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ABSTRACT

This paper investigates repairing brickwork masonry walls using smooth titanium rods. Firstly,
numerical analyses were carried out following a detailed micro-modelling strategy and then an
experimental research program was undertaken in the laboratory. Solid clay brick specimens were
initially tested, without strengthening, and subsequently re-tested, after repair, using titanium rods.
Rods were embedded into the horizontal joints using an epoxy paste or a cement mortar. A double-
sided repair was considered. Shear tests were carried out on four brickwork panels, under diagonal
loading. The mechanism by which the diagonal shear load was carried was analyzed, varying from
the uncracked state, to the final, cracked state, for both control and repaired wall panels. The results
demonstrate that it is partially possible to restore the panels’ original in-plane shear capacity by
embedding titanium rods into the horizontal bed joints using the epoxy paste. The experimental
results were used to evaluate the effectiveness of the titanium repair, and recommendations are
made to allow the test data to be used in the design procedure of cracked masonry structures.
Unsatisfactory test results were recorded for panels repaired using a cement mortar.

1. INTRODUCTION

During the last two decades, new retrofitting methods of pre-existing historic masonry walls have
been extensively used in Europe in construction because of the seismic hazard, or the need to
comply with new safety restrictions or new building codes [1][2][3][4][5]. Several methods have
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been proposed and experimented both on-site and in the laboratory, and many of them
demonstrated to be effective in increasing the in-plane capacity (shear strength) of wall panels.

Since the early 2000s, extensive research has been carried out to reinforce pre-existing masonry
buildings or masonry members using externally epoxy-bonded FRP (Fiber Reinforced Polymers)
materials [6][7][8][9][10]. In Civil Engineering, these materials are still regarded as innovative.
FRPs have now become popular as a shear reinforcement of wall panels because they have high
tensile strength, extraordinary strength-to-weight ratios and are effectively corrosion free.
However, FRPs are costly and difficult to install due to the combined use of epoxies.

On opposite, traditional methods [grout injections, RC (Reinforced Concrete) jacketing] are
typically cost-effective and easy to install compared with innovative methods [11][12][13][14].
Most of these methods can be applied quickly with a minimal intrusion and increment of mass,
making them suitable for seismic reinforcement or repair.

FRP sheets and cloths can be easily applied, with minimal disruption to the structure and rapid
completion. These composites are directly applied on the brick or stone surface of the un-plastered
walls using an epoxy or polyester adhesive. Apart for the safety hazards of workers using these
toxic adhesives, there are critical open issues in the use of FRPs: 1. the unsatisfactory long term
behavior of composites, with significant reductions of the FRP mechanical properties during
ageing, 2. the low glass transition temperature of the adhesives, with the risk of FRP deboning from
masonry if exposed to hot summer temperatures, likely to occur in many southern Europe countries,
3. the low fire resistance of FRPs, 4. the difficulty to comply with the requirement of
“reversiveness” (according to the ICOMOS principles for interventions of monuments and sites
“Where possible, any measures adopted should be “reversible” so that they can be removed and
replaced with more suitable measures when new knowledge is acquired. Where they are not
completely reversible, interventions should not limit further interventions” [15]), 5. the
impossibility to keep the fair faced aspect of the masonry when reinforced or repaired with FRP
sheets or cloths.

It is true that not all the above are an issue: for example “reversiveness” is important only for listed
monuments and heritage buildings, the need to keep the fair faced aspect of the masonry is not
always required, mechanical degradation of FRPs is mitigated by their very high tensile strength,
making it a managing problem. However, it can be concluded that prudence should be advised on
the use of composite materials for shear reinforcement of masonry walls.

Joint repointing is another traditional method [16][17][18]. This is often used as a non-structural
restoration technique for stone and brickwork walls. Repointing brick and stone work is the task of
renewing the outer portion of the mortar joint with new mortar. Repointing provides a primary
defence against water ingress; it holds the stones/bricks in place so they don’t move, increasing the
overall stability and integrity of the walls and avoiding stress concentrations.

The structural characteristics of this method can be improved using a “deep repointing” [19]. When
the thickness of the mortar joints is large enough to allow the repointing task up to a depth of 5-7
cm, this method acquires significant structural features. It has been demonstrated that it is possible
to increase the masonry compressive strength by deep repointing.
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However, limited research has been conducted on the shear resistance of wall panels strengthened
by deep repointing. The application of a new lime mortar cannot overcome the intrinsic weak
behavior of masonry in tension, as a result of the use of the mortar itself. In order to overcome this
problem, the repointing mortar can be reinforced using a tensile-resistant material [20][21]:
Valluzzi et al. proposed to use steel bars and experimental tests and numerical analyses
demonstrated that it is possible to reduce cracking of brickwork masonry [22]. A similar method,
based on the use of metal or composite cords has been proposed by Borri et al. [23][24]: this
method, known as “Reticulatus”, can be used to reinforce irregular stone masonry. The use of
flexible materials (i.e. the cords) is well suited for non-straight (i.e. the mortar joints of
irregular/rubble stone masonry) mortar joints, and tests results demonstrated that it is possible to
highly increase the lateral load capacity and stiffness of historic walls.

Furthermore, there are several commercial products on the construction market for crack stitching.
Twisted bars are used for crack stitching repairs and for stabilizing cracked masonry [25][26]:
stainless steel bars are typically bonded into cut slots with a high-strength grout. However, there is
little experimental evidence of the effectiveness of this repair method and more analysis is needed.
The damage induced by cut slots should be better investigated, especially when used on single-
wythe brickwork walls.

This paper is aimed at studying the effect of the use of titanium rods, embedded into the horizontal
mortar joints, without cutting slots. Rods are only used to repair locally the shear cracks of a
brickwork panel, and are of limited length (300-500 mm). This method would nevertheless repair
and not reinforce the shear walls, and the overall objective is to restore the original pre-cracking
lateral capacity of the walls. First results of this experimental investigation were presented at
conference level to acquire feedback from the scientific community [27].

2. THE REINFORCEMENT METHOD

Evidence strongly suggests that the growing popularity and use of new retrofitting methods of
historic masonry buildings have been responsible for a substantial reduction of fatalities and
damage during natural disasters. Historic buildings are at risk of major damage during seismic
events and flooding. Climate changes are also responsible for new natural hazards such as heavy
rain falls.

This experimental work is focused on the shear behavior of brickwork wall panels. Tests were
carried out in the laboratory using four wall panels. The basic idea is to repair cracked panels with
titanium rods embedded, across a shear crack, inside the horizontal bed joints.

Among the advantages of this repair method, we can note that titanium rods can be easily applied
and, if needed, removed, and the use of titanium guarantees an excellent long term also for outdoor
applications or aggressive environments. This repair method is interesting when the fair faced
aspect of the masonry must be conserved and it can be used in combination with other traditional
retrofitting techniques, such as grout injections.

The aim is to restore the original (pre-damage) lateral capacity of cracked wall panels by sealing
the cracks with new mortar and a tensile-resistant material (metal bars, composite cords, cables,
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wires, etc.). In this work, the use of high-strength titanium rods was investigated. This repair
method is also interesting if compared with other retrofitting methods (FRP sheets or steel-wire
RC coatings), that can be overly invasive or non-reversible and therefore unacceptable from the
point of view of conservation.

The repair method is based on the use of materials not difficult to find on the construction market.
Rods can be made of titanium or stainless steel. The cost of titanium has recently fallen sharply.
The weight density of titanium is about (4400-4500 kg/m?) half of carbon steel, and typical yield
strengths range between 300 MPa (Titanium grade 2) and 800 MPa (Ti-6Al1-4V) [28] [29]. This
implies that smaller rods can be used to absorb high tensile loads, facilitating the installation of the
rods into the horizontal mortar joints.

The repair procedure of a cracked wall panel using the method suggested here is carried out in the
following steps:

a) Strip and repoint of the horizontal mortar joints in the area of the shear crack, for a depth of
2-3 cm using new high strength mortar; given the localized area of intervention, it is also
possible to use small quantities of epoxy paste: this could improve the bonding between the
titanium rods and the bricks, facilitating the stress transfer by shear between the materials;

b) Rods should be installed, across the crack, on both wall sides. For single wythe
brickmasonry masonry, it could be possible to apply the rods only on one face.

c) Length and diameter of the titanium rods depend on the type of brickwork masonry and wall
dimensions. 7 mm-diameter rods are typically more than enough to absorb very high tensile
stresses. Rod’s lengths highly depend on the type of new mortar/epoxy paste used for
embedment. Longer rods are necessary when mortar is used, while shorter rods can be
employed in combination with an epoxy paste.

d) In order to avoid stress concentration, it is suggested to install the rods in a large number of
bed joints. In this experimental work rods were installed in every second joint. More
analysis will be necessary to better define and fix this construction detail.

e) A final layer of new mortar is subsequently applied over the rods to completely fill the gap
in the horizontal joint. Rods are made invisible, while the fair-faced aspect of the masonry
is fully preserved.

3. STRENGTHENING OF MASONRY PANELS WITH TITANIUM RODS: NUMERICAL
MODELLING

Based on this background, the strategy proposed to investigate the proposed repairing technique
was formally similar to a step-by-step procedure based on the use of numerical investigations and
experimental tests. In detail, numerical analyses were used as a preliminary approach aimed at
investigating, at local level, the main mechanical aspects (e.g. the influence of the different type of
matrix - cementitious or epoxy - in the stiffness and strength of shear stressed masonry, as well as
the effect the reinforcement action of titanium rods) required for designing the following
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experimental procedure. Next, after checking the positive effect of the reinforcing rods in repairing
the masonry panels, their macroscale structural behavior was evaluated through laboratory
investigations.

3.1. Modelling strategy

The formulation of effective and accurate methods to investigate the in-plane behavior of masonry
structures is a challenging task. Because of the non-isotropic structural response of masonry that
stems from its composite nature, the development of efficient structural analyses often required
two- or three-dimensional modelling strategies, i.e. more complex structural schemes in
comparison with those traditionally adopted for steel or concrete framed constructions.

Among the different modeling approaches provided in the recent literature, the use of non-linear
models implemented in sophisticated Finite Element (FE) formulations seems to be the most
promising [28][29]. Different scale strategies of different complexity [30][32][32] are usually
adopted to model block masonry using FE analysis (Figure 1): macro, simplified micro and detailed
micro scales.

HEAD JOINT

BLOCK UNIT

BED JOINT

COMPOSITE MATERIAL "AVERAGE" INTERFACE UNIT-MORTAR INTERFACE
\
|
] EXPANDED UNIT BLOCK UNIT
|= MORTAR JOINT
a) b) c)

Figure 1: Modelling strategies of different complexity: a) Macro-modelling; b) Simplified micro-modelling;
¢) Detailed micro-modelling.

As far as macro-modelling strategy (Figure la), masonry constitutive laws are based on the
assumption of a homogeneous material (either with non-isotropic or isotropic behavior), without
distinguishing between mortar and block units (homogenized or smeared crack models). Due to
the reduced computational effort, this type of approach is traditionally adopted in large and
practice-oriented analyses, where a compromise between efficiency and accuracy is often needed.
Nevertheless, a considerable limitation is its inability to model discontinuities (e.g. mortar to
masonry interface) and hence local failure modes.
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A satisfactory solution is the use of simplified micro-modelling procedures (Figure 1b), able to
represent discontinuities in masonry. In this case, the computational strategy consists in lumping
each mortar joint into an “average” interface (discontinuous element), while the block units are
expanded (up to half of the joint thickness in the horizontal and vertical directions) to keep the wall
geometry unchanged. By considering the interaction between mortar joints and block units, it is
possible to obtain more accurate localized results; however, with this modelling approach,
information about the actual crack pattern within the mortar is lost, since cracking can only occur
at the interface and not in the masonry units.

Conversely, when a detailed micro-scale (Figure 1c) is used, the masonry is regarded as a
heterogeneous material, made of mortar joints and block units joined through unit-mortar
interfaces, which usually represent a potential crack (or slip) plane due to the coupling between
different materials. To this end, all masonry components are modelled in detail by applying,
separately, different elastic (and optionally inelastic) properties for each constituent. Therefore,
despite large time and memory requirements, this approach enables a comprehensive analysis of
the masonry material with a more realistic prediction of its shear behavior and local damage pattern.

With the aim at investigating the effect of the proposed repair method, numerical analyses were
carried out, using a commercial FE modelling code, following a detailed micro-modelling strategy.
The proposed FE analyses were based on a detailed micro-modelling approach, aimed at capturing
the failure mechanisms (i.e. at monitoring the damaging process inside the mortar joints) as well
as the masonry quasi-brittle behavior (i.e. cracking rather than a plastic yield) of masonry.

According to their capability of updating the geometric stiffness matrix at each integration by
following the cracking during load application, a series of three-dimensional FE models was
therefore developed to account for material non-linear response. To simplify the analysis (by
reducing as much as possible the computational effort) displacement-controlled analyses were
carried out. This was done by considering only the periodic basic cell extracted from the central
part of the brickwork wall in Flemish bond. To this end, the periodically repeating arrangement
was discretized by dividing the basic cell into fifty-nine cuboid sub-cells (forty-six brick units, two
bed and eleven head joints) with different properties (Figure 2).

This approach, together with the assumption of a non-isotropic and heterogeneous material in
which rigid rotations of brick units (much stiffer than mortar joints) and deformations of mortar
joints can be induced, is similar to the formulation proposed by Mann and Miiller [33]. Under these
hypotheses, assuming a macroscopically homogeneous shear state, equilibrium can be attained
only by normal stresses (+at) produced by shear stresses (£7) leading to a non-uniform distribution
of the compressive stresses along the mortar joints (Figure 3).



212

213 Figure 2: Discretization and component designation of the periodic basic cell extracted from the central part
214 of a masonry wall (Flemish bond wall).
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216  Figure 3: Non-uniform stress distribution at the brick near the panel’s centroid due to compression/shear
217  stresses.

218
219  Figure 4: Boundary conditions and imposed horizontal displacements used to replicate the experimental
220  conditions.
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Horizontal displacements and boundary conditions (Figure 4) were therefore imposed to take into
account for such antisymmetric deformation mechanism, which can lead to differentiated failures
or material degradation at the bed and head joints.

3.2. Model assumptions

As both the initial and induced non-isotropy strictly depend on the geometrical arrangement of the
units and the mortar, in the proposed approach the discontinuous nature of masonry was
investigated through the use of a damage mechanic approach for each of the constituents at the
detailed micro-scale (brick units and mortar joints), which were both modelled as a continuum with
an isotropic multi-linear compressive stress-strain curve (i.e. linear strain hardening followed by a
residual plateau of ideally plastic behavior). In opposition to the cohesive surface approach [30]
[31], this allowed to take into account the real dimensions of masonry components as well as the
Poisson’s effect in the mortar joints, giving a better description of damage evolution from bed to
head joints.

In such a context, damage simulation in the cuboid sub-cells was accomplished by the use of the
Willam and Warnke (WW) [34] model along with a maximum tensile stress (tension cut-off) failure
criterion. Such a smeared cracked model, originally adopted for concrete and other brittle materials,
is able to account for both cracking and crushing failure modes, ensuring at the same time convexity
(i.e. monotonically curved surface without inflection points) and smoothness (i.e. no sharp edges)
of the yield function f(c) defined as:

I a1

r(Gaan) foww (1)

f(o)=f(0,,7,.m)=

where foww represent the uniaxial compressive strength; 6. and 1. are the average normal and shear

stress components defined in terms of principal stresses (61(c2(c3) by proper expressions into four
different domains (i.e. TTT, TTC, TCC and CCC; with T = tension and C = compression):

c; 1=1,23 TTT domain

o, 1=12 TTC domain
6,=—(o,+0,+0;) T,= [ ]

—_— —o,) +6i+G TCC domain

NT 3 2763

T[ o, —02 G, — 0y )2 +(0; -0, )2] CCC domain

2)

and r(oa; n) is the mathematical expression for the deviatoric cross section (consisting of three
tangent ellipses) of a conical failure surface defined as:
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( )_ \/2r2 (r22 —rlz)cosn+r2(2r1 —rz)[4(r22 - 12)c052 n+5r12 —4r1r2]
AoV 4(r22—rlz)coszn+(r2—2r1)2

3)
with:
201 - 02 - 03

\/2[(01—02)2+(02_03)2+(G3_51)2} 4)

where n (anomaly or angle of similarity) and ri, 12 (position vectors or meridians) denote the polar
coordinates of the representative point of the stress state in the deviatoric plane.

cosn =

Assuming that, as in most practical cases [35], the hydrostatic stress is limited by foww, the adopted
failure surface was specified by using only two (instead of five) material parameters': uniaxial
compressive (feww) and tensile (fiww) strength (assigned in agreement with the material properties
obtained experimentally, see Section 4).

Ao, <0 A 01
. fow | .
Tension meridian Fa Cracking tWW Cracking
11(n=0° 4 » Oy
Ho=e I o Toww
/
Deviatoric plane /
f
! Crushing

a3 > 0 (Cracking or Crushing)
a3 = 0 (Crushing)

63 < 0 (Cracking)
feww

Compression meridian
1, (n =60

b)

Figure 5: WW failure surface in principal stress space: a) Multiaxial stress case (|o1[>|c2[>|o3[>0); b) Nearly
biaxial stress case (|o1]>|02/>0 A |o3|=0).

Figure 5 illustrates a graphical representation of the WW failure surface. The shape of the three-
dimensional interface in the space of principal stress (Multiaxial stress case, Figure 5a) consists of
a conical failure surface with: two smooth convex meridians, approximated by two Il-order
parabolas along n = 0° (tension meridian, r1) and n = 60° (compression meridian, r2) with a common
apex (corresponding to hydrostatic tension fi; = 6a/feww) on the equisectrix (61 = 62 = 63), and the
deviatoric curve r(ca; n), used as based section to interpolate the position vector (r) between the

! As for shear behavior, the model also permitted the introduction of two transfer coefficients (8. and By), that account
for a strength reduction of the shear stress causing sliding across the crack face for re-closed (f.) or open cracks (By).
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compression and tension meridians. Furthermore, the in-plane failure envelope of the periodic basic
cell subjected to a macroscopically homogeneous shear state (Figure 4) was illustrated. It is
noteworthy to point out how multiaxial stress case includes, in fact, biaxial or nearly biaxial stress
case (|o1>|o2/>0 A |o3|=0) as a special case [36], leading to three failure surfaces shown as
projections of the three-dimensional failure surface in the oi-6> plane. As shown in Figure 5b,
although the three closed curves are nearly equivalent and continuous, the mode of failure is
therefore a function of the sign of 3.

According to this approach, prior to failure, the response is elastic, whereas once the failure criteria
for crushing was satisfied, the stiffness of the corresponding element was reduced to a negligible
value. On the other hand, in case of cracking, a tension cut-off failure criterion was used and the
stress-strain relations were modified by introducing a plane of weakness in a direction
perpendicular to the crack face. Thus, for the direction in which cracking occurs, tensile strength
essentially becomes zero, whereas material property for the directions in which crack has not
occurred remains the same. A noteworthy point is that, as for the simulation of the contacts between
masonry component, the unit-mortar interfaces were assumed to be perfect and their failure was
thus not explicitly considered. Nevertheless, their overall effect was however incorporated
modifying the mortar strength (fracture energy and mode I strength) such that they represent the
tensile bond strength.

Lastly, as for the reinforcement, among the different modelling strategies proposed in literature
(discrete or smeared representation), it was decided to adopt a discrete element method [37][38].
The reinforcing system was thus supposed to represent a volume of cement mortar (or epoxy paste)
inside an extended composite continuum. More specifically, assuming a perfect bond (i.e. no slip
was considered between mortar and rod truss elements), the reinforcing titanium rods surrounded
by a cementitious (or epoxy) matrix were modelled as cementitious (or epoxy) beams (elastic solid
elements with isotropic properties) with a reinforcing rod (tension-only truss elements) at the center
of the beams (Figure 6). This gives a material law characterized by a linear-elastic behavior until a
peak tensile stress is reached, after which the stress drops to zero immediately and the material fails
in a brittle manner.

TITANIUM ROD BRICK UNIT SOLID ELASTIC
ELEMENTS

TITANIUM ROD BED JOINT

oo

CEMENTITIOUS
(OR EPOXY) BEAM

TENSION-ONLY TRUSS
ELEMENTS

CEMENTITIOUS
(OR EPOXY) BEAM

REINFORCED WALL

Figure 6: Discrete modelling of reinforced masonry
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3.3. FE modelling

The micro-structure of both brick units and mortar was considered as an assemblage of densely
packed isoparametric solid elements (Solid 65) of hexahedral shape (with eight nodes and three
degrees of freedom at each node). A shared node approach was adopted for modelling the
reinforcement rod inside cementitious (or epoxy) elements. To this end, the connection between
the reinforcement and cementitious (or epoxy) matrix meshes was achieved treating the reinforcing
rods (modelled using two-noded linear bar elements, Link 180) as a slave material that is merged
to the surrounding master material.

For convergence checking, the periodically repeating arrangement of the basic cell was discretized
with a sufficient number of elements across the sub-cells’ heights. After performing sensitivity
analyses using different mesh sizes, the FE mesh was in fact refined so as to have six elements
(10x10x9 mm?) across each brick unit, four elements (10x10x2.5 mm?®) across each bed or head
joint (it is worth noticing how in the micro-modelling the mesh size was dictated by the mortar
joints thickness) and three elements (10x10%2.5 mm?) across the cementitious (or epoxy) matrix.
This guarantees the more critical details to be captured without distorted meshes and, consequently,
localization and shear lock effects. Figure 7 illustrates the full FEM: it consists of 38,220 elements
and 41,870 nodes, with 125,610 degrees of freedom (DOF).

ANSYS

BRICK UNIT

MORTARJOINT

TITANIUM ROD

CEMENTITIOUS (OR EPOXY) MATRIX

i

2
KNP
o

%

77777
77777
77777

0
X
&

ieenwa

N
VTI T ITIT]

oy SEEa
oy STEEES,

BRICK UNIT

0,
7
0
auenue¢
inuuuut

ISS======= BED JOINT

X2

CEMENTITIOUS
(OR EPOXY) MATRIX

4
2
0
00

%
R
A
K

Voswamoy
(177777

(777777
Vosumwny
/177777

Vazwsmm

TITANIUM ROD

Figure 7: FE model with mesh discretization.

3.4. FE analysis

To investigate the reinforcement action of titanium rods, embedded into the mortar bed joints, a set
of numerical analyses was carried out, varying the type of matrix (cementitious or epoxy). To this
end, the numerical models were firstly subjected to their self-weight and an uniformly distributed
load (o, = 0.2 MPa), followed by a horizontal displacement (displacement-controlled shear tests)
under different displacement stages (minimum = 20, maximum = 40 steps).

Figure 8 to Figure 10 show the cracking pattern at increasing values of shear deformation (y) for
each analysis. As for the unreinforced specimen (Figure 8), cracking initiated at the half part of the
bed joints under tensile stress (Figure 8a) and spread along the whole mortar plane. By increasing
the shear strain, the mortar head joints partially failed, while the bed joints were fully cracked
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(Figure 8b). This failure mode was mainly governed by the low mechanical properties of the
mortar, producing early cracking of the horizontal joints and anticipating brick failures.

O INNERHEAD JOINT CRACKS N\ OUTER MORTARJOINT CRACKS

a) b)

Figure 8: Cracking pattern of the unreinforced FE model (the red circles at each element centroid have their
plane aligned with the cracking plane): a) at initial state of damage (y = 0.28x10#); b) at the end of analysis
(y=0.77x10%).

As expected, the positive effect of the reinforcing rods led to an expansion of the post-breaking
phase, even if with a different damage evolution. Because of the reinforcement, for both types of
matrix, the tensile damage firstly involved the head joints (Figure 9a and Figure 10a) and only for
a high shear strain, propagated into the bed ones (Figure 9b and Figure 10b). In this situation,
although the head joints were diffusely damaged?, the reinforced prisms were still able to withstand
shear stresses. Regardless of the type of matrix (cementitious or epoxy), the load-carrying capacity
of the reinforced masonry was conserved as long as the reinforcing system was effective in stitching
the shear cracks. When the rods could not further fulfill this positive action the bearing capacity
suddenly decreased and the prisms failed.

O INNERHEAD JOINT CRACKS N\ OUTER MORTARJOINT CRACKS

b)

Figure 9: Cracking pattern of the reinforced (with cement mortar) FE model (the red circles at each element
centroid have their plane aligned with the cracking plane): a) at initial state of damage (y = 0.28x10%); b) at
the end of analysis (y = 0.77x10%).

2 Compared with the crack pattern found in the case of titanium rods embedded in a cement mortar, in the case of
epoxy paste a more widespread and diffused crack pattern was found.
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Figure 10: Cracking pattern of the reinforced (with epoxy paste) FE model (the red circles at each element
centroid have their plane aligned with the cracking plane): a) at initial state of damage (y = 0.28%10%); b) at
the end of analysis (y = 0.77x10%).

4. TEST ARRANGEMENT

A total of ten shear tests were carried out: an experimental testing program was implemented in
the laboratory to investigate the diagonal tension strength of the brickwork masonry before and
after the titanium repair. Two steel shoes were positioned at the panel’s corners along a diagonal:
these served to apply and distribute the diagonal shear load. A steel frame consisting of four steel
rods was used for testing purposes: when loaded developed tension forces, consequently
compressing the wall panel diagonally. The wall specimens were tested using a 500 kN single-
acting hydraulic cylinder, diagonally positioned at a panel’s corner between the contrast and a
loading steel shoe. The shear test was conducted under load control at a rate of about 350 N/s up
until failure was recorded. The diagonal compression load was gradually increased using a
hydraulic manual pump. For shear deformation measurements, two LVDTs (Linear Variable
Displacement Transducers) were used. The dimensions of the wall panels, the position of the
diagonal load and LVDTs are shown in Figure 11.

All panels were identically repaired by twelve @7 mm titanium rods. Shear resistance is provided
by two mechanisms, shear reinforcement (V) and the masonry (V.). The equation used to estimate
the shear capacity of masonry members in ASTM-E519 [39] standard is listed as Eq. (5). The
standard testing procedure requires the rotation of the wall panel by 45° and vertical loading along
one of the wall’s diagonals. However, wall panels were tested in this test campaign avoiding this
rotation.

P
S, =0.707 %
s (%)
The masonry tensile strength can be calculated using:

P
=(),5mx 6
f y (6)

n
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where Py is the maximum diagonal force and 4, is the net area of the cross section wall panel,
given by:

‘%:(W;h} (7)

where 7 is the panel thickness (250 mm), w and 4 are the panel’s width (900 mm) and the height
(880 mm).

900

LVDT

880 —
Brickwork Wall Panel )
880x900 mm Diagonal

Thickness 250 mm Compression
Load P

Figure 11: Details of the wall panel considered in the investigation.

It is also possible to compute the maximum shear strength to at the centroid of the wall panel.
According to the RILEM formulation, this is given by:

J.

T, =%

1.5 )

With regard to the panel deformations under loading, the angular strain can be calculated using:

V] +[a|
+le = BETERA

V=lé.

L ©)

where &c and & are the normal strains, and AV and AH are the shortening and stretching of the
panel’s diagonal in compression and tension, respectively, over a gage length (L) of 800 mm.

For the modulus of rigidity G, the following equation was used [40]:

max

G:%_mmw%;ww)

7/ An (7/0.33Pmax - 70.05Pmax) (10)
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The deformations of wall panel were measured using two LVDTs mounted along the panel’s
diagonals. A pressure gage attached with a manual pump was used to measure the pressure and
diagonal shear load. This load was applied in cycles with increasing amplitudes (increment of 10
kN per each cycle) up to failure (Figure 12).

52500

45000

N
w
3
g
o
s

30000

22500

Diagonal Load (N)

15000

7500

0 200 400 600 800 1000
Time(s)

Figure 12: Typical diagonal load vs. time plot (BR-URMO04).

5. MATERIALS PROPERTIES

The material properties of the masonry (bricks and mortar) and titanium were evaluated in the
laboratory and are listed in Table 1 and Table 2.

5.1. Masonry

In order to simulate a real case scenario, wall panels were of one-brick thickness (250 mm). The
brickwork was built in Flemish bond (this is made by laying stretchers and headers alternately in
each course. Each stretcher is centered on the header of the course below). Used bricks were solid
and made to a standard brick size of 250 mm long, 120 mm wide and 55 mm high. Nominal 10
mm mortar joints were used for construction.

Historic walls are typically made of mortars characterized by low mechanical properties. In central
Italy the compressive strength of hand-made solid fired bricks and historic mortars are typically in
the range of 20-45 and 4-8 MPa, respectively [41-43]. To simulate a historic wall, a low-cement
mortar was employed for panel construction. Lime, sand and Portland cement were mixed in a
volume ration of volume ratio of 1:2:0.15. An accurate gauging of mortar component materials was
used to ensure the correct mortar designation and the desired constant performance. Fresh mortar
was cast in three gang moulds for mortar prisms 40 x 40 x 160 mm made from steel conforms to
EN 196 standard [44] specifications. Mortar prisms were initially tested in bending and
subsequently in compression on the resulting halves. Test results show a bending strength of 0.22
MPa with a Coefficient of Variation (CoV) of 19.23% (Tab. 1). The compressive strength was 6.61
15
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MPa (CoV 23.2%): this value is consistent with the typical mechanical characteristics of historic
lime mortars [45-46].

On opposite, the bending and compressive strengths of the solid clay bricks were much higher
(6.04 and 25.3 MPa, respectively). The compressive strength of brick was obtained in accordance
with ASTM C67-11 [47] , by testing 12 bricks. These results are consistent with the mechanical
properties of a historic mortar and hand-made solid bricks. Wall panels were assembled at the
Structures Laboratory of the University of Perugia, Italy as per conventional site construction
practice in Italy with the help of a local experienced mason.

Table 1: Measured material properties (*nominal dimensions).

Mortar Brick
Density (kg/m?) - 1613
Mix design (aerial lime: sand: cement) 1:2:0.15 -
Block dimensions (mm) - 250x120x55*
Compressive Strength (MPa) 6.61 253
Young’s modulus (MPa) - 7565
Sample Size 6 10
CoV (%) 232 14.9
Bending Strength (MPa) 0.22 6.04
Sample Size 3 3
CoV (%) 19.3 16.1

5.2. Titanium solid rods

A commercially available 7 mm-diameter titanium rod was used in the current study (Figure 13).
Rods are produced by Tifast, located in Narni, Italy [48]. The experimental program initially
included characterisation of titanium rods [49] to determine their Yield and tensile strengths (Table
2).

Figure 13: The titanium rods used for repair.
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Table 2. Measured mechanical properties of titanium rods used for repair (*0.2% offset strain method).

Number of tested samples 6
Alloy type Ti-61-4V
Nominal diameter (mm) 7
Weight density (kg/m?) 4421

Yield Strength* / Standard Deviation (MPa) 977.5/118.3
Young’s Modulus / Standard Deviation (GPa) 112.9/7.06
Tensile Strength / Standard Deviation (MPa) 1100.6 /110.0

5.3. Materials used for rod application

Wall panels were repaired using titanium smooth rods embedded into a cement mortar or an epoxy
paste. The results of the mechanical characterization of both the cement mortar [S0] and the epoxy
are reported in Table 3. The compressive strengths of the cement mortar and epoxy paste were
22.17 and 52.1 MPa, respectively, while the tensile/bending strengths are typically very low for a
cement mortar and high for an epoxy.

Table 3: Mechanical properties of the bonding agents used for rod application (*nominal dimensions).

Cement Mortar  Epoxy Paste

Mix design (lime: sand: cement) 1:2:1 -
Sample dimensions (mm) 160x40x40* cylinder: 25
Compressive Strength / Standard Deviation 22.17/3.59 52.1/6.2
Young’s modulus (GPa) 18.75 23.56
Sample Size 6 6
Bending Strength / Standard Deviation (MPa) 0.22/0.042 -
Sample Size 3 -

6. BOND LENGTH

To develop their tensile strength, reinforcement rods have to act together with masonry in resisting
the external load. This depends on the mechanical properties and compatibility of the two materials
(titanium and masonry). The reinforcing titanium rod has to undergo the same strain as the
surrounding mortar or epoxy resin in order to prevent the separation of the two materials under
loading.

The bond strength depends on several factors: the type of used cement mortar or resin, the tensile
strength ratio of the materials, the mutual adhesion between the mortar/resin and titanium
interfaces, the superficial treatment and shape of the titanium rod, the pressure of the hardened
mortar/resin against the titanium rod due to the drying shrinkage of the mortar/resin and the level
of the diagonal load during testing. Unfortunately, it was not possible to have a full control of these
parameters: for example, smooth rods were used in this experiment when deformed rods would be
expected to provide superior bond with the mortar or epoxy. However, deformed rods are not
available in Italy on the construction market and the minimum rod diameter available is 7 mm.
This is the consequence of the limited use of titanium, especially in the context of Civil engineering.
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In order to prevent slippage phenomena, it was decided to use a high-strength cement mortar and
a thixotropic (no-shrinkage) epoxy. Thirteen bond tests (pull-out tests) were carried out in the
laboratory: titanium rods were inserted into a 25 mm-diamater steel tube, filled with mortar or
resin. In this pull-out test, a titanium rod confined in a filled tube was pulled out and the pull-out
load and the front displacement were recorded: although the confinement action activated by the
steel tube is different from the one in the mortar joint, it is believed that test results are comparable
with the expected behavior of the titanium bars inside the mortar joints. Figure 14 shows the results
in terms of pull-out loads and bond length. It can be noted that the use of an epoxy guaranteed a
high bond with small bond lengths. By using a bond length of 150 mm, it was possible to reach a
maximum (average) shear stress of 2.94 MPa. This value is much higher than the shear strength of
the masonry [51-52], making unnecessary to reach higher shear stresses at interface epoxy-rod. A
bond length of 150 mm was selected for the subsequent shear tests on repaired wall panels.
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Figure 14: Bonding length vs. failure load/tensile stress for pull-out tests.

With regard to the use of the cement mortar, it was noted that lower pull-out loads and shear stresses
were recorded. These values were about 67, 59, 65% smaller compared to corresponding tests using
the same bond length (150, 200, 250 mm, respectively). Taking into consideration the typical shear
strength of brickwork masonry [47], it was decided that a bond length of 175 mm (total rod length
350 mm) could be sufficient to repair a crack in a brickwork wall. A trend line of the pull-out load
is also plotted for the tests carried out using the epoxy and cement mortar. The failure mode of all
bond tests was due to the pull-out of the titanium rod from the metal cylinder. The cement mortar
or the epoxy remained always fully attached to the metal cylinder.

7. SHEAR TEST RESULTS

Comprehensive test data were recorded in the experimental study, which comprised the diagonal
crack propagation process, the panel’s strains, and the deformation profiles at every load increment.
It should be initially noted that we used a shear set-up avoiding the 45° rotation of the wall
specimen: in this way, similarly to a real case-scenario of a wall panel subject to a seismic load,
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we expect some effect on the post-peak load behaviour. After failure, the gravity and shear loads
acting along the diagonal, shear crack will generate phenomena of mechanical interlocking. This
will provide a more “plastic” response of the wall panel after failure, with a some significant
residual capacity.

Each test is identified by a 7-digit alpha-numeric code. The first two letters (BR) specify the
construction material (solid tile bricks). The subsequent three-letter designation (URM for
unreinforced control panels, RCE for panels repaired with titanium rods embedded into a cement
mortar, and REP for panels repaired using an epoxy paste) was used to identify the repair method.
Finally, a number was used to identify each panel.

A summary of ultimate load and maximum shear strain for each wall panel is presented in Table
4, together with the failure mode. The wall panels were initially tested in shear and used as control
samples. These were loaded to ultimate failure. The wall panels were subsequently repaired with
titanium rods and re-tested.

The control wall specimens acted, at least initially, as a single monolithic member. By increasing
the diagonal load, shear strain linearly increased. In this situation, the standard elastic theory may
be used to study the structure during the initial uncracked mode. The duration of the mode depends
greatly on the mechanical properties of mortar used for wall construction. Since the mortar was
weak, mortar cracking started occurring and the structural response of the wall panels tuned non-
elastic and non-linear.

Table 4: Shear tests results.

Max Angular

Diagonal ~ (Pa) . Shear Shear Strain at Shear
Test No. naniepaed - Strength  Strength Modulus
Load — —/(Pa)macvrm o \ipa)  gompa)y 032 PVmer G (Mpay
(Pd)max (kN) 0 (%) 3
BR-URMI1 38.1 - 0.121 0.0571 0.01833 3271
BR-URM2 45.0 - 0.143 0.0674 0.02252 3151
BR-URM3 43.9 - 0.140 0.0658 0.01711 4041
BR-URM4 43.5 - 0.139 0.0652 0.01185 5750
(mean) (42.6) ; (0.135)  (0.0639)  (0.01695)  (4053)
BR-RCEl1 22.1 0.518 0.070 0.0331 0.631 55.1
BR-RCE2 18.5 0.434 0.059 0.0277 0.430 68.5
(mean) (20.3) 0.476 0.065)  (0.0304)  (0.530) (62)
BR-REP3 32.5 0.762 0.103 0.0487 0.241 212
BR-REP4 30.7 0.720 0.098 0.0460 0.434 111
(mean) (31.6) 0.741 (0.100)  (0.0473) __ (0.293) (162)

Since shearing force predominated, the system acted as an in-plane loaded membrane and shear
cracks developed along the diagonal in compression. This terminated the initial uncracked mode.
Cracks followed a zig-zag pattern inside the mortar joints or at interface brick-to-mortar (Figure
15).
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Figure 15: Typical diagonal cracking of control URM wall specimens.

For URM specimens, no-damage or very limited damage was observed in the bricks at the end of
the test. After failure, the thickness of the shear cracks increased: the effect of mechanical
interlocking along the shear crack progressively reduced: this caused a gradual loss of the panel’s
lateral capacity. At the end of the shear test, this varied between 30 and 50% of the maximum
diagonal load.

Four repaired wall panels have been tested in this experiment. Titanium rods have been em-bedded
into the cracked bed joints using a cement mortar (2 panels, test No. BR-RCE1 and BR-RCE2) or
an epoxy paste (2 panels, test No. BR-REP3 and BR-REP4). The response of the repaired was
found to be very different in terms of lateral capacity and shear modulus, depending on the type of
material (cement mortar or epoxy paste) used for rod application.

The cement mortar was not able to guarantee a satisfactory stress-transfer, without slippage
phenomena at interface rod-to-mortar. Few seconds after the application of the diagonal load, in
correspondence of a very small values of the diagonal loads (4-5 kN), cracking occurred in the
cement mortar used for repair. This was the result of the debonding (from both the bricks and the
titanium rods) of the cement mortar used to fix the rods inside the horizontal mortar joints. The
diagonal crack, previously opened when the URM panel was initially tested, re-opened for a mean
diagonal load of 20.3 kN (corresponding to a shear strength 1o of 0.0304 MPa), 53.4% smaller
compared to the shear strength of control specimens (Figure 16). It can be noted that this strength
value is very similar to the residual load capacity of URM panels, after failure. This clearly
demonstrates that the use of a cement mortar is not able to prevent the re-opening of the shear
(diagonal) crack, compromising the repair action of the titanium rods.

Post-test survey revealed that cracking mainly occurred through mortar bed joints, with a very
small number of cracks propagated through the brick units. The failure mode of repaired wall
panels (using a cement mortar) was basically identical to the one recorded for URM panels.

A possible reason for this unsatisfactory structural response the fact that titanium rods were smooth.
In order to overcome this problem, different solutions are under consideration at the moment: the
use of longer titanium rods, ribbed rods in order to activate mechanical interlocking, the use of
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stronger cement mortars. Since the deboning was also recorded at brick-to-mortar interface, the use
of ribbed rods could result non-effective.
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Figure 16: Angular strain vs. shear stress for tests No. BR-URM2 and BR-RCE2.

A similar unsatisfactory result can be noted in terms of shear modulus Gy and corresponding
angular strain: the high values of these mechanical parameters demonstrate again that the titanium
rods did not contribute in the resisting action under panel’s diagonal loading, due to poor stress
transfer. At the end of the tests, an inspection of the titanium rods highlighted their complete
detachment from the cement mortar with no damage.

The use of the epoxy paste to embed the rods into the horizontal mortar joints (Figure 17) produced
improved test results. Figure 19 shows the shear stress — angular strain response, and load history
of the repaired panel BR-REP4. This panel exhibited a linear response up to a shear stress Ss of
approx. 0.08 MPa. The mean lateral capacity of the repaired wall panels was 31.6 kN,
corresponding to a shear strength to of 0.0487 MPa, calculated using eq. (8). If we compare these
results with the values recorded for URM panels (42.6 kN and 0.0639 MPa, respectively), it can be
noted that the titanium rod repair was not able to restore the original lateral capacity of URM
panels. However, the titanium rods were effective in stitching the crack: the combined action of
the titanium rod and the epoxy resin prevented the re-opening of the crack in the original position
and no slippage phenomena were recorded at interface brick-to-resin or resin-to-rod.

However, the panel’s response in terms of shear deformations, although linear, was not likely
elastic. Figure 18 shows that panel BR-REP4 highly deformed in shear (at maximum lateral load,
angular strain was in the range 0.0030-0.0033 mm/mm). This large value of the angular strain
clearly demonstrates that other phenomena of cracking occurred in the panel: it should be remarked
here that the titanium rods were not effective in repairing the crack inside the panel. Furthermore,
other small shear cracks started developing near the repaired area, with a progressive extension of
their length.
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567

568 Figure 17: A repaired wall panel using titanium rods for crack stitching.

569 In general, up to 76% of the original lateral capacity was exhibited by the epoxy-rod repaired
570  panels. The failure mode of the repaired panels consisted in the formation of a new diagonal crack
571  (along the diagonal in compression), outside the area where the rods have been previously in-
572  stalled. This crack only opened in the mortar joints, without affecting the bricks and the bed joint
573 repaired with the titanium rod. Figure 19 is illuminating: it shows a detail of the diagonal crack at
574  the end of the shear test. The epoxy is still perfectly bonded to the brickwork. Failure is due to
575  cracking of the mortar used for panel construction, diagonal cracking outside the repaired zone and
576  peeling phenomena of the bricks.
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578 Figure 18: Angular strain vs. shear stress for tests No. BR-URM4 and BR-REP4.
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Figure 199: Detail of the diagonal crack of a repaired panel (with epoxy resin): it can be noted the perfect
bonding between the epoxy and the brickwork, the internal cracked mortar, the peeling of the bricks at
interface brick-mortar.

It could be interesting to comment on the reduced lateral capacity of the repaired panels, compared
to URM panels (Figure 18): firstly, it should be remarked here that the titanium rods were only
located along the superficial area of bed joints (on both panel’s sides): the cracked vertical joints
and the internal area of the cracked panels were not affected by the application of the rods.
Furthermore, only every other bed joint was repaired with the rods: all this weakened the
effectiveness of the repair method, and it provides an explanation for the missing ability to restore
the original lateral capacity after repair. The basic idea was to study a non-invasive, localized,
repair intervention: this was the rationale for the use of a inorganic matrix (cement mortar), and
short titanium bars. However, tests results clearly demonstrated critical aspects and important
limitations, and more experiments will be necessary. The use of titanium rods is certainly
interesting: titanium is the most chemically stable metal in nature, with high mechanical properties
and low density. Furthermore, titanium exhibits negligible mechanical degradation from ageing.

A bonded resistance strain gauge was applied on a titanium rod, before embedment into the
horizontal joint and epoxy application. The strain gauge was bonded to the rod and protected from
contact with the epoxy with a small piece of plastic tape. The instrumented rod was the one near
the centroid of the panel surface (Figure 17). The strain gauge was applied at rod mid-point.

Figure 20 shows the strain vs. time plot. It can be noted that the maximum strain was 367 pe,
corresponding to a tensile stress of 41 MPa. Clearly, the resulting values of stress are far from the
tensile strength values of both the epoxy and the titanium rod, highlighting that the failure is mainly
governed by the masonry material, outside the region of the repaired joint. A strain gauge was also
applied for a panel repaired with the cement mortar. However, the measured strain values were
very small (about 45 pe) and difficult to interpret. This seems to confirm that the use of a cement
mortar coupled smooth titanium rods is inappropriate and non-effective.
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Figure 20: Tensile axial strains (strain gauge) of the titanium rod (at mid-point) vs. time (BR-REP4). After
about 370 s from the beginning of the test, the gauge did not measure strains.

From the damage analysis at the end of the shear tests, it can be observed that no-cracking occurred
in the area repaired with the titanium rods and the epoxy paste. Perfect rod-to-brick bonding across
the crack was guaranteed by the epoxy. The failure mode of the URM walls was not limited by the
formation of a single, diagonal crack: micro-cracking and a diffuse damage occurred inside the
panel. The localized application of the titanium rod-repair wasn’t able to repair the damage outside
a limited panel’s area. It is evident that the effective-ness of the repair depends on the level of
damage of the URM panels: when this is localized (i.e. a single shear crack) the repairing method
is more effective. On opposite, when the damage is made of a large number of cracks, it is more
difficult to restore the original lateral capacity after rod repair.

It could be argued why the reinforced repointing wasn’t extended to entire width of the walls. If
titanium-to-masonry connection is effective, it should be initially noted that the repaired walls
under the sharing, in-plane, force can basically fail only due to the development of a new shear
(diagonal) crack outside the repaired area: this was an expected failure mode, however it was also
expected that the corresponding lateral load capacity had to be consistent or greater than the
capacity of the control, unreinforced walls, but this did not always occur. The aim of this
experiment wasn’t to reinforce or increase the wall capacity, but to repair the shear crack. This is
the main reason because the reinforced-rod repointing wasn’t applied in the area outside the cracks.

A similar comment could be made by looking at the shear moduli of both URM and re-paired wall
panels. The use of high Young’s modulus repair materials (23.56 and 112.9 GPa for the epoxy and
the titanium rods, respectively) was not able to increase the panel’s lateral stiffness, given the
diffuse damage and crack pattern. The non-linear (un-elastic) response of URM wall panels after
cracking highly reduced the lateral stiffness of the repaired panels, and the repair was not able to
restore the original pre-damage stiffness. Again, the titanium rods ability to restore the original
shear stiffness depends on the level and extension of the damage.
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8. CONCLUSIONS

This paper reported the results of numerical and laboratory investigations of the structural behavior
of brickwork wall panels repaired with smooth titanium rods embedded into the horizontal bed
joints and subjected to in-plane shear loading. In detail, after checking the reinforcement action of
titanium rods at local level through the use of a numerical procedure, laboratory tests were
performed to investigate the effect of the proposed repair method at macro-scale level.

Based on the current study, the following conclusions can be drawn:

1. Unreinforced control specimen failed, as expected, due to the development of a inclined
crack along the diagonal in compression. The crack had a zig-zag pattern and it only formed
in the horizontal and vertical mortar joints;

2. The level of strength enhancement of titanium-repaired panels depends on the type of
adhesive used for rod application (i.e. cement mortar or epoxy paste);

3. Premature debonding of the rods occurred in panels repaired with a cement mortar, which
had lower strength compared to the panels repaired using an epoxy paste; shear strength of
panels repaired with a cement mortar was only 47.6% of control specimens. For panels
repaired with the epoxy paste, average shear strength was 74.1%; premature debonding of
the installed titanium rods is a serious shortcoming of the proposed strengthening technique,
and more tests will necessary to make the rod repair effective, for example avoiding the use
of smooth rods or increasing the length and density of the titanium rods.

4. Both the use of a cement mortar and an epoxy paste was not sufficient to restore the original
shear stiffness of control specimens: repaired panels exhibited a shear modulus up to 98%
smaller compared to control specimens;

5. The experimental study on titanium repaired panels has shown that shear failures do not
necessarily occur in the repaired area, and as such, the design of such members should be
based on different criteria from those for wall panel strengthening. Walls panels repaired
with titanium rods and epoxy resins failed due to the formation of a diagonal crack outside
the repaired area of the panel.

In terms of reversibility of the intervention, it has to be preferred the use of an inorganic matrix
(cement or hydraulic mortar) to bond the titanium rods to the masonry substrate. Unfortunately,
this solution demonstrated to be ineffective. The use of an epoxy resin exhibits very limited
characteristics of reversibility. Future research should concentrate on the use of reversible matrices,
and, to improve bonding, ribbed or threaded titanium rods with longer bonding lengths.
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