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Abstract. The adoption of effective strengthening techniques of historical constructions is one
of the most widely debated aspects in structural engineering. Within this topic, the application
of steel fiber reinforced mortar (SFRM) has been recently proposed as a low invasive and
effective way to obtain a considerable structural benefit in the safety of existing masonry
structure. To this purpose, in this paper the experimental results obtained on a circular masonry
arches are presented. The considered specimens, subjected to a vertical increasing static load,
is tested in the unstrengthened and strengthened configurations, and is part of a wider
experimental campaign. After presenting and discussing the experimental results, they are
compared with those relative to numerical simulations conducted by means of a discrete macro-
element (DME) strategy, based on a simple mechanical scheme, able to model the nonlinear
behavior of masonry structures with a limited computational effort. Such an approach is here
extended to model the SFRM strengthening technique accounting for the main failure
mechanisms associated to the combined presence existing masonry and the additional
strengthening layer applied at the intrados of the arch. Numerical and experimental results
demonstrate the efficacy of the proposed retrofitting strategy both in terms of bearing capacity
and increase of ductility.
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1 INTRODUCTION

Masonry arch bridges still in use in the world roadway and railway network represent an
important portion of the entire bridge stock and most of them were built more than 100 years
ago. Due to their age, the restoration and the conservation of masonry bridge is an important
aim of the infrastructure’s owners. In many cases, a repair intervention is needed in order to
bring the bridge to an adequate structural safety level required by National Standards. Different
actions are responsible of the decrement of the structural safety level of the masonry arch
bridges; for example: the increased traffic loads, the environmental actions, soil settlements,
lack of maintenance, seismic events, etc... Many (traditional and innovative) strengthening
techniques [1, 5] have been investigated by scientific community with the aim to
repair/maintenance masonry bridges.

Recently, the use of reinforced mortar with short steel fibers as strengthening system applied
to concrete or masonry has caught the attention of many researchers. In fact, this composite
material has high value of compressive and tensile strengths with a good tensile ductility due
to the steel fibers.

In this paper, the effectiveness of steel fiber reinforced mortar (SFRM) for the strengthening
of masonry arches is evaluated. A masonry arch previously loaded in order to achieve a
specified damage level, was strengthened with a SFRM layer at the intrados and then retested
[3]. Numerical simulations have been performed in order to describe the non-linear behavior of
the masonry arch in unstrengthened and strengthened condition. The HiStrA software based on
a discrete macro-model, already available in the literature, has been used for the numerical
analysis that show good agreement with the experimental results.

2 EXPERIMENTAL CAMPAIGN

A single masonry arch (Fig. 1) was tested (UN.ND) under a monotonic force concentrated

at the arch crown then it was retested (UN.LD) in order to evaluate the residual strength of the
specimen after the first loading. Subsequently, the arch was strengthened using a 30 mm layer
of SFRM (Fig. 2) applied at the arch intrados and it was tested again (SFRM.LD).
The arch specimen was comprised of 29 clay bricks disposed in a single layer. The arch rise (f),
span length (L), thickness (S), and width (W) were 610 mm, 1430 mm, 110 mm, and 245 mm,
respectively as reported in Fig. 1. Standard clay bricks were used in this investigation with
nominal dimensions equal to 245x110x60 mm.

Figure 1. Arch geometry and brick-joint numbering.
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A low strength cementitious mortar was used for the arch joints in order to replicate the current
condition of existing arches. Standard clay bricks were used in this investigation with nominal
dimensions equal to 245x110x60 mm. The SFRM is comprised of a high strength mortar fiber-
reinforced with around 2% of hook end steel fibers in volume. The mechanical parameters
experimentally evaluate are reported in Simoncello et al 2019 [3].

a) b) )
Figure 2. Strengthening procedure: a) SFRM dimension, b) Formwork, ¢) SFRM pouring.

The load was applied through a hydraulic manual jack connected to a load cell with a maximum
capacity of 20 kN. The load cell was placed on a 20 mm thickness steel plate on top of brick
b.15, as shown in Fig. 2. During tests UN.ND and UN.LD, the arch was loaded past the peak
load until the load dropped to 0.25 kN and then unloaded. Test SFRM.LD was ended when
failure of the arch was attained. During testing, vertical and horizontal displacements of the
arch were monitored by means of seven linear variable differential transducers (LVDTS)
positioned as shown in Fig. 3.
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Figure 3. Test setup: applied load system and displacement monitoring.
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3 DISCRETE MACRO ELEMENT-BASED NUMERICAL STRATEGY

In this work a numerical strategy based on a discrete macro-model, already available in the
literature, is employed for the nonlinear numerical simulations of the considered dome.
According to this approach, the masonry is modeled by an equivalent mechanical scheme
constituted by a hinged quadrilateral endowed with one or two diagonal links to rule the
diagonal shear cracking, and interacting with contiguous elements along its four edges by means
of nonlinear discrete interfaces, which govern the flexional and the sliding behaviour. Each
discrete interface is made of a single or multiple (according to the model) rows of transversal
links for the flexional behaviour and single or multiple (according to the model) sliding links.
The different stages of this discrete element are reported in Figure 4. This approach was
originally introduced for modeling the in-plane behavior of unreinforced masonry structures [6]
(Figureda). This plane element possesses four degrees of freedom, a single row of transversal
links and a single in-plane sliding link, and is able to model the main failure mechanisms of the
masonry in its own plane, as long as a proper calibration procedure of the links is adopted. Two
subsequent upgrades were achieved to expand the potentialities of the approach. First, the out-
of-plane (spatial) behavior, typical of historical constructions, was added [7] by considering
additional rows of transversal links and two additional out-of-plane sliding links (able to govern
the out of plane shear behaviour and the torsion), thus enabling the out-of-plane degrees of
freedom (Figure 4b). Subsequently, a further upgrade was introduced considering a shell macro-
element characterized by an irregular geometry, variable thickness along the element and skew
interfaces [8] in order to deal with structures with a curved geometry, such as vaults and domes,
Figure 4c. The calibration procedures, concerning the mechanical properties of the links, were
properly extended in order to account for the more complicated geometry of the element, but
keeping the same general philosophy.

Numerical and experimental validations of the proposed approach, with reference to full scale
historical structures can be found in [9, 10]; a specific study devoted to the investigation of
arched structures is reported in [11].

(b)

Figure 4. Layout of the macro-element adopted for masonry at its three stages: (a) plane element, (b)
spatial regular element and (c) three-dimensional element for curved structures.

In all the above referenced paper applications in the nonlinear static field where proposed. More
recently, the proposed approach has been upgraded to account for the presence of fiber-
reinforced reinforcements [12], Figure 5. However, none of the studies focused on strengthened
structures was devoted to SFRM; in this paper, the proposed methodology is applied for the
first time with reference to curved structures reinforced with a SFRM technique.
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FRP strip reinforcement

masonry support

Figure 5. Layout of the interaction between flat FRP discrete element and masonry substrate [9].
4 COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL RESULTS

The maximum load Pmax, the ratio between the test maximum load and that of the test UN.ND
(Pmax/Pmax,UN.ND), and ductility for each test are summarized in Table 1. In this paper, the
ductility is computed as the ratio between the ultimate displacement (the displacement at
ultimate load, taken as 85% of the maximum load in the descending branch of the applied load
vs. arch crown displacement curve) and the displacement at the end of the elastic branch [3].

Table 1. Summary of test results.

SPECIMEN P Prmax/Pmaxunno  Ductility
[kN]
UN.ND 0.44 1.00 12.77
UN.LD 0.34 0.76 11.72
SFRM.LD 14.15 31.87 2.90

The unstrengthened specimens exhibited a typical mechanism characterized by the formation
of four alternate hinges, as shown in Fig. 6. For both tests, the location and sequence of the
hinges remained the same. Moreover, it is important to underline that due to the randomness of
the material the hinge configuration is not symmetrical as well-known from equilibrium theory.

Figure 6. Collapse mechanism for the strengthened condition
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A numerical model was implemented in the software environment HiStrA (Historical Stuctures
Analysis) which employs the numerical approach described in the previous section. The model
Is made of 29 elements (which are associated to 116 inplane degrees of freedom), for which the
adopted mechanical properties are summarized in Table 2. In particular, the flexural constitutive
law is characterized by the Young’s modulus E, the compressive o and tensile o strengths and
the compressive G. and tensile G; fracture energies; the shear diagonal behavior is considered
elastic and associated to the shear modulus G; no sliding can occur among the blocks.

Table 2. Mechanical properties adopted in the numerical model.

YPoloY  Ivpa]l  [MPa] [N/mm] [MPa] [N/mm] [MPa] [MPa] [N/mm] [kN/m?]
Masonry 1500 7.22 3 0014 004 400 ; - 18

arch
SFRM 15000 91.02 1000 10 5 6000 0.2 0.13 24

In Figure 8a, a comparison between numerical and experimental results in terms of capacity
curve, is depicted. The results show a good agreement in terms of initial stiffness, peak load
and softening branch. The agreement is encountered also in terms of failure mechanism, Figure
8b, which is characterized by the opening of five flexural hinges with symmetric locations. The
progression of the opening of the flexural hinges is also identified in the capacity curve.
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Figure 8. Numerical results of the unstrengthened arch in terms of a) load—arch crown displacement and b)
failure mechanism

Since the thickness of the SFRM strengthening is not negligible with respect to the arch
thickness, in the numerical model of the strengthened arch it is modelled with an inner ring of
29 discrete elements, which lead to a total amount of degrees of freedom equal to 232. The
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inner ring of elements is associated to the mechanical properties reported in Table 2. In
particular, the sliding between inner SFRM ring and external masonry arch is enabled and
associated to an elastic-plastic behaviour with softening associated to the cohesive strength ¢
and fracture energy Gs. In Figure 9 the results in terms of capacity curve and failure mechanism
are reported; as expected, the failure mechanism involves the sliding between the masonry arch
and the SFRM reinforcement, which also delays the opening of the flexural hinges. Again, the
sequence of opening of the hinges is summarized in the capacity curve thus allowing to
reconstruct the progression of the damage in the arch. The numerical results, which are in good
agreement with the experimental ones, are able to grasp the beneficial contribution and the
effectiveness of the SFRM technique.

Legend
. Flexural plasticity

= Sliding shear rupture

(b)
Figure 9. Numerical results of the strengthened arch in terms of a) load-arch crown displacement and b) failure
mechanism

5 CONCLUSION

In this paper, the destructive experimental tests of a masonry arch (in the unstrengthened
condition and in the strengthened with SFRM layer applied to arch intrados condition) have
been reported. Results show an increase in term of load-carrying capacity of around 40 times
respect to the unstrengthened condition. A simplified numerical strategy based on a Discrete
Macro-Element approach, previously adopted for modelling masonry structures, and other
strengthening techniques, is here applied for the first time to model arches reinforced with
SFRM. The numerical simulations, using a HiStrA software based on a discrete macro-model,
show the load-arch crown displacement curve with a good agreement respect to the
experimental curves. The failure modes as collapse mechanism for the unstrengthened
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condition and the detachment of the SFRM strip for the strengthened condition are in according
with the experimental results.
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