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Abstract: In this paper, experimental and numerical results of a research project about the structural
behavior of strengthened masonry are presented and discussed. The aim of the research is to study
the in-plane shear behavior of an old masonry wall with an opening in the arch form, reinforced with
a pioneering system of 3D pre-tensioned stainless steel ties. The masonry wall was in-plane loaded
until first cracking appeared, then it was reinforced and re-loaded until failure. The experimental
results have highlighted the benefits of the reinforcing method adopted, especially to provide an
increasing in terms of both strength and ductility. Numerical modeling of the masonry wall behavior
was accomplished by using non-linear finite-element methods generally adopted for reinforced
concrete elements.
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1. Introduction

Existing unreinforced masonry (URM) structures are commonly characterized by poor mechanical
properties of both stones and mortar. Therefore, their maintenance condition is usually precarious and,
consequently, their seismic performance is unsatisfactory. Generally, brittle failure is expected [1].

Because many masonry buildings are part of built heritage, especially in the Mediterranean area
(Italy, Spain, Portugal, and Greece), there is a comprehensive interest in and attention to investigating
new strengthening and repairing techniques, aimed at improving the response behavior of URM
elements against seismic actions [2–5].

For the retrofitting of URM buildings, several methods are used in different countries. Some of
these are also prevalent in others, for example the use of concrete or mortar stratum on the masonry
surface, or using a plastic or steel mesh [6]. In this case, the resistance capacity of the masonry is
enhanced, but also the thickness is enlarged, and as a consequence the stiffness variation should be a
focus of attention.

More recently, this weakness of the reinforcement method has been overcome by using different
materials with high constitutive properties. Therefore, under the same conditions, the thickness of the
reinforcement is strongly reduced. In this research field, several alternatives have been investigated,
such as the use of steel fibers in the concrete or the mortar mixture to obtain an equivalent material
with large strength in tension [7]; contextually, the use of fiber-reinforced polymers (FRP) or of
fiber-reinforced cementitious matrix (FRCM) differs from the matrix-embedding material (resin or
mortar) [8–11]. These approaches allow the obtaining of a reinforcement material with excellent
mechanical properties.
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However, these reinforcement techniques may have some drawbacks, such as poor fire resistance
and delamination vulnerability [12]. In addition, for masonry with very poor mechanical properties,
the use of FRP cannot provide enough increase in terms of strength and, especially, deformation
capacity to satisfy the requested design performance [3].

Therefore, a different methodology of reinforcement has been proposed based on the use of
stainless steel as external reinforcement [3,13].

Stainless steel ties wrap the masonry in a three-dimensional “package”. This provides a high
confinement of the Reinforced Masonry (RM), improving both flexural and shear strength. In this case,
the main drawbacks are the mechanical properties and the durability of the stainless steel, and the
technology of the mutual connection of ties [14,15].

To overcome these issues, an experiments have been carried out to study the capacity of a
reinforcement system, namely Active Confinement of Masonry or Manufacts (CAM), to improve
the low performance of URM and reinforced concrete (RC) structural elements. The use of stainless
steel avoids any durability concerns at the time. Moreover, the ties are pre-tensioned to induce a
confinement effect on the masonry. A special joint device allows the realizing of a continuous tying
system, wrapped all around the masonry element [16–18].

Among the tests carried out in situ, a full-scale wall was obtained from an existing building,
and tested to study the cracking behavior of the URM. Then, the wall was reinforced with CAM. At that
point, the wall was re-tested to estimate the effect of the reinforcement system on the wall response
behavior [18].

As observed, the analyzed reinforcement technique has been helpful in improving out-of-plane
connections between masonry layers, and in increasing the in-plane strength and ductility.

Another issue regards the modeling of the non-linear response behavior of masonry structure
subjected to in-plane horizontal load. Several analytical procedures have been proposed in the literature
to reproduce the response behavior of RC walls. Among these, the Finite-Element Model (FEM) based
on a smeared approach, namely Disturbed Stress Field Model (DSFM), has been suitably adapted to
the URM and RM wall. The predicted results are analyzed and verified against the experimental ones.

2. Test Setup

The masonry wall under test was part of an old building scheduled to be demolished. As it is
a real wall, and not a laboratory sample, the geometric shape was not really ordered. The wall was
almost an elevation square—4450 × 4600 mm—and the average thickness was 700 mm. The piers
were of tetragonal shape: the left one had width of 950 mm; the right was 1200 mm; the base of the
arch-shaped opening was 2300 mm wide. Also, the wall was characterized by poor-quality masonry
with different-sized stones and mortar of friable lime (Figure 1a).

To prepare the wall for test, the following steps were followed: (1) the external surface of the wall
was manually scratched to eliminate the old plaster; (2) the balustrade at the top was demolished;
(3) the wall was cut from the rest of the structure by a band saw; and (4) the wall was layered with
external plaster (less than 5 mm), with a resistance to average compression of 5 MPa.

To obtain a stationary reference for the measurements, a steel frame was built close to the wall,
and eight linear variable displacement transducers (LVDTs: S1–S8) were used (Figure 1b).

At the second test step, the same wall was reinforced using two-stripe mesh stainless steel.
The pseudo-static lateral load (P) was applied using a hydraulic jack and constrained against an

adjacent building with higher mass and stiffness than the tested wall.
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Figure 1. (a) URM wall and (b) test setup [18].

A hydraulic jack was used for the first test on the URM wall with capacity 200 kN and an available
displacement of 50 mm. For testing the RM wall, a hydraulic jack with a capacity of 1000 kN and an
available displacement of 100 mm was used.

Furthermore, a constant compression (N) equal to 7 kN/m was applied. This distributed load has
been applied to partially reproduce the compression stress due to the vertical loads.

3. Materials Properties

3.1. Stainless Steel

The CAM system is mainly composed of stainless steel ribbons. Their mechanical characterization
is needed.

The adopted stainless steel tie was 0.9–1 mm thick and 19 mm wide, with yielding (fys) and
ultimate (fts) strength in the range between 220–500 and 540–850 MPa, respectively. The variation
in the mechanical properties is due to the different types of stainless steel that can be used. In this
case, the average experimental yield strength and elastic modulus were equal to 316 MPa and
221 GPa, respectively.

Moreover, the connection devices were 125 × 125 × 4 mm in size.
In Figure 2, a typical arrangement for a masonry wall is shown. It is worth highlighting the need

of carry out a special joint devices to realize a continuous tying system, running all around the masonry
wall. For this aim, a specific pneumatic device is used, which is also able to provide a slight pre-tension
of the tie.

3.2. Masonry

To achieve information about the mechanical characteristics of the masonry in compression,
a double flat-jack test was carried out.

The use of the flat-jack is valid for brick or regular stone masonry in general. In the case of rubble
stone masonry, data must be extrapolated.

For the double flat-jack test, a wall of the same building was chosen and the test was carried out
without stopping the flat-jack loading.

As shown by the black curve in Figure 3, the test results provided a maximum compression
strength (fmm) of 1.90 MPa, and the first crack appeared at a stress of about 1.30 MPa.
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Generally, the compressive strength of the masonry can be estimated as the stress reached the strain
level of 3 mm/m, then a logarithmic curve (the red line in Figure 3) was adopted to fit the non-linear
region of the envelope loading cycles, as suggested by Lombillo et al. [19]. Then, the maximum stress
of 1.44 MPa was calculated and used in the numerical analyses.
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4. Experimental Results

4.1. URM Wall

Since this is an experimental campaign in situ, on an existing building, it was possible to perform
tests only on a single available wall. Therefore, the first test was performed on the URM wall to obtain
valuable information on the cracking load.

Moreover, maintaining the element in a substantially elastic field has avoided inducing states of
stress or strains that affect the next test.

Several load cycles were applied and augmented until the first crack. The first cracks were
observed: (a) on the left side of the wall; (b) near the top of the wall; and (c) near the loading point.

The experimental cracking load was 50.6 kN, and was reached at a horizontal displacement (S7) of
5.4 mm with a trend of quasi-linear load–displacement curve. The left side of the wall was in tension,
while the right side was in compression, as predicted (Figure 4).Infrastructures 2020, 5, x FOR PEER REVIEW 5 of 12 
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Figure 4. URM wall cracking: (a) left pier above the opening; (b) horizontal spandrel on the top;
and (c) near the loading point.

During all load cycles, the cracks closed again. However, the load increase was interrupted to
avoid a premature failure of the wall.

4.2. RM Wall

Two overlapping stainless steel ties were used to obtain the arrangement shown in Figure 5.
The design of CAM was performed by a linear analysis on an equivalent frame model, assuming both
vertical and horizontal loads [20].

First, the seismic weight of the structure was estimated as 167.5 kN. Then, the dimensionless
seismic acceleration at Ultimate Limit State (ULS) was assumed to be equal to 0.340 [21], then the
pseudo-static load was PE = 57 kN.

The layout of the tapes along the piers followed a regular pattern, while a radial arrangement was
adopted for the spandrel zone. The radial ties were placed orthogonally to the arch opening to surround
the masonry along the directions in the plane and out of plane when subjected to horizontal loading.
Furthermore, four steel corner pieces (40 × 40 × 4 mm) were used to reinforce the inner edges of each
piers improving its bending capacity (Figure 5). The anchorage at the base of the wall was carried out
by inserting part of tie into the ground and folding into a noose by using a high-strength mortar.

The load (Pm) of 111.1 kN was recorded, and the lateral displacement (δm) was about 50 mm.
The displacement of the RM wall was higher than the capacity of the hydraulic jack, such as shown
in Figure 6a; however, failure of the wall was not achieved. With the goal of evaluating the strength
of the RM wall, the structure was un-loaded and then a new hydraulic jack with a wider stroke was
used. Therefore, a new part of the load–displacement curve (P-δ) was performed, reaching a maximum
displacement of 70 mm, but without the collapse of the wall. The load remained almost constant
for different load cycles until cracks were determined to have a negative stiffness during the last
load cycles.
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At maximum load, both lower parts of the left and right masonry piers were in traction and with
wide cracks, producing plastic hinges and allowing a wide horizontal displacement of the upper part
of wall (Figure 6b,c). Different cracks appeared on the upper part of the wall and extensive cracking
was observed on the whole wall.

This is thanks to the ability of CAM to confine masonry, allowing the stress bridging through the
crack sides and the spread of stresses over the whole the wall.
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5. Numerical Analysis

Several theoretical works about the response modeling of masonry structures subjected to different
load conditions have been presented in the literature. The simplest models are based on elasticity
assumption and, when studying the behavior of the masonry subject to load levels up to 30–50% of the
collapse load, its use provides good results.

On the contrary, to get valuable information on ULS behavior, non-linear modeling is needed, and
the cracking phase must necessarily be considered.

In this situation, FEMs could be useful. In fact, the masonry is generally composed of stone units
and mortar, so numerical modeling is certainly a challenge.

There are several methods proposed and based on macro-element discretization; see Magenes [22],
Chen et al. [23], Yi et al. [24]. In this study, each part of the structure, piers and spandrel, is modeled by
using a truss or beam.

These finite elements are certainly suitable for the design phase and for the evaluation of
masonry structures thanks to their straightforwardness of use and the accurateness demonstrated in
several contexts.

A different way to reproduce the response behavior of the masonry is the use of FEM, capable
of modeling the stress field considering the mechanical properties of materials. Recently, Mojsilovic
et al. [25] have put forward a way of modeling based on stress field based on the theory of plasticity,
using elasto-plastic constitutive laws, and demonstrating a good efficiency and reliability in the case
of RM. However, the proposal of Mojsilovic et al. [18] neglects the tensile strength of the masonry,
therefore it does not reproduce with enough accuracy the response behavior in the case of URM wall.

To overcome this drawback, a different theoretical model was used in this work, originally
developed for RC elements [26,27] and implemented in VecTor2 software [28]. The Modified
Compression Field Theory (MCFT) considers the constitutive behavior of the different materials
along the principal directions.

As described above, the wall was of masonry with low mechanical properties, both for its
consistency and for the bad quality of the mortar.

Therefore, strength and stiffness of the resulting material were rather homogeneous, thus it was
decided to directly use the mechanical formulation of the MCFT for RC elements, in order to duplicate
the experimental behavior of the masonry wall, both without and with reinforcement.

5.1. Theoretical Constitutive Laws and Confinement Effect

The tension–strain laws in compression for the masonry are comparable to those for concrete and
can be modeled by analogous equations. As suggested by Facconi et al. [29], the formulation proposed
by Hoshikuma et al. [30] can be used.

The average compressive strength (fmm) was assumed to be 1.44 MPa, as obtained from testing
with a double flat-jack carried out on a wall of the same structure. The constitutive behavior of traction
masonry is described by an initial linear-elastic phase until the main stress (fm1) is equal to the tensile
strength (fmt). It was assumed that tensile strength of the masonry was 1/30 (fmt = 0.048 MPa) of the
average compressive strength [31].

The constitutive behavior of stainless steel was reproduced with a bilinear function. It is described
by a linear-elastic ascending phase up to the yield (fsy), then a second linear hardening branch is
typical of the tensile behavior of stainless steel up to failure (fst). As described above, the stainless
steel ties can provide a masonry confinement only in the case of tensile stress; then, in compression,
the reinforcement stress is zero. The yield strength and elastic modulus in the numerical analysis were
assumed equal to the obtained experimental values: 316 MPa and 221 GPa, respectively.

The tri-axial stress state was considered in computing the strength enhancement effects due
to confinement.
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The stress (fsz) in the out-of-plane reinforcement was determined as follows:

fsz = Es εmz ≤ fsy (1)

The out-of-plane masonry compressive stress (fmz) was estimated from equilibrium equation:

fmz = −ρsz fsz (2)

5.2. Results

The mesh used for the masonry wall consisted of quadrangular and triangular elements having
nodes with two degrees of freedom and uniform thickness (t = 700 mm). The stainless steel ribbons were
modeled by homogenizing strength and stiffness with masonry. Furthermore, the mesh was divided
into regions according to the geometrical percentage (ρ) and inclination of the reinforcement [20].

Following the experimental setup, the supports were assumed able to prevent any translations.
Numerical analyses were performed by assigning two different load cases: a static self-weight on

all the masonry elements; and a monotonic displacement, coaxial with the lateral load. The experimental
test was carried out by loading and unloading the specimen, but for numerical modeling only the
monotonically behavior was considered. It is a simplification of the response behavior to check the
reliability of the used model. In further research, a load–unload pattern, coupled with a damage model
for the masonry, could be used to achieve a better prediction of the experimental test results.

The total load was calculated as the reaction force of horizontal constraints.
Figure 7 shows the experimental and numerical curves of load–displacement in the conditions of

without (a) and with (b) reinforcement. The comparison between the curves highlights the capability
of the theoretical model to reproduce the experimental response. In Figure 7a the load–displacement
curve up to the first crack for the URM wall is plotted. The analytical model estimates a cracking load
value similar to the experimental one. The percentage error is 5% and 15%, respectively, for the load
and the displacement of first cracking.

The first cracks appeared at the left side of the wall, as observed experimentally.
Figure 7b shows the load–displacement curves for the wall reinforced with CAM. The results of

the numerical analysis are satisfactory both in terms of final load and last displacement. The numerical
curve matches the envelope of the experimental one with enough precision.

Unlike the experimental curve, the analytical curve shows a growing trend. The cause of this can
be associated with analytical constitutive law used for stainless steel reinforcement.

The cracked regions of the RM, as obtained from the numerical model, correspond to those
observed experimentally. All numerical curves show the capacity of the model to capture the
experimental stiffness and to estimate the bearing load and the last displacement.

In Figures 8 and 9, the analytical crack pattern of URM and RM wall, respectively, is shown.
The first cracks are expected in the correspondence of the left side of the wall and at the base of the pier,
as experimentally detected. The masonry is cracked at both piers and all over the wall. The analytical
curves highlight the capability of the model to provide the load capacity and the ultimate displacement
due to CAM.
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6. Conclusions

In this paper, part of the results of an experimental campaign were presented and discussed
regarding the reinforcement of ancient walls in Messina (Italy) via CAM system.

A wall was cut from an existing masonry structure to carry out shear-compression tests.
Furthermore, analytical analyses were used to predict the experimental responses of URM and
RM walls.

By the results of tests and analytical studies, it is possible to draw the following conclusions:

• Higher strength and ductility were observed due to reinforcement.
• CAM helps to improve the connection between the layers of masonry and upturns the resistance

and ductility in the plan, as well as the quality of connections between adjacent walls.
• The elements that make up the reinforcement system are easy to install and they can be integrated

well into the general context; however this reinforcement method is based on a minimally invasive
technology, hence its use on historic buildings must be assessed case by case.

• FEM analyses gave a good prediction of behavior of the wall subject to horizontal and vertical
actions, displaying the capacity of the numerical model to reproduce well both the ductile and
brittle failure mode of the wall. The crack patterns were carefully reproduced.

The experimental results have highlighted how CAM needs an optimization to obtain the ductility
and the ultimate design load. For this purpose, the numerical procedure adopted herein should first
be improved to take into account the cyclic nature of load, and then it could be used by changing the
parameters and the geometric characteristics of CAM, for the purpose of analytically evaluating the
ribbon arrangement which provides better performance.
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