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Abstract. One of the crucial issues in the still open problem of seismic analyses of masonry
constructions is the study of the structural capacity for cyclic loadings; the difficulties are
even more pronounced when constructions embedding curved elements like arches, vaults and
domes have to be studied. In order to develop effective nonlinear numerical models, the latter
have to be capable of representing the relevant aspects of the experimental behavior, and the
mechanical parameters of the model have to be carefully calibrated with reference to suitable
experimental test results. In this paper the outcomes of experimental tests on a tuff masonry
arch under cyclic loading are proposed and discussed, along with the results of experimental
tests on the masonry materials (blocks and mortar) aimed at determining the compressive,
flexural and shear behavior.

1 INTRODUCTION

Unreinforced masonry constructions are a large part of the building heritage and are often
characterized by a high cultural and historical value. The catastrophic effects of recent
earthquakes have highlighted the vulnerability of those construction, and the global relevance
of developing suitable approach for the structural analysis under seismic loads.

In this vein, one of the crucial issues in the still open problem of seismic analyses of
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masonry constructions is the study of the structural capacity for cyclic alternate loadings [1].
Indeed, because of the very low tensile strength of mortar joints, the mechanical response of
masonry constructions under dynamic alternate loads is strongly influenced by the activation
of rocking mechanisms between ashlars, and this behavior is very difficult to predict by using
numerical models. On the other hand, rocking mechanisms allow for avoiding the collapse of
the structure and make overall the structure capable of withstanding horizontal accelerations
considerably higher than those predictable by static non-linear analyses [2].

The problem is even more challenging when curved structural elements like arches, vaults
and domes are embedded in the construction. Indeed, in recent years a strong research effort
has been made towards the development of numerical models aimed at representing the
seismic response and or at least the seismic capacity of masonry constructions including
arches, vaults and domes.

The problem is still open, and this is testified by the very different approaches proposed in
the literature [3], ranging from nonlinear finite element modeling, where the description of the
damage plays a crucial role [4,5], to discrete element modeling [6,7]. Other approaches are
focused on the determination of estimates of the seismic capacity of curved masonry
structures by applying the lower bound theorem [8-10] or the upper bound theorem of limit
analysis [11,12].

From the experimental side, whereas recently several very complex full-scale experiments
on masonry arches and vaults appeared in the literature (see, e.g., [13,14]), only a few study
the structural response under seismic or cyclic loading. This is due to the intrinsic difficulties
of performing these tests on large and very heavy structures, and to the problems coming from
the possible dispersion of data related to the dependence of the results from the unavoidable
defects of the constructions.

Among the few papers on cyclic load tests on masonry arches and vaults, [15] reported the
results of dynamic and cyclic load experiments on a brick masonry arch, discussing the
related numerical modeling issues by applying a nonlocal damage-plastic constitutive law
capable of describing the hysteretic features of the structural behavior. In [16] the results of
in-plane cyclic load tests on masonry panels with or without an opening surmounted by a
masonry arch are presented, highlighting the higher ductility of the arched panel and studying
the stiffness, the strength and the energy dissipation under increasing loads. Moreover, in [17]
the results of dynamic tests on unreinforced and FRCM reinforced full-scale masonry arches
are proposed, bringing out the peculiar dynamic behavior that can be described as a four link
“rocking arch” mechanism and discussing the amplification of the base excitation made by the
structure.

In this paper the results of an experiment on a masonry arch under a concentrated eccentric
cyclic load applied in displacement control are discussed in view of characterizing an
innovative cohesive-frictional interface model for describing the non-linear response of
masonry constructions recently proposed in [18] by some of the authors.

In particular, the examined masonry arch is made of voussoirs of Apulian tuff jointed by
hydraulic lime-pozzolan mortar, as it is usual in the construction of the architectural heritage
of Apulia. Masonry materials have been characterized in terms of compressive strength (also
flexural strength for the mortar) and of shear behavior, by means of shear tests on triplets,
aimed at investigating interface behavior of mortar joints.

The overall structural behavior observed shows a number of aspects relevant especially in
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view of seismic analyses, to be considered in order to correctly calibrate the mechanical
parameters numerical of the model. Among them, the progressive damage and the ductility of
the structure.

2 EXPERIMENTAL SETUP

The experimental test here described was performed on a circular arch made of 15
trapezoidal blocks of Apulian tuff. The arch has an internal radius of 800 mm, an external
radius of 1040 mm and a thickness of the blocks orthogonally to the plane of the arch is of
140 mm (see Figure 1a).

(b)

Figure 1: Geometric configuration of the arch (a) and test setup (b).

In particular, twelve voussoirs were cut by means of a saw from blocks of nominal
dimension of 240 mm x 240 mm x 140 mm; two voussoirs were cut with a shape suitable to
use them as the imposts of the arch. The keystone was made once the arch was almost
completed and had dimensions different from those of the other voussoirs to compensate for
the imperfections due to the cut and to the mortar joint thickness. On the second tuff block
starting from the keystone a wedge of mortar was made to compensate the inclination of the
block due to the arch curvature and provide a support for the loading device (see Figure 2b).
The mortar joints have an average thickness of 1 cm.

After about 1 month since the construction, when mortar joints were perfectly hardened,
the steel beam used as the arch basis was moved and placed under a steel frame used for
supporting the loading device (see Figure 1b).

Here, the arch was subjected to a concentrated vertical load applied at about one fourth of
the span, on a steel plate mounted on the top of the mortar wedge showed in Figure 2b. The
test was carried out under load control, by performing n. 11 load-unload cycles with
progressively increasing displacements of the loaded point. At each cycle a visual inspection
was also performed in order to identify eventual cracks in the joints, the formation of eventual
hinges and, in this case, to measure the opening of the hinges. The load was applied very
slowly using a hydraulic jack with a maximum capacity of 500 kN, fixed on a rigid contrast
beam, shown in Figure 1b. A small load cell with a capacity of 5kN has been put between the
ball joint of the hydraulic and the wedge on the arch (see Figure 2b).
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Six LVDT displacement transducers were used to measure vertical and horizontal
displacements. The signal was acquired with a data acquisition system HBM© MGCplus
device.

Figure 2: LDTV position and test set-up.

In particular, as showed in Figure 2, two instruments were installed at one fourth of the
span on both sides of the block n. 10 where the load was applied in order to measure vertical
displacements, 61 and &2 (Figure 2b). Other two displacement transducers were placed on
block n. 6 at a symmetrical position with respect to the load application point; those two
instruments measured both horizontal and vertical displacements, 63 and &4 respectively, of
the application point (Figure 2c). At the base of the arch, next to voussoir 1 and 15, two
displacement transducers were put to monitor eventual vertical rigid displacements of the
support beam, called &s and ds, respectively (Figure 2d and 2e). In Figure 2a the location of
the LVDT displacement transducers is reported indicating also the angle (£23°) with respect
to the vertical axis of symmetry of the arch.

In order to carry out a displacement control test, the oil pressure in the hydraulic jack was
constantly adjusted by a feedback system managed by a Labview software. This way the load,
measured by the load cell, was promptly adjusted in order to realize the desired target
displacement. The very low speed of the test (about 5-10° mm/s) was fundamental in order to
avoid undesired effects related to the use of a hydraulic instrument in applying the load.

3 MECHANICAL CHARACTERIZATION OF THE COMPONENTS

3.1 Compressive and flexural behavior

A mechanical characterization of the masonry components (tuff bricks and mortar) was
performed.
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In particular, the compressive strength and Young modulus of the tuff bricks was
investigated according to UNI EN 772-1:2011 and UNI EN 1926:2007. Six blocks of Apulian
tuff of nominal dimensions of 430x240x150 mm? and average mass density of 1400 kg/m?®
were tested under compression using a Metro Com universal testing machine with a load
capacity of 600 kN. Those tests provided an average value of the compressive strength of 2.25
MPa and average value of the Young modulus of 637.39 MPa.

The hydraulic lime-pozzolan mortar used for the joints was made by Mapei (“Mape-
Antique Allettamento™) and is characterized by a mass density of 1883.98 kg/m3. The
compressive and flexural strength were measured according to UNI EN1015-11:2007. The
three-point bending test was performed on four 40x40x160 mm mortar prisms after 28 days of
curing using an INSTRON 5689 universal with load capacity of 50 kN. The average value of
flexural strength was determined equal to 1.91 MPa. Compression strength tests were carried
out on the half prisms, giving an average value of the compressible strength of 8.94 MPa. The
average value of the mortar Young modulus is 6902.27 MPa.

In the main results are reported in Table 1.

Table 1: Mechanical properties of the tuff and mortar.

Young’s modulus  Compressive strength Flexural strength
MPa MPa MPa
Tuff 637.39 2.25 -
Mortar 6902.27 8.94 1.91

3.1 Shear behavior

According to UNI EN 1052-3:2007, the shear strength of masonry has been determined by
shear test on triplets; in particular, this test aims at measuring also the initial shear strength,
that is the shear strength under zero compressive stress. Six tuff masonry triplets have been
examined by applying shear loads and three different levels of pre-compression load applied
normal to bed joint.

During the tests, for each sample (three triplets samples for each pre-compression load),
the maximum shear strength fy; was determined as follows:

F 1
i ®
T2A

where Fimax IS maximum shear load at failure and A is the bed joint area of each sample. The
characteristic shear strength fux was determined as:

f =07-f, (2)

with fy the average shear strength value. Four typical shear failure modes can be observed
[19]:
A. a fracture plane localized at one mortar-brick interface due to the attainment of the
bonding limit value between the brick and the mortar bed,;
B. avertical crack in the mortar;
C. afracture plane through a brick;
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D. a failure by crushing and/or splitting due to a similar shear strength of both materials,
so that the collapse surface cross both the mortar bed and bricks.

Masonry triplets were made by three hand-cut prismatic bricks with a dimension of 240
mm x 240 mm x 245 mm, jointed by two mortar layers 10 mm thick; the overall dimension of
each triplet was 740 mm x 240 mm x 245 mm. The triplets were tested after curing of 28
days.

The amount of the normal pre-compressive load, applied during the tests by using an
independent horizontal actuator (Figure 3a), was identified as a suitable fraction of the
compressive strength of the tuff bricks. In particular, the shear tests have been performed with
the following levels of the normal pre-compression cp: 0.1 MPa, 0.2 MPa and 0.3 MPa.

(b)

Figure 3: Shear test on triplets: setup (a) and failure mode of a specimen (b).

Table 2 summarizes the experimental results and the failure mode observed after shear test
for each triplet specimen.

Table 2: Results of shear test on triplets.

ID op (MPa) Fimax (KN) fyi (MPa) Failure mode
11 0.1 29.3 0.249 A
12 0.1 24.2 0.206 A
21 0.2 38.9 0.331 A
22 0.2 42.9 0.365 A
31 0.3 45.3 0.385 A
32 0.3 55.8 0.474 A

The only shear failure mode occurred was mode A, involving decohesion along the
interface between tuff brick and mortar (Figure 3b).

Starting from the data in Table 2, the characteristic shear strength fx equal to 0.234 MPa
has been determined.

Moreover, by plotting the experimental results in the cp-fyv plane (see Figure 4), and by
using a linear regression of data, the shear stress with zero normal pre-compression load fvo
and the friction coefficient u by means of Mohr-Coulomb failure criterion:

f, =f,+uo, ®)
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have been determined. In particular, it results p=1.0119 and fyo = 0.1327 MPa.

0,500 0474

0,385

Lot y=10119x +0,1327
Q.. R*=0,8724

Maximum shear strength (MPa)

0,1 0,15 0,2 0,25 03 0.35 0,4
Pre-compression load (MPa)

Figure 4: Results of shear test on triplets: shear stress vs pre-compression stress.

4 CYCLIC LOAD TESTS ON MASONRY ARCH

In this section the results obtained for the tested arch are described and analyzed. The
experimental test has been conducted until 4 hinges clearly opened, that is, until the arch
formed a mechanism. In particular, the collapse mechanism exhibited by the arch was the
classic one, with the formation of four alternate hinges, two at the intrados and two at the
extrados (see Figure 6).

In Figure 5 the observed experimental behavior is summarized by the superposition of the
load-displacement curves obtained in the 11 load-unload cycles performed, where the
displacement refer to the load application point and it is obtained by averaging the measures
d1 and &2 (see Sect. 2). Moreover, Figure 6 contains a scheme of the position of the hinges,
numbered in order of appearance.

As the load cycles progress, the first joint opening has been observed at the intrados under
the application point of the concentrated load, that is, between the voussoirs 9 and 10, during
the sixth cycle (C6); this corresponds to the opening of and hinge having the center at the
extrados in the position H; indicated in Figure 6. Then, in the same load cycle C6 a second
hinge H. formed at the intrados in a position almost symmetrical with respect to the first
hinge Hj; the formation of this hinge corresponds to the opening at the extrados of the joint
between the voussoirs 4 and 5. When the second hinge H. appeared, a slightly decrease of the
load was observed as the displacement increases, until the unload process was started.
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Figure 5: Load-displacement curve and hinge sequence.

Figure 7: a) First hinge; b) second hinge; c) fourth hinge.

During the seventh cycle (C7) the opening of the joints between the voussoirs 9-10 and 4-
5, corresponding to the opening of the hinges Hi and Ha, was again observed (see Figure 7a
and b respectively); moreover, in correspondence of a load of approximately 1210 N, new
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fractures occurred between the voussoirs 2-3 and 13-14 (see Figure 7c), perfectly symmetrical
one another: thus, also the hinges Hz and Hs indicated in Figure 6 formed.

At the peak load of the eighth cycle (C8), equal to about 1310 N, all the above described 4
hinges opened. Figure 5 reports also the collapse load (995.2 N) determined by the kinematic
theorem of limit analysis according to the classical Heyman hypotheses: as it is expected, this
load is quite similar to the post-peak load in the last cycle, when it is reasonable to assume
that the tensile strength of masonry has been practically cancelled by the damage.

Table 3: Maximum load, displacement corresponding to the maximum load, residual displacement and
stiffness for each cycle.

Cycle Maximum Load Displacement at max load Residual displacement Stiffness
[N] [mm] [mm] [N/mm]
C1 202.3 0.024 0.0075 6927
C2 312.3 0.035 0.0096 6911
C3 402.7 0.056 0.0133 6543
C4 600.5 0.112 0.0352 5116
C5 794.4 0.183 0.0434 5088
Cé 1002.3 0.293 0.0950 4986
C7 1238.6 0.506 0.1359 3613
C8 1309.6 0.945 0.2577 2335
C9 1260.7 1.310 0.3024 -
C10 1184.1 2.330 0.3250 -
C11 1089.9 3.330 0.3513 -

The subsequent three load cycles C9 to C11 were characterized by a progressive reduction
of the peak load; moreover, the decrease of the load after the peak as the displacement
increases was even more marked. In addition, also the residual displacement at the complete
unloading also increases even more. Finally, the opening of the hinges in the last three cycles
was even more marked (see Figure 7c).

In the last performed cycle C11, after a peak load of about 1090 N in correspondence of a
displacement of 3.330 mm of the loaded point, the test was pushed up a displacement of about
6.2 mm, and a decrease of the load up to 940 N was observed. At this point, the test was
stopped because it was clear from the progress of the load-displacement curve that for further
increase of the displacement the arch would have collapsed.

In Table 3 a synopsis of the main experimental results obtained from the test is reported,
including maximum loads, the correspondent displacement of the loaded point, the residual
displacements at complete unloading and initial stiffness for each cycle. The latter was
evaluated for each cycle with reference to the loading phase before the peak load, by
evaluating the best fitting linear approximation to the load-displacement curve between about
25% and 75% of the peak load.

Notice that since at the cycle C8 the arch already turned in to a mechanism with the
formation of all the 4 hinges above described, the initial stiffness was not determined for the
last three cycles.
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Figure 8: Initial stiffness-residual displacement curve.

In Figure 8 the stiffness values up to the cycle C8 are plotted versus the residual
displacement at the complete unloading. The stiffness is practically the same for the first two
cycles; correspondingly, the residual displacement is negligible. A sudden decrease of
stiffness is noted at the fourth cycle C4, and this corresponds to a jump of the residual
displacement from 0.013 to 0.035 mm. This behavior can be ascribed to the formation of
some cracks at the joints that involves irreversible deformations and damage with decrease of
the stiffness. It is likely that cracks formed at the joints where the first and the second hinges
occurred, whereas at the stage C4 these hinges are still not visible. In fact, during each load-
unload cycle visual inspections were regularly performed, but visible crack openings were
noticed only during the sixth cycle.

From C4 to C6 the residual displacement increases of additional 0.06 mm while the
stiffness remains almost the same. After the sixth cycle the stiffness significantly decreases:
this indicates the progression of the opening of the joints. The residual displacement reaches a
value of 0.2577 mm at the end of cycle C8.

Beyond cycle C8 the load-displacement curves indicate a further decrease of the stiffness
of the arch and an additional accumulation of irreversible deformations, denoted by the
increase of the residual displacement at the complete unloading.

5 DISCUSSION AND CONCLUSION

The results of the performed experimental test show some peculiar feature of the behavior
of masonry arch under cyclic loadings, relevant in view of the modeling of the response of
masonry structures embedding arches under seismic loadings.

First, that the stiffness of the arch is constant only for low loads; indeed, as the load
increases, the compaction of mortar in the bed joints and the opening of cracks at the joints
deteriorate the stiffness, that approaches very low values especially in view of the collapse.
This pronounced damage effect is relevant as for the case of masonry panels [20].

A second important aspect is that a masonry arch can sustain cyclic loading even beyond
the peak load, and that the softening phase is very progressive, without a marked drop of the
load capacity. Moreover, the experimental response highlighted a marked ductility, despite to
the fragility of the material components (tuff bricks and mortar): this is due to the particular

10
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arrangement of the masonry, and in particular to the role of the joints, even more relevant in
case of masonry curved structures, such as arches and vaults, where the damage localizes
practically only in correspondence of the joints.

Furthermore, it should be noted the relatively low value of permanent displacements after
the complete unloading, even in the proximity of the collapse, and the narrow shape of the
hysteretic loops, indicating the quite low energy dissipation related to the cyclic opening and
closing of the hinges.

All the above aspects are very challenging to be modeled and requires nonlinear numerical
models capable of accurately describing the damage and the peculiar features of the unloading
phase, like the model proposed in [18].

Notice that in the experiment on the arch the shear strength of the interface is never called
into play, but its careful characterization is important for describing other kind of structures,
like, e.g, a masonry wall even if embedding and arch. In addition, notice that whereas no
direct tests have been performed for determining the tensile strength of the masonry, this
mechanical parameter can be calculated starting from the cohesion evaluated in shear tests for
Zero pre-compression stress.

In the next future, the latter will be calibrated starting from the experimental outcomes here
described, and then employed for performing non-linear numerical analysis of a masonry wall
including both small rectangular openings representing windows recesses and a large opening
topped by a masonry arch representing the main door entrance. In particular, the influence of
interfacial shear strength of masonry joints on the overall behavior of the masonry structure
will be analyzed by a parametric study. Moreover, also FRCM reinforced arches will be taken
into account, were an accurate description of the shear behavior of the interfaces play an
important role.
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