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ABSTRACT

Masonry was the most used material during the last centuries to build constructions. Most of
the existing masonry structures (buildings, bridges etc.) were built without considering some
important structural considerations that are important nowadays. Moreover, due to factors such
as the increasing of service loads, materials aging, structural damage, etc., existing masonry
structures require strengthening interventions. The definition of optimal strengthening
strategies using traditional and innovative materials is still an important issue of the scientific
research. In fact, during the last decade, many researchers focused their attention studying
innovative composites materials, such as fiber-reinforced polymers (FRP) and fiber-reinforced
cementitious matrix (FRCM) composites, for the strengthening of existing masonry structures.
This research has focused on aspects such as the bond behavior between the substrate and the
composite materials, the structural behavior of the strengthened masonry and concrete
structures, and the compatibility and reversibility of these materials when bonded to existing
substrates. In this study, the bond behavior of a composite material known as steel fiber-
reinforced mortar (SFRM), recently used as for the strengthening of existing structures, applied
onto masonry structures is analyzed experimentally and numerically. First, the material is
characterized experimentally with the aim of getting insight on its behavior and applicability
when applied as an innovative technique for the strengthening of masonry and to obtain

mechanical parameters required for the numerical models. Mechanical properties of the SFRM
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studied included flexural and compressive strength, tensile strength, and residual flexural
strength. The SFRM bond behavior on masonry substrates was evaluated by means of double
shear lap tests. In addition, the experimental tensile and bond behavior of the SFRM is studied
numerically through finite element models validated using the results obtained during the
experimental tests. Results show that if an adequate bonded length is provided, the SFRM can
fully develop its tensile strength as detachment from the substrate is not observed.

Keywords: steel fiber reinforced mortar (SFRM); masonry; strengthening; mechanical

characterization; bond behavior, tensile test, numerical modelling.

1. INTRODUCTION

The interest to preserve old masonry structures has caught the attention of the scientific
community and civil engineering industry. This interest has led to the development of many
techniques used to improve the structural safety level of masonry structures and reduce their
structural vulnerability. One of the first techniques employed consisted in the use of steel
applied to masonry structural elements with the aim of increasing their compression, flexural,
and shear strength [1]. However, with the gain in knowledge regarding the behavior of
strengthened masonry structures, such traditional techniques have been replaced by the use of
externally bonded composite materials, such as fiber reinforced polymers (FRP) [2-5], and fiber
reinforced cementitious matrix (FRCM) composites [6-10].

These composite materials can also improve the confinement, flexural and shear strengths of
the masonry structural elements with a low weight increment. In addition, their application to
straight and curved surfaces is easily performed due to its mode of application [11]. However,
some disadvantages deserve to be considered. For FRP composites, the vapor permeability of
the masonry structures can be compromised due to the epoxy resin used for the adhesion of the

fibers to masonry substrates. Other disadvantages are related to the inability to apply the FRP
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at low temperatures or on wet surfaces [12]. Instead, FRCM composites are able to overcome
some of these disadvantages. In fact, during the last decade, the epoxy resin has started to be
substituted with the cementitious matrix that is more compatible with masonry materials [10,
13]. However, a recent study has pointed out that the application of FRCM has a lower increase
in the load-carrying capacity when compared to FRP, but it promotes a higher increase in the
ductility [14, 15].

Recently, the interest in the use of fiber reinforced concrete (FRC) or mortar (FRM) composites,
comprised of an ultra-high performance concrete or mortar and short fibers, as strengthening
material is a growing research field but, due to its novelty, the available scientific literature on
the topic is quite limited. In fact, the use of these materials has been generally studied as a
construction material for the design of new structural elements [16,17] and the experimental
and numerical research has focused on the evaluation of its mechanical properties (uniaxial
tensile strength and tensile fracture properties [18], etc.), the behavior of new high performance
reinforced concrete elements [19], the ultimate shear behavior of hybrid RC beam and steel
columns [20], or its use on building applications such as non-structural elements, for instance.
In these cases, the presence of the fibers improves the mechanical properties of the building
material and allows decreasing the area of steel reinforcement.

As strengthening material, FRC or FRM has been studied as an externally bonded strengthening
system applied onto concrete bridge piers [21], masonry walls [22, 23], or at the intrados of
masonry arches [24], with promising results. Among the advantages of FRC or FRM, it can be
noticed that the use of high performance cementitious matrix guarantees an adequate vapor
permeability with considerable abrasion resistance and high durability [25]. Furthermore, its
high compressive strength can provide an increase in the compressive resistance of the

structural element, which is not achieved when FRP or FRCM composites are used. In addition,
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the flowability and self-compacting properties of the material allow filling simple traditional
formwork which facilitates its application on the elements to be strengthened.

As for the case of another available externally bonded strengthened systems, such as FRCM
and FRP composite materials, in which those issues have been more extensively discussed and
studied, knowledge on the bond behavior of these materials when applied onto existing
substrates issues is crucial for the understanding of the overall behavior of FRC/FRM
strengthened structures. Available literature in the topic has focused mainly on the study of such
materials applied onto normal compressive strength substrates for either repair or strengthening
applications. As repair material, the bond behavior has been studied by means of slant shear,
splitting tensile, and direct tensile tests, which do not replicate exactly the conditions expected
when the material is externally bonded as a strengthening solution [26, 27]. As for strengthening
material, Zhang et al 2020 [28] have recently investigated the shear bond strength of FRC
applied onto concrete by means of double-sided direct shear tests. The test results showed that
the interface between the FRC and the substrate exhibited an excellent bond behavior, which
verifies the feasibility of the use of these materials for the strengthening of existing structures.
In their research, the most common failure mode of the specimens was associated with partial
interface failure with partial or complete failure in shear of the substrate. However, on the
authors’ knowledge, there is no experimental evidence on the study of the bond behavior of
these materials when applied to masonry substrates.

Based on this requirement, this paper is aimed to provide an exhaustive experimental and
numerical analysis of the bond behavior of a type of FRM comprised of a high performance
mortar and short steel fibers, known as steel fiber-reinforced mortar (SFRM), when applied
onto masonry substrates. The bond behavior was investigated through double shear lap tests
(conducted with two different bonded lengths) and observations on peak load and failure mode

are highlighted. The material is also mechanically characterized by means of flexural,
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compressive, direct tensile, and residual flexural tests with the aim of obtaining the parameters

required for the numerical modelling presented in the paper.

2. MASONRY EXPERIMENTAL CHARACTERIZATION

2.1.  Masonry mortar characterization
An M5 class mortar (according to UNI EN 998-2_2016 [29]) was used for the realization of
the masonry specimens used for the shear lap tests and experimentally characterized. This
mortar consists in a Portland cementitious matrix with hydrated lime. The water required for
the mortar hydration was of around 18% of the mortar weight while the maximum aggregate
size is lower than 3 mm. The mixing procedure was carried out by means of a mixer machine
for three minutes. According to the manufacturer, the workability time of the mortar matrix is
of around two hours. Before the application of mortars, the clay bricks were wetted. After
casting of the joints, the samples were left to dry under environmental conditions.
For the mortar characterization, six mortar prismatic elements with 40 x 40 mm of cross-section
and 160 mm length were built in order to evaluate the flexural (fm) and compressive (fm)
strength, and the elastic modulus (Em) of the mortar according to standards UNI EN 1015-11
[30] and EN 13412 [31], respectively. In Table 1, the corresponding mean values and
coefficient of variations (CoV) of these parameters are shown.

Table 1. Mortar mechanical properties.

Material Density Compressive Flexural strength Elastic Modulus
strength (fm) (frm) (Em)
[kg/m®]  [MPa] CoV[%] [MPa] CoV[%] [MPa] CoV [%]
Masonry joint
mortar (28 days) 1807 7.22 9.88 2.22 4.61 3706 16.33
SFRM matrix
mortar (28 days) 2402 91.02 1.59 15.43 11.98 24040 22.01
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2.1.  Clay bricks characterization

Solid clay bricks (Euroformat type) fired in a furnace near Venice (Italy) were used in the
experimental campaign and were tested to evaluate their compressive and flexural strengths.
Three bricks (named A, B, and C) with length (1), width (b) and height (d) shown in Table 2
were tested following the requirements reported in BS EN 771-1:2011 [32]. Before testing, the
clay bricks were subjected to geometrical preparation in order to eliminate any geometrical
imperfection caused by the fired process. With this aim, the specimens were cut to create planar
faces with a circular saw. After cutting, the specimens were leveled again with an abrasion
process aiming to obtain an adequate dimension accuracy.

The elastic modulus was evaluated considering three specimens with dimensions 58 x 58 x 233
mm? (see Fig. 1). The load was applied in three load cycles considering maximum amplitudes
equal to 7.82, 11.24, and 14.67 N/mm?2. The elastic modulus was then defined during the last
cycle using four DD1 strain transducers applied in the middle of the four faces of the specimens.
The values of weight, compressive and flexural strengths, and elastic modulus for the specimens
tested and the corresponding mean values and coefficient of variations (CoV) are reported in

Table 2.

Fig. 1. Elastic modulus for clay bricks.

Table 2. Brick mechanical properties.
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Test Brick I d h Compressive Flexural Elastic

weight strength strength Modulus

CoV CoV CoV

[kg] [mm] [mm] [mm] [MPaq] [%] [MPa] [%] [MPa] [%]
A 2.71 245 111 57 46.2 3.69 8850
B 2.68 243 110 58 40.7 2.76 8750
C 2.72 245 111 58 45.1 5.73 8500

Mean value 44.0 6.61 406 374 8700 207

2.2. Masonry characterization

Three masonry prisms (named MPT), with cross-section dimensions 1=245 mm and d=110 mm
and a total height of 370 mm, were built to evaluate the masonry compressive strength (fc,p) and
elastic modulus (Ep). The prisms included five rows of clay bricks and six mortar joints with an
average thickness of 12 mm, as shown in Fig. 2a.

For the masonry prisms, the tests were conducted (according BS EN 1052-1-1999 [33] using a
uniaxial machine with a cell with a maximum capacity of around 60 tons. The stress was
obtained dividing the applied load by the average cross-section area of the specimen. The strains
were computed as the average value obtained using four linear transducers (LVDTSs) placed
onto the masonry and fixed by dowels (Figs. 2a and 2b). The gage length of the LVDTs was

around 1/3 of the specimens’ height (Figs. 2a and 2b).

Applied Applied
load load
L Load cell -
.. Z %
1
+ _LvpT |
1l : L
k 245 1 f—110-
a) b)
Fig. 2. Masonry uniaxial compression: a) test setup, b) specimen being tested.



157  The masonry prism compressive strength (fcp) was evaluated using following equation:
158 fc,p = Bnax/(1 - d) (1)
159  where Pmax is the maximum applied load recorded during the tests. The elastic modulus (Ep)

160  was computed as:

_ Pmax/3
161 E, = e e(fmas)] )

162  Where &(Pmax/3) is the strain measured at Pmax/3. Values of fc p, ultimate compressive strain (gu,),
163 and Ep for the three masonry prisms and the corresponding mean value and coefficient of
164  variation (CoV) are presented in Table 3. In Fig. 3, the normal stress-strain curves obtained

165  from the compressive tests are shown.

166 Table 3. Masonry prism mechanical properties
Compressive Ultimate compressive Elastic
Strength (fcp) strain (eup) Modulus (Ep)
[MPa]  CoV[%]  [%] CoV[%]  [MPa] ([3(30\]’
MPT_001 18.9 0.377 8800
MPT_002 20.0 0.403 6100
MPT_003 19.7 0.363 7500
Mean value 19.5 291 0.381 5.33 7500 18.08
167
25
20 ~
=)
& 15 +
=)
510 4
Z 10 —MPT 001
5 MPT 002
—MPT 003
0 I T I I T
0.0 0.1 0.2 0.3 0.4 0.5
168 Strain [%]

169 Fig. 3. Normal compressive Stress - Strain curves of masonry prisms.
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As shown in Fig. 4, cracks running parallel to the vertical axis of the specimens and

concentrated mainly at the center of the elements were observed at the end of the test.
()

BRI |

g TR
Wik L

2

MPT_001 | MPT_002

Fig. 4. Failure modes of the masonry prisms.

The characteristic masonry compressive strength (fekp) derived from compressive experimental
tests is compared with that found using the analytical formulation (named fce) proposed by
Eurocode 6 [34] considering the brick and the mortar compressive strengths experimentally
evaluated. From the analytical formulation proposed by Eurocode 6 [34], the characteristic
masonry compressive strength (fece) and the elastic modulus (Ee) are obtained from the
following equations:

foe =K f37 f® ©)
E, =1000" f . 4)
where the coefficient K, the mortar compressive strength (fn) and the compressive strength of
the brick (fo) are assumed equal to 0.44, 7.22, and 44.0 MPa, respectively. However, the
experimental determination of the masonry characteristic compressive strength (namely fep)
proposed by standard BS EN 1052-1:1999-[33] includes masonry specimens with vertical joints
(i.e., wallets). Considering that the prisms tested do not include vertical joints (see Fig. 4) the
characteristic masonry compressive strength (f) is derived from the formulation proposed by
Thamboo et al. 2019 [35]. They found that the masonry characteristic compressive strength of

specimens without vertical joints (prisms) can be considered as 75% of the wallet characteristic

9
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masonry compressive strength obtained using specimens with vertical joints. The characteristic
masonry compressive strength (fep=fc, / 1.2) obtained by prism specimens is equal to 16.3
MPa, and using the Thamboo et al. 2019 [35] correlation, it is possible to define the wallet
characteristic masonry compressive strength equal to 12.2 MPa. Moreover, the analytical
formulation (3) proposed by Eurocode 6 [34] evaluates a masonry characteristic compressive
strength (feke) equal to 11.3 MPa, which is 7.5% lower than the wallet characteristic masonry

compressive strength.

3. SFRM EXPERIMENTAL CHARACTERIZATION

The SFRM material is composed of cement, aggregates, water, superplasticizer and steel fibers
(see Fig. 5.) with the proportions reported in Table 4 [19]. The steel hooked-end fibers have a
length Ls=30 mm, nominal thickness ts=0.55 mm and the mechanical properties reported in

Table 5.

Fig. 5. SFRM components.

Table 4. Mix details of SFRM material

Cement 48 % viv

Water 12% viv
Superplasticizer 1% viv
Steel fiber 2% viv
Aggregates (0 — 3.2 mm) 37% viv

Table 5.Steel fiber properties

10
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Standard Steel fiber Steel fiber Steel fiber Steel fiber

length L nominal Elastic tensile
[mm] thickness ts modulus strength fis,
[mm] [MPa] [MPa]
Steel fiber EN-14889-
(Hooked Ends 1:2006 30 0.55 210000 1345
shape)

The preparation of the SFRM required a rotary mixer that contains 25 kg of the material. The
cementitious matrix, the steel fibers, and water were placed in the mixer and the mixing
procedure was held for two minutes At that point, the superplasticizer was added and the mixing
was carried out for one more minute. During the mixture process, through visual inspection, it
was possible to observe that the steel fibers were distributed homogeneously. Vibration of the
specimens was not needed due to the self-compacting property of the material. In fact, when
applied to existing structures, vibration of the formwork should be avoided as it can cause
sedimentation/precipitation of the fibers.
3.1.  Flexural and compressive strength of the SFRM mortar

The flexural and compressive strength of the SFRM mortar (i.e., without fibers) was carried out
following the procedure described in section 2.1 and the results are shown in Table 6. In
addition, the flexural and compressive strengths of the mortar used for SFRM were evaluated
atl, 7,14, and 21 days after casting. Fig. 6 shows the development of the strengths in terms of
the percentage of maximum strength obtained at 28 days. Results show that after seven days of
casting, the evaluated mechanical properties of the mortar are about 80% of the maximum value

attained at 28 days after casting.
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Fig. 6. SFRM mortar Strengths - days.
Table 6. SFRM mortar mechanical properties.
Material Density Compressive Flexural strength Elastic Modulus
strength (fm) (fm) (Em)
[kg/m®] [MPa] CoV[%] [MPa] CoV[%] [MPa] CoV [%]
SFRM Mortar 2402 91.02 159 1543 1198 24040 2201

(28 days)

3.2.  SFRM residual flexural tensile test
As reported in the BS EN 14651-2005 [36], steel fiber reinforced mortars can have different
flexural post-elastic behavior (hardening or softening). The SFRM flexural post-elastic
behavior depends on the percentage in volume of the steel fibers and it can show a hardening
or a softening behavior if the fiber percentage is greater or lower than 2% (CNR-DT 204/2006
[37]), respectively. The SFRM used in this experimental campaign has a fiber volume of around
2% of mortar.
In order to evaluate the SFRM flexural behavior, three-point bending tests were carried out
using specimens with dimensions 100 x100 x 500 mm and shown in Fig. 7. The specimens were
cast using a formwork that was removed after 24 hours. The specimens were then covered with
a plastic film for 28 days.
The test set-up used to evaluate the deflection of the specimen consists of a rigid frame with a
sliding fixture (“A”, y = 0) and a rotating fixture (“B”, y = x = 0), as seen in Fig. 7a and Fig.
7c.

12
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-
Fig. 7. Residual flexural strength: a) Test setup S(I::)RM; b) Specimen being tested. c) Specimen after
testing.

In Fig. 8, the Load-Displacement curves obtained from the three tests are reported. The
displacement shown in Fig. 8 corresponds to the mid-span displacement obtained using the
measurement system represented in Fig. 7b. Fig. 8 also includes the typical crack witnessed at

the end of the descending branch.

From the analysis of the fracture surface, it was observed that the fibers are evenly distributed
and orthogonal to the fracture. It is possible to conclude that the steel fibers contributed to the
flexural strength of the specimens because the behavior of SFRM is similar to that observed on
similar materials with the same amount of fiber volume [19]. In addition, the fracture plane
spread to the top of the specimen offering residual flexural strength. In the absence of fibers,
this behavior could not be observed. Furthermore, during the test, after the maximum load is
attained, it is also possible to observe in Fig.8 the presence of instantaneous load reductions

with subsequent recovery, which can be associated to the rupture or debonding of the steel

fibers.

13
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Fig. 8. Load-Displacement curves for SFRM specimens.
3.3.  SFRM direct tensile test

In order to investigate the direct tensile strength of the SFRM, direct tensile tests were carried
out. The specimens were cast using a formwork with the following dimensions: 500mm of
height, 80 mm of width, and 30 mm of thickness. The SFRM composite material was cast
considering the direction of the fibers where the principal direction coincides with the direction
of the applied load. After casting, the specimens were covered with a plastic film in order to
maintain the humidity constant for 28 days and tested using a non-standard test setup showed
in Fig. 9.

The SFRM specimens were anchored on both sides with steel plates. Epoxy resin was applied
between the specimen and the steel plates to avoid any slip phenomenon (Fig. 9a). The tensile
force was applied to the specimen through two articulated joints that avoid the presence of
bending moments in the SFRM strip during testing (Fig. 9b). Two LVDTs placed at the middle
height of the lateral sides of the specimen were used to investigate the strain of the SFRM strip

(Fig. 9a-b). The measuring length of the instruments is equal to 100 mm.

14
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Fig. 9. Direct tensile test: a) Anchorage system with epoxyn resin and steel plates; b) testing setup, ¢)

failure mode.

In Fig. 10 the stress-strain curves of the five direct tensile experimental tests carried out are
reported. To obtain the stress-strain curves, only the specimens which shown a fracture within
the gage length (equal to 100 mm as shown in Fig. 9) were considered. The material shows a
first elastic branch on the stress-strain curve due to the matrix and steel fibers working together.
After the peak of stress is attained, the subsequent strain is due only to the tensile steel fiber
strength. As a simplification, the stress is calculated considering the entire section area instead
of the steel fiber. The mean stress peak value of the direct tensile test corresponds to 3.98 MPa

(see Table 7) with a strain of around 0.078%.
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Fig. 10. Stress-Strain curves derived from direct tensile tests.

Table 7. SFRM direct tensile test.

Specimen Tensile strength Corresponding Strain
[MPa] CoV [%] [%] CoV [%]
DTT_SFRM_001 3.43 0.0781
DTT_SFRM_002 4.15 0.0861
DTT_SFRM_003 3.08 0.0612
DTT_SFRM_004 3.83 0.0793
DTT_SFRM_005 451 0.0862
Mean value 3.98 14.23 0.0782 13.05

3.4.  Smooth and simplified tensile strength curves
The mean smooth stress-strain curve derived from direct tensile tests is compared with the
simplified mean curve obtained from the analysis of the residual flexural tensile test results
(Fig. 11). The average tensile stress-strain curve derived from the results of the residual flexural
tests was evaluated according to the BS EN 14651-2005 [36] and it is shown in Fig. 11. This
curve also includes values of tensile strength fr, serviceability tensile residual strength frs, and
ultimate tensile residual strength frw (See Table 8). As can be seen in Fig. 11, the first and third

points of that curve are closer to the direct tensile stress-strain curve than the second point.

16



297  Finally, it is important to underline that the SFRM material shows a tensile strength reduction

298  around 50% after a large strain (around 1%).

4.8
4.2
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AN

W NN

s NN
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fris —Direct tensile test curve

—e—Residual flexural tensile test curve

Stress [MPa]

0.6

0.0
0.0 05 1.0 15 2.0 25 3.0 35

299 Strain [%]

300  Fig. 11. Stress-Strain smooth mean curves derived from direct tensile tests and residual flexural tensile

301  tests.
302 Table 8. SFRM Residual flexural strength test results.
Material fre fres fru
[MPa] CoV [%] [MPa] CoV[%] [MPa] CoV [%]
RFT_SFRM_001 3.79 4.82 2.28
RFT_SFRM_002 3.79 3.93 1.14
RFT_SFRM_003 2.81 3.84 1.58
3.46 16.34 4.20 12.91 1.66 34.49
303

304  Ascan be seenin Table 8, the dispersion of the results (tensile strength fr, serviceability tensile
305 residual strength frts, and ultimate tensile residual strength fry,) carried out from the three points
306  bending tests (according to the BS EN 14651-2005 [36]) is quite high with respect to the CoV
307  obtained from the masonry mortar tests (Table 6). This result depends on the randomness of the
308 SFRM materials that is a consequence of the random distribution of the steel fibers within the
309  mortar matrix [38, 39].

310
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4. SFRM-MASONRY BOND BEHAVIOR

The results reported in section 3 show the SFRM material has high compressive and tensile
strength with respect to a masonry material and shows a ductile tensile behavior. The
effectiveness of this strengthening system is intrinsically dependent on the bond performance
between the SFRM material and the masonry substrate and this issue requires further
investigation.

Considering a masonry cross-section with a bottom or a top layer of SFRM strengthening, the
bond actions depend on the type of forces applied to the SFRM and on the curvature of the
masonry element. In general, such bond actions are tangential (i.e., shear) and normal stresses
applied at the masonry-SFRM interface [40]. In this experimental campaign, double shear lap
tests were performed in order to investigate the existence of an effective bond length (Ly), the
failure mode, and the shear bond stress developed at the masonry-SFRM- interface. Due to the
test set-up, the presence of normal stresses is not expected.

In this article, the effective bonded length (L) is defined as it has been reported for other types
of composites externally bonded to concrete or masonry (concrete structures strengthened with
FRP [40, 41], FRCM [42-44], and masonry structures strengthened with FRP [45, 46], FRCM
[47-49]. The double shear lap tests performed in this experimental campaign were developed

using the specimens shown in Fig. 12.

Fig. 12. Double shear lap test specimens.
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Considering a strip of SFRM with bonded width (b) and bonded length (L), the effective bonded
length (Lb) can be defined as a length where the forces in the SFRM strip are transferred to the
masonry substrate through shear stresses in the interface between two materials. If the bonded
length is greater than Ly the composite material is able to transfer the maximum load to the
masonry. This maximum load, as will be shown in the following, depends on the shear failure
mode of the bonded material.

The specimens were prepared in three different phases. First, two masonry prisms were made
over a horizontal steel plane parallel to the mortar joints. Then, a timber element was used to
keep the two prisms 100 mm apart (Figure 13a). A protection film was applied to the specimens’
surface, with the exception of the bonded area. In this way, the area in which the SFRM strip
was applied was delimited. Two formworks were built and then positioned laterally as shown
in Figure 13. The thickness of the SFRM strip was guaranteed by means of hard rubber elements
with a thickness of 30 mm located between the wood formwork and the specimen. The SFRM
matrix was then cast and the formworks were removed after 14 days. The tests were performed
after 28 days of casting. The application of the SFRM to the masonry substrate was carried out
without any previous surface preparation as former experimental evidence [24] demonstrated

that an adequate bond between the SFRM and the substrate was obtained in that condition.
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Fig. 13. Double shear lap test specimens’ preparation.

The two-masonry prisms, connected by two SFRM strips placed on the two sides of the masonry
element, have a hole (Fig. 13) where a steel bar is inserted and connected to a steel plate at the
bottom of the masonry specimen (Fig. 13). In this manner, it is possible to apply the load as a
pressure to the steel plate connected to the steel bar and then to the masonry specimen (Fig. 14).
The test was conducted in displacement control defined with a rate equal to 0.5 mm/min. Four
LVDTs were used to define the displacement between the two ends of the masonry prisms, as
can be seen in Fig. 12. The LVDTs record the variation of the distance ¢ with the application
of the imposed displacement. In addition, five strain gauges were applied to the middle
thickness of the strip in order to evaluate the variation of strain along with the composite layer

for each value of imposed displacement (see Fig. 14a).
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Fig. 14. Double shear lap tests: a) Test setup, b) specimen being tested.

The SFRM strip has 30 mm of thickness (t) and 80 mm of width (b), and two different bond
lengths (L) are considered (100 mm and 150 mm). The entire specimen has 540 mm of total
height (H), and the distance (c) between the masonry triplets connected with SFRM strip is 100
mm. The masonry specimens have a cross-section equal to the brick dimensions (245 mm x
110 mm). The tests are named following the convention DSL_SFRM_X Z where DSL
represents the test type considered (double shear lap test), SFRM is referred to the composite
material investigated, X is the bonded length considered, and Z is the numbering of the test. For
the bonded lengths (L) 100 mm and 150 mm three and six specimens were tested, respectively.
In Table 9, the values of maximum load attained during testing (Fmax), the maximum global
shear stress (zgmax=Fmax/(2:L:b) ) and the failure mode observed for each test are reported.

Three failure modes were observed (see Fig. 15): D, detachment of the SFRM strip te the
masonry substrate (Fig. 15a); C, cracking of the SFRM strip (Fig. 15b); and CD, cracking of

the SFRM with cracks that running parallel to the interface and SFRM detachment (Fig. 15c).
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Table 9. SFRM Double shear lap test

H L Fmax Tg,mgx Failure
Specimen [mm] [KN]  [MPa]  mode
DSL_SFRM_100 001 100 901 056 D

DSL_SFRM_100 002 100 1050  0.66
DSL_SFRM_100 003 100 1213  0.76
DSL_SFRM_150 001 150 1814  0.76
DSL_SFRM_150 002 150  7.67 0.32
DSL_SFRM_150 003 150  19.86  0.83 CD

O O|0 0O

DSL_SFRM 150 004 150  17.85  0.74 C
DSL_SFRM_150 005 150  17.93  0.75 C
DSL_SFRM_150 006 150  19.72 0.82 C

Experimental results show that the bonded length of 100 mm is insufficient to develop the shear
stress necessary to guarantee the transfer of the maximum force from the SFRM to the masonry
substrate. In fact, the average value of the maximum global shear stress (zgmax) reached for 100
mm bond length is equal to 0.66 MPa (Table 9) which is lower than the value obtained from
the tests with 150 mm of bond length (0.78 MPa). With this last bonded length, the specimens
showed cracking failure, and a perfect shear stress transfer was observed (with the exclusion of
specimen DSL_SFRM_150 002 that shows an early detachment). The mean maximum load
reached for the specimens with L=150mm (with exclusion of DSL_SFRM_150 002) is equal
to 18.70 kN. The corresponding average normal stress in the strip cross-section is equal to 3.89
MPa which is only 2.2% lower than the average tensile strength (evaluated by direct tensile
tests and reported in Table 7). This result means that if the bonded length is equal to or greater
than effective bonded length, there is a perfect force transfer from SFRM to masonry because
the observed failure mode involves in the tensile rupture of the strengthening and detachment

is not observed (Fig. 15).
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4.1.  Shear lap test failure modes
The failure mode registered for the bonded length equal to 100 mm is the detachment of the
SFRM strip from the masonry substrate (Failure mode “D”), as shown in Fig. 15a. Therefore,
the bonded length of 100 mm is considered insufficient to have the perfect transfer of the stress
from SFRM to masonry.
For the bonded length equal to 150 mm, results show three different failure modes: four
specimens show cracking of SFRM in the unbonded region until the tensile rupture of the
SFRM without detachment of the composite from the substrate (Failure mode “C”, Fig. 15b);
one specimen (test DSL_SFRM_150_003) shows cracking along the SFRM strip in the bonded
and unbonded area cracks until the detachment of the composite material from the masonry
(Failure mode “CD”, Fig. 15c); one specimen (test DSL_SFRM_150_002) shows an early
detachment of the SFRM from the masonry (Failure mode “D”, Fig.15a).
Test DSL_SFRM_150 002 was not considered in the results analysis because it showed an
early detachment corresponding to an applied load of 7.67 kN (see Table 6) which is lower than
the average maximum load (18.70 kN) registered for the other specimens with L=150 mm. This
could be justified because after a visual inspection of the specimen, it was observed that the
strip surface was not completely bonded to the masonry surface. In addition, the reason for the
type of failure witnessed for specimen DSL_SFRM_150_002 can also be attributed to a small
misalignment (i.e., eccentricity with respect to the machine axis) of the sample that might have
caused a concentration of stresses on one of the strips causing its earlier detachment.
Test DSL_SFRM_150 003 reached a maximum load (19.86 kN, see Table 9) which is similar
to the results obtained for the remaining specimens, even if it shows a different failure mode

(see Table 9).
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Fig. 15. Failure modes obtained from the double shear lap tests: a) DSL_SFRM_100 failure mode
“D”; b) DSL_SFRM 150 (001, 004, 005, 006) failure mode “C”’; ¢) DSL_SFRM_150_003 failure
mode “CD”.

4.2.  Shear lap test behavior
In Fig. 16a, the Applied load in the strip (F/2)-Displacement diagram obtained from all the
double shear tests are reported. The displacement evaluated during the experimental test
represents the variation of the distance (c) between the two masonry prisms ends that in the
unloaded condition is equal to 100 mm (see Fig. 16a). The tests with L=100 mm were stopped
after the detachment of SFRM (Fig. 16a). Tests with L=150 mm show an initial elastic branch
before the cracking of SFRM (see Fig. 16a). Then, a non-linear branch, similar to that witnessed
during the direct tensile tests and reported in Fig. 10, is observed. In Fig. 16b the Applied load
-Global slip curves are presented until the failure mode. The slip value reported in Fig. 16b is
equal to half of the mean displacement evaluated by LVVDTs minus the SFRM strip elongation

(evaluated considering the strain registered by the strain gauge in the middle of the strip).
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Fig. 16. Double shear lap test results: Applied load - Displacement diagrams a) Entire experimental

curves b) Load-Global slip curve until specimen failure.
Results in Fig. 16b show that the curves with (C) failure mode present a mean global slip of
around 0.022 mm while the (D) failure mode of around 0.037 mm. In Fig.16b, it is possible to
see that specimens with 150 mm of bonded length have a higher initial stiffness compared to
that of specimens with 100 mm of bonded length, i.e., specimens with 100 mm of bonded length

show higher global slip displacements for the same amount of applied load when compared to
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specimens with 150 mm of bonded length. This behavior is explained when it is considered that
for specimens with lower values of bonded length, the tangential stress reaches its maximum
value for a lower applied load, and the global slip increases more rapidly.
4.3.  Stress — Strain development along the SFRM strip

Five strain gauges were used with the aim to determinate the strain distribution along the bond
length of the SFRM strip during tests DSL_SFRM_150 (001, 003, 004, 005, and 006). The
strain gauges were applied to the middle thickness of the strip (Fig. 17): one at the middle span
of the strip (SG03), SG02 and SGO1 were respectively applied at L1 (110 mm) and at Li+L>
(170 mm) from the SG03. SG04 and SGO05 were applied in the symmetrical position with

respect to SG02 and SGO1.

Emax

&)
&)

kL2 %— L —%— L; —% L2
SGOI  SGO2 SGO3 SG04  SGO5

¥

le e o B
F L ¢ L 1

Fig. 17. Disposition of the strain gauges used in tests DLS_SFRM_150.

The results in terms of strain from tests with a bonded length (L) equal to 150 mm are reported
in Fig. 18. The strain distribution from test DSL._SFRM_150 002 was not included since results
from this test were disregarded. The strain values (&i) at the maximum load reached during the
experimental test are normalized with respect to the maximum strain (emax) reached in the

middle of the strip of the corresponding test.
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Fig. 18. Normalized strain distribution carried out from the DSL_SFRM_150 tests.

As it can be seen in Fig. 18, maximum values of the strain are observed in the unbonded region
and decrease to the bonded strip ends.

5. NUMERICAL CALIBRATION
In this section, a detailed numerical investigation is presented with the aim of simulating the

experimental results described above. Numerical analyses were developed through finite
element models considering the non-linear behavior of the materials. In the following, the
different numerical strategies used to reproduce the compressive tests of the masonry prism,
the SFRM tensile tests, and the double shear lap tests are discussed.

The numerical model were made using CQ16M 2D plane stress elements. This type of elements
were used for the masonry mesh and also for the SFRM material mesh. The quadratic
interpolation and Gauss integration type were adopted for the eight-node quadrilateral
isoperimetric plane stress elements. The nonlinear system was solved with iteration type and
for the iteration scheme a modified Newton-Raphson algorithm with 0.01 energy norm was
used. The elements have an average area of around 250mm? (with the exclusion of the elements
used for the discretization of the masonry mortar joints reported in Fig. 19a).

The FE model used in the numerical analysis is mesh depending. For this reason, different

numerical models with different mesh sizes were developed with the aim of obtaining reliable
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results. The mesh dimension was chosen considering a compromise between a good agreement
with the experimental test and computational time. Moreover, the average mesh dimension was
calibrated on the base of experimental test results in order to avoid results localizations [50].
The masonry compressive tests were numerically studied considering the simplified micro-
modelling approach shown in Fig. 19a where mortar and bricks were separately discretized and
the “Total Strain Crack Model” (TSCM) was used as non-linear constitutive law of the
materials. Parabolic stress-strain diagrams (see Fig. 20a) were used to consider the compressive
behavior of mortar and bricks and linear elastic with exponential softening laws (Fig. 20b) were
used for modelling the tensile behavior of the materials.

These stress-strain relationships, shown in Fig. 20b, were defined according to the parameters
in Table 10: Elastic Modulus (E), material compressive strength (fc), material tensile strength
(f), compressive fracture energy (Gr) and tensile fracture energy (Gr). Results from the
simplified micro-modelling approach were compared with the experimental results and with
those of a macro-modelling approach (Fig. 19b) where masonry was considering as continuum

material.

I Mortar
| Brick unit
I Masonry

L.
a) b)
Fig. 19. Masonry prism models: a) simplified micro-modelling approach; b) macro-modelling

approach.
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Fig. 20. Stress-strain curves used for the numerical analysis a) parabolic function; b) linear with
exponential softening function.

Table 10. Material mechanical properties of masonry numerical models.

Compression | Tension
Material Density E fe Gre  Function  f; G Function
[kg/m®] [MPa] [MPa] [N/mm] type [MPa] [N/mm] Type

Brick unit 1700 8700 44.0 8 parabolic 3.00 0.01 exponential
mgft‘;';ryjo'”t 1770 3700  7.22 8  parabolic 222 001 exponential
Masonry 1714 7500 195 - parabolic 4.06  3.00 exponential
SFRMmatrix 5400 24000 910 - EP 36 900 exponential
mortar

From Fig. 21, itis possible to observe that the initial stiffness corresponding to the elastic branch

is similar for the micro and macro model curves and those obtained experimentally. In addition,

the macro model shows a descending branch more ductile respect to the micro model.
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Fig. 21. Stress strain result of the masonry prisms, numerical analysis - experimental test results.
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The SFRM was discretized with finite elements (Fig. 22a) and its tensile stress-strain curve
(assumed in the TCSM) was calibrated considering a linear elastic branch with an exponential
softening curve (Fig. 20b). The tensile fracture energy (G«=9 N/mm, Table 10) was calibrated
in order to obtain a good correspondence between numerical and experimental stress-strain
curves of the tensile behavior of SFRM strip as reported in Fig. 22b. This calibration analysis
has considered a strain range between 0% and 1% that is defined from the stress-strain reported
in Fig. 8 and obtained from residual flexural tests. The SFRM compressive stress-strain law
used is an elasto perfectly plastic (E-P) curve defined considering the experimental values of

the elastic modulus and the compressive strength (E and f¢) reported in Table 10.

—Direct tensile test curve

- —-Numerical solution

L

Applied
£ pressure

Stress [MPa]

0.8 1.0

0.0 0.2

04 i o4
a) b)

Fig. 22. Tensile tests modelling: a) Discretization of SFRM material with finite elements; b) Stress -
Strain result for the numerical solution compared with the direct tensile test curve (experimental).
Lastly, the bond behavior between SFRM and the masonry substrate was investigated using the
finite element model illustrated in Fig. 23a. Fig. 23a shows the mesh used, the boundary
conditions (Fig. 23b) and local stress (z(s))-slip (s) curve implemented in the bond-slip interface
type inserted between masonry and SFRM composite material (Fig. 23c). In the bond-slip
interface, a local tangential tress z(s)-slip (S) curve to calibrate the parameter of the well-known

equation proposed by Popovics et al. 1973 [51] was implemented:

Sp n

T(S) = Tmax?w (5)
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where the ultimate slip sy is equal to 0.4 mm (according to CNR-DT 200 R1/2013 [52]), §
(0.022 mm) is the slip corresponding to the peak value of the tangential stress (zmax=1.9 N/mm?),
finally the factor n in equation (5) is assumed equal to 3.

The interface element between SFRM and masonry has zero thickness [53] and the slip zone
was described with a bond-slip interface model, which has a constitutive law based on the
“Total Deformation Theory” [54]. This theory expresses the bond strength as a function of the
relative tangential displacement (s) between the two materials. The normal tension (tn)
parameter was considered rigid, while the relationship between the tangential stress (1) and the

relative tangential displacement is assumed to be non-linear (Figure 22).

& 0
Interface — o ——=
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Fig. 23. a) Shear lap test model b) Boundary conditions and load applied to the F.E. model ¢) Local
bond-slip curve implemented in the bond-slip interface element.

Fig. 24 shows the dimensionless strain & / emax In the middle thickness of the SFRM strip as a

function of the coordinate ¢ (from 0 mm to 150 mm). The numerical results obtained
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considering a bonded length (L) equal to 100 mm and 150 mm were compared with those
obtained from the strain gauges used in the DSL_SFRM_150 experimental tests (Fig. 24).

The dimensionless normal strain is maximum when for £ = 0 and is equal to zero for &> Ly as
reported in Fig. 24. The numerical simulation confirms that L=100 mm is lower than the bonded
length because for =100 mm strain is different from zero. Moreover, it is possible to see from

Fig. 24 that the numerical strain distribution is comparable to the experimental one.
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Fig. 24. Dimensionless strain — & coordinate. Experimental and numerical results.

The load — global slip curves have been compared with the numerical simulation results until
0.05 mm of global slip. Fig. 25 shows the experimental envelope for the tests with bonded
length equal to 150 mm, without considering the test DSL_SFRM_150 002. The numerical
simulation has a good agreement with the envelope of experimental results. The value of the
maximum load obtained from the numerical analysis was equal to 10.73 kN while the average

maximum load for the experimental tests was 9.35 kN.
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6. FURTHER DEVELOPMENTS

The results presented in this paper corresponds to a first attempt to gain knowledge on the bond
behavior of SFRM composites applied onto masonry substrates but need to be validated when
more experimental data become available, as they are strictly related to the mechanical and
geometric properties of the specimens tested. These results are intended to provide tools for
future practical applications of the material as strengthening system and to help researchers to
plan future experimental tests that focus on variables not studied here.

For instance, the presence of a bonded length, as demonstrated by the shear lap tests, implies
that the system can be applied to structural members with limited size. However, aspects such
a possible size effect and the influence of the thickness and width of the strips on the expected
values of effective bonded length need to be considered and investigated.

It is also worth noting that the most common type of failure mode observed for specimens with
bonded length equal to 150 mm (i.e., cracking of the SFRM strip without detachment) suggests
that the behavior of the material might be independent of the type of substrates onto which it is
applied. In this case, however, it is important to verify how the state of conservation of the

masonry or its strength will affect the final behavior.
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Another interesting outcome of this work is related to the fact that it was possible to achieve
the maximum tensile strength of the SFRM when it was applied onto a masonry surface without
any previous preparation. These results suggest that a perfect bond between the two materials
might be achieved even without the need of additional application procedures. From the point
of view of the practical application of the SFRM as strengthening system, this characteristic of
the material will significantly reduce its cost and time of application. However, future research
on the topic should validate this finding by means of tests that investigate the effect that the
surface substrate characteristics (age, irregularities, etc.) might have on the bond behavior
between masonry and SFRM.

Finally, it is also hoped that the information included in this paper, that comprises the
characterization of all the materials involved will allow researchers to plan their experimental
campaigns based on the preliminary numerical analysis carried out using the parameters herein
presented.

Is also important to underline that, considering a masonry cross-section with a bottom or a top
layer of SFRM strengthening, the bond actions depend on the type of forces applied to the
SFRM and on the curvature of the masonry element. In general, the bond actions are tangential

and normal stresses applied at the masonry-SFRM interface.

7. CONCLUSIONS

In this paper, the behavior of steel fiber reinforced mortar (SFRM) strips applied onto masonry
substrates was studied experimentally and numerically with the aim of gaining insight on the
behavior of masonry structures strengthened with SFRM composites. In addition, a mechanical
characterization of the material was performed. Mechanical properties studied included
compressive, tensile, and residual flexural strength. The main conclusions that can be drawn

from this study are as follows:
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Evolution of the compressive strength of the high-performance mortar used in SFRM
shows that after 7 days, the compressive and flexural strength of the matrix attained is
around 80% of that witnessed after 28 days of casting.

Comparison of tensile stress-strain curves obtained from the direct tensile and residual
tensile test performed on SFRM showed a similar behavior, with an initial elastic branch
followed by a softening behavior after peak stress.

The bond behavior between the masonry substrate and SFRM composite, investigated
through double shear lap tests, showed three different failure modes: detachment of the
SFRM strip from the masonry substrate; cracking of the SFRM strip; and a combination
of both, depending on the used bonded length. Detachment from the substrate was
observed for specimens with a bonded length equal to 100 mm, while for bonded lengths
equal to 150 mm, cracking of the strip with or without detachment was witnessed.

For a bonded length equal to 150 mm, values of the maximum applied load obtained
during the shear lap tests are similar to those attained on direct tensile tests. This result
and the observed failure mode suggest that 150 mm can be considered as the effective
bonded length for the SFRM composite studied in this paper, as a full exploitation of
the material is reached.

The strain profile along the length of the SFRM strip, at the maximum applied load, for
specimens with bonded length equal to 150 mm, shows that maximum values of strain
are observed at the middle of the strip (unbonded area). An exponential decrease in the
strain is then observed, with values close to zero reached at the end of the strip.

The comparison between experimental and numerical shear lap test results show that
the strain profile along the SFRM strip obtained from the numerical simulations is

similar to the observed experimental behavior.
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