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Abstract: Among all the active confinement techniques, the use of pre-tensioned stainless steel
straps has recently gained much attention. The flexibility of the stainless steel straps allows us to
bend and pass them through the thickness of the masonry, thus creating a three-dimensional
strengthening system between the two opposite facings. The use of the same perforation for the
passage of several straps closed in a loop generates a continuous strengthening system that prevents
parts of the structure from falling and injuring the occupants during seismic events. However, the
perforations can nullify the in-plane strengthening, as they act as cylindrical hinges and make the
reinforcement system labile for certain strap arrangements. Diagonal compression tests on square
masonry panels performed in the present study show that the straps improve neither strength nor
ductility when running along the mortar head and bed joints, arranged in square meshes.
Conversely, they improve both strength and ductility when the straps make angles of +45° with the
mortar joints. Furthermore, the experimental results show that the straps exert an anisotropic effect
that decreases the apparent in-plane Poisson ratio. They also provide new insights into the diagonal
compression test and allow formulating a new proposal for the pseudo-ductility factor.

Keywords: masonry walls; CAM® System; shear behavior; reinforcement arrangement; diagonal
compression test; pseudo-ductility; anisotropy; elastic moduli; Poisson’s ratio

1. Introduction

Masonry structures are of great interest for civil engineering, as they constitute the majority of
the historic building heritage of many countries and are a building typology still widely used
throughout the world. Unfortunately, most of the existing masonry structures date from periods
before the introduction of any seismic regulations [1]. Therefore, they are mainly suitable for bearing
gravitational loads, while their lateral bearing capacity is poor. This, together with the inherently
chaotic nature [2], high seismic mass and limited ductility of the masonry material, makes
unreinforced masonry (URM) structures highly vulnerable to seismic shaking [3-7]. The
consequences on the safety of those inside or in the immediate vicinity of these structures are
dramatic. Suffice it to say that masonry structures are believed to be the cause of about two-thirds of
the total death toll from earthquakes over the last 100 years [8]. Therefore, finding a solution for the
low tensile strength and poor ductility of masonry units—i.e. the main causes of their seismic
vulnerability [9]—is a major concern of civil engineering [10]. This gave rise to the need to reinforce
masonry structures and study the behavior of reinforced masonry (RM).

There are two main categories of reinforcement techniques for masonry buildings: passive
reinforcements and active reinforcements [11]. The latter category, younger than the first category, is
gaining more and more attention from designers [12-15]. Its strength compared to the first category
is that it does not require structural damage to occur before going into operation. Contrary to passive
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reinforcements, in fact, active reinforcements act on structural elements from the moment of their
installation.

1.1. General information on the CAM® System

Among the various techniques of active reinforcement, this work focuses on the CAM® System
(Active Confinement of Masonry: CAM is the Italian acronym for Active Stitching of Masonry) [16-
20]. This system is an evolution of the strengthening method with post-tensioned horizontal and
vertical tie rods [21-27]. The evolution consists of the strengthening elements of the CAM® System
[28], which are stainless steel straps instead of metal bars. The stainless steel straps pass through the
thickness of the masonry thanks to openings made in the masonry by core drilling. Special stainless
steel elements protect the edges of the masonry [29] where the stainless steel straps turn around the
edges of the wall (Figure S1(a)) and enter the perforations (Figure S1(b)). Since up to six stainless steel
straps share the same perforation (Figure S2), the CAM® System is a continuous strengthening
system (unlike the tie rods system and all other systems in the same strengthening category). This
makes it possible to establish effective connections in three dimensions between all the construction
elements (roof, floors, and walls)—starting from the foundations of the building—to obtain or re-
establish the so-called box-type behavior (Figure S3).

The loop closure of the straps (Figure S4) creates a strong bond between the two opposite faces
of the wall. This improves the monolithic behavior of the masonry wall, especially when the masonry
wall consists of two or more weakly connected vertical layers. Furthermore, the closure equipment
provides the stainless steel straps with a tensile stress, which puts the enclosed portion of masonry
in compression (Figure S4). The transmission of stresses from the strengthening system to the
masonry at the time of installation is why the CAM® System is an active strengthening system.

When four stainless steel straps share the perforations and the loops have horizontal and vertical
directions (Figure 52), the CAM® System replicates the reinforcement scheme with horizontal and
vertical ties. In this case, known as a rectangular arrangement, the perforations divide the masonry
wall into volume units in the shape of right parallelepipeds (Figure 1). The early studies on the CAM®
System [16-20,30-32] assumed that the three-dimensional arrangement of the loops provided the
parallelepiped volume units with an additional compressive stress field that is hydrostatic, by
extension in the three dimensions of the stress transfer mechanism shown in Figure S4. However,
further theoretical analyses [11,29] revealed that the CAM® System adds confinement forces only in
the transverse direction (Figure 1), except for volume units located near the free ends of the masonry
wall. Recently, also the numerical results of a FEM simulation [15] confirmed that the confinement
provided by the CAM® System to the wall is not isotropic.

Figure 1. Stress transfer mechanism from the three-dimensional net of stainless steel loops placed in
tension to the volume units of the masonry wall [11].

1.2. The idea behind the experimental program

Seismic events impose two types of dominant loads on structures—the in-plane shear load
(Figure 2(a)) and the out-of-plane bending load (Figure 2(b))—which causes two types of dominant
failure modes in URM structures [33,34]: the in-plane shear mechanisms and the out-of-plane
bending mechanisms. The CAM® System with rectangular arrangement (Figure 1) is suitable for
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increasing the out-of-plane strength of masonry walls when used in conjunction with other
strengthening systems [29,35,36]. In the plane of the wall, however, the rectangular arrangement does
not bring any increase in strength or stiffness. Both in-depth experimental tests [37] and recent
numerical analyses [38], in fact, have shown that the rectangular arrangement of the stainless steel
straps leads to an almost negligible increase in strength of the shear-loaded masonry panels, while
providing a significant increase in ductility. The use of steel grids on both faces of the masonry wall,
conversely, increases both the shear strength and the ductility, but the ultimate displacement
achieved with the steel grids is lower than that achieved with the CAM® System [38].

(b)

Figure 2. How a seismic event loads a wall (being oscillatory in nature, the seismic action acts, in an

alternating manner, both in the direction of the load schematized as the action of a man on the wall,
and in the opposite direction): (a) In the plane of the wall (shear loading in the midplane); (b) Along
the direction perpendicular to the plane of the wall (out-of-plane loading).

The author of this article is of the opinion that the lack of increase in shear strength with the
CAM® System depends on the arrangement of the perforations, which makes the strengthening
system labile to horizontal loads [29]. On the two wall facings, in fact, the straps of the rectangular
arrangement form unbraced rectangular frame structures with hinged nodes. Under the action of
horizontal forces, these nodes sway laterally exactly like the nodes of the simplified mechanical
model in Figure 3(a). Therefore, the perforations for the common passage of the straps are cylindrical
hinges (Figure 3(b)), around which the loops connecting the two wall facings can rotate freely.
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Figure 3. Lability of the CAM® System with a rectangular arrangement: (a) In the wall plane,
according to the simplified mechanical model of an unbraced rectangular frame structure with hinged
nodes; (b) In the wall thickness, as represented by the orange element of the axonometric view
(without the masonry blocks, to better appreciate the three-dimensional arrangement of the straps).

The in-plane lability of the strengthening system with a rectangular arrangement makes the
CAM® System useless under horizontal loads. In order to allow the CAM® System with a rectangular
arrangement to improve also the in-plane behavior of masonry walls subjected to seismic loads, it is
therefore mandatory to eliminate its in-plane lability.

In rectangular frame structures, it is customary to cancel the horizontal displacement of the
hinged nodes by bracing the structures along one or both diagonals, as shown in the simplified
mechanical models of Figure 4(a) and (Figure 4(b), respectively.
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(a)  (b)

Figure 4. Bracing of a rectangle made of hinged strips: (a) By adding a strip along a diagonal, which
will prevent the rectangle from collapsing in the direction of the red arrow but not in the opposite
direction; (b) By adding strips along both diagonals, which will prevent the rectangle from collapsing
in either direction.

The idea behind this article is that bracing is not the only possible solution to remedy the lability
of the rectangular arrangement in the CAM® System, because even labile static schemes can be in
equilibrium for certain load directions. In fact, there is at least one load direction (in the plane) that
keeps a labile static (plane) scheme in equilibrium. When the load has a fixed direction—such as
during a seismic event—it is therefore possible to rotate the labile system, in search of an equilibrium
configuration. This suggests that it is possible to avoid (expensive) bracing of the CAM® System
simply by arranging its straps along the most suitable directions in the plane of the wall [29]. The aim
of this work is precisely to verify the relationship between the in-plane arrangement of the straps and
the ultimate load in the horizontal direction.

The experimental results demonstrate that the CAM® System with a rectangular arrangement
is actually unable to increase the ultimate load under horizontal loads. However, a 45° rotation of the
straps makes the rectangular arrangement effective even in the plane of the masonry walls. The paper
also offers insight into the elastic moduli, the Poisson’s ratio and the pseudo-ductility factor. Finally,
the experimental results provided the opportunity to review some of the most commonly adopted
assumptions in the interpretation of the diagonal compression test.

2. Experimental Program

There are two experimental methods suitable for characterizing the mechanical properties of a
wall subjected to shear loading: the shear-compression test and the diagonal compression test. The
first method consists in applying shear forces along the upper side of the specimen, preventing the
points of application of the shear load from undergoing vertical displacements (Figure 5).

Figure 5. Constraint conditions in the shear-compression test (shear load directed towards the left).

In the case of a test carried out in the laboratory, the apparatus for transmitting the shear load
consists of a steel beam, made integral with the upper side of the specimen. Since the shear load
causes the top face of the specimen to rotate about the center of the specimen, the vertical
displacement constraint at the top nodes gives rise to positive and negative normal stresses along the
specimen-steel beam interface (top side in Figure 6).


https://doi.org/10.20944/preprints202310.1667.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202310.1667.v2

700

600 F o

500 3 l

400 H i

200+ "'
100t " ]

-0 100 200 300 400 500 600 700

Figure 6. Vertical stresses and deformed configuration in a masonry wallette subjected to shear-
compression testing [39] (shear load directed towards the left).

This causes detachments in the tensioned portion of the interface, as the interface bond is unable
to withstand the tensile stresses. Since the detachments modify the transmission of forces from the
steel beam to the specimen, this experimental method does not allow replicating the desired static
scheme. Figures 32-34 of Reference [39] show the difference between the desired static scheme and
the static scheme corresponding to the shear-compression test performed in the laboratory.

One solution to avoid differences between the desired and actual static schemes is to carry out
the experimental test in-situ, cutting the masonry wall along two vertical (parallel) paths with a
length equal to twice the high of the specimen, while the distance between the two cuts fixes the
specimen basis [40]. The application of a horizontal force at half-high of the cuts therefore determines
a symmetrical load condition (with horizontal axis of symmetry) that nullifies the vertical
displacements of the points on the axis of symmetry (line of action of the load). Consequently, the
line of action of the load divides the portion of masonry enclosed between the two cuts in two
superimposed specimens, both subjected to in-plane shear loading.

The second method is easier to perform than the shear-compression test [41]. It consists of
loading one diagonal of a square masonry wall in compression, until failure, which usually involves
the formation of cracks along the loaded diagonal. Since the ease of execution does not correspond to
an equally easy interpretation of the experimental results (Appendix), the choice made in this
experimental program fell on the diagonal compression test also with the aim of highlighting some
contradictions in the most commonly used interpretations of this test [42,43].

With a view to having to collect an initial series of indications, preparatory to subsequent
investigations, the experimental program consists of only three diagonal compression tests on as
many square-shaped masonry specimens. In particular, the specimens are three single-headed
masonry walls (Figure 7(a)), made with 18 rows of solid UNI bricks. The masonry walls have a
thickness, t, of 120 mm, while the two sides in the plane, of equal length w = h, are 1160 mm long
(Figure 7(b)). Sixteen perforations drilled at regular intervals of 325 mm with a diameter, @, of 40 mm
(Figure 7(b)) ensure the passage through the wall thickness of the stainless steel straps of the active
reinforcement.
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(a) (b)
Figure 7. Geometric characteristics of the single-headed masonry specimens (all dimensions in mm):
(a) Side view; (b) Front view.

The three specimens differ in the arrangement and number of stainless steel straps per loop

(Figure 8):

e  Specimen M1-90: one strap per loop along the directions of the mortar head and bed joints
(Figure 8(a));

e  Specimen M1-45: one strap per loop along the directions forming +45° angles with the mortar
head and bed joints (Figure 8(b)), that is, along the compressed and tensioned directions
(Appendix);

e  Specimen M2-45: one strap per loop along the compressed direction (straps without screening
in Figure 8(c)) and two straps per loop along the tensioned direction (straps with screening in
Figure 8(c)).

Figure 8. The three specimens of the experimental program: (a) Specimen M1-90; (b) Specimen M1-
45 and (c) Specimen M2-45.
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2.1. Material Properties

2.1.1. Bricks

The UNI solid bricks measure 250 mm long, 55 mm high and 120 mm deep (L x H x D: 250 x 55
x 120 mm).

The reference standard for the mechanical characterization of bricks is UNI EN 772-1:2015 [44].
This required choosing three bricks from the delivered brick pallet and cutting them into six
specimens measuring 50 x 50 x 50 mm (specimen labels: PA1, PA2, PB1, PB2, PC1 and PC2). The
mechanical characterization then consisted of a uniaxial compression test (Figure 9(a)) until failure
(Figure 9(b)). The testing machine was an Amsler compression-testing machine, with a maximum
capacity of 588.399 kN (60 t).

Figure 9. Appearance of the specimen PC2: (a) Before the compression test and (b) After the
compression test.

The standard converts the compressive strength obtained for the specimens into a value that
depends on the dimensions of the specimens (the normalized compressive strength for specimens
obtained from bricks). Do this end, it introduces the shape factor, §, as the corrective factor for the
compressive strength. In the case of specimens of length 50 mm and height 50 mm, & takes the value
0.85 [44]. This gave rise to the values of normalized compressive strength in Table 1, with an average
value of 30.79 MPa.

Table 1. Results of the compression tests on bricks.

Specimen Compressive strength [MPa] Normalized compressive strength [MPa]
PA1 36,43 30,96
PA2 36,18 30,75
PB1 35,30 30,01
PB2 33,27 28,28
PC1 37,87 32,19
PC2 38,31 32,57
2.1.2. Mortar

The mortar used in the experimental program is weber MP910 of Saint-Gobain Italia S.p.A., a
pre-blended mortar of cement with compression resistance class M5 (in compliance with the
European standard EN 998-2:2016 [45]). Table 2 shows the main technical characteristics of the
mortar.
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Table 2. Technical data sheet of weber MP910 (Saint-Gobain Italia S.p.A.).

Technical characteristic Value
Maximum grain size [46] 3mm
Compressive strength - after 28 days [47] = 5.0 MPa
Flexural strength - after 28 days [47] = 2.0 MPa
Reaction to fire [48] Euroclass Al: Non-combustible
Shrinkage rate —0.4mm/m
Bulk of hardened product 1900 kg/m?
Water vapor permeability coefficient [49] pu<15/35
Cement content by weight 11%
Lime content by weight 3%
Aggregate content by weight 86%
Thermal conductivity [50] 0.76 W/mK
Water absorption [51] WO (0.5 kg/m? min'/?)
Eye Dam. 1, H318: Causes serious eye damage
Hazardousness [52] Skin Irrit. 2, H315: Causes skin irritation

Skin Sens. 1, H317: May cause an allergic skin reaction

The UNI EN 1015-11:2019 standard [47] for calculating both the flexural strength and the
compressive strength consists of carrying out three-point bending flexural tests on molded prismatic
specimens, measuring 160 x 40 x 40 mm (Figure 10(a)). The test procedure contemplates a
displacement-controlled mode, with a speed of 0.5 —1 mm/min. Once bending failure of one
specimen has occurred, the two halves of the specimen are useful for providing the compressive
strength of the mortar, by means of a uniaxial compression test along one of the two directions
orthogonal to the prism axis (Figure 10(b)).

10405

40
1040,5

10405
2yl
\,/

10005
160
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Figure 10. Mechanical characterization of the mortar according to the UNI EN 1015-11:2019 standard:
(a) Set-up of the three-point bending flexural test (dimensions in mm); (b) Uniaxial compression test
on one of the two half-prisms originating from the flexural test.

The testing machine used for the mechanical characterization of the mortar (both bending and
compression tests) is a Galdabini universal testing machine, with a maximum capacity of 200 kN. The
six prisms and related twelve half-prisms provided the strength values in Table 3.
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Table 3. Results of bending and compression tests on the mortar.

Specimen  Flexural strength [MPa] Broken half-specimen Compressive strength [MPal

" ) B
P2A .
P3A .72
P3 3.22 P:;)B 3.59
n ) "
P5A 6.72
P> 2.29 P5B 6.96
P6A 7.58
P6 2.29 P6B 7.03

The average flexural strength is equal to 2.58 MPa and the average compressive strength is
equal to 8.3 MPa. This means that the actual compressive strength is 1.66 times the (minimum)
compressive strength declared by the manufacturer (Table 2).

2.1.3. Stainless steel straps and seals

The active strengthening system consists of the ring closure of stainless steel straps 16 mm wide
and 0.9 mm thick, using folding seals (also made of stainless steel) for pre-tensioned closure. The
straps (Figure 11(a)) and seals (Figure 11(b)) used in this experimental program are not of the same
type patented with the CAM® System. Table 4 collects the mechanical properties declared by the
manufacturer (Mauser) for the rolls of stainless steel straps.

. /
(a) (b)

Figure 11. The elements of the active strengthening system: (a) A stainless steel strap closed to form

a ring (before tightening the seal); (b) A stainless steel seal used for the strap ring closure.

Table 4. Mechanical properties of stainless steel tape rolls, as declared by the manufacturer.

Mechanical property Value
Yield strength (f,) 240 MPa
Breaking strength (fi;) 540 MPa

Elongation at break

20%
(also called fracture strain, or tensile elongation at break) °

Since the seal is notoriously the weak point of CAM® System-like reinforcements [29,30], one of
the objectives of the experimental program was to verify how the sealing affects the strength and
stiffness of the strapping system. The specimens for determining the tensile strength of clamped and
unclamped straps are four and measure 360 x 0.9 x 16 mm each:

e  Specimen L2 consists of a piece of steel tape (unclamped strap);
e  Specimen L3 consists of a piece of steel tape (unclamped strap);
e  Specimen S2 consists of two pieces of steel tape, fastened together by one seal (clamped strap);

e  Specimen S3 consists of two pieces of steel tape, fastened together by two seals (clamped strap).
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The steel tapes of the specimens belong to two different stainless steel rolls of the same brand
(Mauser) and the same characteristics (Table 4).

The reference standard for the mechanical characterization of the stainless steel straps is UNI
EN ISO 6892-1:2020 [53]. As with the mortar tests, the testing machine was a Galdabini universal
testing machine, with a maximum capacity of 200 kN. Figure 12 shows the results of the tensile tests
performed on the four specimens.

500
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E 300
=250
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100

0 25 5 75 1012515175 20 225 25 27.5 30
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Figure 12. Stress/strain diagrams of the four specimens for the mechanical characterization of the
straps.

The mechanical characterization of the steel tape alone (Specimens L2 and L3) therefore
confirmed that f,, is equal to approximately 240 Mpa, while f;, was 17% lower than the value
declared by the manufacturer (Table 4). The two unclamped specimens reached the crisis with the
formation of shear bands (oblique with respect to the main deformation axis), which then gave rise
to the failure planes (Figure 13 shows Specimen L3 after failure).

AN S R B e

Figure 13. The failure plane of Specimen L3.

Figure 12 also shows that a value just over 240 Mpa markes the functional limit of the clamped
straps (Specimens S2 and S3). In fact, the yield strength of Specimens L2 and L3 is approximatively
equal to the maximum stress of Specimens S2 and S3. The maximum stress of Specimens S2 and S3 is
lower than the maximum stress of Specimens L2 and L3 due to relative sliding movements inside the
seals, which tend to open. The addition of a second seal (Specimen S3) does not increase the
maximum stress compared to the case of a single seal (Specimen S2). It only increases the ultimate
strain, since the second seal counteracts the sliding more effectively. In conclusion, the tensile
strength of a clamped strap is approximatively equal to the yield strength of the steel tape that makes
up the strap. The failure occurs when one of the two ends of the strap slips off from the seal (Figures
14(a,b)). The failure is ductile (with both one and two seals), while the failure of the clamping system
patented with the CAM® System is brittle [29].

As far as the stiffness is concerned, Figure 12 shows that the initial slopes of Specimens S2 and
S3 are significantly lower than the initial slopes of Specimens L2 and L3. This means that the relative
sliding movements within the seals occur throughout the entire tensile test, which decreases the
stiffness of clamped straps compared to the stiffness of unclamped straps.
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Figure 14. Failure modes of the clamped specimens: slipping out of the seal of one of the two fastened
ends in (a) Specimen S2 and (b) Specimen S3.

2.1.4. Elements for the protection of the edges of masonry walls

As anticipated in Section 1.1, the CAM® System uses stainless steel rounded angles and funnel
plates (Figure S1), which have the task of diffusing the action transmitted by the straps to the
masonry. This experimental program replaced the stainless steel protective elements of the CAM®
System with the same protective elements as [29,35,36], that is, 3D printed elements made from a PLA
(Polymerized Lactic Acid) filament. The PLA filament is one of the most eco-friendly filaments in
FDM (Fused Deposition Modeling) 3D printing. In fact, PLA comes from annually renewable
resources (cornstarch, tapioca roots, sugarcane, or other sugar-containing crops) and requires less
energy to process compared to traditional (petroleum-based) plastics. The amount of carbon dioxide
released during the printing process is the same as that removed by the plants used to make the
filament, during their life cycle. Once discarded in an exposed natural environment, an object made
from PLA filament will naturally decompose.

The ultimate strength of a PLA filament is equal to 65 MPa, which characterizes the PLA
filament as one of the strongest filaments for 3D-printing. The ultimate strength of 3D-printing
filaments, in fact, varies from 20 MPa (MF: Metal Filled filaments) to 78 MPa (PVA: PolyVinyl
Alcohol filaments). The stiffness of a PLA filament is also good when compared to that of other 3D-
printing filaments: it reaches a score of 7.5 on a scale of 1 to 10 (1 refers to Flexible filaments, while 10
refers to HIPS—High Impact Polystyrene—filaments, CF—Carbon Filled—filaments and MF
filaments).

The 3D printed protective elements are also of two types: rounded angles (Figure 15(a)) for the
protection of the edges of the walls and funnel plates (Figure 15(b)) for the protection of the new
edges generated by the perforations for the passage of the straps. In both cases, the infill percentage
was 75%, the best compromise between the need to allow the elements to withstand the loads and
minimize the use of material.

Both types of protective elements have rounded external corners (in contact with the straps) and
90° internal corners (in contact with the masonry). This allows us to avoid bending the straps at right
angles and, at the same time, guarantees the correct positioning of the elements on the wall surface.
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(a) (b)

Figure 15. 3D printed elements for the protection of: (a) The edges of the walls (rounded angles) and
(b) The new edges generated by the perforations for the passage of the straps (funnel plates).

The trellis design of the surfaces has the dual function of saving material and improving the
adhesion between the protective elements and the masonry. In fact, by filling the cavities of the trellis
of the rounded angles (Figure 16(a)) and of the funnel plates (Figure 16(b)), the hardened mortar
hinders possible relative sliding movements between the protective elements and the masonry.

(b)
Figure 16. The 3D printed elements applied with mortar on the specimens: (a) Rounded angles; (b)
Funnel plates.

2.2. Preparation of the specimens

To avoid problems of overturning of the masonry specimens during the coring operations for
the passage of the straps, core drilling took place on the individual brick units, before assembling
them (Figure 17(a)). Figure 17(b) shows the hollow bricks left to dry after the coring operations.

(b)
Figure 17. Preparatory stages for laying bricks: (a) Core drilling of a brick; (b) Drying of bricks after

core drilling.

The porous structure of the bricks can absorb part of the binder mixing water, thus
compromising the mechanical properties of the mortar. This phenomenon is all the more evident the
greater the porosity, the absorption capacity (of the brick) and the environmental temperature.
Furthermore, it is all the more evident the lower the relative humidity of the air. To avoid
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compromising the mechanical properties, the Italian Association of Brick Industrialists (ANDIL)
recommends wetting the bricks before use, with different methods depending on the absorption
capacity and the time of year [54]. In the specific case of the bricks used in the experimental program
(bricks produced industrially in soft paste) and the manufacturing period of the masonry specimens
(summer), ANDIL suggests wetting the bricks by immersion in clean water. The pre-wetting of the
bricks therefore took place according to ANDIL recommendations, leaving the bricks in clean water
until the air bubbles stopped escaping (wetting until saturation) and, once removed from the water,
leaving them to drip for at least a quarter of an hour. It is worth noting that the correct dripping of
the bricks is an operation of fundamental importance. In fact, saturated bricks laid immediately after
removal from the water could cause mortar drippings. Furthermore, the film of water that would
remain between the mortar and the brick could cause a lack of adhesion between the two surfaces
and reduce the resistance of the joint.

The laying of the bricks took place in accordance with the UNI EN 1015-2:2007 standard [55],
which recommends mixing the mortar with 15% water. The use of a plumb guide frame, leveling
strings and a spirit level helped to check the verticality of the walls and the horizontality of each
course of bricks (Figure 18).

Figure 18. Equipment used for the correct laying of bricks.

The minimum time required for a brickwork (Brick Masonry) to cure is 7 days. However, to
avoid the onset of viscous flows in the subsequent pre-tensioning phase of the active reinforcement,
the chosen curing time was 28 days.

To avoid excessive evaporation and facilitate the hydraulic setting of the mortar, the curing of
the specimens took place in a saturated environment (at room temperature), after having wetted and
wrapped the specimens with cellophane film (a wrapped specimen is visible in the background of
Figure 18). The prolonged curing period required cyclically removing the cellophane to re-wet the
surfaces of the specimens.

The assembly of the 3D printed protective elements (Section 2.1.4) took place once the curing
period of the walls was finished. The mortar used for fixing the rounded corners and the funnel plates
is the same used for laying the bricks (Section 2.1.2). Strengthening then occurred after a further 7-
day curing period.

The strapping machine used to close the seals is a product for manual use, by Barbero Mauser
brand (Figure 19). When tightening the seals, it allows the application of a pre-tension of up to a
maximum of 1.4 kN to the straps. This generates a pre-tension equal to approximatively 40% the
tensile strength shown in Figure 12 (cross-section dimensions: 16 x 0.9 mm).
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Figure 19. Barbero Mauser strapping system for stainless steel strapping: Model B05.T0005262.

2.3. Instrumentation and Test Setup

The testing machines used to carry out the diagonal compression tests are:
e LOSENHAUSEN hydraulic load frame with a load capacity of 200 kN, for Specimen M1-90;
e LOSENHAUSEN UBP hydraulic load frame with a load capacity of 600 kN, for Specimens M1-
45 and M2-45.
The test mode was in displacement control for all specimens, with an average load application
speed of 0.2 kN/sec.
The sensors used to instrument the specimens are:
e  Strain gauges produced by Tokyo Sokki Kenkyujo Co., Ltd. (Tokyo, Japan);
e  Potentiometers produced by Gefran SpA (Brescia, Italy);
e  Linear Variable Differential Transformers (LVDTs) produced by Gefran SpA (Brescia, Italy).
The strain gauges were useful for measuring the strains of some of the straps positioned along
the direction of the tensioned diagonal (red elements in Figure 20(a), denoted by the initial letter E).

LVDT2 LVDT3 LVDT1

|29

(a) (b)

Figure 20. Instrumentation of Specimen M1-45: (a) Front view; (b) Back view.

The function of the potentiometers was instead to measure the displacement along the two
diagonals of the three specimens (blu elements in Figures 20(a,b), denoted by the initial letter P).
Finally, three LVDTs measured the movements of the testing machine head of both Specimen M1-45
(Figures 20(a,b)) and Specimen M2-45, to check for any unwanted rotations. This required rigidly
attaching the LVDTs to an external fixed system, using metal rods (thick green elements in Figures
20(a,b)). Specimen M1-90 did not require instrumentation with the LVDTs, as the expected short
duration of the load test would hardly have resulted in rotations of the load head.
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The strain gauges did not detect significant variations in the strains of the straps of any of the
three specimens, at least until the opening of cracks crossing the straps themselves. Therefore, the
strain gauge acquisitions are not significant for the purposes of this work.

More useful were the LVDT acquisitions. In particular, the average of the values provided by
LVDT1 and LVDT3 (the two LVDTs in an axisymmetric position with respect to the load axis)
provided the displacement along the load axis of Specimen M1-45 and Specimen M2-45 (Figure 21).

225 —M2-45
200 A M1-45
N
175 1 / V v.\\m/*/
Z 150 | ,/
5 125 | N,
<3 f
= 100 —V B—
=
‘275
< ]
50 +
25 +
0 T
0 5 10 15 20 25 30 35 40
Axial displacement [mm]

Figure 21. Average displacement values acquired by LVDT1 and LVDT3 for specimens M1-45 and M2-45.

Furthermore, the displacement values provided by LVDT2 and LVDT3 allowed the
identification of the rotation of the front face, ¢,, assumed equal to the rotation of the middle plane:

Uy —Uj
@, = arctan A (1)

where:

® 1w, isthe displacement acquired by LVDT2 (positive values are downward displacements);
®  uj is the displacement acquired by LVDT3 (positive values are downward displacements);
e  d,; is the distance between LVDT2 and LVDTS3.
A similar expression gave ¢, the rotation of the vertical cross-section passing though LVDT1

and LVDT2 and assumed equal to the rotation of the vertical cross-section passing through the load
heads:
U —Up
@, = arctan , ()
12

where u, has the same meaning as in Equation (1) and:
e  u, isthe displacement acquired by LVDT1 (positive values are downward displacements);
e  d,, isthe distance between LVDT1 and LVDT?2.
Figures 22 and 23 relate ¢, and ¢, to the axial load. This allows us to appreciate the variation

in the rotations at each load drop and during the long phase following the maximum load (softening
branches of Figure 21).
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Figure 22. Rotations undergone by Specimen M1-45: positive values indicate anti-clockwise rotations
on the front face and on the vertical cross-section, seen from the left side.
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Figure 23. Rotations undergone by Specimen M2-45: positive values indicate anti-clockwise rotations
on the front face and on the vertical cross-section, seen from the left side.

The cause of each load drop in Figure 21 is the failure of one of the elements of the strengthening
system. When a new increase in load follows a load drop, it means that the remaining elements of the
strengthening system are able to reorganize themselves in a new resistant configuration. In Figures
22 and 23, there is no noticeable increase in rotations in the event of a load drop and subsequent load
increase. This means that the reorganization of the strengthening system occurs almost
instantaneously, without changing the specimen configuration.

A greater degree of correlation seems to exist between the softening phase and the increase in
rotations. In fact, the greatest rotation values in Figures 22 and 23 occur precisely in the descending
load phase after reaching the maximum load (155 kN for Specimen M1-45and 202 kN for Specimen
M2-45). It is worth noting, however, that the values of ¢, and ¢, obtained for Specimen M1-45
(Figure 22) and Specimen M2-45 (Figure 23) are very small for the entire duration of the load test.
This means that the active reinforcement was able to keep the two specimens in axis despite the
progression of the damage phenomena. In the last phase of the test on Specimen M2-45, Figure 23
indicates a re-centering of the specimen along its load axis (decreasing values of ¢, and ¢, in
absolute value) and subsequent inversion of the sign of the rotations on the vertical cross-section.

Figures 22 and 23 allow us to quantify the main characteristic of CAM-like systems, that is,
avoiding the global collapse of the structural element even when it has exhausted its structural
function. The values of the rotations are actually so small that it is possible to consider the angles
(measured in radians) equal to their tangents (small-angle approximation):
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3. Failure mode of the specimens

3.1. Specimen M1-90

This specimen suffered failure along one of the bed joints (the bed joint near the second row of
straps from the top, in Figure 24). The failure occurred suddenly at a load value of 160 kN, without
giving any warning signal.

The strengthening system was unable to stop the relative sliding along the broken bed joint. The
crisis mode of the strengthening system was in fact that typical of a labile frame (Figure 3(a)), despite
the pre-tension imparted to the straps (Section 2.2). The perforations made for the passage of the
straps through the thickness of the wall therefore behaved like cylindrical hinges (Figure 3(b)). The
relative sliding then ended thanks to the containment action of the protective steel structure built
around the specimen (Figure 24). The boundary effects also caused the failure of two funnel plates in
the upper left corner (Figures 25(a)) and lower right corner (Figures 25(b)) of the mechanism.

The fact that a mechanism has formed confirms the basic assumption of this experimental work,
that is, the ineffectiveness of straps arranged along the mortar joints. In reality, since the broken bed
joint is very close to a row of perforations, the suspicion arises that this arrangement of the straps is
even harmful.

Figure 24. Failure mode of Specimen M1-90.
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Figure 25. Details of the broken funnel plates: (a) Funnel plate in the upper left corner of the
mechanism; (b) Funnel plate in the lower right corner of the mechanism.

3.2. Specimen M1-45

The failure mode of Specimen M1-45 (Figure 26(a)) is completely different from that of Specimen
M1-90 (Figure 24). Some cracks began to form along the compressed diagonal at a load value of
155 kN (the maximum load). The cracks appeared in the central area of the specimen and propagated
towards the two heads of load application, partly following the mortar joints and partly crossing the
bricks (Figure 26(b)). The failure also involved the funnel plates placed along the compressed
diagonal (Figure 26(b)).

(b)

Figure 26. Failure mode of Specimen M1-45: (a) Appearance of the specimen after its removal from

the testing machine; (b) Detail of the crack along the compressed diagonal.

The failure was of a ductile type, with a progressive crack propagation hindered by the action
of the straps arranged along the tensioned diagonal. This gave rise to a softening branch after the
maximum load (Figure 21), which is not present in the test carried out on Specimen M1-90. At the
end of the test, the crack extended along the entire compressed diagonal of the wall, but the
strengthening system was almost intact and still able to resist the loads. This allowed the specimen
to maintain its shape even after removal from the testing machine (Figure 26(a)). Since the straps are
able to keep the two parts of the wall together after the event that caused it to break, this arrangement
of straps is effective. The failure mode along the compressed diagonal is that typical of a


https://doi.org/10.20944/preprints202310.1667.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 do0i:10.20944/preprints202310.1667.v2

19

homogeneous solid subjected to a diagonal compression test. We can therefore say that the effect of
a weak pretension with effective arrangement of the straps is to homogenize the wall, which makes
the defects and weaknesses of the mortar joints irrelevant.

3.3. Specimen M2-45

As with Specimen M1-45, the crisis was of a ductile type, with a final softening branch (Figure
21). However, the doubling of the reinforcement along the direction of the tensioned diagonal
hindered the opening of the cracks along the compressed diagonal to such an extent that the failure
mode presented characteristics different from those of Specimen M1-45:
¢  No primary cracks opened along the compressed diagonal;
¢  The maximum load (202 kN) is increased by 30% compared to the maximum load of Specimen

M1-45 (155 kN);

e  Thehigh load values and the lack of cracks along the compressed diagonal meant that the failure
occurred due to a combination of the punching effect of the load heads and boundary effects
(Figure 27).

In the final stages of the test, a bed joint also partially failed (Figure 27). Since this only occurred
at the end of the test, it is a secondary effect caused by the primary mechanism described above.
Despite the high degree of damage at the end of the test, the strapping system turned out to be only
partially damaged and still able to withstand loads.

Figure 27. Failure mode of Specimen M2-45.

This test also resulted in the breaking of some funnel plates (Figure 27). As already noted in [36],
this suggests that the maximum load could increase further by replacing the 3D printed plates with
metal rings [35].

4. Analysis of the results

In the initial phase of a load test, some coupling phenomena occur between the testing machine
and the specimen, which affects the acquisition of the experimental data [56]. This leads to a high
degree of uncertainty on the experimental results for low load values and deprives the initial part of
the stress/strain curves of any constitutive meaning. Since the initial slope of the stress/strain curve
provides the material stiffness in the linear elastic range, it is therefore of paramount importance to
define an adequate identification procedure for the reconstruction of the initial linear elastic behavior.
The reconstruction procedure adopted here is the one described in Reference [57].
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The stress redistribution occurring in the specimen in non-linear range does not affect the value
of the maximum principal stress, o; (the tensile stress in Appendix), computed with the linear elastic
solution [58]. For this reason and for the discussion on the interpretation of the diagonal compression
test made in Appendix, Equation (A26) will provide the values of the diagonal tensile strength later
in this document, as done also in References [40,41,59-61]:

P
far =0y, =05 | IL’"‘”‘, (5)
n
where:
®  |P|yay is the absolute value of the diagonal compression load, P, at collapse.;

e A, isthe net transversal area of the specimen.

The size of the wall specimens also motivates this choice, because it is slightly smaller than the
minimum specimen size ( 1200 X 1200 mm ) established by Reference [42] as reasonably
representative of a full-size masonry assemblage. Since Equation (5) provides the diagonal tensile
strength value recommended by [43] specifically for small walls specimens, it seems more suitable
for the interpretation of the experimental results of this work.

Having drilled the masonry wall for the passage of the straps, A, in Equation (5) is the
transversal area of the specimen net of the four perforations of diameter @, made along the diagonals:

4, = (WT” ~19)m, (6)

where n—the coefficient between 0 and 1, relating to the rate of voids in the specimen, with n =1
in the absence of voids (Appendix)—takes the value 0.97, as in Reference [62] (for the meaning of w,
h and t see Section 2).

It is worth noting that the tensioned straps compress the mid-plane of the masonry wall along
the edges of the specimen but not at its center of gravity [11], where the additional compressive
stresses are perpendicular to the mid-plane (Figure 1). Therefore, the tensile stress in the straps does
not change Equation (5), as it refer to the center of gravity of the specimen. This determines a
substantial difference between the diagonal compression test on wallettes strengthened with the
CAM® System and the diagonal compression test on wallettes strengthened with other surface
strengthening systems, such as FRCM (Fiber Reinforced Cementitious Matrix) materials. In the latter
case, in fact, the shear strength is the sum of two contributions [63]: the shear strength of the un-
strengthened wallette—related to the diagonal tensile strength of masonry, f;; [64,65]—and the in-
plane contribution of the FRCM reinforcement in terms of shear force [41,66].

4.1. Shear Stress/Shear Strain Curves

According to the discussion on the interpretation of the diagonal compression test (Appendix),
in the remainder of this paper the shear stress 7, will assume the approximated value provided by
the RILEM guidelines [43] (Equation (A22)):

Ty =1 06ﬂ (7)
xy : An,
with A4,, given by Equation (6).

The value used in this work for the shear strain is instead equal to the formulation proposed in

[42] and implemented by all the other standards:

_ AV +AH

Yxy = T' (8)

where:

e AV is the shortening in the direction parallel to loading (vertical direction);

e AH is the extension in the direction perpendicular to loading (horizontal direction);

e g is the gage length in the direction parallel to loading (the gage length for the identification of
AV must be equal to the gage length for the identification of AH [42]).
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Using the RILEM proposal for the shear stress (Equation (7)) instead of the ASTM proposal
(Equation (A9)) gives an increase of about 50% in the estimated value of 7,, and the shear modulus,
G (or modulus of rigidity, i.e., the modulus of elasticity in shear):

PRILEM = 1 5oASTH, ©)
Txy . .
G =—= (linear elastic range), (10)
Vxy
GRILEM ~ 1 5GASTM (11)

Figure 28 shows the difference between the two formulations in terms of shear stress/shear strain
curves, for specimen M1-90.

1.6

—ASTM
—RILEM

0 0.0001 0.0002 0.0003 0.0004 0.0005
Vxy [mm/mm]

Figure 28. Shear stress/shear strain curves for specimen M1-90, according to ASTM and RILEM
interpretations of the diagonal compression test.

The comparison between the shear stress/shear strain curves for the three specimens (Figure 29)
shows that neither the number of straps nor their arrangement have a significant effect on the tangent
at the origin, i.e. the modulus of rigidity G. In fact, the differences between the tangents at the origin
of Figure 29, better highlighted by the detail in Figure 30, largely fall within the dispersion range of
the experimental data. The number and the arrangement of the straps, on the other hand, have a great
impact on maximum shear stress (Sections 4.1.1 and 4.1.2), elastic moduli in uniaxial loading (Section
4.2), apparent Poisson’s ratio (Section 4.3) and pseudo-ductility (Section 4.4).

It is worth noting that it is possible to compare the tangents at the origin in Figure 29 thanks to
the reconstruction procedure adopted for low load values (Section 4). The reconstruction procedure,
in fact, consists in replacing the initial experimental data in the shear stress-shear strain curve with
an approximating straight-line segment [57]. This allows the identification of G as the initial slope
(tangent modulus) rather than the slope of the line connecting the origin to a point on the ascending
branch, with a prefixed shear stress (secant modulus). The mean value of the modulus of rigidity in
Figure 29 is:

G = 4952 MPa. (12)

This value, being independent of the number of straps applied, is reasonably equal to the URM
modulus of rigidity.
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Figure 29. Shear stress/shear strain curves for the tested specimens.
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Figure 30. Detail of Figure 29 for shear strain values between 0 and 0.001.

4.1.1. Contribution of the arrangement of the straps on the maximum shear stress

As far as the effect of the strap arrangement is concerned, the curves plotted in Figure 29
(together with the detail in Figure 30) lead to two main observations, with their respective
consequences:

e Asassumed in Section 1.2, the rectangular arrangement with straps parallel to the mortar joints
(in both directions) is labile. In fact, after a short horizontal plateau at the maximum shear stress
(Figure 30), specimen M1-90 undergoes a brittle failure. This means that the straps crossing the
failure planes are unable to counteract the relative displacements activated by the failure process
along the slip planes. Due to the forces acting orthogonally to their direction, these straps rotate
around the hinged nodes of the CAM-like system, which activates the free nodal displacements
of the unbraced scheme shown in Figure 3(a). Consequently, the rectangular strengthening
system with straps arranged along the mortar joints is ineffective in terms of increasing the
maximum load. However, it is not entirely useless: by keeping the various parts that make up
the masonry wall together even after the activation of the slip planes, it prevents the debris from
falling. In fact, the steel straps do not break at the maximum load. This allows them to act as a
debris containment garrison, similar to what rock-fall nets do on rocky slopes. Furthermore, the
box-type behavior created by the continuous strengthening system in a building (Figure S3)
prevents individual structural elements from out-of-plane overturning and the entire structure
from collapsing. Therefore, each structural element undergoes limited horizontal displacements
after failure, which allows us to define a pseudo-ductility even for the building that has exceeded
the shear strength. This makes the strap arrangement of specimen M1-90 a very useful tool for
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the (preventive) safety of the structures and, ultimately, for safeguarding the safety of the

inhabitants. As a final remark, since specimen M1-90 deviates only slightly from linearity up to

the maximum shear stress, it seems reasonable that the straps have no effect on the pre-peak
behavior of specimen M1-90. Thus, the maximum shear stress of specimen M1-90 is, to a good
approximation, the URM maximum shear stress.

e A +45° rotation of the straps allows the rectangular arrangement to find equilibrium, while
remaining a labile configuration. The curves of specimens M1-45 and M2-45 in Figure 29 testify
to the effectiveness of the +45° arrangement, since they continue well beyond the first peak,
caused by the initiation of the crisis in the masonry. This greatly increases the pseudo-ductility
of the strengthened masonry wall (Section 4.4). The activation of the strengthening system
allowed by the +45° rotation of the straps therefore transforms the failure of the specimen from
brittle to markedly ductile. The continuation of the curves beyond the peak of first crack (first
peak) is possible as the +45° arrangement of the straps is labile but balanced, therefore effective,
given the particular load condition. Figure 31 provides an explanation in the Mohr plane of the
effectiveness of the +45° arrangement for an actual case of masonry subjected to horizontal
(seismic) loading, using the Pole Method (Appendix).

These observations allow for a better understanding of the behavior of an entire masonry wall
strengthened with the CAM® System. In particular, Figure 31(a) shows the actual loading
condition—under horizontal seismic loading—that the diagonal compression test aims to simulate.
The stress state at the center of gravity, A, of Figure 31(a) is a pure shear stress state (as assumed by
the ASTM guidelines), much more similar to that produced at A by the shear test than by the
diagonal compression test. Therefore, the center of the Mohr circle for the actual load is at the origin
of the Mohr plane (Figure 31(b)). As explained in Appendix, however, the location of the center has
no effect on the principal directions found with the RILEM and ASTM guidelines. Furthermore, the
axes of Figure 31(a) make 45° angles with the axes of Figure A4(a) (x and y are parallel to the
horizontal and vertical mortar joints, respectively, in both figures). This does not change the positions
of the Q; and Q) stress points of Figure A4(b), but moves the Mohr pole, Q*, at the point of
coordinates (0, ‘ryx) (Figure 31(b)).

i

Tyy
(a) (b)

Figure 31. Straps activated by a seismic load: (a) In the plane of the wall; (b) As explained by the stress

analysis performed in the Mohr plane for the infinitesimal neighborhood of point A.

Of the two directions of the straps in Figure 31(a), one coincides with the first principal direction
(the direction of the maximum principal stress, o, in Figure 31(b)), while the other coincides with
the second principal direction (the direction of the minimum principal stress, oy, in Figure 31(b)).
The straps arranged along the first principal direction undergo a tensile stress, while those running
along the second principal direction are compressed straps. Since there are no forces applied
orthogonally to the straps, the external load does not modify the angles between the tensioned and
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compressed straps, although the static scheme of the strengthening system is still labile. This makes
it no longer necessary to brace the strengthening system to eliminate the free nodal displacements.

The straps subjected to tension resist the load due to the tensile strength of the steel (straps with
positive slope in Figure 31(a)). This delays the specimen failure as it counteracts the opening of the
failure planes. In other words, the tensioned straps have the same function as the bracing strip in
Figure 4(a). The straps subjected to compression (straps with negative slope in Figure 31(a)) are
instead ineffective as they undergo instability under axial compressive load. This is not a problem
since the forces applied along the direction of the compressed straps are not directly responsible for
the specimen failure. These straps are not needed (under the load in Figure 31(a)) just as the strip
along the second diagonal in Figure 4(a) is not needed.

When the horizontal external force reverses due to the oscillatory nature of the seismic action,
the two principal directions switch (Figure 32): the direction with positive slope becomes the
principal direction of compression (second principal direction) and the direction with negative slope
becomes the principal direction of traction (first principal direction). Due to the orthogonality
between both the principal directions and the two directions of the straps, the sign of the stress in the
straps also reverses. This means that, of the two directions of the straps, one coincides with the
direction of the maximum principal stress whatever the direction of the external force. The straps that
were in tension under the load in Figure 31(a) become ineffective, while those that were compressed
in Figure 31(a) now behave as tie rods. This gives rise to a further scheme with a single bracing strip
(Figure 4(a)), but with the bracing strip arranged along the second diagonal.
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Figure 32. Stress analysis performed in the Mohr plane for the infinitesimal neighborhood of point A
when the direction of the seismic load reverses.

In conclusion, the +45° arrangement of the straps is effective whatever the direction of the
external horizontal force. Furthermore, the coincidence between one of the two directions of the
straps and the direction of the maximum principal stress whatever the direction of the external force
ensures that the strengthening system has the same effectiveness for both directions of the
(horizontal) seismic action. This is a strong point of the rectangular arrangement with straps at +45°
compared to the triangular arrangement of the straps [19], as the latter (always balanced) is not
always able to ensure the same degree of effectiveness when the external load reverses. Therefore,
the rectangular arrangement with the straps oriented at £45° maximizes the effectiveness of the
CAM® System compared to other strap arrangements.

4.1.2. Contribution of the number of straps on the maximum shear stress

If the effectiveness of the rectangular strengthening system depends on the arrangement of the
straps, the degree of effectiveness depends on the number of straps used. In the +45° arrangement
with only one strap per loop (specimen M1-45 in Figure 29), the number of straps is not enough to
increase the maximum shear stress, which is almost the same as in specimen M1-90 (the URM
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maximum shear stress). Nevertheless, as highlighted in Section 4.1.1, the use of just one strap per
loop in the +45° arrangement is more than sufficient to increase the pseudo-ductility of the masonry
wall, considered as a structural element isolated from the rest of the structure (i.e., net of the box-type
behavior created by the CAM® System). The ultimate shear strain of specimen M1-45 is, in fact, about
81 times the ultimate shear strain of specimen M1-90 (Table 5). Furthermore, the action of the
tensioned straps after the first peak ensures that the specimen has a residual shear load bearing
capacity, with a residual shear stress value of about 0.886 MPa (Figure 29, Table 5). This value is
equal to about 63% of the maximum shear stress and 60% of the URM maximum shear stress (Table
5). The residual shear stress value remains nearly constant until the end of the test, which provides
the specimen with a long pseudo-plastic branch after the activation of the slip planes in the masonry.

Table 5. Main values of shear stress and shear strain.

Shear stress at the end Shear stress of Maximum Residual Shear strain at the
Specimen of the linear range first peak shear stress shear stress end of the test
[MPa] [MPa] [MPa] [MPa] [mm/mm]
M1-90 1.118 1.465 1.465 / 0.00047
M1-45 1.044 1.423 1.423 0.886 0.03806
M2-45 0.545 0.985 1.850 0.959 0.06469

In the case of application of the reinforcement system to an entire masonry building, the benefit
in terms of resistance to a seismic action provided by the use of a single strap per loop depends on
the structural ductility. That is, it depends on the ability of the single masonry element to bear the
high values of shear deformation that characterize the pseudo-plastic phase, when the seismic action
persists beyond the peak of first crack of the masonry. On the other hand, the individual masonry
elements benefit from the continuity of the reinforcement system, implemented in the building by
the CAM® System. Since the continuity of the strengthening system contributes to decreasing the
values of the horizontal displacements, we can conclude that even a single strap per loop is useful to
increase the seismic resistance beyond the shear strength capacity of the masonry.

In the specimen with two straps per loop along the tensioned direction (specimen M2-45 in
Figure 29), the maximum load increases by approximately 26% with respect to specimen M1-90. Also
the ultimate shear strain increases in specimen M2-45: it is approximately 138 times the ultimate shear
strain of specimen M1-90 (Table 5). After the shear stress drop following the first peak, the tensioned
straps allow specimen M2-45 to recover shear stress until it reaches and exceeds the shear stress of
first peak. A series of successive peaks follows the first peak, with increasing peak shear stress values,
which corresponds to the activation of new slip planes in the masonry. This indicates that the damage
to the masonry is a progressive phenomenon and does not occur in a single moment, as instead
happens in specimens M1-90. After the phase with increasing values of peak shear stress, specimen
M2-45 also shows a pseudo-plastic phase, which is even longer than the pseudo-plastic phase of
specimen M1-45. This second time, however, the plastic threshold does not denote a residual shear
load bearing capacity, as the maximum shear stress reached in the plastic threshold is also the
maximum shear stress attained by the specimen. The absence of a drop in shear stress between the
point of maximum shear stress and the pseudo-plastic threshold assures us regarding structural
ductility, since large shear strains are not necessary for the structure to benefit from the contribution
of the straps. The pseudo-plastic phase is then weakly decreasing, with some shear stress drops, due
to the progressive but slow damage to the strengthening system. At the end of the load test, the
specimen is still capable of withstanding a shear stress equal to 52% of the maximum shear stress and
65% of the URM maximum shear stress.

It is worth noting that the best-known traditional strengthening techniques share the common
feature of increasing only the ductility (path (a) in Figure 33) or the strength (path (b) in Figure 33) of
the strengthened structure. A strengthening technique using Fiber Reinforced Polymers (FRPs), for
example, increases strength but not ductility, bringing the structure to point (b) along the vertical
path in Figure 33. On the other hand, the CAM® System with traditional rectangular arrangement
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(specimen M1-90) increases ductility but not strength, bringing the structure to point (a) along the
horizontal path in Figure 33. The +45° orientation of the straps in the rectangular arrangement does
not change this behavior as long as the number of straps per loop is low (specimen M1-45). However,
it is possible to improve both ductility and strength by increasing the number of straps per loop in
the +45° arrangement (specimen M2-45). This makes the CAM® System a strengthening system
capable of increasing both ductility and strength, which brings the structure to point (c) in Figure 33.

A (b) Safe region

Required
seismic
performance

(g)

Unsafe
region

Strength

Before
retrofitting

Ductility

Figure 33. Seismic retrofitting provided by different types of strengthening systems, which: Increase
ductility but not strength (point a); Increase strength but not ductility (point b); Increase both strength
and ductility (point c).

Figure 29 (together with the detail in Figure 30) allows drawing one observation that concerns
the shear stress of first crack (shear stress of first peak). For specimens M1-90 and M1-45, the shear
stress of first crack is equal to the maximum shear stress. The difference between the shear stresses
of first crack of specimens M1-90 and M1-45 is small (Figure 30, Table 5) and could be within the
dispersion range of the experimental data. However, specimen M1-45 loses linearity at approximately
1.044 MPa, which corresponds to 73% of the maximum shear stress, while specimen M1-90 is linear
up to approximately 1.118 MPa, which corresponds to 76% of the maximum shear stress (Figure 30,
Table 5). This indicates that damage occurs slightly earlier in the specimen with effective
strengthening (specimen M1-45) than in the specimen with ineffective strengthening (specimen M1-
90). Therefore, it appears that the use of effective strengthening anticipates the onset of damage in
the masonry. Specimen M2-45 confirms this conclusion, as the increase in the number of straps
considerably decreases the shear stress of first crack, the shear stress at the end of the linear range
and the ratio between the latter and the shear stress of first crack. The shear stress at the end of the
linear range is, in fact, about 55% of the shear stress of first peak.

A further effect of the number of straps on the damage suffered by the masonry concerns the
reduction of the slopes at the exit of the linear range, markedly greater in specimen M2-45 than in
specimen M1-45. Since a decrease in the slope of the shear stress/shear strain curve means that the
shear stiffness decreases due to damage, the damage that occurs in specimen M2-45 at the exit of the
linear range is therefore greater than the damage that occurs in specimen M1-45. Well, the cause-
effect link between the increase in the number of straps of the CAM® System and the early
appearance of both the damage and the first crack confirms the findings of Reference [11], where this
phenomenon finds a theoretical explanation in the Mohr plane.

4.2. Stress/Strain Curves

In most of the scientific literature, it is customary to derive the Young modulus (i.e., the modulus
of elasticity in tension and compression) of masonry from the relationship valid for materials in the
linear-elastic, homogeneous and isotropic state [67]:
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E =2(1+v)G, (13)

where:

e E isthe Young modulus;

. v is the Poisson ratio, conventionally assumed equal to 0.25 [34,68-70];
e G is the shear modulus, defined by Equation (10).

The choice of the value 0.25 for the Poisson ratio, however, does not seem appropriate for
masonry. This is, in fact, a more appropriate value for cast iron or carpentry steel, while brittle
materials such as concrete have much smaller Poisson ratios in the linear elastic range [71]. Since it
seems reasonable that this also applies to masonry, in this article we will not use the conventional
value v =0.25 for the calculation of E. Instead, we will adopt an approach based on the
interpretation of the diagonal compression test in the Mohr plane. The Pole Method (Appendix), in
fact, associates the principal stresses to the directions of the two diagonals (Figure A4), which are also
the directions of acquisition of the displacements. This allows for the identification of approximated
stress/strain relationships in both uniaxial tension and uniaxial compression (Figures -), with:

e  The stresses given by the principal stresses, g; and oy, in the RILEM interpretation of the
diagonal compression test (Equation (A24));

e Thestrains, ¢, and ¢,, obtained as the ratios of the relative displacements between the ends of
the horizontal and vertical potentiometers (Section 2.3) to the initial lengths of the

potentiometers:
AH
&p = 7, (14)
AV
&= (15)

where the symbols AH, AV and g take on the same meaning they have in Equation (8).

The slopes at the origin of the ¢;/¢, and 0y;/¢, curves do not provide exact values of the Young
modulus because the actual stress state in the center of gravity of the specimens is not uniaxial, but
biaxial. Consequently, from Hooke’s laws for the biaxial state of stress it follows that E is not a
coefficient of direct relationship between o; and ¢, and between o;; and ¢,:

1

&p = E [o; — voy], (16)
1

& = E[Uu — voyl. (17)

However, in the assumption that v takes on very low values, it is permissible to neglect the
Poisson effect (Section 4.3) to obtain Young’s moduli as a first approximation. The values of v
identified in Section 4.3 are actually significantly less than 0.25. It is worth noting, however, that the
values of v in Section 4.3 come from displacements acquired along the entire diagonals. Since these
displacements include the non-rheological effect of crack openings (see Section 4.3 for further details),
it is reasonable to assume that the Poisson ratios identified after excluding the non-rheological
contribution would be even smaller. The ongoing revision of the interpretation of the diagonal
comprehension test [73]—an integral part of this article—is actually providing Poisson ratios one
order of magnitude lower than those reported in Section 4.3. This makes the evaluation of E using
the o;/¢, and oy,/¢, curves acceptable as a first approximation.

As usual with brittle materials, in Figures - the stress-strain curves in uniaxial compression
occupy the first quadrants and the stress-strain curves in uniaxial tension occupy the third quadrants.
Therefore, the stresses along the vertical axes are the sign-changed principal stresses:

o' = —oy, (18)

o'y = —oy, (19)
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and the strains along the horizontal axes are ¢, and ¢, changed in sign:

* —
Eh="¢n (20)
*
&y, ==&, (21)
3

=
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Figure 34. Uniaxial stress/strain relationships obtained for Specimen M1-90.
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Figure 35. Uniaxial stress/strain relationships of Specimen M1-45: (a) Until the end of the loading test;
(b) Truncated, to highlight the difference in slope at the origin in the two quadrants.
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Figure 36. Uniaxial stress/strain relationships of Specimen M2-45: (a) Until the end of the loading test;
(b) Truncated, to highlight the difference in slope at the origin in the two quadrants.

Due to the identification procedure adopted for the stress-strain curves under uniaxial loading,
all considerations on the effect of the arrangement and the number of straps made for the shear
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stress/shear strain curves (Section 4.1) extend to the curves in Figures -. In particular, the diagonal
tensile strength given by Equation (5) returns almost the same value of f;, for Specimen M1-90 and
Specimen M1-45, while the value of f;; in Specimen M2-45 is 1.30 times the value of f;; in Specimen
M1-45.

In addition to this, the comparison between the first and third quadrants in Figures - provides
new information:
e The 0.3 ratio of the estimated diagonal tensile strength, f;:

fdt = O-Imax = _G*Imin’ (22)
to the estimated diagonal compressive strength, f;.:
fdc = _O-”min = O-*”max’ (23)

is a direct consequence of the ratio of the two principal stresses, o; and o;; in Equation (A24). This

value, however, does not comply with the experimental results on tensile and compressive strengths

of masonries, f, and f, respectively. In fact, although it is difficult to identify a reliable value of

tensile strength with the standard statistical methods, the ratio f, /f . is usually less than 0.1 [72].

As specified above, it is incorrect to confuse f, with f, and f, with f . However, the difference

between the f;:/fs. and f;/f. ratio is too large to depend only on the approximations introduced.

e  Since specimen M1-90 behaves like an URM specimen, the different values assumed by the initial
slopes in the two opposite quadrants of Figure would indicate that the tensile stiffness of the
URMs is different from the compressive stiffness. In fact, even the difference between these
slopes is too large to depend only on the approximations introduced. This would mean that there
is no single Young’s modulus in tension and compression in the URMs, which is physically
unacceptable. In particular, Figure shows an estimated Young modulus in compression, E,
that is significantly lower than the estimated Young modulus in tension, E, (Table 6).

e  Thedetails in Figures (b) and (b) show that E; and E, take on different values in both Specimen
M1-45 and Specimen M2-45 (Table 6), which is not evident from Figures (a) and (a). However,
although it is reasonable to think that the straps modify the stiffness along the first principal
stress direction, the inconsistencies that emerged regarding the discussion on the values of E;
and E, for Specimen M1-90 do not allow us to reach definitive conclusions on the elastic moduli
for the RMs.

It is worth noting that the ASTM interpretation of the diagonal compression test provides the
even more unacceptable result f /f 4. =1 and an even greater difference between the two
estimated elastic moduli (with E, < E,). Therefore, the RILEM approach is undoubtedly an
improvement of the ASTM approach. However, the inconsistencies on the ratio f /f 4c and on the
estimated Young modulus of Specimen M1-90 seem to indicate that the RILEM interpretation of the
diagonal compression test does not provide reliable values for o; and o;;, which leads to non-
reliable values of f;; and f;.. In particular, the RILEM approach seems to underestimate the
hydrostatic stress state at the center of the specimen, which is responsible for the translation of the
Mobhr circle along the horizontal axis. In fact, a further translation along the direction of the negative
semi-axis of the g, would decrease both the ratio f;,/f;. and the ratio E;/E., leading to results
more consistent with the experimental evidence. Since it requires too much space for a complete
development, the treatment of this specific aspect will be the subject of a subsequent article [73].

Table 6. Estimated values of elastic moduli and their ratio.

Specimen E. [MPa] E, [MPa] E./E,
M1-90 9551 22676 2.37
M1-45 7385 23375 3.17

M2-45 8080 31496 3.90
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In conclusion, the estimated elastic moduli in Table 6 do not provide useful quantitative
indication on the effect that the reinforcement has on the elastic properties of masonry walls. Their
ratio, however, could have a meaning. Obviously, it is not a meaning related to the numerical value
itself, but a meaning related to the trend of the ratio E;/E. as the number of active straps varies. In
fact, remaining established that it is logical to expect a value E,/E, = 1 in specimen M1-90 (that is,
in the URMs), the increase of E;/E. as the straps become active and as the number of straps increases
could indicate an anisotropy of the mechanical properties induced by the reinforcement. This actually
makes sense, as the straps increase the stiffness along the tensile direction while being ineffective
along the compressive direction. Ultimately, it is an effect of the unidirectionality of the active straps,
which unites the CAM® System with other uniaxially aligned reinforcement systems. Even the latter,
in fact, lead to anisotropy of strength and Young’s modulus [74].

4.3. Poisson’s ratio and apparent Poisson’s ratio

The Poisson effect is the tendency of a material to expand along directions perpendicular to the
uniaxial direction of compression and to contract along directions perpendicular to the uniaxial
direction of tension. In order to provide a measure of the Poisson effect, it is customary to calculate
the negative of the ratio of the strain in directions perpendicular to the direction of uniaxial loading,
&y, to the axial strain, &,:

__ &
v=-r (24)

where v takes the name of Poisson’s ratio. As specified in Section 4.2, it is reasonable to assume that
the actual value of the Poisson ratio for masonry in the linear elastic range is much lower than the
conventional value of 0.25, suggested for the use of Equation (13). To verify this assumption, the
problem now arises of identifying the Poisson ratio for the tests carried out. The values of the — ¢ /¢,
ratio beyond the linear elastic field will then be useful to propose a new criterion for identifying the
yield shear strain (Section 4.4), the value of which is still a source of debate among researchers.

In the specific case of the tests covered by this paper, ¢, is the tensile strain (Equation (14)) and
€, is the compressive strain (Equation (15)). As already discussed in Reference [71], however, the
second member in Equation (24) actually provides a measure of the Poisson effect only as long as it
makes sense to treat the acquired data in the context of continuum mechanics. If a crack that
propagates in Mode 1 (Figure 37) crosses one of the two potentiometers, in fact, the relative
displacement between the ends of that potentiometer is the sum of two effects: the deformation of
the body (rheological effect) and the opening of the crack (non-rheological effect). In these
assumptions, the ratios in Equations (14) and (15) no longer provide a pure rheological information,
that is, the strain at a given point. They continue to have meaning only in the sense of engineering
strains. Consequently, also the ratio in Equation (24) loses all rheological meaning starting from the
moment in which the cracks start to propagate in the specimen. For this reason, we will continue to
refer to the second member of Equation (24) as the negative of the ratio of the engineering strains
along the two diagonals, avoiding calling it Poisson’s ratio. For the sake of brevity, we will denote
the second member of Equation (24) as the apparent Poisson’s ratio.

i
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Figure 37. The three modes of crack propagation in fracture mechanics.

Incidentally, it is worth mentioning that the discussion on the displacements caused by the
opening of cracks during a mechanical resistance test assumes a more general meaning, as it allows
us to investigate the actual nature of strain-softening in brittle materials [56] and to formulate new
constitutive laws in tension [75] and compression [76,77].

The ranges of compressive strains in the figures of the apparent Poisson’s ratio (Figures 38-40)
are the same as the ranges of ¢*,, in Figure and the details in Figures (b), (b), respectively.
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Figure 38. Apparent Poisson’s ratio versus strain &*,: specimen M1-90.
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Figure 39. Apparent Poisson’s ratio versus strain €*,: specimen M1-45.
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Figure 40. Apparent Poisson’s ratio versus strain &*,: specimen M2-45.

Although devoid of actual rheological significance, the curves in Figures 38-40 nonetheless
provide some useful information. Of particular interest is the comparison between the values of the
apparent Poisson’s ratio in the range 0 < £*, < 100. Specimen M1-90 is the only one of the three
specimens for which the apparent Poisson’s ratio has a decreasing behavior in this range, after an
initial constant branch. This may depend on the collapse of the walls of the internal micro-cavities,
which occurs for a given critical load value, causing a partial implosion of the specimen.

It is possible that the pre-tensioning operations in specimens M1-45 and M2-45 caused a crushing
of the walls of the micro-cavities right along the direction of application of the load, while this did
not occur in specimen M1-90. In the latter specimen, in fact, the initial crushing would at most have
occurred along directions inclined by +45° with respect to that of application of the load. This could
explain the absence of a decreasing behavior in the range 0 < ¢*, < 100 for the specimens M1-45
and M2-45, since the crushing of the walls of the micro-cavities in the direction of load application
would have occurred before the start of the load test. In support of this hypothesis, the value of the
apparent Poisson’s ratio at the end of the range 0 < &*, < 100 in specimen M1-90 is very similar to
the initial value of the apparent Poisson’s ratio in specimen M1-45 (—¢, /¢, = 0.098), which differs
from specimen M1-90 in the orientation of the straps but not in the number of the straps. This could
also explain why the value of E, in Table 6 is lower for specimen M1-45 than for specimen M1-90.
The crushing along the direction of load caused by the tensioning of the straps in specimen M1-45, in
fact, determines a decrease in the value of tangent at the origin of the ¢*;;/¢*, curve. In specimen
M2-45, the combined action of the greater number of straps along the tensioned diagonal and of the
Poisson effect partially compensates for this decrease.

As previously stated, only the initial values of the apparent Poisson’s ratios in Figures 38-40
coincide with the actual Poisson’s ratios, v, of the three specimens. The values of v identified as the
apparent Poisson’s ratios at the beginning of the tests (Table 7) allow us to draw the following
conclusions:

e  Since the strengthening system of specimen M1-90 is labile (Section 4.1.1), the value v = 0.130
in Table 7 represents the URM Poisson’s ratio. This value is about 52% of the assumption v =
0.25, usually made to identify the Young’s modulus from the shear modulus with Equation (13).
This poses a well-founded reason for uncertainty on the values of Young’s modulus obtained in
the literature from the use of Equation (13) with v = 0.25, which leads to an overestimation of
the Young modulus equal to about 11%.

e The Poisson ratios of the specimens with effective strengthening (specimens M1-45 and M2-45)
are lower than the Poisson ratio of the specimen with ineffective strengthening (specimen M1-
90) and the difference is greater the greater the number of straps. The reason for this is twofold:
the possible crushing of the walls of the micro-cavities during the pre-tensioning operations and
the confining action of the straps arranged along the direction of the maximum principal stress
(horizontal straps), which decreases the value of &,. The decrease in Poisson’s ratio in RMs
compared to URMs makes the use of Equation (13) —together with the hypothesis v =
0.25—even more unacceptable in RMs than in URMs. In fact, the overestimations of the Young
modulus for specimen M1-45 and specimen M2-45 would be about 14% and 16%, respectively.

Table 7. Poisson’s ratio values identified from the acquired displacement data.

Specimen v
M1-90 0.130
M1-45 0.098

M?2-45 0.079
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4.4. Pseudo-ductility

Structural ductility is the ability of a building to undergo lateral displacements without
collapsing. The pseudo-ductility factor, y, is a measure of the ductility of an individual structural
element in a building;:

Yu
H=—

Y, (25)

where y, is the ultimate shear strain and y, is the yield shear strain of the structural element. The
pseudo-ductility factor is useful in the design based on the demand capacity phase diagram, to
generate a pushover curve for the building.

In masonry wall specimens, finding the ultimate shear strain and the yield shear strain is not
easy due to the brittle behavior of masonry and the occurrence of micro-damage phenomena at
relatively low load values. There are therefore various proposals in the literature for the identification
of y, and y,. Some of the more commonly used ones for y, are:

e  The shear strain at the ultimate point of the shear stress-shear strain curve [69];

e  The shear strain at the peak point of the shear stress-shear strain curve [78];

e  The shear strain at the point on the descending branch of the shear stress-shear strain curve
where the shear stress is 80% of the maximum shear stress, 7,4, [59,68,70,79];

e  The shear strain at the point on the descending branch of the shear stress-shear strain curve

where the shear stress is 50% of the maximum shear stress, T4, [80].

Given the ability of the CAM® System to avoid the collapse of the structural element even for a
high degree of damage (Section 4.1.1), it seems reasonable to assume that the value of y,, for the tests
performed in this work is the shear strain at the ultimate point of the shear stress-shear strain curve.

The determination of Y, is even more uncertain than that of y , due to the lack of a clearly

identifiable yield point in the shear stress-shear strain curves. All proposals, however, share the
common idea that Y, is the value of shear strain measured at a point of the (actual or linearized) first

ascending branch of the shear stress-shear strain curve. In particular, y, is the shear strain at the

point:

e Where the shear stress-shear strain curve exits its linear state [78,81];

e  Where the tangent at the origin intersects the horizontal tangent at the peak point of the curve
[78];

e  Where the second branch of the bilinear approximating relationship ends [82-84];

e Where the area under the experimental curve is equal to the area under the bilinear elasto-plastic
approximating relationship [68];

e  Where [85]:
1. the shear stress is 85% of the maximum shear stress, T4y, if:

24
Vi <—, (26)
ke

with: A the area below the shear stress-shear strain curve from the first point of the curve to the point
corresponding to 80% of the maximum shear stress on the descending branch; k, the slope of the
line connecting the first point of the shear stress-shear strain curve to the point corresponding to 40%
of the maximum stress;

2. the shear strain takes on the value:

’ 24 24
Yy = Yu— V&-k—lf%f>k—: (27)
e e

e Where the shear stress is 80% of the maximum shear stress, T,,4, [79];
e  Where the shear stress is 75% of the maximum shear stress, 7,4, [9,59,81];
e  Where the shear stress is 70% of the maximum shear stress, T,,,, [81]-
Despite the numerous existing formulations, it is common opinion that it is necessary to
introduce a new definition for the yield shear strain in both the URMs and the RMs [68], since the
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previous ones often lead to inconsistent results in terms of pseudo-ductility [70]. The proposal made
here is to use the apparent Poisson’s ratio as a critical parameter for the identification of y, in
masonry solids. Indeed, since masonry is a brittle material, its yield point is, more properly, the point
at which the phenomena of progressive cracking significantly alter its behavior at the mesoscale.
Well, being composed of a (constant) rheological quota and a non-rheological quota associated with
the opening of cracks in Mode I, the variation of the apparent Poisson ratio is a valid indicator of the
propagation of damage phenomena inside the specimen.

The curves in Figures 38-40 share the common feature of showing an initial branch where the
apparent Poisson’s ratio increases slowly and a second branch, separated from the previous one by a
knee point, where the apparent Poisson’s ratio increases much more rapidly. Assuming that the
instantaneous increase in the first derivative of the three curves indicates a significant modification
of the resistant scheme at the mesoscale, the value of apparent Poisson’s ratio at the knee point (v,
is the critical parameter useful for the new definition of y, in masonries. Therefore, in the remainder
of this paper, y, is the shear strain at the point where the apparent Poisson’s ratio equals v,,. The
corresponding value of shear stress is 7,,.

As shown in Table 8, the two specimens with one strap per loop (specimens M1-90 and M1-45)
reach the yield shear strain for almost the same value of v, even though the Poisson ratio of
specimen M1-45 differs from that of specimen M1-90 by 25% (Table 7). Ultimately, this is a
consequence of an observation made in Section 4.3, that is, two specimens with the same number of
straps per loop tend to assume the same value of apparent Poisson’s ratio in the early stages of the
load test, regardless of the arrangement of the straps. It therefore seems that the value of v depends
on the number of straps, while it does not depend of the arrangement of the straps. The latter instead
has a strong impact on the pseudo-ductility (Table 8), since the arrangement of the straps in specimen
M1-90 is ineffective while it is effective in specimen M1-45.

Table 8. Pseudo-ductility factor and parameters necessary for its identification.

. Yot T Ty/Tmax Y
Specimen [mmi/lmm] Vy [Mly’a] y[%] [mm/}llnml K
M1-90 0.00047 0.214 1.453 99 0.00035 1.34
M1-45 0.03806 0.210 1.369 96 0.00038 99.82
M2-45 0.06469 0.084 0.613 33 0.00013 513.97

* The values of this column are the same values collected in the last column of Table 5, transcribed here to
facilitate the comparison between y,, and y,,.

The values of 7, in Table 8 confirm that the strengthening anticipates the onset of damage
(Section 4.1.2). In fact, both the values of 7, and the ratios 7, /T
effective strengthening (specimens M1-45 and M2-45) compared to the specimen with ineffective
strengthening (specimen M1-90), which is a direct consequence of the early occurrence of damage in

max are lower in the specimens with

specimens with effective strengthening. In particular, 7, and the ratio 7, /Tmax depend on both the
arrangement and the percentage of reinforcement, assuming smaller values the more effective the
strengthening and the greater the number of straps. Furthermore, taking specimen M1-90 as the
reference specimen (the URM specimen), the values of 7, for specimens M1-45 and M2-45 are,
respectively, 93% and 42% of the 7,4, of specimen M1-90 (t55Y). Therefore, also the ratio 7, /TH5y
depends on both the arrangement and the percentage of reinforcement, assuming smaller values the
more effective the strengthening and the greater the number of straps.

As a final remark, the non-constant value of the ratio 7,,/7yq, could explain why calculating y,
as the shear strain at a fixed percentage of the maximum shear stress can capture the behavior of only
some specific reinforcement configurations in URMs and RMs, failing to obtain a generalizable
formulation.
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4.5. Comparisons

Figure 41 shows the experimental results in the form of radar diagrams, in which the values of
each variable, X, are adimensionalized and rescaled so that they end up ranging from 0 to 1
(normalization of X, also known as Min-Max scaling technique):

5 X —Xmin

X Xmax = Xmin ' (25)
where X, .. is the maximum value in the dataset attained by the variable X and X, is the
minimum physically acceptable value for X (in Figure 41, X,,;, = 0 for all variables).

The seven variables in Figure 41 are the normalized values of:

e  The residual shear stress at the end of the test (Z,,);
e  The ultimate shear strain (7,);

e The maximum shear stress (T,,qx);

e  the Poisson ratio (V);

e The shear stress at yielding (%,);

e The shear strain at yielding (7,);

e The pseudo-ductility factor ().

AN A
7y 7,
A A A
I H I
AA A
Tina 7}/ Tina
A A A
z, v z, 1%
(b) (0)

Figure 41. Radar diagrams of: (a) specimen M1-90; (b) specimen M1-45 and (c) specimen M2-45.

The radar diagrams in Figure 41 provide a synthetic and intuitive view of the effects of the
strengthening technique on the mechanical properties of the RMs. In particular:

e  The larger area covered by specimens M1-45 (Figure 41(b)) and M2-45 (Figure 41(c)) compared
to specimen M1-90 (Figure 41(a)) along the axes of the variables [, ©,, #, and T4, is a
measure of the increase in both shear strength and ductility, a specific feature of the CAM®
System. Of particular relevance are the values along the 7, axis. In fact, since in specimen M1-
90 %, = 0, the strengthening gives the masonry walls a characteristic that the masonry does not
possess, that is the ability to withstand shear stresses even for large values of the shear strains,
without ever reaching an actual failure. Therefore, the strengthening not only significantly
increases the low values of some variables in the ultimate state, such as 7, and f, but also gives
the masonry walls completely new characteristics.

e  The smaller area covered by specimens M1-45 (Figure 41(b)) and M2-45 (Figure 41(c)) compared
to specimen M1-90 (Figure 41(a)) along the axes £, and 7, does not in itself have a negative
meaning. It simply indicates that damage occurs earlier in RMs than in URMs, but this has no
negative effect on the overall behavior at the ultimate state (governed by the variables f, £, and
7,) and the shear strength (governed by the variable 7,4,).

e  The variation of the values of ¥ indicates that the strengthening technique decreases the Poisson
ratio, which requires evaluation on the single test set-up.

For all of the above observations, the area of the radar diagram that returns a measure of the
specimen performance is the one covered by the axes {1, T, ¥, and f,,4,. Therefore, the larger this
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area, the better the sample performs. This means that the best performance belongs to specimen M2-
45 (Figure 41(c)).

5. Conclusions

This paper investigated the effectiveness of CAM-like systems with stainless steel straps
arranged in squares (rectangular arrangement) in increasing the shear strength of masonry walls. The
experimental results showed that a non-optimal arrangement of the straps leads to only partial
exploitation of the reinforcement. In particular, the effectiveness of CAM-like systems is a function
of the direction of the straps, being minimum for straps parallel to the mortar head and bed joints
and maximum for straps forming angles of +45° with the mortar joints:

e  The straps parallel to the mortar joints (one strap per loop) provide no increase in both shear
strength and ductility. However, they are helpful in preventing falling debris, which is a major
cause of injury.

e  The straps forming +45° angles with the mortar joints (one strap per loop) do not increase the
maximum shear stress but provide the masonry wall with the ability to withstand large shear
strains without losing shear-bearing capacity.

e By increasing the number of straps per loop in the +45° arrangement, both the maximum shear
stress and the ductility increase. This means that the CAM® System is a strengthening system
capable of increasing both ductility and shear strength.

As discussed in the paper, these results were partly predictable as a direct consequence of the
static analysis of a rectangle made of hinged strips, which is the reference static scheme in the CAM®
System with a rectangular arrangement. Precisely the predictability of these results is indeed the main
motivation of this work. Besides the expected results, however, the analysis of the experimental
results performed in the Mohr plane and the concept of apparent Poisson’s ratio—introduced in
previous works—provided some unexpected findings on the mechanical properties of both URMs
and RMs. As far as the mechanical properties of the URMs are concerned:

e  The static analysis performed in the Mohr plane according to the RILEM interpretation of the
diagonal compression test leads to stress/strain curves that are not consistent with the
experimental evidence, for the values assumed by both the ratio f;./f;. and the ratio E;/E,.
The reason for this seems to lie in the underestimation of the hydrostatic stress at the center of
the specimen by the RILEM approach. Therefore, the interpretation of the diagonal compression
test needs a more accurate analysis in the Mohr plane.

e  The Poisson ratio, v, is much smaller than 0.25, which is the value usually taken as a reference
in interpreting the experimental results of masonry walls. The experimental program provided
the value v = 0.13, which is about 52% of the conventional value v = 0.25.

e In the context of linear elasticity for homogeneous and isotropic materials, the usual
overestimation of the Poisson ratio leads to an overestimation of the Young modulus of about
11%, which gives rise to a well-founded doubt on the values of Young’s modulus obtained in
the literature from diagonal compression tests.

e  The apparent Poisson’s ratio is decreasing for low values of the applied load and increasing for
high values of the applied load. The reason for the initial decreasing behavior could be the
presence of micro-cavities that collapse during the early stages of the load test.

This second group of results shows that many of the assumptions usually made in the study of
masonry are too simplistic and need further investigation. Therefore, the results of this work also
provide some useful indications for a better understanding of the mechanical properties of masonry,
going beyond the initial intent of a simple insight into the CAM® System.

From the analysis of the results on the RMs, it was possible to conclude that:

e  The use of CAM-like strengthening systems anticipates the onset of damage and shortens the
length of the initial linear branch.

e The value of v depends on the percentage of reinforcement. In particular, the greater the
percentage of reinforcement, the lower the value of v. This makes it impossible to use a single
value for the Poisson ratio in RMs, which is in any case lower than that in URMs.
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e  Being a greater overestimation in RMs than in URMS, the value of 0.25 usually assumed for the
Poisson ratio leads to even greater overestimations of the Young modulus.

e  The trend of the apparent Poisson’s ratio is different from the trend of the apparent Poisson’s
ratio in diagonal compression tests performed on URMs, since it gives rise to a monotonically
non-decreasing function. This could be a consequence of the pre-tensioning of the straps, in
particular of those arranged along the direction of the load. In fact, the pre-tension could cause
the collapse of the micro-cavities before the start of the load test, which would eliminate the
initial decreasing branch in the law of the apparent Poisson’s ratio.

e  The experimental program provided evidence of a possible anisotropy caused by the use of
straps in CAM-like strengthening systems.

The experimental program therefore provided new insights into Poisson’s ratio and Young's
modulus even for masonry walls strengthened with CAM-like systems.
A final conclusion applies to both URMs and RMs, regarding the value of the yield shear strain,

¥, useful for identifying the pseudo-ductility factor, u. Following the common idea that y, needs a

more coherent definition, the new proposal made in this paper is to relate ¥, to the law of the
apparent Poisson’s ratio: in this paper, y  is the value of shear strain at which the first derivative of
the apparent Poisson’s ratio undergoes a sudden increase. The new proposal for ¥, resulted in

values of p that successfully represent the performance of the three specimens, while the
formulations that identify the value of y, as the shear strain at a fixed percentage of the maximum

shear stress do not correctly capture the onset of damage.

6. Future Developments

The experimental results showed that the 3D printed funnel plates for the protection of the
perforations are the weak elements of CAM-like strengthening systems. In addition to causing drops
in the applied load, the breakage of the funnel elements is particularly harmful because it interrupts
the continuity of the strengthening system, which is the main characteristic of the CAM® System.
Despite the ecological motivation underlying the use of PLA in this research, in future experiments
it will therefore be desirable to use steel elements, which will allow exploiting the full potential of the
strengthening system. In addition to steel funnel elements such as those patented with the CAM®
System, toroidal elements similar to those used in Reference [35] may be suitable for the purpose.

A further reason for future reflection derives from the inconsistencies that emerged in the use of
the RILEM guidelines for the interpretation of the diagonal compression test. Due to the complexity
associated with formulating a new interpretation of the diagonal compression test, this topic will be
the subject of a subsequent article (Reference [73]), which will constitute the continuation and
completion of the present article. The new formulation will allow us to rework the experimental
results of Specimen M1-90, to identify more realistic values of the elastic coefficients E, ¢ and v in
the URMs.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Special stainless steel elements for masonry protection: (a) Along the
edges at wall ends (rounded angles); (b) Along the edges generated by the perforations (funnel plates); Figure
S2: Four stainless steel straps of the CAM® System sharing the same perforation; Figure S3: Box-type behavior:
by tying all the construction elements together, the building behaves as a single unit; Figure S4: Stress transfer
mechanism from a loop-shaped stainless steel strap placed in tension to the masonry enclosed within it.
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Appendix A

Some insights into the interpretation of the diagonal compression test

As mentioned in Section 2, the interpretation of the diagonal compression test is controversial
[2], which leads to multiple interpretive models [42,43,58,86-89].

All the interpretations of the diagonal compression test share the common idea that the failure
of the specimen occurs at its center of gravity. Therefore, all proposed formulas refer to the stress
state at the center of gravity of the specimen.

With reference to the symbols in Figure Al:

e P isthe diagonal compression load applied during the test;

e« isthe angle between the direction of loading and the horizontal mortar joints (bed joints);

e A is the center of gravity of the wall specimen and origin of the local reference frame;

e x and y are the axes (of the local reference frame of origin A) parallel, respectively, to the
horizontal mortar joints (bed joints) and to the vertical mortar joints (head joints);

e 0, is the normal stress acting—in the x direction—on the planes of the infinitesimal
neighborhood of A that are perpendicular to the x axis;

e 0, is the normal stress acting—in the y direction—on the planes of the infinitesimal
neighborhood of A that are perpendicular to the y axis;

* T, is the shear stress—directed along the y axis—acting on the planes of the infinitesimal
neighborhood of A that are perpendicular to the x axis (the x index designates the unit normal
vector to the coordinate plane on which the shear stress acts, the y index identifies the
coordinate direction along which the shear stress acts).

P

Figure Al. Normal and shear stresses in the infinitesimal neighborhood of point A, the center of
gravity of the wall specimen.

Since t,,, the shear stress—directed along the x axis—acting on the planes of the infinitesimal
neighborhood of A that are perpendicular to the y axis, is equal to 7,,:

Tyx = Txys (AT)

the symbol 7,, in Figure Al represents both the shear stress on the planes perpendicular to the x
axis and the shear stress on the planes perpendicular to the y axis.

In the standard interpretation of the diagonal compression test, the compressive load, P, applied
along one diagonal of the square specimen causes a diagonal tension failure with the specimen
splitting apart parallel to the direction of load [42], starting from its center of gravity. According to
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the maximum-principal-stress criterion [75,90], this led to the identification of the diagonal tensile
strength of masonry,f;;, as the maximum value attained by the maximum principal stress o; (the
tensile stress), at the center of gravity of the specimen:

fdt = O-Imax’ (AZ)

where oy, the greater of the two principal normal stresses (principal stresses), o; and oy;:

o, +o O, — Oy 2
O = x2 yi\](—xz y) + %y, (A3)

has the direction of the diagonal perpendicular to the load P (the horizontal diagonal in Figure A1l).
The maximum-principal-stress criterion, in fact, postulates that the crack propagates in a direction
perpendicular to the maximum principal stress (when o; > 0).

In most codes and standards, the diagonal tensile strength of masonry, fy,, is calculated as if the
center of gravity of the wall were in a stress state of pure shear, assuming a uniform shear stress
distribution within the wall:

o, =0, (A4)
oy =0, (A5)
0p = =011 = Txy- (A6)

In particular, the American standard (ASTM E519/E519M - 15 [42]), decomposes P along the
directions of the head and bed joints, which gives the shear stress:

|P|cosa
Ty = ,
Ay

(A7)

where A4, is the net transversal area of the specimen of width w, height h and thickness t:
w+h

n = 2
n being the percent of the gross area of the unit (the brick) that is solid—for solid units and ungrouted

hollow units—expressed as a decimal.
For a loading direction angle equal to m/4 (as is the case of a square wall specimen), Equation

tn, (A8)

(A7) takes the form:
_ Pl
fy =2 (A9)
n
and f;, assumes the value:
|P|max |P|max
= = = 0.707 ,
far =01, Y 2, (A10)

|Plmax being the value of |P| at collapse.

Due to the equality between the first and third term in Equation (A6), the value given by
Equation (A10) is equal to the pure shear stress, 7y, at collapse, i.e. the pure shear strength of
masonry, Tgo:

P
Tao = To(IPl = IPlnax) = far = 0.707 —F=, (A11)
n
which provides the shear force, V,:
Ve = T40An = Plmax 0.707|P| (A12)
t do‘in \/E =Y max-

In the modified Mohr plane, with axes (o,, and 7,) normalized with respect to the ratio |P|/Ay:
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A An
6n = Onpp (A13)
. Ap
tn = Tappp (A14)

the ASTM interpretation of the diagonal compression test for the reference frame of Figure Al (also
drawn in Figure A2a) gives rise to a Mohr circle centered at the origin, B (Figure A2b).

0.56(1/v2

1.06

0.88

=Q>

1.62 0.5
(a) (b)

Figure A2. Stress state for the infinitesimal neighborhood of point A: (a) In the reference frame of
Figure A1; (b) In the modified Mohr plane, according to the ASTM and RILEM interpretations of the
diagonal compression test.

Of course, in Figure A2b the normalization applies to all stress components:

A
6 = aiﬁ i=xy, (A15)
A A y L

By =Ty LiExy 0%, (A16)

. A
o =T IT;ll' (A17)

and the principal stresses:

A
G =0 ﬁ. (A18)

R A
on = Unﬁ- (A19)

The sign conventions for the normal and shear stress components acting on the plane with unit

normal vector n are the same in the Mohr plane and in the modified Mohr plane of Figure A2b:

e The normal stress, o,, is positive (Figure A3a) when directed outward (tensile stress) and
negative (Figure A3b) when directed inward (compressive stress);

e  The shear stress, 7,, is positive (Figure A3a) if it produces a clockwise rotation about the point
A and negative (Figure A3Db) if it produces a counterclockwise rotation about the point A.
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Figure A3. Stress components acting on the plane with unit normal vector n (the plane perpendicular
to the outward-pointing line n) in the reference frame of Figure A1: (a) For normal and shear stresses
that are positive in the Mohr plane; (b) For normal and shear stresses that are negative in the Mohr
plane.

Although adopted by most codes and standards, the hypothesis of pure shear stress state at the
center of gravity of the specimen is at odds with the linear elastic solution given by Frocht in 1931
[91], assuming the masonry as an isotropic and homogeneous material. Frocht found that the stress
state is not uniform along the diagonal of the wall specimen, as it is characterized by both shear and
normal stresses (loading direction angle: m/4). In particular, he found that the stress state at point A
is the sum of a pure shear stress state and a hydrostatic stress state. This shifts the center of the Mohr
circle for point A to the left of the vertical axis—where o, < 0—leaving g, = g,

o, = —0.56 %, (A20)

0, = —0.56%, (A21)
Tpy = 1.06%, (A22)

7o = 0.88 %, (A23)

0, = —030, = o.sfi, (A24)

n

where 7, is the shear stress at zero normal stress and load P (its normalized value is %, in Figure
A2b). When |P| = |P|pax, To provides the pure shear strength of masonry, 4.

The experimental results found by Frocht are the basis of the criterion for the assessment of the
stress state at the center of gravity of the wall specimen provided by the RILEM guidelines (RILEM
LUM B6 1994 [43]). Therefore, the Mohr circle resulting from the RILEM interpretation of the diagonal
compression test is the Mohr circle found by Frocht. Figure A2b shows the comparison between the
ASTM and RILEM interpretations in the modified Mohr plane.

Since o, = 0, in both the ASTM and the RILEM guidelines, the direction of the maximum
principal stress, o, is the same for both circles in Figure A2b. To determine the principal directions
graphically in the Mohr plane, it is necessary to know the position of the Mohr pole (the Pole Method).
The Mohr pole is a unique point, Q*, on the Mohr circle such that the stress state on a plane inclined
at any angle 6 from the horizontal is defined by the point of intersection of the Mohr circle with a
straight line drawn through the Mohr pole at an angle 6 from the horizontal [92]. The point of
intersection takes the name Q;l, where n is the direction of the unit normal vector n to the plane
(Figure A3). This establishes a one-to-one relationship between the inclinations of the planes and the
straight lines drawn through the Mohr pole, which allows us to locate the Mohr pole on the Mohr
circle by exploiting the directions of the planes with known components of normal and shear stresses
(Figure A4a). The Mohr pole is therefore the point of the Mohr circle lying on the straight line drawn

from the stress point Q; = (ax, —Txy) in the direction of the plane on which ¢, = 0 and 7, = 17,,
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(Figure A4b). It is also the point of the Mohr circle lying on the straight line drawn from the stress
point Q;} = (ay, Txy) in the direction of the plane on which ¢, = a, and 7, =1, = 1,, (Figure
Ad4b). For the local reference frame in Figure Al (also drawn in Figure A4a), the coordinates of the

Mohr pole are (Figure A4b):
Q* = (0y,0), (A25)

for both circles. By the Mohr pole property, a line drawn through the pole and the stress point (a;, 0)
on the circle is then parallel to the principal plane with principal stress o;. This line is also
perpendicular to the (principal) direction of o;, which is therefore parallel to the line drawn through
the pole and the stress point (o,,0). The direction of g, provided by the Pole Method for the
reference frame of Figure Al is horizontal, i.e. the direction of the diagonal perpendicular to the load
P, for both circles (Figure A4b).

@)

Figure A4. The Pole Method for the identification of the stress components in the infinitesimal

neighborhood of point A: (a) Reference frame of Figure Al for the association between planes with
unit normal vector n and points Q;, of the Mohr plane; (b) Application of the method in the ASTM
and RILEM interpretations of the diagonal compression test.

In conclusion, the RILEM value of the diagonal tensile strength of masonry in the linear elastic
range is lower than that provided by Equation (A10) in the ASTM guidelines (Figure A2):

P
fae=0. =05 llﬂ, (A26)
max An
while the pure shear strength of masonry is higher than that provided by Equation (A11) in the ASTM
guidelines (Figure A2):
P
Tgo = 0.88 'llﬂ. (A27)

n

It is worth noting that the product of A4, and the value of 74, given by Equation A27 does not
provide the shear force, V;:

Vi # Ta04n, (A28)

for two reasons:

e  The straight line connecting the Mohr pole with the stress point of coordinates (0,74,) is not
inclined by —45°. Due to the Mohr pole property, this means that the stress point (0,74) does
not provide the stress state acting on the bed joint passing through point A.
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e  Even if the straight line connecting the Mohr pole with the stress point (0,74) was at —45°, the
non-homogeneous stress state inside the specimen does not allow us to apply the results found
for the neighborhood of A to other points and their neighborhoods. Thus, the stress state at the
center of gravity A cannot provide information on the shear force applied to the upper and lower
faces of the specimen.

Therefore, the first equality in Equation (A12) loses meaning, while the equality between the first
and third terms remains valid (because V; is the component of |P|,,, along the direction of the bed
joints (Figure Al)):

|P|max
V2

Vi = |P|maxcos(a) = = 0.707|P|max- (A29)
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