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A B S T R A C T

The following paper presents the most recent results of a research programme carried out to, among other
purposes, develop an innovative anchoring system for old masonry buildings. Despite the recognized importance
of connections and anchoring systems, there is little experimental information about their strength and stiffness
when installed in the masonry walls of old buildings. Therefore, one of the important goals of the research
programme mentioned was the experimental characterization of the proposed anchoring system.

The main characteristic of the proposed system, which makes it different from others, is an internal spherical
steel element where the rod is connected. This steel eleme nt, called hinge, allows no orthogonality between the
steel anchor plate and the tie rod, which makes it suitable for uneven connections between orthogonal walls
and/or walls and floors.

Besides this particular characteristic, the proposed system demonstrates all the capabilities of the traditional
anchoring systems, namely, it can be used to strengthen the connection between orthogonal masonry walls or to
ensure the connection of constructive elements (floors, roofs, stairs, etc.) to masonry walls.

Moreover, numerical simulations with non-linear finite elements models were performed, aimed at re-
producing the experimental tests for other load conditions or different wall thicknesses.

The prime objective of the experimental and numerical studies was to assess the actual behaviour of the
anchoring system and to establish appropriate design rules, which are also presented in this paper.

1. Introduction

The proprietary anchoring system discussed in this paper, devel-
oped by STAP, S.A (www.stap.pt) with the scientific support of the
CERIS (www.ceris.pt), was designed with the purpose of preventing the
out-of-plane collapse of masonry walls in old buildings, ensuring in this
way a global behaviour of the building.

It is well known that the deficient structural behaviour of old ma-
sonry buildings when hit by an earthquake is mainly due to the in-
sufficient strength of the connections between walls and between walls
and floors. When good connections are provided, the masonry building
behaves globally, like a three-dimensional “box”, where masonry walls
work, essentially, in its plan, increasing the global seismic strength of
the building [1]. Thus, any technique which improves the strength of
the connections (or that establishes effective connections) between
orthogonal walls and between walls and floors, would result in a sig-
nificant increase of the building's seismic strength [2,3].

The implementation of anchoring systems in masonry walls is not a
novelty, nor is the connection of wooden floors to masonry walls [4–6].
Those systems began to be added from the beginning of the masonry
buildings [7], initially with wood or cast iron elements and, more

recently, using steel plates and steel tie rods. However, although the
benefits of these systems in masonry constructions are well known,
their design, though, is not always easy, due to the lack of experimental
data.

Despite the availability of some experimental studies for anchor
plates in brick masonry [8–11], for traditional rubble stone masonry
walls (irregular stone bonded with air lime mortar) experimental data is
scarce [12]. Nevertheless, it must be mentioned that in the develop-
ment of the system presented herein, other experimental tests using
rubble stone masonry specimens [13] have been performed to char-
acterize the strength of "wooden elements” connections” - masonry
walls.

Thus, one of the main goals of the current present research pro-
gramme is to experimentally assess (by pull-out tests) the strength and
the mechanical behaviour of the proposed anchoring system, when
applied to traditional rubble stone masonry walls. Moreover, numerical
simulations with non-linear models of finite elements were performed
with the aim of reproducing the experimental tests for other load
conditions. Finally, the results of the experimental and numerical tests
were used to establish design rules for the proposed anchoring system,
which are presented in Section 7.
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2. Description of the anchoring system

The proposed anchoring system is composed of an anchor steel plate
(175 × 175 × 6 mm3), connected to a steel cup (6 mm thick) and a
steel hinge, which is connected, by a nut, to the steel tie rod (Fig. 1).
The particularity of this system is the potentially tilted installation of
the tie rod (up to an angle of 20°), rather than being placed horizon-
tally. Due to the durability requirements that are now compulsory for
the strengthening of old buildings, the anchoring system, as well as its
tie rod, were designed in stainless steel (class Aisi 304. St70). A steel
cover was added to the anchoring system in order to protect the nut and
the steel tie rod, to provide permanent access. The steel cover has no
effect on the system's mechanical performance.

3. Material characterization

The anchoring system was first of all tested to establish the diameter
of the steel tie. The collapse of the anchoring system was meant to
happen by the tie and not by the steel hinge itself. Tensile tests to the
anchoring system were performed (Fig. 2.a), in accordance with the
following the procedures of the ASTM E8 standard [14] for the tension
testing of metallic materials. Three tensile tests were done for the
system with a M20 stainless steel tie rod, achieving a maximum load
(mean value) of 200 kN, provided by the tie rod collapse (Fig. 2.b).
With regard to the stiffness of the system, it is worth noting that the
deformability of the steel hinge was not significant, when compared to
the M20 rod deformability.

The rubble stone masonry specimens used for the experimental test
process needed preliminary material characterization. Among other
aspects, special attention was given to the following variables:

• Limestone - uniaxial compressive strength, in accordance with the

EN 1926 European Standards [15];

• Mortar - compressive and flexural strength, in compliance with the
EN 1015-11 Eurpoean Standards [16];

• Mortar - age evolution of its mechanical properties [17];

• Masonry - uniaxial compressive strength, in line with the EN 1015-
11 European Standards following the EN 1052-1 proceedings [18];

• Masonry - compressive strength of two-leaf masonry specimens.

Three cylindrical samples (Ø63 mm × 70 mm height) were cored
from stone blocks used to build the specimens, which were tested to
evaluate their compressive strength (Fig. 3). From these tests, a uniaxial
compressive strength of 51 MPa (mean value) was obtained.

Forty-five mortar prismatic specimens (40 × 40 × 160 mm3) were
made and tested in line with the EN 1015:11 European Directives. [16].
From these tests, a mortar compressive strength of 1.76 MPa was ob-
tained from 28-day-old specimens and a mortar tensile (flexural)
strength of 0.46 MPa (Table 1). For specimens, 42 and 168 days old, a
compressive strength of 1.65 and 2.36 MPa (respectively, Table 1) was
obtained and a tensile (flexural) strength of 0.43 and 0.44 MPa (re-
spectively, Table 1). Mortars had a high percentage of clay-rich sand in
their composition (about 50% on of its mass constitution), and this
composition could be the reason for the dependency between the
compression strength and the age of the mortar.

It is well known that masonry properties do not depend exclusively
on their materials. In fact, the way the stone is "neat" while laying up
the masonry walls, the size and shape of the stones, the mortar joints’
thickness and the stiffness ratio between mortar and stone, as much are
just as important as the material's mechanical properties. Therefore,
uniaxial compression tests were carried out on fifteen cubic (40 × 40
× 40 cm3) masonry specimens, all 70 days old (Fig. 4). For these
specimens, built with the stone and mortar previously described, an
average failure stress of 2.41 MPa was achieved (with a standard

Fig. 1. Proposed anchoring system (wall-floor connection). 1 Tie rod. 2 Screw nut. 3 Steel hinge. 4 Steel cup. 5 Steel plate. 6 Steel cover.

Fig. 2. Direct tensile tests performed to the anchoring system.
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deviation of 19.31%) and a Young modulus of 1.3 GPa.
To study the influence on the masonry strength of the specimens’

size, morphology (i.e. number of leaves) and specimens’ age, six 120 ×
120 × 40 cm3 sized specimens were built and tested in compression.
The specimens were built with two stone leaves, applying the same
mortar and technique used in the previous masonry specimens. Three of
the two-leaf specimens were tested when they reached 125 days old
(PAV_01 to PAV_03) and the remaining three specimens that were 60
days old (PAV_06 to PAV_09). For the older specimens a maximum
force of 904 kN (average figure) was obtained (Fig. 5), while for the
younger specimens, a maximum force of 395 kN (mean value) was
achieved (Fig. 6).

Experimental tests were numerically reproduced by non-linear finite
element models (MC_01 and MC_02, Fig. 7, for details of the numerical
model, see Section 6). For the finite elements models, two different
Constitutive Laws were adopted: one (MC_01 model) with a compres-
sion strength of 1.80 MPa, a tensile strength of 0.15 MPa and a Young
modulus of 1.00 GPa; and the other (MC_02 model) with a compression
strength of 3.20 MPa, a tensile strength of 0.20 MPa and a Young
modulus of 2.00 GPa. Similar values were also used in other studies

[19] and a good agreement was achieved for both the younger speci-
mens (MC_01 model) and the older specimens (MC_02 model). Fig. 7
lays out the experimental and numerical “force-displacement” curves,
as well as the maximum principal stresses of the numerical models
immediately before the collapse.

Regarding the concentration of anchoring systems applied in a
masonry wall and their effect on the compression behaviour of the
specimens, three specimens were tested (PAV_04, PAV_05 and PAV_09),
each one strengthened with 9 anchoring systems (Fig. 8). The speci-
mens were 60 days old and the anchoring systems were applied in a
40 cm square mesh (corresponding to the thickness of the wall). The
maximum vertical load (average value) was 443 kN, slightly higher
than the value obtained with the masonry specimens, 60-days-old..
However, since the collapse no longer included the two leaf separation
(Figs. 6.a and 8.a), an increase in the specimens’ deformation capacity
was noted.

Therefore, the introduction of anchoring devices does not exactly
increase (or decrease) the masonry compression strength but leads to an
increase in the deformation capacity.

With the previous materials’ characterization, a mortar composition
and a procedure to build the masonry was possible to establish, which
led to specimens with similar characteristics to the typical Portuguese
(and Mediterranean) rubble stone masonry walls [12,13,19,20]. The
last set of characterization tests enabled us to understand that the use of
these anchoring systems does not significantly influence the compres-
sion strength of the masonry walls.

4. Experimental setup

The development of the anchoring system needed an experimental
study to define/outline/identify the pull-out strength of the anchoring

Fig. 3. Limestone uniaxial compressive tests.

Table 1
Mortar (compressive and flexural) strength.

COMPRESSION RESISTANCE - σc FLEXURAL RESISTANCE - σF

SAMPLE AGE AT

TEST

AVERAGED STRESS STANDARD

DEVIATION

AVERAGED STRESS STANDARD

DEVIATION

28 days 1.76 MPa 7.35% 0.46 MPa 5.61%
42 days 1.65 MPa 3.33% 0.43 MPa 3.24%
168 days 2.36 MPa 8.13% 0.44 MPa 4.09%

Fig. 4. Masonry uniaxial compressive strength.
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system when installed in a rubble masonry wall. Hence, a total of
twelve pull-out tests were performed (Table 2), varying the applied in-
plane load and the bore-hole tilt.

The twelve 120 × 120 × 40 cm3 masonry specimens were made
using the materials and techniques established in the previous section
and were tested when 60 days old. Each masonry specimen was placed
horizontally over a wooden substrate (Fig. 9), which was designed to be
stiff enough to have no influence on the specimen's behaviour when the
anchor rod was pulled. The wooden substrate had an 80 × 80 cm2
opening (Fig. 9), provided to avoid any influence on the punching
surface generation.

Two anchoring systems were applied in the specimens, one on the
upper surface and another on the bottom surface, which enabled us to
put the tie rod setting with the desired inclination (0° to 20°). The pull-
out force was applied to the anchor located on the bottom surface (by a
switch-over piece - Figs. 9 and 10), perpendicularly to the specimen's
surface.

The pull-out force was applied to the tie rod by a 200 t hydraulic
jack, to which a 200 kN load cell was coupled. The specimens’ dis-
placements were measured by three transducers, two of them located

on the bottom surface (transducers 6, Figs. 9 and 10) and one over the
upper anchoring system (transducer 5, Figs. 9 and 10).

To simulate the effect of compression stress that masonry walls are
subjected to (due to their own weight and other gravity loads), in-plane
stresses were applied to the specimens by a system of hydraulic jacks
and ties (Fig. 10). Three levels of in-plane stress were considered:

I. Zero compression stress;
II. Compression stress of 0.21 MPa (by a 100 kN in-plane load) - to

simulate walls at a higher floor level;
III. Compression stress of 0.50 MPa (by a 240 kN in-plane load) - to

simulate walls at ground floor level.

To faithfully reproduce the actual application conditions of he an-
choring systems, the anchors were installed when the above-mentioned
confining in-plane stress was applied.

To estimate the maximum pull-out force for the anchoring system
(Table 2), three sets of tests were performed. The first set was per-
formed without any in-plane stress and a monotonic loading protocol
(PAH_01 to PAH_03, Table 2). A force-controlled loading cycle

Fig. 5. Wall compression tests (non-confined walls – 125 days old).

Fig. 6. Wall compression tests (non-confined walls – 60 days old).
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Fig. 7. Masonry walls properties numerical calibration.

Fig. 8. Wall compression tests (confined walls – 60 days old).
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(Fig. 11), with two returns for each force step of 10 kN was used in the
second set (PAH_04 to PAH_08, Table 2).

For the tests on the second set, the tie was always perpendicular to
the specimens’ surfaces (i.e. with an angle of 0° with the normal to the
surfaces) and an in-plane stress of 0.21 MPa was applied. The third set
was performed with a 0.50 MPa in-plane stress, with the same force-
controlled loading cycle and with two layouts for the tie rod: 0° with the
normal to the surfaces (PAH_09 to PAH_11, Table 2) and 20° with the
normal to the surfaces (PAH_12 and PAH_13).

5. Experimental results

In the monotonic tests (specimens PAH_01 to PAH_03) conducted
without any in-plane load, two types of damages were identified. First,
for a displacement level of about 3–4 mm (and corresponding to a peak
value of the applied pull-out force, Fig. 12.b) two external cracks ap-
peared (Fig. 12.a), resulting in a decrease of strength in the specimens.
Then, from a displacement of about 5 mm, a hardening behaviour was
observed, until the moment where the punching shear surface was
damaged and the failure occurred.

Subsequent tests were carried out with in-plane loading (of 0.21 and
0.50 MPa) and with a cyclical pushing load. The first type of damage
occurred in the previous tests (and the corresponding peak value of the
force no longer happened) and the collapse occurred with a clear for-
mation of the punching shear cone. For the specimens with smaller in-
plane stresses (0.21 MPa, specimens PAH_04 to PAH_08), it was ob-
served, at the collapse, the penetration of the steel plate of the system
into the masonry substrate was noted (Fig. 13.b), while a punching
shear cone (with a surprisingly regular shape) was simultaneously

formed (Fig. 13.a).
For the early loading stages, all the specimens presented similar

behaviour (Fig. 14). For higher loads, differences appeared due to the
different deformability of the masonry below the steel plate. It was
recognized that the way the steel plate penetrated into the masonry had
an important influence in the system capacity (strength and deform-
ability).

For the specimens tested with the lowest in-plane stress (0.21 MPa)
the anchoring system achieved a pull-out resistance of 106.4 kN (mean
value – see Table 2).

The failure type of the specimens tested with the lowest level of in-
plane stress was also seen in the specimens tested with the highest level
of in-plane stress (0.50 MPa, PAH_09 to PAH_13). However, the
punching surface had a semi-circular generation line in the in-plane
loading direction, instead of a linear one (Fig. 15.a). In addition to this
failure mode the separation of the masonry leafs was also observed
(Fig. 15.b) after the complete formation (and detachment) of the
punching cone.

In specimens PAH_12 and PAH_13, the tie rod was placed with a 20°
angle between the tie and the normal to the specimens’ surface. The
results gathered (Fig. 16) and the specimens’ behaviour showed that the
tie rod angle had no relevant influence on the pull-out capacity of the
anchoring system. For the specimens tested with the highest in-plane
stress (0.50 MPa), the anchoring system achieved a pull-out resistance
of 115.1 kN (average value – see Table 2).

6. Numerical modelling

The primary goal of the numerical studies’ was to develop a model

Table 2
Anchor pull-out tests distribution.

TEST REF. TEST RHYTHM IN PLANE LOADING FORCE (STRESS) BORE-HOLE INCLINATION MAXIMUM PULL-OUT FORCE

LOAD (KN) MEAN VALUE (KN) STD. DEVIATION

PAH_01 Monotonic Without in plane load Perpendicular to the wall leafs 42.1 46.67 9.66%
PAH_02 45.1
PAH_03 52.8
PAH_04 Cyclic (following Fig. 9 load cycle) 100 kN (0.21 MPa) Perpendicular to the wall leafs 110.9 106.40 13.96%
PAH_06 81.8
PAH_07 111.2
PAH_08 121.7
PAH_09 Cyclic (following Fig. 9 load cycle) 240 kN (0.50 MPa) Perpendicular to the wall leafs 121.3 115.10 7.88%
PAH_10 120.1
PAH_11 109.9
PAH_12 20° to the wall normal 99.8
PAH_13 124.4

Fig. 9. Anchor pull-out test assemblage. 1 Distribution beam. 2 Wooden substrate. 3 Disp.transducer. 4 Disp. transducer. 5 Diwydag bar. 6 Switch-over piece. 7 Anchoring system. 8
Masonry specimen.
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to be used to simulate other test conditions, namely different masonry
strengths and different levels of in-plane loading. Other cases, like the
different dimensions of the anchor steel plate, could further be tested
with the numerical model.obtained.

In order to obtain a reliable numerical model, a careful calibration
was made, first of all, the results of the simplest performed tests (i.e.,
the compression tests) and, later on, the results of the cyclic pull-out
tests.

As mentioned in Section 3 (see Fig. 7), the compression tests were
well reproduced by non-linear finite element models (10 nodes solid
tetrahedron elements), with a Young modulus of 2.00 GPa (125 days
old specimens) or 1.00 GPa (60 days old specimens), a compression
strength of 3.20 MPa (125 days old specimens) or 1.80 MPa (60-day-old
specimens) and a tensile strength of 0.20 MPa (125 days old specimens)
or 0.15 MPa (60 days old specimens). The previous mechanical para-
meters were considered in the constitutive laws adopted for the finite
elements, which are depicted in Fig. 17.

Fig. 10. Anchor pull-out tests setup. 1 Hydraulic jack. 2 Load cell. 3 Distribution beam. 4Wooden substrate. 5 Disp.transducer. 6 Disp. transducer. 7 Diwydag bar. 8 Switch-over piece. 9
Anchoring system. 10 Masonry specimen.

Fig. 11. Pull-out tests load cycle.

Fig. 12. Cyclic pull-out tests (without in-plane loading).
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The same elements and Constitutive Laws previously used for the
simulation of the compression tests were also used for the pull-out tests’
simulation. Several simulations of the pull-out tests were performed and
a positive match was obtained (Fig. 18). Simultaneously, a parametrical
study was also performed in order to understand the effects of the in-
plane load as well as the masonry strength (Table 3). The numerical
results gathered were used to calibrate the design rules laid out in
Section 7.

To understand the in-plane load effect, numerical tests were per-
formed with four levels of in-plane stresses (Table 3): 0.21 and
0.50 MPa, corresponding to the experimental tests, an intermediate
level of 0.35 MPa and a higher level of 0.75 MPa.

Numerical tests were also performed based on a tensile strength
50% higher than the calibrated value for the specimens that were 125
days old (i.e. 0.30 MPa), while the remaining mechanical character-
istics were kept unchanged. The goal of this new material (hereafter

referred to as 125 + days) was to simulate a stronger material, for
instance, stone masonry bonded by a hydraulic lime mortar, which
presents a higher tensile strength than the typical stone masonry with
an air lime mortar binder.

The results of the numerical simulations are illustrated in Figs. 18
and 19, a close correlation with the numerical and experimental load-
displacement curves can be seen. The maximum principal stresses de-
picted in Fig. 18 (obtained immediately before the load failure) are also
in accordance with the shape of the experimental punching surfaces
(Fig. 18.c).

The parametric study made it clear that for in-plane load levels
above a certain amount, the increment in the pull-out capacity is not
relevant (Figs. 18 and 19). For instance, for a 125 days old masonry, the
pull-out capacity will not significantly increase after an in-plane stress
of 0.20 MPa.

Moreover, it was noted that the pull-out capacity is sensitive to the

Fig. 13. Cyclic pull-out tests damage patterns (in-plane load of 100 kN / 0.21 MPa). a. Punching-shear surface (PAH_04 wall). b. Steel plate penetration (PAH_05 wall).

Fig. 14. Cyclic pull-out tests results (in-plane load of 100 kN /0.21 MPa).
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masonry strength (tensile and compression strength) and, therefore,
that issue should be considered in the analytical model to evaluate the
anchoring system pull-out capacity. From the numeric results, it can
also be stated that the anchoring system deformability is a result of the
behaviour of the anchoring system itself (i.e. to the tied rod), as all the
numerical models showed, approximately, the same elastic stiffness.

7. Design rules

One of the principal goals of the present research was the devel-
opment of design rules for the proposed anchoring system. That process
was based on the reproduction of the experimental and numerical re-
sults, i.e., on the bilinear “pull-out capacity vs. applied in-plane stress”
interpolation curves illustrated in Fig. 20.

The fact that the punching collapse happens when the maximum
principal stress reaches the masonry tensile resistance can, therefore, be
acknowledged. Given that in the absence of in-plane loading, the

punching cone surface follows the masonry friction angle and a simple
design rule (1) for the pull-out capacity can be established:

= × ×F (h, ϕ,σ ) S (h, ϕ) σ senϕa,R
1

t cone t (1)

Where Fa,R
1 is the pull-out capacity when no in-plane load is applied, h

the wall thickness, ϕ the masonry friction angle, σt the masonry tensile
resistance and Scone the lateral surface area of the regular pushing cone
(Fig. 21), superiorly cut by the steel plate (175 × 175 mm2).

For an in-plane loaded (σn) wall, the masonry internal stresses have
a different pattern and the shape of the punching surface is dependent
on the magnitude of the in-plane load (until a certain level of in-plane
loading is reached). However, instead of looking for the exact shape of
the punching surface, the basic surface defined above was taken into
consideration, affecting the results by a coefficient λ1 which takes into
account the effects of the in-plane compression. The obtained design
rule obtained for the pull-out capacity of the anchoring system in
compressed walls Fa R,

2 is presented in Eq. (2):

Fig. 15. Cyclic pull-out tests damage patterns (in-plane load of 240 kN / 0.50 MPa).

Fig. 16. Cyclic pull-out tests results (in-plane load of 240 kN/0.50 MPa).
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= × × × ≤F (h, ϕ,σ ,σ ) S (h, ϕ) σ senϕ λ (σ ,σ )  200 kNa,R
2

t n cone t 1 t n (2)

Where the upper limit of 200 kN is the maximum strength of the

anchoring system, the friction angle required in Eqs. (1) and (2) an
angle measurement between 30° and 50° can be used for rubble stone
masonry [19,21].

The parameter λ1 can be computed by the Eq. (3), which was ob-
tained on the assumption that the masonry compressive strength is
about 10 times higher than the tensile strength (1/10 is a typical ratio
for rubble stone masonry built with air lime mortars). The masonry
tensile strength should be within the range of 0.10–0.30 MPa. The

Fig. 17. Masonry uniaxial compressive strength.

Fig. 18. Experimental modelling results.

Table 3
Numerical modellling distribution.

MODEL REF. STUDY TYPE AGE APPLIED IN-PLANE
LOAD

MAXIMUM PULL-OUT
FORCE

MA_01 Experimental
modelling

60 days 0.21 MPa 106 kN
MA_02 0.50 MPa 116 kN
MA_03 Parametrical study 125 days 0.21 MPa 155 kN
MA_04 0.50 MPa 163 kN
MA_05 60 days 0.35 MPa 115 kN
MA_06 125 days 155 kN
MA_07 60 days 0.75 MPa 105 kN
MA_08 125 days 167 kN
MA_09 (125 +)

days
0.21 MPa 173 kN

MA_10 0.50 MPa 199 kN
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compressive stress on the wall (σn) is considered positive when in
compression.

⎧
⎨
⎩

≤ = + ⋅ − ⋅

> = ⋅

− ⋅

− ⋅

for σ σ , λ 1 (9, 50 σ 1)

for σ σ , λ 9,50 σ

n t 1 t
(1,5 4,4 σ ) σ

σ

n t 1 t
(1,5 4,4 σ )

t n
t

t (3)

Finally, the results showed that the anchoring system stiffness de-
pends mainly on the system itself and on the tied rod deformability,
meaning that the stiffness of the masonry and the level of the in-plane
load is less relevant. From the experimental results, it was noted that
the elastic anchoring system stiffness (kanchoring sytem) can be expressed
according to the length (Ltie rod), cross-section area (A) and Young
modulus (E) of the tie rod:

= + ⎡
⎣

⎤
⎦

1
k

1
10 000 to 15 000

L
(EA)

m
kNanchoring sytem

tie rod

tie rod (4)

Fig. 19. Parametrical study results.

Fig. 20. Numerical and experimental concurrence to the design rules.

Fig. 21. Design rules variables.
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8. Conclusions

The experimental and numerical testing procedures carried out,
enabled us to understand the behaviour of the proposed anchoring
system and the establishment of design rules for its pull-out capacity.

The proposed anchoring system has the advantage of allowing no-
orthogonality between the system steel plate and the tie rod, being
suitable for uneven connections between orthogonal walls and/or walls
and floors. The experimental tests that were carried out showed that
small angles (smaller than 20°) do not significantly change the system
pull-out capacity.

The experimental testing process was preceded by an extensive
characterization of the material to be used for purposes of testing model
specimens, in order to obtain specimens similar to the traditional rubble
stone masonry walls.

The masonry preliminary experimental characterization and the
further pull-out tests enabled us to define an accurate model of finite
elements, which was able to simulate the non-linear behaviour of the
specimens and the punching shear surface generation.

In the pull-out experimental and numerical tests an important effect
of the masonry strength and of the in-plane loading was observed. This
has a significant confining effect on masonry. These effects were taken
into account for purposes of defining the proposed design rules. With
regard to these design rules, considered other meaningful effects on the
design were also taken into consideration, such as, the thickness of the
walls. Other issues, like the distance between devices for a group of
anchors or boundary conditions, were not explicitly considered in the
previous equations.
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