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The experimental determination of the parameters that characterise the in-plane shear behaviour of masonry
structures is still a challenging task. Different authors have identified the key role of tensile strength in the
definition of the in-plane shear behaviour of masonry, but unfortunately its direct experimental characterisation
is not always feasible, and masonry’s tensile strength needs to be obtained from complex testing methodologies.
As a result, tensile strength needs to be assessed from testing setups such as diagonal compression testing
and shear compression testing when the failure mode of masonry is featured by tensile diagonal cracking.
However, different formulations are available in the scientific literature regarding the interpretation of the
experimental results derived from such tests. This work provides new insights on the interpretation of in-plane
shear experimental behaviour of double-leaf historical clay brick masonry walls with low strength mortar
joints, both unreinforced and retrofitted with textile reinforced mortar and steel reinforced grout. The research
evaluates results derived from both testing methodologies, and investigates the potential correlation between
them to fully characterise the in-plane shear behaviour of masonry walls. Finally, a numerical model is used
to simulate each testing configuration and study the stress state at the centre of the walls to determine the
tensile strength and its correlation with the shear strength and the maximum load attained.

1. Introduction Following different standards and current codes, there are different

testing methodologies available to assess the parameters to characterise

The experimental evaluation of the in-plane shear strength of un-
reinforced masonry walls (URM) plays a crucial role in their seismic
assessment and hence in the design of possible retrofitting solutions.
A direct approach to estimate the shear strength consists of perform-
ing experimental tests with proper boundary conditions and acting
forces. However, and due to its complex and composite behaviour,
masonry may experience different failure modes under lateral loading,
depending on the relative mechanical properties of the constituents,
the boundary conditions, the wall geometry, and the level of vertical
load acting on the structure [1,2]. The three possible failure modes
are shear failure due to tensile diagonal cracking, shear failure due
to sliding along the bed joints, and rocking failure involving crushing
of the compressed corner [3]. Different analytical models [4,5], based
on different hypotheses and governing parameters, have been adopted
to understand the in-plane shear response of masonry structures and
estimate their load capacity. The governing parameters needed for each
analytical model are often experimentally determined.

* Corresponding author.

the in-plane behaviour of masonry. The direct shear tests of masonry
couplets or triplets, the diagonal compression test (DCT), and the shear
compression test (SCT). The shear strength exhibited by a masonry
wall does not only depend on the material properties but also on
the boundary conditions featuring the set-up configuration, making it
difficult the assessment in an unbiased way. Available standards such as
ASTM [6] or RILEM [7], provide guidelines on the masonry specimens,
setup configuration, loading protocols and testing conditions for the
execution of the DCT.

The direct shear test on small triplets is the simplest and most
inexpensive test, but the parameters measured, the cohesion 7, and
the fiction coefficient u, are representative of the behaviour of the bed
joint rather than of the masonry compound, as stated by Crisafulli,
F.J [8]. Therefore, this type of test is useful when the objective is
the evaluation of local interaction between constituents (brick and
mortar), instead of the assessment of the shear behaviour from a global
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Nomenclature
Coefficient dependent on masonry typology

(L — Coefficient computed from the numerical
simulation for 7,

X Coefficient computed from the numerical
simulation

u Friction coefficient

oy Vertical compression stress

orr Minimum principal stress

oy Maximum principal stress

Gy Tensile capacity from shear bond test

Our Ultimate tensile strength of the textile

oy Horizontal stress

o, Vertical stress

70 Cohesion of mortar joint

Tonax Maximum shear strength

Tyy Shear stress

Euf Strain at failure of the textile

A, Cross-section of the wall

b Geometrical coefficient

E, Young’s Modulus of masonry

E; Young’s Modulus of the textile

She Compressive strength of brick

For Flexural tensile strength of brick

fe Compressive strength of masonry

e Compressive strength of mortar

Sy Flexural tensile strength of mortar

SFrme Compressive strength of mortar matrix

Sem.g Flexural tensile strength of mortar matrix

frasTm Tensile strength according to the ASTM
standard

Sfiper Tensile strength obtained from DCT

frser Tensile strength obtained from SCT

f Equivalent tensile strength of masonry

HE exp Experimental SCT load at cracking

H Numerical SCT load at cracking

H,faxiyexp Experimental SCT maximum load

Hpy o ooim Numerical SCT maximum load

P, oxp Experimental DCT load at cracking

P, um Numerical DCT load at cracking

Prax.exp Experimental DCT maximum load

) - Numerical DCT maximum load

h Height of the wall

N Compressive vertical load during SCT

t Thickness of the wall

w Width of the wall

(structural) point of view. The Brazilian test on masonry cores with
inclined diametric mortar joint is another approach used for in-situ
MDT evaluation [9-11].

Experiments on wall specimens based on DCT and SCT allow the
determination of the in-plane shear properties at a structural level.
The masonry tensile strength plays a central role in these tests, as
highlighted by many authors [4,5,12]. The evaluation of this parameter
is possible when the failure of the wall specimens is due to diagonal
cracking. There are different theories in the available scientific litera-
ture about the interpretation of the experimental results derived from
the DCT and SCT, mainly differing in the assumption of the stress
state in the centre of the specimen. Since both tests can be used to
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characterise the parameters that govern the in-plane shear behaviour of
masonry, an integrated methodology considering the redundant results
derived from both tests allows the achievement of a more reliable
characterisation of the in-plane shear behaviour of masonry walls.

Different strengthening techniques have been developed in the last
years to improve masonry’s in plane shear behaviour. Among these
techniques, Textile Reinforced Mortar (TRM) has received much atten-
tion due to its mechanical efficiency and its satisfactory compatibility
with masonry’s substrate. This technique, also denominated Fibre Re-
inforced Cementitious Matrix (FRCM), consists of externally bonded
textiles, such as basalt carbon or glass, embedded into cementitious or
lime mortars. A particular case of TRM is the Steel Reinforced Grout
(SRG), in which the textile used is typically comprised of ultra high
tensile strength steel cords. In spite of its widespread use, the interpre-
tation of the experimental in-plane response of retrofitted masonry is
still an open issue.

This work focuses on the interpretation of the results of an experi-
mental campaign involving both testing methodologies, DCT and SCT,
on double-leaf masonry walls made of clay bricks and low strength
hydraulic lime mortar arranged in Flemish bond, in both the URM
and TRM-SRG retrofitted configurations. The research investigates the
correlation between the two testing methodologies, from both the ex-
perimental and numerical points of view, for the reliable determination
of the tensile and shear strength of masonry.

2. Interpretation of in-plane shear tests of masonry walls
2.1. Diagonal compression test (DCT)

The diagonal compression tests is based on loading a masonry as-
semblage in compression along one of the diagonals, causing a tension
failure with the specimen splitting apart in the loading direction. The
DCT allows an estimation of the masonry tensile and shear strengths [6,
7]. The interpretation of the DCT results is not unique and still raises
some uncertainties. In the available standards ASTM and RILEM [6,7],
masonry is considered as an isotropic linearly elastic material and its
tensile strength f, is obtained by assuming that the wall fails when the
principal tensile stress ¢; attains a maximum value at the centre of the
wall. The standards implicitly assume that the stress field inside the
panel, when subjected to diagonal compression, is of pure shear and the
principal stress directions coincide with the two diagonals of the wall.
Therefore, the tensile strength and the shear strength of the wall are the
same and can be computed using Eq. (1), where P, is the peak load
attained, and A, is the transversal area of the panel computed according
to Eq. (2), in which w, h and t are the width, height and thickness of
the wall.

P,
J1.ASTM = Tnax =01 = 0-707% @

n

@

In 1931 Frocht [13] investigated the stress distribution in a square
plate subjected to diagonal compression by means of photoelasticity
and analytical derivations. The author demonstrated that, under the
hypothesis of an elastic homogeneous isotropic continuum, the stress
field was not uniform and the stress state at the centre of the plate
was not of pure shear. The author also concluded that normal stress
components were present along the horizontal and vertical directions.
Egs. (3) and (4) show the expressions to compute the principal stress
proposed by Frocht. Egs. (5) and (6) express the stress state at the
centre of the panel in the global x-y coordinate system.

P,
ft,Frocht =0y = 0.52 :;mx (3)
n
P,
o1 = 16822 )

n
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Fig. 1. (a) Stress state in the centre of a wall in DCT as assumed by Frocht [13], (b) Mohr’s circle representation according to standards (dashed line), and Frocht’s theory

(dash-dotted line).
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Fig. 1-b illustrates the corresponding Mohr’s circle for both ap-
proaches, ASTM/RILEM and Frocht’s, according to the stress field
defined in Fig. 1-a. This figure clearly shows that each approach leads
to different estimations of the tensile strength of masonry.

Frocht’s interpretation was later validated by Brignola et al. [14].
The author reproduced the problem studied by Frocht with modern nu-
merical methods. The elastic linear solution of an isotropic continuum
loaded diagonally, under the hypothesis of plane stress, validated the
stress state expressed in Egs. (3)-(6). In addition, the authors assessed
the stress distribution in the non-linear range, which after failure did
not significantly influence the value of ¢;. The authors also replaced
Eq. (3) with Eq. (7) by introducing a coefficient a dependent on the
masonry typology.

P,

max

" (7)

Jiper =«
n

For the case of regular brick masonry, the authors recommended
the value of 0.5, which is in line with the findings of Frocht and the
recommendation of the Italian building code NTC 2018 [15]. Recent
researches [16,17] also validate Brignola et al. findings regarding the
definition of the coefficient « for the evaluation of the tensile strength
following Eq. (7).

Segura et al. [16] provides a detailed study on the interpretation
of the stress state within the masonry panel by means of numerical
models accurately calibrated with DCT experimental results. The tests
were performed on the same clay brick masonry with low strength
mortar that is studied in the present work. The researchers demonstrate
that the hypothesis of a pure shear stress state, as defined by the
standard [6], is not correct since the normal stresses at the centre
of the panel are not null. In a first stage, the research focused on
linear analysis, for which the a coefficient was found equal to 0.48,

similar to the one proposed by [14] and in agreement with the elastic
solutions proposed by [13]. In a second stage of the study, the authors
executed a non-linear analysis using a local crack-tracking algorithm
and the modified Lubliner damage model proposed by [18], finding
an a coefficient equal to 0.40. Finally, the authors observed that the
failure of the panel depends on the tensile strength of the material as
it triggers the damage. However, the behaviour is complex and there is
not a straightforward correlation between the peak load attained and
the tensile strength of masonry.

The works carried out by [13,14,16] highlight the need for further
research to validate the proposed interpretation of the experimental re-
sults to properly estimate the experimental tensile strength of masonry.
Such interpretation lays on a twofold premise: first, the stress state at
the centre of the panel is not of pure shear, second, for each masonry
typology there is a coefficient « that correlates the tensile strength with
the peak load experimentally attained P,,,,.

As a result, it emerges the need to define an improved correlation
by including additional considerations based on further experimental
evidence.

2.2. Shear compression test (SCT)

The SCT test method allows the evaluation of the shear strength as
the average shear stress associated to given values of vertical compres-
sion and horizontal in-plane loading. The advantage of this test is that
the boundary conditions and the loading method induce at the centre
of the panel a stress state that closely resembles the one experienced
by the wall when subjected to seismic action.

Turnek and Cadovi¢ [4] proposed a criterion to predict the shear
capacity of a masonry wall failing due to tensile diagonal cracking,
which was one of the most common failure modes observed in past
earthquakes [19,20]. The criterion describes masonry as an equivalent
isotropic material and is based on the assumption that failure occurs
when the maximum principal stress o; at the centre of the wall exceeds
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a reference value. Such value is understood as the value of the tensile
strength, which represents a characteristic property of masonry. Despite
the fact that masonry is far from being an isotropic material, the
criterion presents the advantage of characterising the in-plane shear
capacity by only one parameter, the tensile strength of masonry f,. As
a result, the shear capacity of the wall, H,,,, is evaluated following
Eq. (8), which was experimentally validated by the authors [4]. In the
equation o is the compressive stress due to the vertical load N, b is a
geometrical coefficient that takes into account the distributions of the
stresses at the centre of the wall and A, is the transversal area of the
wall.

(8)

A later research [21] defined the coefficient b as dependent of the
shape and geometry of the wall and computed it as the ratio between
the dimensions, height h and width w, of the wall (b = h/w).

2.3. Correlation between DCT and SCT results

This research contributes to a better understanding of the relation-
ship between the results of the DCT and SCT configurations. As show
in the following discussion, only limited references are available in the
scientific literature on this topic.

Borri et al. [22] studied the correlation between DCT and SCT
for a total number of thirty-five specimens, among which nineteen
were manufactured in the laboratory in the unreinforced configuration
and sixteen were cut from six existing buildings. In total, fourteen
specimens were tested under DCT and the remaining twenty-one were
subjected to SCT. The study aimed to validate the two test methods
and to discuss and compare the results in terms of shear strength for
similar wall panels. The shear strength from DCT, z,;, was computed
according to Eq. (9) and the shear strength from SCT, 7y, was com-
puted according to Eq. (10), following the Italian building code NTC
2008 [23].

ftD Pmax
Top = —— fip=05—"% (€C)]
s b A,

fx,T Tmux ft,T )
or =75 e == 4o

where f,, and f, 7 is the tensile strength of masonry computed for
each type of test, P,,. is the peak load attained from DCT, while T,,,,,
is the peak shear load attained at SCT, and ¢ is the vertical compressive
stress experienced by the wall during the testing.

From the eight couples of specimens tested with DCT and SCT,
the authors defined the ratio r = 7y /7yp, which varied in a range
from 1.13 to 3.10 depending on the masonry typology, which included
double-leaf rubble stone masonry, and double-leaf and single-leaf solid
brick masonry. The results did not evidence a unique correlation of
general validity between the shear strength yielded from both test
configurations.

Ferretti et al. [24] presented an extensive in-situ experimental
campaign on rural masonry, on which minor destructive tests (MDT),
and destructive tests, such as DCT and SCT, were conducted. Among
the different failure criteria examined (Mohr-Coulomb, Turnsek and
Calovi¢, and Mann and Miiller), the authors found the Mohr-Coulomb’s
criterion to be the most appropriate to predict the shear behaviour of
the masonry under study, which was characterised by its poor quality
and was subjected to low compressive stresses.

This work intents to provide new insights on the correlation be-
tween the two testing methodologies, DCT and SCT, to characterise ef-
fectively the in-plane behaviour of masonry in the URM and TRM/SRG
retrofitted configuration. This paper has the triple aim of validating
DCT as a simpler standardised test to evaluate the tensile strength
of masonry due to diagonal cracking, correlating the experimental
response of both testing methodologies to obtain an accurate value

Construction and Building Materials 402 (2023) 132997

Table 1
Mechanical properties of the materials used for the construction and reinforcement of
the walls and of masonry composite.

Brick [y [MPa] S5y [MPa]
Average 17.99 2.44
C.0.v 8.30% 20.00%
Mortar Sme [MPa] S [MPa]
Average 2.51 0.66
C.0.v 24.25% 24.00%
Masonry f. [MPa] E, [MPa]
Average 6.5 2318
C.0.v 9.00% 7.60%
Matrix Mortar fome [MPa] Somy [MPa]
Average 14.04 4.34
C.0.v 10.50% 17.70%

of the coefficient a [14], and define an equivalent tensile strength f,
that takes into account the joint action of the masonry wall and the
TRM/SRG strengthening system. To fulfil these goals, the DCT and
SCT experimental results derived from eight pairs of samples, including
unreinforced (URM), repaired and retrofitted with Low Density Basalt
fabric (UMR_R), and just retrofitted with Low Density Basalt and Low
Density Steel fabrics (LDB and LDS), are analysed and compared. A
numerical model was calibrated to accurately simulate both experi-
mental test methodologies, enabling the study of the stress state of the
specimens in each testing configuration.

3. Experimental programme

This section summarises the experiments with DCT and SCT recently
carried out at the Laboratory of Technology of Structures and Con-
struction Materials (LATEM) at the Universitat Politécnica de Catalunya
(UPC-BarcelonaTech).

3.1. Masonry specimens

Sixteen double-leaf masonry walls, with average dimensions
1270 x 1270 x 310 mm?>, were built using handmade solid clay bricks
fired with traditional procedures and hydraulic lime-based mortar. The
specimens were built in Flemish bond with 21 courses and 15 mm thick
mortar joints as shown in Fig. 2-c. Eight of the specimens were tested
under DCT, and the remaining eight under SCT. Each test was carried
out on a pair of walls in four different configurations: unreinforced
(URM), repaired and retrofitted (URM_R), retrofitted with Basalt Textile
Reinforced Mortar (BTRM) and retrofitted with Steel Reinforced Grout
(SRG).

The brick’s mechanical properties were determined based on com-
pression and flexural tests following the EN 772-1:2011 [25], the EN
772-6:2001 [26]. The mortar used to bind the units was derived from
a hydraulic lime-based commercial premix by reducing its compressive
strength with limestone filler addition in order to replicate a low
strength historical lime mortar according to the procedure proposed
in [27]. Following the EN 1015-11:1999 [28], prismatic samples with
dimensions 160 x 40 x 40 mm?> were prepared during the construction
of each wall, to evaluate the strength of the mortar. The compressive
strength of the masonry was studied in [29]. The value was obtained by
means of an extensive experimental campaign involving two different
types of standard specimens, the running bond walls and the stack
bond prisms. The experimental compressive strength experimentally
obtained compared well with the available predictive equations of two
different standards, EC6 [30] and ACI [31]. Table 1 summarises the
experimental characterisation of each component materials in terms of
average values and coefficient of variations (C.0.V).

The damaged specimens URM_R, were first tested in the unrein-
forced configuration, damaged and later repaired using a combination
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b)

Fig. 2. (a) Bidirectional low density basalt textile (LDB), (b) Unidirectional low density steel textile (LDS), (c) finished look of the masonry specimen in Flemish bond, (d) scuci-cuci

intervention, (e) strengthening with BTRM, (f) strengthening with SRG.

Table 2
Mechanical properties of the textiles used for the reinforcement of the walls.
o,; [MPa] E; [MPa] £, [MPa] oy, [MPa]
LDB 1700 90 0.019 1049°
LDS 2800 190 0.015 2096°

afor further information [36].
bfor further information [37-39].

of the Scuci-cuci technique and lime mortar repointing, as shown in
Fig. 2-d. The technique aims at restoring the masonry wall’s capacity
by substituting the fractured units with new ones of similar properties
to ensure a good compatibility. For more information the reader is
referred to [32].

For the retrofitting of the masonry walls two solutions were
adopted, one involving TRM with bidirectional grid of Low Density
Basalt (LDB) textile with a 17 x 17 mm? grid spacing, and the other
consisting of a SRG solution with one layer of unidirectional ultra-high
tensile strength steel cords of low density (LDS) with 1.57 yarn/cm,
as shown in Fig. 4-a,b. The detailed procedure followed for the im-
plementation of the BTRM (Fig. 4-e) and SRG (Fig. 4-f) can be found
in [32,33], respectively. Table 2 reports the relevant properties of
the textiles used for the retrofitting, as provided by the manufacturer
and some specific studies, where o, ;, E, and ¢, , are the ultimate
tensile strength, the Young’s Modulus and the strain at failure of the
textile, respectively. These values are provided by the manufacturer
from tensile tests on specimen of 100 mm width as suggested by the
American guideline ACI 549.4R-13 [34]. The parameter o, is the
tensile strength of the textile when the failure is due to debonding.
The term o, is obtained from the single lap shear bond test following
the procedure presented in [35].

3.2. DCT experimental set-up

The standard ASTM E519M [6] was used as reference for the
execution of the DCT. However, a different setup than that suggested by
the aforementioned standard was designed to allow the application of
the diagonal compression load without needing the 45 degree rotation
of the walls [40]. This modification was needed, due to the low strength
binding mortar, in order to avoid the risk of damaging the specimens
while rotating them in the laboratory.

The specimens were set on a metallic bench consisting of two
parallel H-Shape beams anchored to the strong floor of the laboratory.
The metallic profiles, supporting the specimens, were bolted on top of

the bench in order to avoid their displacement during the execution
of the test. Two steel wedges were placed at two diagonally opposite
corners of the specimen. Each wedge was welded to a robust beam
consisting of 2 C Channels placed back to back and stiffened with ribs.
The beams at each corner were connected with two dywidag bars. The
gap between the steel wedges and the corners of the masonry specimens
was filled with a layer of epoxy resin and a sheet of compressed wood
to smooth the loading surface. The load was applied by using two
hydraulic actuators which provided the diagonal force by pulling the
dywidag bars, as shown in Fig. 3-a. The tests were all performed under
displacement control, at a constant displacement rate of approximately
0.5 mm/min.

3.3. SCT experimental set-up

Fig. 3-b shows the general view of the experimental set-up for
the cyclic shear compression test. During construction, the samples
were laid on a metallic C-profile filled with concrete. This base was
constrained at both ends by two T-shape devices, in order to prevent the
sliding of the specimen along the smooth strong floor of the laboratory
when it was subjected to horizontal loading. Both the base and the end-
devices were anchored to the strong floor of the laboratory by means of
post-tensioned dywidag rebars. On top of the wall a reinforced concrete
beam was placed, with the double function of ascertaining the smooth
distribution of the vertical load and allocating the plates receiving the
horizontal cyclic loading induced by the actuator. On top of the RC
beam, a stiff metallic H profile stiffened with ribs was laid, on which the
vertical load was applied. Between the RC beam and metallic profile, a
3 mm thick Teflon sheet and a 3 mm thick PVC sheet were inserted to
provide a smooth horizontal surface and avoid the shear deformation
of the vertical jack caused by the friction generated by the horizontal
loading of the wall. Between the RC beam and the PVC sheet a layer
of cement-based mortar, with thickness of 5 to 10 mm, was inserted in
order to level the end surface of the beam and guarantee the vertical
load transfer avoiding stress concentration due to irregularities.

The shear compression tests were performed in two steps. Firstly,
the vertical force N was gradually applied under force control. The
valves of the jacks were closed once the designed compression stress
was reached. Such compression stress was taken equal to ¢, = 0.3 MPa,
which corresponds to a typical vertical load for a two-storey masonry
building. Secondly, the imposed horizontal displacement was applied
with a hydraulic actuator that enabled the application of cyclic loading
in the horizontal direction by means of a hinge. With the valves of
the actuators closed, no vertical displacement or rotation of the top
of the wall was possible at this stage, and applying horizontal load
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Fig. 3. Experimental setup: (a) Diagonal compression test, (b) Cyclic shear compression test.

induced a double bending condition [41]. To control that this boundary
condition was enforced, an inclinometer was installed on the top of
the metallic beam to measure its rotation during the test. The values
recorded by this sensor were in the range of zero degrees showing that
no perceptible rotation was experienced by the top of the wall.

The loading protocol of SCT was designed following FEMA 461 [42].
The loading history consisted of repeated cycles of step-wise increasing
deformation amplitudes. Three cycles at each displacement amplitude
were completed.

4. Correlation between DCT and SCT experimental results
4.1. Experimental results

For the sake of simplicity, only a brief summary of the experimental
results is displayed in the following. For a complete analysis of the
results from both experimental campaigns, the reader is referred to [40]
for DCT and [32,33] for SCT.

Fig. 4-a presents the experimental load—displacement curves of all
the specimens tested under DCT. All the specimens were characterised
by diagonal crack pattern along the compressed diagonal. The cracks
started from the centre and propagated progressively towards the cor-
ners of the specimen. The URM specimens were characterised by a
stair-step diagonal cracking with splitting of units and a sudden drop of
strength shortly after the attainment of the peak load. The retrofitted
specimens with BTRM and SRG evidenced a post-peak branch char-
acterised by a significant residual resistance, as a consequence of the
progressive redistribution of the stresses along the grid and strips of
the retrofitting solution. Consequently, the diagonal crack patterns of
the retrofitted specimens showed larger areas of damage. Fig. 5-(up)
displays the characteristic crack patterns of each type of retrofitted
configuration tested under DCT.

Fig. 4-b shows the experimental force-displacement envelope
curves, derived from the experimental hysteric curves. In general, all
the specimens tested under SCT mainly failed due to tensile diagonal
cracking. Out of the eight specimens tested, only specimens BTRM_2
and SRG_1 showed a mixed failure mechanism combining diagonal ten-
sile cracking and frictional sliding along some bed joints. Fig. 5-(down)
displays the characteristic crack patterns of each type of retrofitted
configuration tested under cyclic SCT.

Table 3 summarises the peak load attained on both testing method-
ology by each specimen’s configuration. In the case of SCT, the parame-
ter H,,, is the average peak load considering both directions i.e. those
of pushing and pulling. In addition, Table 3 includes the vertical load
recorded at the attainment of the peak load for every specimen tested
under cyclic SCT.

4.2. Validation of Turnsek - Cacovi¢ failure criterion

The specimens experienced tensile diagonal failure, and thus, their
in-plane behaviour can be described by Turnsek and Cacovi¢ the-
ory [4]. As aforementioned, this formulation was developed under the
hypothesis of masonry as a homogeneous and isotropic material. In
order to fit the retrofitted specimens into this criterion, strengthened
masonry is hereby considered as a homogenised material, comprising
both clay brick masonry and the TRM/SRG strengthening system work-
ing together as an equivalent continuum. The assumption seems to
be valid since specimens retrofitted with TRM have shown, for both
testing methodologies, a homogenising behaviour reducing the scat-
tering between experimental results. Eq. (8) can be used to assess the
tensile strength f,, independently of their configuration -unreinforced
or retrofitted- given the experimental lateral capacity of the walls.
It must be highlighted that in the cases of retrofitted masonry the
parameter f, represents an equivalent tensile strength that takes into
account the joint action of both the masonry wall and the TRM/SRG
strengthening system. For the sake of clarity, from now on f, will
be considered as an equivalent tensile strength independently of the
specimens’ configuration.

To validate the Turnsek and Cacovi¢ criterion [4], the problem
presented by Eq. (11) has to be solved. Considering the experimental
results from SCT, in particular the values of the peak load H,,,.,
the cross section of the specimen A, and the corresponding level of
compression at the attainment of the peak load (N) measured by means
of pressure transducer during testing, f, -7 can be computed for every
specimen tested in SCT. The results are included in Table 3.

The yielded values of f, gcr show a grouping tendency into two ex-
perimental groups, i.e. specimens URM and URM_R, and strengthened
specimens with TRM/SRG. Fig. 6 shows the H-N interaction diagram
in terms of peak loads H,,, and their corresponding vertical loads
N, exhibiting the two aforementioned groups, whose average value
of f, was determined using the least square method to best fit the
experimental results of each group of specimens.

fiser N
"ob 1+ frscrAn an

The results are included in Table 3, together with the coefficients of
variation (C.0.V) for each group of specimens. This coefficient provides
an indication of the level of heterogeneity within each group. The first
group exhibits higher scattering than the second, as the URM individual
specimens presents inherent heterogeneity of the component materials
of URM walls. The lower scattering in the reinforced specimens BTRM
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Fig. 4. Experimental results of each specimen tested: (a) DCT: Diagonal compression load-displacement, (b) SCT: Horizontal force-displacement envelope curves.
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Fig. 5. Characteristic crack pattern of each specimen tested. DCT (up), SCT (down): (a) URM, (b) URMR, (c) BTRM, (d) SRG.

Table 3

Experimental results: Peak load recorded for each specimen for each testing methodology, corresponding P,,. for the peak load from DCT and
H,,, for the peak load from SCT. Vertical load N recorded at the attainment of the peak load during SCT. Equivalent tensile strength yielded
from both testing methodologies following Eq. (7) with a equal to 0.40 [16] for computing f, ,cr and Eq. (11) for f, scr. Computation of the
average value of f, associated to each defined group and its corresponding C.0.V.

. DCT SCT
Specimen
P, [kN] fiper [MPal Average [MPa] H,,. [kN] N [kN] fiscr [MPa] Average [MPa]

URM_1 184* 0.19 0.19 172 185 0.26 0.24
URM_2 0.23 (15.7%) 157 203 0.22 0.25 (8.0%)
UMRIR 272 0.26 0.25 : S 178 215 0.26 0.26 I
UMR2_R 241 0.24 : 181 238 0.25 ’
T S mw w ow

L_. - 0, - 0,
SRG_1 320 0.33 0.32 0.29 (13.6%) 224 278 0.32 032 0.31 (2.9%)
SRG_2 237 0.24 i 233 293 0.32 '

* Average value considering specimens tested in [16] exhibiting the same type of failure.

and SRG can be attributed to the presence of the strengthening system.
Consequently, the hypothesis of assuming the strengthened masonry as
an equivalent homogeneous isotropic material seems plausible, and the
behaviour can be described by Turnsek and Cacovi¢ formulation [4]
when the failure is due to diagonal cracking.

As aforementioned in Section 2.1, the interpretation of DCT for
defining mechanical properties of masonry, is not univocal.

Table 3 also includes the tensile strength f, pcr yielded from the
experimental results obtained with DCT when applying Eq. (7) and
the a coefficient equal to 0.40 obtained in [16]. The values obtained

compared fairly well with the ones computed from the experimental
results of SCT (Table 3 col. 7).

This result not only validates the DCT as a simpler standardised test
to evaluate the equivalent tensile strength of masonry walls from the
experimental peak load, but also asserts the use of an « coefficient equal
to 0.40 for clay brick masonry walls.

5. Numerical analysis

To validate the experimental interpretation of both testing method-
ologies, a finite element analysis was executed. This section provides
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Fig. 6. H-N interaction diagram showing, for all specimens tested, the peak load and
corresponding vertical load and its comparison with the ideal curves governed by
Eq. (11).

the details of the numerical model employed for the analysis and
comparison of the stress states of both experimental setups. The model
involved in this analysis was calibrated with the experimental results
included in [32,40].

This research focuses on the determination of the tensile and shear
strengths of the unreinforced masonry. The homogenisation of the
parameters is in line with the hypothesis of homogeneity and isotropy
on which the criterion of Turnek - Cacovi¢ was built upon. At the same
time the tensile strength is considered as a global and characteristic
parameter of the masonry material.

The computation of the strengths can be latter applied to the
design and assessment of retrofitted masonry. As a results, a sim-
ple 2D numerical model of the unreinforced masonry wall, based
on the macro-modelling approach, was chosen to simulate both test-
ing configurations, DCT and SCT. Therefore, the calibration of the
parameters that accurately describe the response of the wall under
both tests’ boundary conditions and loading profiles was of paramount
importance.

The analyses were performed within the OpenSees framework by us-
ing the Scientific ToolKit for OpenSees (STKO) pre- and post-processor
[43,44].

5.1. Constitutive model

The non-linear behaviour of masonry was modelled using a tension
and compression damage model (TC3D) [18]. The strain-based contin-
uum damage model uses two scalar damage variables that allow the
distinction between tensile (d¢*) and compressive (d~) damage, which
range from 0 (undamaged material) to 1 (fully damaged material). The
constitutive law given in Eq. (12) is characterised by an exponential
softening law in tension, and a parabolic hardening — exponential
softening curve in compression, as shown in Fig. 7, where &%; given
by Eq. (13).; and 6~; following Eq. (14); are, respectively, the positive
and negative component of the effective elastic stress tensor 6 = C : e.

6=(1-dHet+(1-d)s” (12)
3

6" = Z<5i>pi ®p; a3
i=1

- =6-5" 14)
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Fig. 7. (a) Compressive uniaxial law, (b) Tensile uniaxial law [18].

Additionally, two scalar measures, r* and z~, are introduced to de-
fine the shape of the positive and negative damage surfaces, according
to Egs. (15) and (16) respectively.

5

(- -
= T <a[1 +14/3J, +ﬂ<0max>> 7. 15)
= 10‘ <ai1 +1/37, +k1p<&m>> (16)
k-1
T, -1 a7
fe
ﬂ=7(1—a)—(1+0[) (18)

where I, is the first invariant of the effective stress tensor, J, is the
second invariant of the effective deviatoric stress tensor, 6,,, is the
maximum effective principal stress, f, is the compressive stress, f, is
the tensile strength, and k, is the ratio of the bi-axial strength to the
uniaxial strength in compression. The constant k; in Eq. (16) enhances
the mechanical description of the shear behaviour of the masonry,
as it controls the shape of the failure surface in the shear quadrant
taking into account the influence that the compressive loading has on
the dilatant behaviour of the masonry when subjected to horizontal
loading. k, ranges from O to 1, a value of 0 leads to the Drucker—Prager
criterion, while a value of 1 yields a criterion equivalent to the one
proposed by Lubliner et al. [45].

The mechanical properties needed to define the model input pa-
rameters were: tensile f, and compressive f, strengths, tensile G,
and compressive G, fracture energies, compressive strain at peak ¢,
dilatancy coefficient k; and the elastic properties, including the Young’s
modulus E and the Poisson’s ratio v. The fracture energies G, and G,
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Table 4
Calibration of the numerical model: input data for the homogenised masonry.

E [MPa] v /, [MPa] G, [N/mm] f. [MPa] G, [N/mm] ky
3450 0.15 0.2 0.01 6.51 9.75 0.16

are defined as energy per unit area. The software STKO for OpenSees,
provides an auto-regularisation tool that calculates the specific facture
energy according to the characteristic length of the elements used.

5.2. Numerical simulations

The adopted modelling strategy was used to simulate both testing
methodologies. For the sake of simplicity, the simulation of the diago-
nal compression test was performed with an angle of 45 degrees with
the load application point on the upper corner of the wall. Unlike the
experimental test, the load application was performed through the im-
posed displacement in the vertical direction with increasing magnitude,
while the displacement in the transversal direction was restricted. The
diagonally opposite corner was fixed, hindering all displacements.

The simulation of the shear compression test presents the masonry
wall confined in between two steel plates. Following the experimental
testing procedure, the test was performed in two steps. In the first
step, a uniform vertical compression was imposed on the top steel
plate. In the second step, the confinement of the wall is achieved
by hindering the vertical displacement, and thus, keeping the top of
the wall horizontal, as the horizontal load was applied as imposed
cyclic horizontal displacement following the same experimental loading
protocol defined in [32].

Both tests were analysed under plane stress conditions and dis-
placement control. The discretisation of both specimens consisted of
a structured mesh of 2D plane-stress four node quadrilateral elements
(quad). Each simulation contained 4608 elements with a mesh size of
20 mm.

5.3. Application of numerical models

In order to numerically investigate the state stress experienced by
the URM wall under two distinct testing setups, the adopted model has
to be properly calibrated. To this aim, the choice of a suitable reference
measurements for the comparison between experimental and numerical
curves was crucial.

The homogenised mechanical properties of masonry of the numeri-
cal macro-model was calibrated to fit simultaneously the experimental
load-strain curves of the DCT and the SCT. Such experimental curves
were obtained from the reading of the LDVT sensors placed along the
diagonals of the walls on both testing configurations. These magnitudes
were compared with the numerical strains calculated between two
nodes located on the diagonal of the wall. These four nodes acted as
two virtual LVDTs located at an equivalent position to that of the ex-
perimental ones. Fig. 8 shows the load-strain curve for the DCT and the
envelope curve for the SCT obtained with the numerical simulation, and
the comparison with the experimental curves of the LVDT reading of
each diagonal on each testing configuration. The experimental strains
were computed with the values registered in the LVDTs, divided by
their reference length measured before the test and averaged.

The mechanical properties used as the final input for the numerical
model for both testing configurations are included in Table 4. The
reader is referred to [16] for further details on the calibration of each
parameter.

Table 5 presents the comparison between the numerical and experi-
mental output of the URM specimen for both testing configurations. The
comparison is mainly focused on the cracking and peak loads, as well
as the load-strain behaviour as shown in Fig. 8. The parameter P, .,
is the one corresponding to the specimen URM_1 of the experimental
research in [40]. The response of specimen URM_2 was disregarded
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since its cracking and peak loads were considered unrepresentative of
the strength of the URM when compared with a larger data set as
provided by [16]. The cracking and peak loads, HZ » and Hy . »
correspond to the average value attained by both specimen for each
direction [32].

The numerical simulations were able to accurately describe the
specimens’ behaviour in both testing configurations. In most cases, the
comparison between experimental and numerical parameters shows a
difference always lower than 10%.

6. Analysis of the stress state to validate the tensile and shear
strength

The previous section validate the chosen numerical model to sat-
isfactorily simulate the response of URM specimens under DCT and
SCT. This section seeks to analyse their corresponding stress state at
the centre of the panel and validate the three main premises of this
research. First, both testing configurations should derive an equivalent
value of the tensile strength as a conventional property of the material.
Second, there exists a definition of the coefficient a that correlates
the outcome of the DCT, as the maximum load P,,,, with the tensile
strength f,. Finally, a correlation can be defined numerically between
the tensile and shear strengths that can be used to characterise the
in-plane shear behaviour of URM and TRM/SRG retrofitted masonry.

In the numerical model of each testing configuration, the tensile
strength of the material at the centre of the panel is attained at the
moment in which the cracking of the wall starts. Fig. 9 shows, for both
testing configurations, at damage initiation the values of parameter d*
accounting for the degradation of specimen due to tensile damage, and
the attained maximum principal stress ¢; contour at the same analysis
time step. The cracking initiates at 84%P,,,, ,,,, and 62%H,,,,, ,,m for
DCT and SCT, respectively. Those values are in agreement with the
experimental ones reported in [32,40] respectively, and it also agrees
with the results of the research of Segura et al. [16].

Fig. 10 shows the evolution of the maximum principal stress ¢; and
the shear stress 7, at the centre of the panel, with increasing loading
for both testing configurations’ simulation. It is evident, that in spite of
SCT simulation presenting a deviation of the stress path, as consequence
of its cyclic nature, rather than monotonic like DCT, the value of o,
at maximum capacity is almost the same. In fact, both simulations
attained the same o; value when reaching 80% of the maximum load,
while showing almost identical post peak response. Similar behaviour
is observed in the shear stress, however, in this case the maximum is
attained at the same time that the peak load, as expected.

Comparing the average experimental values computed from the SCT
results (0.24 MPa) and the input tensile strength in the numerical model
(0.20 MPa), there is, on average, a moderate difference of only 16%
between the numerical and the experimental results. Nevertheless, this
difference can be attributed to the inherent scattering of the masonry
mechanical properties among the specimens tested.

With these results of the numerical simulation of DCT it can be per-
formed a back-calculation of the « coefficient with Eq. (19), considering
the tensile strength used as input, f,;,,, and the peak load attained
Py um- The coefficient a,,,,, takes the value 0.44, similar to the value
numerically obtained by [16] and consistent with the range proposed
by [14], which varies from 0.35 to 0.56 depending on different masonry
typologies.

_ ft,inpm An
num P

max,num

a, 19
The same analysis can be done for the shear stress z,, experienced at
the centre of the wall. A coefficient « can be derived, from Eq. (20),

T,num

to correlate 7,, with P, ,,, attained.
TxyAn
X qum = P— (20)

max,num
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Table 5
Comparison between experimental and numerical cracking and maximum loads.
Pcr,exp Pcr.num APcr Pmax,exp Pmax.num APmax
[kN] [kN] [%] [kN] [kN] [%]
DCT 143.3 151.0 5.4% 179.1 178.8 —-0.2%
Hy oo He um AH,, H o H e um AH,
[kN] [kN] [%] [kN] [kN] [%]
SCT -108.4 109.5 -104.9 103.0 -3.2% —6.0% -177.7 151.2 -176.2 166.1 —0.8% 9.9%
a) 200 b) 200
B Exp. URM_L
R 150 ; Exp. URM_2
- = === Num.

Load [kN]

-0.1 -0.05 01

Horizontal Load [kN]

===~ Num. Simulation

-150
URM_1
-200
-0.05 0 0.05 0.1 0.15 02
Strain [%] Strain [%]

Fig. 8. Comparison between the numerically simulated load-strain curves and the experimental ones: (a) Diagonal compression test, (b) Shear compression test.
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Fig. 10. (a) Evolution of the maximum principal stress o, with increasing load at the centre of the wall, (b) Evolution of the shear stress z,, with increasing load at the centre
of the wall. The load is normalised with respect to the maximum load attained during each analysis.
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normalised with respect to the maximum load attained during each analysis).

Fig. 11 shows the evolution of the coefficients correlating the tensile
and the shear stresses with increasing loading from the results of the
numerical simulation of DCT. The figure also displays the ratio between
the two stresses throughout the test. As previously mentioned, the
maximum principal stress is attained at cracking point, which is marked
with a double dotted-dashed line in the Figure. After this point the
coefficient starts to decrease as a results of the increasing damage.
Similar is the behaviour of the coefficient derived for the computation
of the shear stress, which interestingly coincides with the one proposed
by Frocht [13]. Conversely, the ratio between both stresses spikes after
the cracking point, consequence of the different decaying rates of each
stress.

Finally, the constant ratio between the stresses, provides a helpful
proportionality to properly characterise the in-plane shear behaviour of
unreinforced masonry.

7. Conclusion

In the present research a methodology has been derived based
on the synergy between two testing methodologies, Diagonal Com-
pression Test (DCT) and Shear Compression Test (SCT), to determine
the equivalent tensile strength that describes the in-plane shear be-
haviour of double-leaf historical clay brick masonry in the unreinforced
configuration, failing due to tensile diagonal cracking.
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On the main hypothesis of masonry being an equivalent isotropic
homogeneous material, the experimental outcome of the URM spec-
imens on both testing configurations were compared to validate a
value for the coefficient a equal to 0.40 for the accurate computation
of the equivalent tensile strength f, from the results of the DCT. To
validate the applicability of the proposed methodology to the case of
strengthened walls, it has been also used to analyse retrofitted masonry
specimens with TRM-SRG strengthening systems.

Based on the results obtained from the experimental correlation
analysis carried out, the following conclusion can be drawn:

» The same failure mechanism, i.e. tensile diagonal cracking, was
experienced by the specimens tested under both testing config-
urations (DCT and SCT). The failure is accurately described by
the simplified model proposed by [4], governed by only one
parameter, in this case the equivalent tensile strength f,, featuring
the behaviour of an equivalent isotropic homogeneous material.
Therefore, the method discussed in this research cannot be ap-
plied to URM structures behaving according to a different failure
mode.

It has been confirmed that the presence of TRM strengthening
systems reduces the inherent heterogeneity of the component
materials of URM, by reducing the coefficient of variation of
the parameters assessed from the experimental outcomes. Con-
sequently, the formulations developed for isotropic homogeneous
material such as [4,13], and [14] can be extended to assess the
in-plane behaviour of retrofitted masonry.

The findings validate that both testing configurations yielded
the same f, value. As a result it can be stated that DCT is
a simpler standardised test to evaluate the equivalent tensile
strength of masonry walls in both configuration, unreinforced and
strengthened.

The comparison of both testing configurations provided an effi-
cient assessment of the value of the coefficient «, as proposed
by [14], to correlate the experimental peak load P, ., and the
tensile strength f,. For the material combination hereby inves-
tigated, i.e. double-leaf historical clay brick masonry with low
strength mortar joints, a coefficient a equal to 0.40 was validated.
Such value differs largely from the one proposed by the current
standards ASTM/RILEM for the computation of f,.

Using a numerical macro model it was also investigated the stress
state at the centre of the wall, in both testing configurations. The
homogenised masonry properties, were adjusted to fit the experimental
curves obtained from both testing configurations.

Based on the results obtained from the numerical correlation anal-
ysis carried out, the following conclusion can be drawn:
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+ The numerical model could be satisfactorily applied to the simula-
tion of the in-plane shear behaviour of the unreinforced masonry
wall, characterised by a homogenised material.

The stress state at the centre of the wall, in both testing config-
urations, was in correspondence with the findings of Frocht and
Segura et al. The simulation exhibited that in the DCT the stress
state was not of pure shear, as assumed by the standards, which
overestimates the value of f, and 7,,,,.
The comparison between DCT and SCT simulations allows the
definition of a numerical «,,,, coefficient to correlate f, with the
peak load resulting from the simulation of DCT.

In summary, Eq. (8) can only be applied when dealing with results
from SCT, which is an expensive and time-consuming testing method-
ology. The scientific community is currently arguing when it comes to
interpret the results of the DCT to obtain the tensile strength. The main
aim of this research was to validate DCT as a simpler and cheaper test
to compute the tensile strength of masonry, providing a methodology
based on the correlation between the experimental results of DCT and
SCT.

Finally, and based on the findings of the present research work,
there is a latent need to review and update the coefficient used in the
equation of the current standards for the computation of the tensile
strength from DCT. In addition, it is of paramount importance to
further research on the value of this coefficient for different masonry
typologies. Therefore, more experimental tests, combining DCT and
SCT in parallel, should be carried out.
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