dissipa-
tion is concentrated in few walls, otherwise ¢ = 1 (i.e.,
qo = 1.5 = 2). As regards «, this coefficient is given
by the expression
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oy
o = —

- )
in which o, corresponds to the ordinate of the peak and
o to the ordinate of the point where first masonry wall
reaches its maximum strength capacity. Overstrength o
should be related to the strength that is considered in
the seismic assessment. Thus, the maximum strength
capacity of first masonry wall should coincide with the
lower mechanism, since coupling effect is neglected so
lateral strength derives only by the masses. Accord-
ingly, a, is the horizontal resistance of the building
(maximum lateral load), and «; should coincide with
the lateral load applied to the building that triggers the
lower mechanism of the weakest wall. Hence, o should
quantify the overstrength due to both the actual
strength of the wall with respect to the strength of the
lower mechanism and to the multiple walls, stories, and
spans with respect to the individual wall.

Italian seismic code [1] places the upper limit of
o = 1.8 for multi-story buildings (and o, = 90% of
the a-peak). Since A > 1.8 (Tables 2—4), contrary to
the above o disregards individual wall overstrength but
considers only multiple walls, stories, and spans.
Therefore, o does not reproduce exhaustively the
overstrength (i.e., code-prescribed o does not repro-
duce the above-mentioned definition), since it neglects
coupling effect. So, code-prescribed g-factors are
overly conservative.

Let oy, be the value of o that corresponds to the
activation of the lower mechanism of the weakest
wall. Since o, corresponds to the code-prescribed
maximum lateral load that the building can bear, the
behavior factor should refer to a coefficient o whose
denominator is oy ., Whilst «; is the actual ultimate
lateral load of the weakest load-bearing wall. Hence,
the following coefficient o/ has to replace o of Eq. 4:

/ Oy
of = > 5
o (5)

Let us define u as the ratio of lateral force applied
to the whole building that causes the collapse of the
first masonry wall to the lateral force applied to the
whole building that turns such wall into the lower
shape of mechanism, i.e.,
=t (6)

Recall the ratios A (Tables 2-4); both u and /1
represent the overstrength of the wall, but p as a

component of the bearing structural system, while 1
as individual structure.

The difference pt — 4 depends on the amount of
nonlinearity that the structural system displays for «;.
The main source of nonlinearity is cracking, whose
initiation and propagation is marginal for « < o (in
fact, @ = oy is approximately the limit of linearity of
the capacity curve). The following assumption is
therefore admissible:

A _ Fax

w=4i ie., — 7
OlLw Frw ( )

Rearranging Eq. 5 gives the following form of
coefficient o’:
/ Oy O
* o Orw ®)
Replacing the right term of Eq. 7 into Eq. 8 gives
/! O‘u Fmax
o Frw ©)

o

Equation 9 leads to
o =—-A=a-4 (10)

The following expression is hence obtained for the
g-factors of masonry buildings

qg=4d0-o- A (11)

in which o allows for overstrength of the whole
building, while A for overstrength of individual wall.
Hence, /. takes into account the actual horizontal
resistance of the wall with respect to that of the lower
mechanism (coupling effect). Equation 11 differs in
form from code-prescribed g-factors for the presence
of A (where A > 1).

This research has tuned 4 so as to provide design
values (Table 8), taking into account the masonry
texture and the level of compressive force in the
piers, on which overstrength significantly depends, as
proved by test results.

Since code expressions ought to include safety
factors that account for several aspects, the following
Eq. 12 has to replace Eq. 11:

_QO'O(';L
1=y,

(12)

in which ¥, accounts for the variability in the
measured values used for the calibration of A, and ¥,
for degradation due to cyclic loading. Since all
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Table 8 Design values of coefficient / of Egs. 11 and 12 as a function of the average compressive normal stress, ¢,, in the piers (first
row), and the masonry texture (first column) as well as the percentage of transverse bricks (second column)

% 6, < 0.20 N/mm? 0.20 < 0, < 0.40 N/mm?> 0.40 N/mm? < g,
1 2.5 1.25 1.50 1.60
2 5.0 1.35 1.60 1.65
3 10.0 1.45 1.75 1.70
4 15.0 1.55 2.00 1.75
5 20.0 1.60 2.10 1.80

specimens were different, hence no covariance can be
derived from the experimentation. Since the tests
were monotonic with unloading, hence they can not
capture degradation due to cyclic loading, which is
very important in general, and particularly important
if friction-related mechanisms are involved [25].
Thus, further experimentation is necessary to cali-
brate ¥ and ¥,. For the time being, the author feels
compelled to place the lower limit of ¥; - ¥, = L.5.
The proposed overall safety factor ¥, - ¥, = 1.5
seems to be a low one, in fact it is the material safety
factor used in the Eurocodes for concrete; safety
factors for masonry (which is characterised by higher
covariance than concrete) start from 1.5 and, depend-
ing on the type of masonry units etc., can reach up to
3.0. Moreover, only ¥, is a real safety factor, while
¥, is a mechanical parameter, since it accounts for
the cyclic nature of earthquake loading. However, 1.5
is a low value only for high values of g, while for
moderate and low values of g it seems to be
appropriate. Accordingly, the writer believes that
the limit ¢ <5 should be respected for historical
masonry buildings, or alternatively the value
¥, - ¥, = 3.0 should be used for ¢ > 5.

11 Conclusion

Although out-of-plane wall response is the principal
vulnerability of many unreinforced masonry build-
ings, in-plane wall response may frequently be
vulnerability as well. But while the former is really
a major problem, the latter problem is often the result
of the notable conservatism of current codes whereas
real vulnerability is frequently not excessive. More-
over, to improve out-of-plane wall response needs
minor strengthening work, while to improve in-plane
response needs major work.

Motivated by the demonstrated excessive conser-
vatism of the codes on upgrading design of ancient
masonry structures for earthquake resistance, a com-
prehensive research program was developed by the
author [18, 26-30], which included several experi-
mental studies on component-level response and
culminated with the present monotonic in-plane tests
of masonry perforated walls. More specifically, here a
range of experimental work has been carried out on
in-plane performance of fifteen perforated walls
composed of two piers and two spandrels, assembled
by a lime mortar and constructed imitating typical
ancient construction methods and rules.

Although the cyclic loading is a more severe and
accurate load condition [12, 25] than the adopted
quasi-statical monotonic loading (particularly when
friction-related mechanisms are involved, as in the
perforated wall), nevertheless the tests replicate
seismic loading as well, since second loading with
unloading can in part capture degradation due to
seismic response. Moreover, to interpret the results of
cyclic loadings is more difficult than of monotonic
loadings, in order to achieve general formulations.
Last but not least, monotonic loading reproduces
push-over static analysis.

Since structural behavior of ancient masonry
buildings derives from the behavior of individual
frames, hence results of the test program assist to
explain the response of an entire masonry building
subjected to an earthquake.

The experimental results suggest that the flexural
strength and shear strength of the spandrel play an
important role in nonlinear lateral load resistance and
in seismic capacity of masonry perforated walls.
Moreover, this full-scale seismic simulation tests
under laboratory conditions show that even lime-
mortar brickwork can exhibit large deformations
under extreme seismic loads by inelastic flexural
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behavior in predetermined locations. These findings
that are in accordance with the available literature on
masonry, clearly highlight the importance of such
characteristics in the response of masonry walls and
the need of calibrating code provisions as regards
coupling between unreinforced masonry spandrels
and piers. This should be done by appropriate
nonlinear structural models. However, nonlinear
analysis may be excessively complicated in practical
applications. Thus, coupling effect should be taken
into account by changing the behavior factor rather
than by nonlinear modeling.

Thus, one of the key objectives of the paper is the
calibration of code provisions for analysis of masonry
buildings, in particular to derive behavior factors (g)
that are not overly conservative, as the code values
are. First, some parameters are defined to describe
overstrength; then, an attempt is made to derive
g-factors directly on the basis of the measured values.
To this objective, lateral strength that was found to
supplement strength by mass has been incorporated in
the behavior factors by a coefficient / that increases
the g-factors, which allows for masonry texture of the
wall and normal force in the piers. Differently form
current code provisions, the proposed values of 1
recognize the demonstrated seismic low in-plane
vulnerability of many masonry load-bearing walls.
As a result, even the actual state, or however minor
strengthening work, may effectively switch the
critical component to in-plane seismic action, from
inadequate to adequate for earthquake resistance.

On other result is that the quickly cut down of the
stiffness always occurs for a drift greater than 1.0%
(and often than 1.5%) and that the ultimate drift is
greater than 2%. These results can be advantageously
used in push-over analyses.

In order to have more confidence on the coupling
effect, however, cyclic-static tests and maybe dynamic
tests are needed, further than monotonic loadings.
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