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The seismic response of historical masonry buildings is largely controlled by the effectiveness of wall-to-
diaphragm connections, which can be improved using injection anchors. Despite their use, there is a need for
a better understanding of the performance of such anchoring system in stone masonry walls. This paper presents
quasi-static pull-out tests performed on twelve specimens to investigate the behaviour of injection anchors in
rubble stone masonry walls when breakout failure occurs. For each specimen, the experimental results are
presented in terms of force-displacement curves, propagation of damage and crack pattern. It is shown that the
anchoring details adopted in this study had a negligible influence on the pull-out force capacity of the anchoring
system, while an increase in peak pull-out force was observed with increasing overburden stress applied. Because
stone masonry specific capacity formulations have not yet been presented in the literature, the capacity is
predicted using state-of-the art formulations for the pull-out load capacity of anchors installed in brick masonry.

The limits of their applicability are discussed using the obtained experimental results.

1. Introduction

Unreinforced masonry (URM) buildings, which represent a signifi-
cant portion of the building stock worldwide, are one of the most seis-
mically vulnerable building typologies [1,2]. These buildings frequently
collapse through the local out-of-plane overturning of facades or parts of
facades. However, when the premature activation of such a failure mode
is prevented, an integral structural behaviour can develop with an
associated global mechanism which allows exploiting the capacity of in
plane walls [3,4]. In this case, existing masonry buildings can sustain
moderate to severe earthquakes. To prevent the overturning mecha-
nisms, adequate in-plane diaphragm stiffness and efficient wall-to-
diaphragm connections are required, keeping load well distributed
among resisting elements [5].

In historical masonry buildings with timber floors, the floor beams
are supported either directly on the wall or on a spreader beam
embedded in the wall. If the floor beams have not been anchored to the
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wall, the force transfer between the floor beams and support relies only
on friction, making the beams susceptible to sliding [6]. Mean and
design values for the friction coefficient between timber and timber (for
different surface qualities) and between timber and mortar have been
determined experimentally [6,7]. In recent numerical simulations [8,9],
this friction mechanism between the floor beams and support has been
modelled explicitly, showing that only strengthening the diaphragm
does not often improve behaviour and that an efficient transfer of forces
from the diaphragm to the walls is necessary to achieve a global building
response.

A common intervention technique for improving wall-to-diaphragm
connections uses post-installed injection anchors composed of steel rods
injected in pre-drilled holes in the substrate masonry material. In some
cases, this system can also include a flexible fabric sleeve encasing the
anchor rod and the injection material [10,11]. Threaded stainless-steel
rods have been widely used, and fibre-reinforced polymer bars (FRP)
and stainless-steel-reinforced polymer fabrics have also been adopted in
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recent systems [12]. A variety of injection materials have been used for
this anchoring system, such as lime- or cement-based mortars and epoxy
resin adhesive.

Anchoring systems injected with epoxy resin have been widely
adopted for its easy installation (e.g. short-term curing to attain resis-
tance and high viscosity for injection) [13,14]. They are typically
installed horizontally in the perpendicular direction with respect to the
wall (i.e. straight anchors) or inclined in the vertical plane [15], and
anchors inclined in the horizontal plane may also be implemented by
practitioners, aiming at involving more stones in the failure mechanism.
When adopted for the strengthening of historical structures, their use
requires to be carefully evaluated according to conservation principles
and based on comprehensive scientific data obtained from experimental
tests [16]. Despite their widespread use, only limited research has been
conducted on injection anchors in stone masonry such that not much is
known about their performance, as is also highlighted in post-
earthquake assessments [17,18]. As a result, there is a need for a bet-
ter understanding of this anchoring system.

Past studies have mainly investigated the behaviour of injection
anchors in brick masonry [10,15,19-25], and very few experimental
data are available for rubble stone masonry [11,26] and natural stones
[13,14,27]. Based on these studies, several modes of failure are possible
for injection anchors in masonry, which depend on a number of pa-
rameters: the properties of the materials involved in the system, the
dimension and layout of the anchorage, masonry typology, installation
methodology, support conditions, confinement effects and existing
damage. Typical failure modes of injection anchors subjected to tensile
loading are [14]:

e Masonry cone breakout failure;

e Bond (or pull-out) failure for slippage at the masonry-injection ma-
terial interface;

e Bond (or pull-out) failure for slippage at the rod-injection material
interfaces;

e Combined cone-bond failure;

e Tensile failure of the anchor rod;

o Pull-out failure of the unit (i.e. brick or stone) in which the anchor is
embedded;

e Splitting failure in the unit or masonry at the anchor location.

Currently, no specific code provisions are available for injection
anchors in historic stone masonry, so their use has been based mainly on
provisions available for anchors injected in other masonry typologies.
According to these provisions, the anchor design resistance should be
assumed as the minimum pull-out force capacity associated with each
expected failure after applying suitable safety factors. Nevertheless, with
the exception of the Masonry Standards Joint Committee (MSJC) Code
[28], current building codes and guidelines do not provide strength
formulas for most of the expected failure modes, such as breakout failure
[29]. In Europe, these guidelines are currently prescribed by the Euro-
pean Organisation for Technical Assessment (EOTA) [30-32]. In the
literature, some formulations are available for predicting the pull-out
load capacity of anchors injected in masonry under breakout failure
that are based on models originally conceived for fastenings in concrete
(for a review, see [12,33]). However, they consist of semi-empirical
equations calibrated using tests performed on anchors installed in
brick masonry, and their applicability to injection anchors in stone
masonry is still in question.

To address these concerns, this paper presents an experimental
programme of quasi-static pull-out tests on twelve specimens carried out
at the Ecole Polytechnique Fédérale de Lausanne (EPFL). The primary
aim was to investigate the behaviour of anchors injected with epoxy in
double-leaf stone masonry walls when masonry breakout failure occurs.
To investigate the influence of the anchoring detail and the presence of a
joist pocket in the masonry, three different configurations were
considered. Moreover, the effect of applied vertical loading was also
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investigated in this study. In addition to traditional measurement sys-
tems, this experimental programme also adopted a three-dimensional
(3D) optical measurement system that used Digital Image Correlation
(DIC) to record the global response of the specimens.

The paper is organised in four sections. Section 2 presents the
experimental test programme, including a description of the specimens,
material properties, test setup, instrumentation, procedure and loading
protocol. In Section 3, the experimental results obtained from the pull-
out tests are presented in terms of force-displacement curves and
damage. Then, the main findings regarding the influence of the inves-
tigated parameters are discussed by comparing the results obtained for
all testing series. Finally, Section 4 uses the obtained experimental re-
sults to discuss the applicability of the formulas currently available to
predict the pull-out force capacity of anchors installed in masonry.

2. Experimental programme

The experimental programme consisted of quasi-static pull-out tests
on twelve specimens. Each specimen implemented an anchoring system
composed of a pair of steel threaded rods injected in a double-leaf stone
masonry wall with epoxy resin adhesive. Three different specimen
configurations were considered, as illustrated in Fig. 1. In the first
configuration, the anchors were straight and parallel to each other
(labelled: PA), and in the second configuration, anchors were inclined at
an angle (B) of 23° in the horizontal plane (labelled: IA). To investigate
the presence of a joist pocket in the masonry, the third configuration had
a timber joist placed next to two parallel anchors (labelled: PAT). Per
specimen, the main parameter varied was the vertical loading on the
masonry wall.

The specimens are described in terms of geometry, material and
construction details in Section 2.1. Section 2.2 presents the mechanical
characterisation tests carried out on the masonry constituents—lime-
based mortar and limestones. For the mechanical properties of the ma-
sonry as a composite, the results obtained by Rezaie et al. [34] from
simple compression and diagonal compression tests are applicable, since
the same materials and construction technique were adopted. Sections
2.3 and 2.4 describe the test setup, procedure and loading protocol.
Section 2.5 presents the instrumentation, consisting of hard-wired in-
struments and a 3D optical measurement system.

2.1. Description of the test specimens

All tested specimens were constructed as double-leaf stone masonry,
with dimensions of 900 mm x 900 mm x 300 mm (H,, x L,, x t,), as
shown in Fig. 1. The two leaves were built using irregular dark limestone
units measuring between 100 and 300 mm in length, with large pebbles
used to fill the gaps. The mortar was prepared by mixing a commercial
natural hydraulic binder, washed and dried sand (grain size: 0-3 mm)
and gravel (grain size: 3-8 mm) in a ratio of 1:2.5:1 by volume. The
water content of the mortar was chosen to achieve the optimum work-
ability of the mixture.

The anchoring system consisted of a pair of galvanised steel threaded
rods (steel class 8.8) injected in the wall using a two-component epoxy
resin. For all specimens, the system was installed at mid-height of the
wall with an embedment length (I.) of 250 mm. The rods had a diameter
(d) of 16 mm and were spaced apart by s = 140 mm (centre to centre), as
shown in Fig. 1. As per the manufacturer’s recommendations, a 20-mm
borehole diameter (dy) was adopted for the selected rod diameter, and
the borehole passed through the entire thickness of the walls to allow the
installation of instrumentation at the rod ends.

Each wall was constructed on a 35-mm-thick steel plate. To increase
the friction between the plate and wall base, the surface of the plate was
roughened by a thin layer of sand and epoxy, and a timber formwork
was used to maintain the correct dimensions and verticality during their
construction (Fig. 2). For PAT specimens, the timber joist was positioned
when the wall was built to 500 mm and then was surrounded by mortar
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Fig. 1. Testing series: (a) PA specimens; (b) IA specimens; (c) PAT specimens. Note that L,, = 300 mm, t,, = 300 mm, 1, = 250 mm, l¢; = 150 mm, s = 140 mm and p

= 23°.

Fig. 2. Construction of the masonry walls.

and stones. The timber joist had a cross-section of 140 mm x 200 mm,
and its embedment length was equal to half of the wall thickness (I, =
150 mm).

The walls were left to set for 28 days post construction under labo-
ratory conditions, and then the holes for the anchors were cored with a
diamond tipped rotary drill, limiting vibrations to prevent damage to the
specimens. For all specimens, the holes were cored according to the
designated layout, whether it was stone or mortar at the drill site. To
ensure the horizontality of the holes, the drill was mounted on a con-
crete block. Particular care was given to cleaning the holes and injecting
the epoxy, which can significantly influence anchor performance. Since
no official provisions exist for installing injection anchors in historic
rubble stone masonry, the manufacturer’s recommendations were fol-
lowed with some minor adjustments.

The cleaning procedure included flushing the hole with water two
times to suspend and remove particles, brushing the interior of the hole
two times with a nylon bristle brush, then flushing it with water twice
again. Water was flushed at a pressure sufficient to wash away any
debris while avoiding damage to the boreholes. The holes were then
dried twice using an air pistol, brushed twice to remove debris, and
again injected with air two times. The amount of epoxy injected into
standard concrete or material without voids is usually recommended to
be 2/3 of the embedment length. In this case, the holes were filled for 3/
4 of the length using a hose and piston such that the small amount of
pressure could facilitate filling the voids in contact with the borehole.
This allowed the excess epoxy to flow forward toward the mouth of the
hole when the rod was inserted. To obtain an optimum bond over the
entire embedment length (i.e. 250 mm) and to ensure the horizontality
of the anchors, the following procedure was followed. Expanded poly-
styrene cylinders were placed at the back of each borehole before the
anchor injection to prevent that the epoxy could flow out from the back
of the borehole. They were carefully removed after the epoxy resin had
cured. To ensure the correct location of the anchors while inserting the
rods, timber elements and a laser level were used.

Until immediately before testing, the timber joists used for the PAT

specimens were supported to prevent any rotation due to their weight
(Fig. 3a). However, damage was still observed in these specimens before
testing, possibly due to shrinkage and expansion of the masonry walls
and timber joists. For all PAT specimens, a well-defined crack occurred
from the top of the joist pocket up to the top face of the wall where the
crack then crossed the entire wall thickness, with a maximum width of
about 5 mm (Fig. 3b). Barring the first specimen, the existing cracks in
the PAT specimens were repaired via grout injection before performing
pull-out tests.

The crack repair was carried out using a high-fluidity grout prepared
with a commercial pre-mixed hydraulic binder used for the consolida-
tion of historic rubble stone masonry. The grout injection procedure was
defined following the manufacturer’s recommendations and suggestions
provided in previous studies (e.g. [35,36]). A series of 5-mm-diameter
holes was made in the width of the existing crack to place flexible plastic
tubes along the crack length. The location of the tubes was adapted for
each wall according to the shape of the crack, and they were generally
spaced apart by 50-100 mm. Before the injection, the cracks were sealed
on the masonry wall surface to prevent the grout from seeping out, and
water was flushed through the tubes to avoid excessive water absorption
after grouting. The grout injection was carried out via syringes, starting
from the tubes placed at the bottom of the crack. When the grout seeped
out from the higher adjacent tube or when it was not possible to inject
more material, the injection was stopped and continued from the adja-
cent tube. The injection was carried out to attempt to fill the existing
crack at the top of joist without excessive grouting spread in the masonry
wall.

2.2. Material properties of the masonry constituents

2.2.1. Mortar

Samples collected from each batch of mortar during wall construc-
tion were tested according to EN 1015-11 [37] to determine the flexural
tensile and compression strengths. Three-point bending tests were car-
ried out on prisms with dimensions of 160 mm x 40 mm x 40 mm, and
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uniaxial compression tests were performed on the specimen halves
generated from the flexural tests. The tests were performed under load
control, with a constant loading rate of 10 N/s for flexural and 100 N/s
for compression. Table 1 summarises the mean strength values and the
coefficients of variation (CoV) obtained one year after the samples were
cast, at about the time the pull-out tests were performed. The curing
conditions of the mortar samples were the same as the wall specimens, i.
e. under laboratory conditions. The mean values obtained for the flex-
ural tensile strength (f,) and compression strength (f.) were 0.91 MPa
and 4.34 MPa, respectively. The significant level of dispersion observed
can be attributed to the different water contents in preparing the mortar.

2.2.2. Limestones

To characterise the compressive strength and elastic properties of
limestone, uniaxial compression tests were performed on four samples
prepared using cores drilled from the units used to construct the ma-
sonry walls. As recommended by the ASTM D7012-14 [38], the speci-
mens had a length to diameter ratio equal to 2.0. Because the stones
were rather small, a diameter smaller than the minimum specimen
diameter recommended was adopted. Therefore, the specimens had an
average diameter of 23.6 mm and an average height of 50.5 mm. The
cores were oriented perpendicular to the stone bedding planes. The
compression tests were carried out under displacement control at a
constant loading rate of 1 pm/s, resulting in failures within 2 and 15 min
of testing, as suggested by the ASTM D7012-14 [38]. The longitudinal
deformation was recorded by two linear variable differential trans-
formers (LVDTs) placed 180° apart between the lower and upper steel
plates, while a circumferential ring was installed at mid-height of the
specimens to measure the transversal deformation. Table 2 presents the
values of the compression strength (f.), modulus of elasticity (E) and
Poisson’s ratio (v), obtained following the ASTM D7012-14 guidelines

Table 1

Results of material tests on the mortar used to construct the masonry walls.
Specimen name f [MPa] f.[MPa]
PA1 0.74 (30 %, 9) 3.86 (30 %, 9)
PA2 1.10 (27 %, 7) 5.53 (16 %, 7)
PA3 1.11 (18 %, 7) 5.59 (13 %, 7)
PA4 0.82 (30 %, 7) 4.09 (28 %, 7)
1A1 1.06 (28 %, 9) 5.23 (19 %, 9)
1A2 1.01 (21 %, 7) 4.80 (18 %, 7)
1A3 0.76 (41 %, 9) 3.15 (37 %, 9)
1A4 1.11 (27 %, 7) 4.95 (22 %, 7)
PAT1 1.01 (39 %, 6) 4.50 (45 %, 6)
PAT2 0.78 (22 %, 9) 3.64 (28 %, 9)
PAT3 0.74 (25 %, 7) 3.72 (26 %, 7)
PAT4 0.66 (42 %, 8) 3.21 (43 %, 8)
Total 0.91 (35 %, 92) 4.34 (33 %, 92)

Notation: Mean value (CoV, number of samples).
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(b)

Fig. 3. PAT specimens: (a) construction; (b) existing crack (back view of the wall).

Table 2
Results of uniaxial compression tests on limestone specimens.
Specimen name f.[MPa] E[GPa] v[-]
UCS1 134.1 31.1 0.08
UCs2 107.6 26.5 -
Ucs3 116.4 23.8 0.10
UCs4 106.1 26.4 0.07
Total 116.1 (11 %) 27.0 (11 %) 0.08 (18 %)

Notation: Mean value (CoV).

[38], where E was calculated as the tangent modulus of the stress—strain
curve at a stress level of 50 % of the maximum strength. As shown in
Fig. 4, the specimens failed depending on their microstructure, mostly
by axial splitting.

2.3. Test setup

The test setup used to perform the pull-out tests is shown in Fig. 5.
Each masonry wall was placed between two 360-mm-high steel profiles
in a universal testing machine that applied the axial loading during the
test. The machine had a mobile hydraulic piston at the base (with +£125
mm stroke and +2.5/—10 MN force capacity) and four load cells at the
top. Steel plates prepared with a layer of sand and epoxy were placed at
the top and at the bottom of the walls. Out-of-plane displacements of
these steel plates were prevented by means of an L-shaped steel profile
and bolted connections. To guarantee uniform stress transfer upon
vertical load application, a cement-based mortar layer was applied at the
top surface of the wall for the PA specimens. Based on the results ob-
tained from these tests (Section 3.1), this layer was subsequently made
of epoxy resin for the IA and PAT specimens to avoid sliding at the top of
the wall. The rotation of the steel profile at the top and bottom of the
wall was prevented. The configuration adopted in this setup was
therefore representative of fixed—fixed boundary conditions.

The pull-out load was applied to PA and IA specimens by connecting
the anchors via bolts and hinges to a square box section profile, which in
turn was connected to a long-threaded rod running through a 300 kN
hydraulic jack and a load cell (Fig. 5a). For PAT specimens, two systems
were installed in the test setup to guarantee the load transfer to the
anchors: the load system and the so-called ‘shoe system’ (Fig. 5b). The
former consisted of a C-shaped steel profile connecting the long rod with
two L-shaped steel profiles, which in turn were bolted to the timber joist
on the external sides. The latter shoe system implemented similar steel-
to-timber connections, transferring the load to a stiffened L-shaped
profile. As shown in Fig. 6, this profile was connected to the anchors via
two box section profiles and a steel plate. A layer of cement-based
mortar was placed between the L-shaped profile and the wall. More-
over, a vertical support was installed at the end of the timber joist to
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Fig. 5. Test setup and instrumentation used for the pull-out tests: (a) PA and IA specimens; (b) PAT specimens.
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Fig. 6. Shoe system adopted for PAT specimens: (a) front view; (b) section; (c) photo.

prevent its excessive rotation, and a sliding system was placed to allow
the joist to slide horizontally during testing.

2.4. Test procedure and loading protocol

The quasi-static pull-out tests were performed in two phases for all
specimens. Each specimen was initially subjected to a vertical force (F,)
imposed by the piston at the base of the machine, which was operated in
a displacement-controlled mode. In this phase, unloading-reloading
cycles were conducted to reach the prescribed F, value, which was
changed per test to investigate the influence of the vertical overburden
stress (o), i.e. the ratio between the prescribed vertical force and the
nominal cross-section of the wall (300 mm x 900 mm). As a result, the
adopted value of o, ranged between 0.10 and 0.30 MPa.

In phase two, the horizontal force (F), i.e. pull-out load, was applied
using the hydraulic jack. Here, the testing machine was operated in a
force-controlled mode, and the vertical force was generally kept con-
stant (see Section 3). For all specimens, unloading-reloading cycles were
carried out in which F was increased by 10 kN between cycles until the
peak pull-out force (F,,x) was reached. All the specimens were tested
until there was a drop of approximatively 80 % with respect to the ob-
tained Fy,.x, with the exception of some specimens discussed in Section
3.

2.5. Instrumentation

The adopted hard-wired instrumentation consisted of load cells and
LVDTs. Load cells in the universal testing machine measured the vertical
load applied to the masonry wall, and the pull-out force was measured
by a load cell placed behind the hydraulic jack. For PAT specimens, the
vertical force at the support system of the timber joist (F,,) was also
measured. As shown in Fig. 5, the LVDTs were placed at several locations
of the setup, including at the front and at the back of the anchors. The
former LVDTs were installed to measure the out-of-plane displacements
of the masonry wall with respect to the profile connecting the anchors,
and the latter measured the slippage of the anchors with respect to the
lower steel profile fixed at the testing machine. For all the specimens, the
LVDTs behind the anchors were installed along the axis of the anchors.
For PA and PAT specimens, only one anchor was instrumented per
specimen (i.e. the anchor on the east side of the wall), while for IA
specimens, LVDTs were installed on both anchors.

In addition, the setup adopted a 3D optical measurement system that
used the DIC to measure displacements on the front face of the speci-
mens. For this reason, the front face was painted in white, and black
speckles were randomly sprayed onto it ensuring appropriate speckle
dimension and density. As shown in Fig. 5, additional speckled patches
were also glued at specific locations of the setup, such as on the steel
profiles and the anchors. The optical measurements were recorded by
two stereo-camera systems that were placed symmetrically with respect

to the anchoring system. Before testing, the cameras were calibrated
using a standard calibration target plate, and care was paid to guarantee
that the wall surface was lit appropriately. To compute the 3D
displacement field, the acquired high-resolution grey-scale images were
analysed in the software VIC-3D version 8.2.4 [39].

3. Experimental results

For all specimens, the force-displacement curve was constructed
using the pull-out force (F) exerted by the horizontal hydraulic jack
versus the horizontal displacement (A) recorded by the LVDTs placed
behind the anchors. In these curves, the vertical forces F, and F,, are also
reported here. To identify trends between the specimen configurations,
key parameters of the force-displacement curves are tabulated, namely:
the pull-out load-bearing capacity (Fy.x), the corresponding value of
displacement [Apmax = A (Fmax) ], and the displacement value computed
when the pull-out load dropped to 80 % of the maximum value
[A08Fmax = A (0.8Fpnu)]. For the PAT specimens, the vertical force
recorded at the support of the timber joist when the F,,,x was reached is
also provided [Fys, Fmax = Fus (Fmax) |-

The failure mode of the specimens was evaluated based on visual
observation during their testing and demolition. The progression of
damage was quite complex for each specimen. The obtained failure
mechanism mobilised a large number of mortar joints and stones within
the pulled area on the wall front face, and plotting the observed crack
pattern does not contribute to a better understanding of the failure
mode. Nevertheless, the DIC measurements allowed to analyse the
deformed shape of the specimens during testing. Hereby, the DIC
displacement field component calculated in the out-of-plane (OOP) di-
rection with respect to the wall front surface is presented for represen-
tative tests, at steps indicated in the corresponding force—displacement
curve. These steps were selected when the maximum pull-out load was
reached or when the displacement recorded behind the anchors was
about 10-15 mm.

This section first describes the experimental results for each of the
three series in terms of force-displacement curves, propagation of
damage and crack patterns (Sections 3.1-3.3). Further details on the test
procedure and loading protocol adopted for each specimen are also
provided. Afterwards, the experimental results between testing series
are compared, and the influence of the investigated parameter-
s—anchoring detail, joist pocket and overburden stress—is discussed in
Section 3.4.

3.1. Specimens with parallel anchors (PA)

3.1.1. Force-displacement response curves

Specimens PA1 and PA2 were tested under the lowest value of F,
adopted in this experimental programme, corresponding to o, =
0.10 MPa. Test PA1 had to be stopped prematurely due to sliding of the
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wall, and hence it is not valid. For specimen PA2, a value of F,, =
42.4 kN was obtained. After F,,,x was reached for PA2, a technical issue
switched the testing machine from a force-control to displacement-
control mode (Fig. 7a). As a result, the vertical force F, and hence also
the pull-out force F increased; F, was 45.2 kN when the pull-out force
reached its maximum value of 53.2 kN. In the tests of PA3 and PA4, the
F, value was increased to 54.0 kN (o, = 0.20 MPa) to investigate the
effect of the vertical load on the pull-out resistance. The force-
—displacement response for these specimens showed a near-linear
branch before F,, was reached and a significant decrease in force
with increasing displacement in the post-peak behaviour (Fig. 7b and c).
The Fn.x values were calculated as 50.3 kN and 57.1 kN for PA3 and
PAA4, respectively (Table 3).

3.1.2. Propagation of damage and crack pattern

For specimen PA2, no cracking on the masonry surface could be
visually observed when F,,,x was reached. However, the DIC results
allowed to identify the imminent development of a horizontal crack at
the mid-height of the wall, as evidenced in Fig. 8a. A rapid propagation
of cracks in the masonry was observed for specimens PA3 and PA4 when
the post-peak branch initiated, mainly developing through the mortar
and mortar-stone interface. For specimen PA3, cracks surrounded the
anchors in the lower part of the wall, and two cracks also developed
from the anchoring area to the top of the wall. Specimen PA4 showed
cracking around the anchoring zone and diffuse damage in the sur-
rounding area, as reflected by the DIC results in Fig. 8b. Cracks radiating
from the anchors to the wall corners were also observed. While demol-
ishing PA4, well-defined fracture surfaces were observed, angled at
approximately 45° in the vertical plane and 55-60° in the horizontal
plane (Fig. 9a and b). Moreover, presumably as a result of their prox-
imity, there was an overlap between the masonry breakout blocks that
developed around each anchor. Notably, the stones into which the free
ends of the anchors were injected cracked, and the masonry failure block
had a depth equal to the embedment length of the anchors (Fig. 9c¢).

3.2. Specimens with inclined anchors (IA)

3.2.1. Force-displacement response curves

To have a consistent comparison with the previous tests, a value of
F, = 54.0kN was adopted for the first three IA specimens, correspond-
ing to o, = 0.20 MPa (Table 4). The average value of F,,,x obtained for
these specimens was 54.1 kN (CoV = 4 %). Once F,,,x was reached, there
was a sharp decrease in pull-out load with increasing displacements for
these specimens, as shown in Fig. 10. It is to be noted that a drop in the
pull-out force occurred at the final reloading for specimen IA1l
(Fig. 10a). This is due to the fact that the box section profile connecting
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Table 3
PA specimens: applied vertical load and obtained force and displacement ca-
pacities. Note that masonry breakout failure occurred for all specimens.

Specimen  F,[kN] 6y[MPa]  Fpu [kN] Afmax [mm] A 0.8 Fmax [mm]
PA2 27.0 0.10 42.4 0.74 (229) -
(45.2)* (53.2) *
PA3 54.0 0.20 50.3 1.14 4.92
PA4 54.0 0.20 57.1 2.35 5.53

(* Values obtained after the testing machine switched to a displacement-control
mode.

the anchors rotated causing a horizontal misalignment of the long bar
from the OOP direction of the wall. For specimen IA2, the rotation was
significant, and the test had to be stopped before the pull-out load
dropped below 80 % of the maximum value (Fig. 10b). In consequence,
the test setup was improved, and the rotation of the box section profile
was prevented in tests IA3 and IA4.

To gain additional information from specimen IA4, the value of F,
was varied while applying the pull-out load, as shown in Fig. 10d. The F,
value was initially adopted to be 81.0 kN (i.e. 6, = 0.30MPa), and a
value of F,,x = 64.9kN was obtained. Then, the vertical loading was
decreased to 54.0 kN in the second loading cycle of the post-peak
branch, and it was finally increased to 108.0 kN in the third cycle.
Fig. 10d shows that the first change in F, caused a drop in F of
approximately 10 kN, while no significant effects were observed in the
force-displacement curve when F, was increased in the last loading
cycle.

3.2.2. Propagation of damage and crack pattern

After Fy,, was reached for specimen IA1, cracking occurred mainly
in one side of the wall, as also reflected by the high OOP displacements
shown in Fig. 11a. For this specimen, cracking initiated near the east
anchor and propagated in a radial pattern towards the east side of the
wall. A well-defined crack was observed at the mid-length of the wall,
extending from the anchoring zone to the top of the wall. While exten-
sive damage was observed on the east front face, including to the stones,
thin cracks were observed in mortar joints and at the mortar-stone
interface on the west front face of the wall. At the end of the test,
splitting cracks were also observed in the wall thickness on the east side,
suggesting the separation of the masonry leaves, which was indeed
confirmed during demolition (Fig. 12a). The masonry failure block that
developed around the east anchor suffered such extensive damage that
its measure could not be reliably recorded. On the other side, a well-
defined masonry block was observed. Similar observations were also
made for specimen IA2, with the west side of the wall containing the

PA2 PA3 PA4
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= z = z z
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0 . : . 0 0 . . . 0 0 . - . 0
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Fig. 7. Force-displacement curves obtained for PA specimens: (a) PA2; (b) PA3; (c) PA4. The red circles mark the step for which the DIC results are plotted in Fig. 8.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(b)

Fig. 9. Damage observed for PA4 specimen after demolition: (a) lateral view of the masonry breakout block; (b) top view of the masonry breakout failure; (c) state of

the anchors.

Table 4
IA specimens: applied vertical load and obtained force and displacement ca-
pacities. Note that masonry breakout failure occurred for all specimens.

Specimen  F,[kN]  o,[MPa] = Fuu[kN]  Appg[mm] *  Aggopma [mm] *

1Al 54.0 0.20 51.7 0.89, 0.93 5.94, 4.19

1A2 54.0 0.20 55.5 0.66, 1.28 5.08, 7.24

1A3 54.0 0.20 55.1 0.93, 1.05 5.21, 5.11

1A4 81.0 0.30 64.9 0.86, 0.90 6.48, NaN
*East, west.

most damage.

For specimens IA3 and IA4, a fairly symmetrical distribution of OOP
displacements with respect to the anchoring system was observed on the
front wall surface, resulting in a similar damage propagated in the east
and west sides. Fig. 11b shows the DIC results obtained for IA3. For these

specimens, the anchoring system was surrounded by cracking, and
radial cracks developed outwards. Moreover, cracks between the ma-
sonry leaves were also visible on the external surface of the wall at the
end of testing, especially for specimen IA4 where the crack on the east
side reached a significant width (>1 cm). Splitting cracks also occurred
between the two anchors for these specimens. The masonry failure
blocks formed along the full embedment length of each anchor and their
overlapping was clearly visible during their demolition. Fig. 12b and c
show the breakout failure that was observed for specimen IA3, which
was characterised by an angle of approximately 45° in the vertical plane.
In the horizontal plane, an angle of 30° was measured on the west side,
while a 60° angle was observed on the east side where no splitting
cracking occurred between the masonry leaves.
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Fig. 10. Force-displacement curves obtained for IA specimens: (a) IA1; (b) IA2; (c) IA3; (d) IA4. The red circles mark the step for which the DIC results are plotted in
Fig. 11. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Specimens with parallel anchors and timber joist (PAT)

3.3.1. Force-displacement response curves

As described in Section 2.1, damage was observed in the PAT spec-
imens before testing. PAT1, which had less extensive existing damage
when compared to the other PAT specimens, was tested without the
crack repair. Despite the existing damage, the force-displacement curve
behaved similarly to previous tests (Fig. 13a), and the obtained value of
Fuax Was 60.9 KN. However, there seems to have been some influence
from the existing damage, as suggested from measurements recorded at
the end of the vertical loading phase by the load cells in the universal
machine and the DIC results. For this reason, crack repair was carried
out for the other PAT specimens.

PAT2 was tested under the same vertical loading as PAT1, corre-
sponding to 6, = 0.20 MPa. As shown in Table 5, the F,,,x value obtained
for this specimen was 25 % higher than that obtained for PAT1. For
PATS3, a value of F, = 27.0kN was adopted (6, = 0.10 MPa), and the
obtained F,,,x was 41.9 kN. PAT4 was tested under a vertical loading of
81.0 kN (i.e. 6, = 0.30MPa), resulting in a maximum pull-out load of
57.4 kN. For this test, the force-displacement curve showed less of a
decrease in force with an increasing displacement during the last loading
cycle (Fig. 13d). This may be related to the sliding of the masonry
portion of the wall involved in the failure mechanism, as discussed in the
following section.

3.3.2. Propagation of damage and crack pattern
While testing PAT1 and PAT2, the OOP displacements of the front

face of the masonry wall progressively increased with a rather sym-
metrical distribution. Fig. 14a shows the DIC results obtained for PAT1
when F,,x was reached. In the post-peak branch, diagonal cracks
propagated in these specimens from the top corners of the joist pocket
and the anchoring zone towards the top corners of the wall. Vertical
cracking was also found in the wall thickness, especially for PAT1 where
a crack with significant width was observed on the east side of the wall.
In the lower part of the wall, cracks propagated from the anchors to the
base and the bottom corners of the wall. While for PAT2 these cracks
occurred on both wall sides, they were mainly observed on the east side
for PAT1. Notably, damage was observed at the back face of the wall for
PAT1 (Fig. 15a), while for PAT2 the stones in which the anchors were
injected were found to be cracked during the demolition of the wall.
For PATS3 significant damage mainly occurred on the east side of the
wall, as also reflected by the DIC results in Fig. 14b. Diagonal cracking
propagated from the joist pocket to the top corner of the wall as well as
from the east anchor to the lateral side of the specimen. Thin cracking in
the wall thickness was also observed on the east side. When compared to
the other PAT specimens, PAT3 had a breakout failure block signifi-
cantly detached from the rest of the wall, as shown in Fig. 15b. For
PAT4, a severe crack propagated vertically from the top-east corner of
the joist pocket to the top of the wall, which was adjacent to the repaired
crack. Widespread damage occurred on the west side of the wall, where
a splitting crack with a significant width was observed in the wall
thickness. Similar to other specimens, the demolition of PAT4 showed
that the east anchor was injected in a large stone that had severely
cracked. In contrast to the other specimens, the free end of the west
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Fig. 11. OOP displacements for IA specimens at the steps indicated in Fig. 10: (a) IA1; (b) IA3.

(a)

()

Fig. 12. Damage observed for IA specimens during demolition: (a) separation of masonry leaves (IA1); (b) top view of the breakout failure (IA3); (c) lateral view of

the breakout failure (IA3).

anchor was embedded in mortar (Fig. 15c).

For all PAT specimens, breakout failure occurred, and the masonry
blocks that formed around each anchor overlapped. Notably, the failure
in these specimens involved the masonry portion surrounding the joist
pocket (Fig. 16a), and significant damage occurred at the back face of
the pocket, especially at the top (Fig. 16b). Behind the joist pocket,
cracks were also found in the masonry leave at the back of the walls, as
shown in Fig. 16c. As a result, the breakout failure block had a rather
complex shape for these specimens. Regarding the timber beam
embedded in the masonry, no damage was observed.

3.4. Discussion

For all specimens, the experimental force-displacement curves
showed that the pull-out load increased almost linearly up to its
maximum values. At Fy,,,, relatively low values of displacement Appx

10

were calculated, indicating a stiff response of the structural system in the
pre-peak branch. After F,,,, there was a significant drop in force with
increasing displacements. For the vertical loading values adopted in this
study, the values of the peak pull-out force ranged from 41.9 kN to 75.9
kN (Fig. 17).

When a vertical overburden stress o, of 0.20 MPa was applied, the
mean value of F,,,x was 53.9 kN with associated CoV of 5 %, calculated
considering the PA and IA specimens. Based on these results, the
anchoring detail did not considerably influence the peak pull-out force
in this study. Due to the scatter in the results of the PAT specimens, it is
not straightforward to establish the effect of the joist pocket on the peak
pull-out load. Considering the results for PAT1 and PAT3, the pull-out
load capacity was not drastically affected. The higher F,,, obtained
for PAT2 might be related to the grouting used to repair the crack, while
the lower value for PAT4 may be due to the presence of pre-test damage.

The influence of the vertical loading on the peak pull-out force was
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Fig. 13. Force-displacement curves obtained for PAT specimens: (a) PAT1; (b) PAT2; (c) PAT3; (d) PAT4. The red circles mark the step for which the DIC results are
plotted in Fig. 14. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5

PAT specimens: applied vertical load and obtained force and displacement capacities. Note that masonry breakout failure occurred for all specimens.

Specimen Fy[kN] o, [MPa] Finax [KN] Fus, fmax [KN] Afimax [mm] A 0,80 Fmax [mm]
PAT1 54.0 0.20 60.9 15.6 2.71 10.40
PAT2 54.0 0.20 75.9 19.5 1.72 8.32
PAT3 27.0 0.10 41.9 11.1 1.44 7.61
PAT4 81.0 0.30 57.4 16.3 2.86 6.69

clearly observed for the PA and IA specimens, as shown in Fig. 17. For
these tests, the value of F,, increased linearly with an increasing
overburden stress in this study (R2 = 0.89). This trend was also observed
in the post-peak behaviour of IA4. Notably, the 10 kN drop in F that
occurred when the F, value was decreased from 81 kN to 54 kN is similar
to the increase in value of F,,, that was obtained for this specimen when
compared to IA specimens tested under F, = 54kN (Fig. 10). The in-
crease in pull-out load capacity with increasing vertical loading was also
confirmed by the results obtained for the PAT specimens except PAT4.
Besides the possible presence of pre-test damage, this might also be
related to the fact that the free end of the west anchor of this specimen
was embedded in mortar rather than stone (see Section 3.3.2), resulting
in a lower pull-out load resistance value.

The DIC results showed the development of the breakout failure on
the wall front surface, with the highest OOP displacement values located
in the masonry around the anchoring system and decreasing towards the
wall edges. Reflecting the near-linear behaviour obtained in the force-
—displacement curves, no significant damage was visible in the masonry

11

before reaching the peak pull-out force. Thereafter, a significant prop-
agation of cracks occurred on the front face of the walls that rapidly
grew in length, width and number. Also, after the peak pull-out force
was achieved, a snap-back behaviour was recorded by the LVDTs placed
at the front of the masonry walls, meaning that the bond between the
injection anchors and masonry was no longer engaged in the full
response of the specimens.

Despite the differences observed in the crack pattern of each spec-
imen, there were some common features across the testing series. In
general, there was cracking around the anchoring system, and cracks
also developed from the anchoring area outwards. While these cracks
developed horizontally towards the lateral sides in the specimens tested
under the lowest vertical loading, they propagated diagonally towards
the corners and edges of the walls when a higher vertical load was
applied. Though some stones close to the wall corners were also cracked,
cracking mainly developed through the mortar and especially at the
mortar-stone interface. For all specimens, the masonry breakout failure
was characterised by an overlap of the masonry blocks formed along the
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Fig. 14. OOP displacements for PAT specimens at the steps indicated in Fig. 13: (a) PAT1; (b) PAT3.
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Fig. 15. Damage observed for PAT specimens during demolition: (a) damage at the back of the wall (PAT1); (b) breakout failure (PAT3); (c) damage observed for the

anchors (PAT4).
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Fig. 16. Common features observed for PAT specimens: (a) top view of the breakout failure (PAT2); (b) damage at the joist pocket (PAT2); (c) cracks behind the joist

pocket (PAT4).

length of each anchor. Cracks were also observed between the masonry
leaves, especially at mid-height of the walls. In general, these cracks did
not significantly propagate up to the external lateral surfaces of the
walls, except in specimens IA4, PAT1 and PAT4. This most likely
depended on the arrangement and dimensions of the stones at the lateral
wall sides.

For PA and IA specimens, no considerable differences were obtained
in the angle characterising the geometry of the breakout failure block,
especially in the vertical plane (about 45°). In the horizontal plane, the
angle ranged between 30 and 60°, depending on the dimensions of the
stones as well as on the propagation of cracks between the masonry
leaves. When compared to PA specimens, IA specimens with inclined
anchors had a masonry breakout block characterised by a smaller depth

12

in the wall but larger dimensions on the wall front surface. As a result,
these parameters rather compensate each other when calculating the
lateral area of the masonry failure block, which is one of the key pa-
rameters governing the peak pull-out force according to existing
analytical formulations (see Section 4.1.1). This is presumably why
similar values were obtained for the pull-out load capacity in the PA and
IA testing series. Regarding the PAT specimens, the breakout failure
block also included the masonry portion surrounding the top of the joist
pocket. As a result, the lateral area of the failure block did not overall
significantly differ from the value obtained for PA specimens, and this is
possibly the reason why there was not a significant force reduction.
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Fig. 17. Peak pull-out force values obtained for the adopted testing configu-
rations under different vertical loading values. Note that the equations and the
R2 value were calculated considering only PA and IA specimens. In the reported
equations, F, must be given in kN, ¢, must be given in N/mm? or MPa and Frnax
is obtained in kN.

4. Prediction of pull-out load capacity

In this section, the pull-out load capacity of injection anchors is
predicted using currently available formulas in building codes and in the
literature. As outlined in Section 1, these formulas were calibrated on
results from anchors installed in brick masonry walls. These formulas
are therefore used outside their original scope because corresponding
equations for injection anchors in stone masonry walls are currently
missing. They are used herein to evaluate how the so-obtained pre-
dictions compare with the experimental results obtained in this study
and to test if they can serve as a starting point for estimating the pull-out
capacity of anchors in stone masonry. Because all specimens developed
breakout failure, state-of-the-art analytical formulations associated with
masonry breakout failure are adopted, as presented in Section 4.1. These
formulas apply to straight anchors, so the predicted values are compared
with the experimental results obtained for PA specimens. In addition,
engineering judgement is used to apply these formulas also to the IA and
PAT specimens. In Section 4.2, empirical formulas which have been
recently derived to predict the pull-out load capacity of anchors in
masonry under breakout failure are applied. Finally, the applicability of
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these existing formulations is then discussed in Section 4.3.
4.1. Formulas based on analytical models

4.1.1. State-of-the-art analytical formulas

Current analytical formulas for predicting the pull-out load capacity
of anchors in masonry have been proposed by using plasticity-based
models and models based on the Concrete Capacity Design (CCD)
method, which were developed for anchors installed in concrete
[40,41]. According to these models, when subjected to tensile loading,
the anchor pull-out load resistance for breakout failure depends on the
tensile strength of the substrate material (f;) and the projected area (A9).
The tensile strength is typically expressed in terms of compressive
strength (f,,) as f, =« /T, where x; is a numerical factor that depends
on the unit system adopted. The projected area is assumed as the pro-
jection in the pull-out direction of the assumed failure volume on the
surface of the element. In the formulas, this becomes A® = k; h%;, where
her is the effective length of the anchor and k3 is a constant.

In plasticity-based models, the failure volume is commonly idealised
as a cone with an angle of 45°, while in the CCD method, a 35° pyramid
is assumed, as shown in Fig. 18. As a result, the projected area for a
single anchor under pull-out load corresponds to a circle (A° = xh?;) or
a square with an edge three times the effective embedment length (A® =
9hZ,). If adjacent anchors are spaced so close together that the failure
volumes overlap, or if they are located close enough to a free edge to
prevent the full development of the failure volume, a reduction of the
load-bearing capacity is considered in both models through a modifi-
cation factor. This factor is defined as the ratio between the actual
projected area of the anchors (A) and the reference projected area for a
single anchor not limited by edge or spacing influences (A%). Among the
differences in their formulations, the failure load increases in proportion
to the projected area (h?; dependence) in plasticity-based models, while

in the CCD method, h;? dependence is assumed for the failure load. This
is because the CCD method accounts for size effect by assuming a
decrease in the failure load proportional to k3 hc‘f(f)'s, where x3 is a nu-
merical factor [40,41].

Consequently, the general expression of the formula to predict the
pull-out load capacity (F, ) associated with breakout failure according

to these models can be written as Eq. (1):

anux = (A/A())Kﬁhgff’ (1)
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Fig. 18. Schematic representation of the assumed masonry breakout failure blocks and projected areas for PA specimens.
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with: k = k1 k2 and a = 2.0, (plasticity-based models)

K = K1 Ko k3 and « = 1.5. (CCD method).

Table 6 summarises the formulations that have been proposed to
calculate the nominal F¥, for anchors installed in masonry under tensile
loading. All presented equations are reported in SI units (N and mm),
and the same notation is used for parameters reflecting common con-
cepts across the equations, which are the effective length of the anchor
(hefr), masonry compressive strength (f,,) and anchor diameter (d). To
account for the different shape and angle assumed for the breakout

failure volume, the modification factor is expressed in Table 6 as A,/ Agl

for the plasticity-based models, and Ay /ASN for the CCD method.

In Eq. (2) proposed by the MSJC [28], the value of k; is set equal to
0.33, assuming a tensile stress of f; = 0.33/f;, uniformly distributed
over, and acting perpendicular to, the 45° cone lateral surface. This is
statically equivalent to f, = 0.33 \/f,, uniformly distributed over, and
perpendicular to, its projection area. Moreira et al. [33] adapted this
formula for stone masonry by considering the x; value to range from
0.08 to 0.33, which was derived from the relationship f, = k1 /f; using
the results of the characterisation tests carried out by Tomazevi¢ [3].
Specifically, for the pull-out tests by Moreira et al. [33] on bonded
grouted anchors in stone masonry, a good correlation was found by
adopting k; = 0.10. Besides falling within the proposed range, this value
also agreed with the results obtained from diagonal compression and
simple compression tests carried out within the same experimental
campaign.

Also based on the theory of plasticity, Arifovic and Nielsen [20]
proposed Eq. (4) to estimate the pull-out load capacity for bonded an-
chors installed in masonry based on work by Hansen et al. [42]. Unlike
the other formulas, this equation accounts for the anchor diameter (d).
Allen et al. [43] proposed Eq. (5) for headed anchors in masonry, where
the factor k can be assumed to have a value of 7.11 for post-installed
anchors in cracked clay brick masonry. For the uncracked condition,
as in this case, the load resistance can be increased by a factor of 1.4. It
should be noted that this formula is currently the only one based on the
CCD method available for anchors in masonry.

4.1.2. Application to experimental tests (PA specimens)

To calculate the pull-out load capacity using the existing analytical
formulas, it was assumed from the experimental evidence that the
effective length was equivalent to the full embedment length of the
anchor (i.e. heip =1 = 250 mm). For the material properties adopted for
masonry, the compressive strength was assumed to be 0.96 MPa, while
the tensile strength was assumed to be 0.07 MPa [34] (see Section 2).
Using these strength values, the k; factor in Eq. (3) was estimated with a
value of 0.08, resulting in the lower-bound limit of the range suggested
by Moreira et al. [33]. The projected areas were calculated as shown in
Fig. 18. It should be noticed that the overlapping area due to the anchors
being closely together was considered, while the edge influence was not
considered since the minimum distance requirements were always
respected in this case.

Fig. 19 compares the pull-out capacity values estimated via the

Table 6
Summary of formulas available to determine the breakout force capacity of
anchors in masonry. Note that f;,, must be given in N/mm? or MPa, dimensions

must be given in mm and F?,_is obtained in N.

Author Formulas

MSJC (2016) [28] - (Ap‘/Ag‘) 0.33 7/ b2, @

Moreira et al. (2016) [33] (AP‘ /Ag‘) K1 7/ 2 with ©)
0.08<k; <0.33

Ar[i;(ggic & Nielsen (2006) B, = (Am/Ag‘) 0.96 v/F hZ, (1 +d/herr) (C))

Allen et al. (2000) [43] (5)

P = 144[(AcN/A?N) 7.11 Vi hgﬂ
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Fig. 19. Comparison between the experimental (F;,
values for PA specimens using Egs. (2)-(5).

) and predicted (F? )

selected equations (F?_ ) and the experimental results (F;, ). To weigh

the effectiveness of each formulation, the mean absolute error (MAE)
and the mean absolute percentage error (MAPE) are reported in Table 7.
The formulas provided by the MSJC [28] and Arifovic and Nielsen [20]
predict very similar values for the pull-out load capacity, both over-
estimating the experimental results. Conversely, Eq. (3) proposed by
Moreira et al. [33] significantly underestimates the experimental values.
A good correlation could be obtained by adopting a value of k; = 0.22.
Though this x; value is in the proposed range, it is noted that it does not
satisfy the relationship between the compressive and tensile strengths of
masonry using the results from characterisation tests as proposed by
Moreira et al. [33], i.e. f, # x; /T, (refer to Section 4.1.1). Equation (5)
proposed by Allen et al. [43] correlates better with the experimental
results, though the experimental results are still underestimated. This is
reflected in Table 7, where this formula reaches the smallest prediction
errors. Fig. 19 shows the values obtained for each of the PA specimens
when applying Eq. (5). It is noted that Eq. (5) yields the best prediction
for PA2, which is the specimen that was subjected to lowest vertical load
(0.1 MPa). The reason for the good correspondence might lie in the fact
that Eq. (5) does not account for the effect of the vertical load on the
pull-out capacity. Neglecting the effect of the vertical load might
therefore lead to larger errors for PA3 and PA4, which were subjected to
higher vertical loads.

4.1.3. Application to experimental tests (IA and PAT specimens)

Based on the experimental evidence, the state-of-the-art analytical
formulations were adapted to also predict the pull-out load capacities for
IA and PAT specimens using engineering judgment. For the IA speci-
mens, the effective length was assumed to be the length of the anchor in
the perpendicular direction of the wall front surface (i.e. he =
le cos (B) = 230 mm). To calculate the values of actual projected areas,
Ap and Ay, while accounting for the inclination of the anchors, the
spacing was redefined as s = s+ 2(lesin(p) ). Since the critical edge
distance was not respected according to the CCD method, a value of
Acy = (2c1 +5) (3herr) was assumed in Eq. (5), where ¢; = (L, —3)/2.

For the PAT specimens, when applying Egs. (2)—(4), the value of A,
was calculated by subtracting the overlapping area of the joist pocket in
the reference projected area Agl. According to the CCD method, a value
of Acn = (3hesr) (1.5hegr + s+ c2) could be adopted for Eq. (5),

Table 7

Values of MAE and MAPE obtained using Egs. (2)-(5).
Author MAE [kN] MAPE [-]
MSJC (2016) [28] - Eq. (2) 26.4 0.55
Moreira et al. (2016) [33] - Eq. (3) 30.3 0.60
Arifovic & Nielsen (2006) [20] - Eq. (4) 25.7 0.54
Allen et al. (2000) [43] - Eq. (5) 9.3 0.17

14
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assuming c, as the distance between the anchors and the joist pocket.
However, this requirement was found to be too conservative to account
for the presence of the joist pocket, so the value of A,y was computed
following the same approach used as previously (i.e. by subtracting the
overlapping area of the joist pocket in the reference projected area A%).

As shown in Fig. 20, when compared to PA specimens, higher values
of F° . were calculated for IA specimens using Egs. (2)-(4). For IA
specimens, though a lower projected area was obtained for each anchor
due to the inclination of the anchors, a higher ratio A,/ Agl was calcu-
lated as the overlapping area was reduced. Because the pull-out load
capacity was reduced to respect minimum edge distance requirements,
the value obtained for IA specimens using Eq. (5) is very similar to that
obtained for PA specimens. For the PAT specimens, all adopted equa-
tions predicted lower pull-out load capacity values when compared to
PA specimens as a direct result of considering the overlap with the area
of the joist pocket. It is to be noted that PAT2 and PAT4 were neglected
here due to the probable influence of existing damage and crack repair
for these specimens (refer to Section 3.4).

4.2. Empirical formulas

Recently, Ceroni et al. [12,44] proposed formulas for predicting the
pull-out load capacity of anchors installed in stone and brick masonries
using regression analysis. Specifically, they were calibrated based on a
database including pull-out tests for which the masonry breakout failure
was also observed. According to the notation previously introduced, the
formulas, expressed in N and mm, can be written as follows:

B
P = k(x(%) 11d50.25f,, (6)
0.67f +0.40,)° .
. =k {(x % +yd L (0.67f, +0.40,)" (7 and 8)

In all formulations, the pull-out load capacity depends on the ge-
ometry of the anchor. Equation (6) depends on the compressive strength
of the injection material (f.,), while the compressive and tensile
strengths of masonry are adopted in Egs. (7) and (8). Notably, Egs. (7)
and (8) include the effect of overburden stress in the term (0.67f, +
0.40,), adopted according to the Mohr-Coulomb criterion. Eq. (7) was
calibrated based on only the tests which failed involving the masonry,
while Eq. (8) accounted for all the collected pull-out tests independently
on the failure mode. The parameters a, f, v, 8, €, 1, 6 and k are numerical
factors obtained from regression analysis by Ceroni et al. [12,44]. For
the reader’s convenience, the values obtained for these parameters for
Egs. (6)-(8) are reported in Table 8.

All the experimental results considered in the adopted database were
obtained from pull-out tests on straight anchors, then the formulations

100 %
S e PA specimens
T ,/ e IA specimens
801 Underestimation v e PAT specimens
. e A A MSIC - Eq.2
Z 601 (] 24 X m Moreira et al - Eq.3
= = ( S x ¥ X Arifovic & Nielsen - Eq.4
. X
5 7 ¢ Allenetal - Eq.5
&40 = 09 o
,// Overestimation
201
//;— F?nux Fmax
0+ ‘ ’ :
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Fig. 20. Comparison between the experimental (FS

) and predicted (FP. )
values for all testing series using Egs. (2)-(5).

max
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were adopted to predict the pull-out load capacity for PA specimens. As
the database also included the pull-out tests carried out on pairs of an-
chors by Moreira et al. [11], the modification factor A /A0 was not
applied here. The f., value was adopted to be 82.7 MPa according to the
manufacturer’s specifications. For the values of masonry material
properties, they were assumed as mentioned above, i.e. f,, = 0.96 MPa
and f, = 0.07 MPa.

The results obtained by comparing the values predicted by Egs. (6)-
(8) with the experimental results are presented in Fig. 21 and Table 9.
Accounting also for the influence of overburden stress, Egs. (7) and (8)
are better at predicting the experimental values. When compared to Eq.
(7), Eq. (8) shows lower values of MAE and MAPE (6.2 kN and 0.13,
respectively), possibly as it was calibrated on a larger set of experi-
mental results. However, it is to be noted that when applying Egs. (7)
and (8), the predicted value obtained for 6, = 0.20 MPa is lower than the
value calculated for 6, = 0.10 MPa (Fig. 21), which is in contradiction to
the trends observed in experimental results. This might be due to the fact
that, as a result of the lack of experimental data in literature, the adopted
database included a limited number of tests which failed for masonry
breakout and where the overburden stress was varied.

4.3. Discussion

In this section, seven existing formulas for estimating the peak pull-
out force of anchors in masonry under breakout failure were applied to
the tests presented in Section 3. Of these equations, four were analytical
equations (Egs. (2)-(5)), and three were empirical equations (Egs. (6)-
(8)). The existing analytical equations had been developed for anchor
breakout failure from concrete, and then the parameters had been
recalibrated for brick masonry. The only previous attempt to extend the
application of these formulas to stone masonry was done by Moreira
et al. [33], who proposed a range of the k; value from 0.08 to 0.33 to the
analytical formula for the breakout load capacity of anchors. With the
exception of the equation by Moreira et al. [33], the predictive analyt-
ical equations were therefore applied out of their original scope. The
comparison had therefore not the goal to highlight any shortfalls of these
equations but to investigate their potential for future work when
deriving specific equations for the pull-out force capacity of anchors in
stone masonry under breakout failure.

The comparison of the formulas to the three test series presented in
this paper yielded the following insights:

e Parallel anchors (PA): The predicted pullout capacities differed
significantly from the experimental pull-out values. This also applies
to the one equation that had been calibrated for stone masonry (i.e.
Eq. (3)). Two out of the four analytical equations underestimated the
capacities, while the other two overestimated the capacities. All four
equations have in common that they do not account for the over-
burden stress and could therefore not capture the trends in the PA
data. Two empirical equations, i.e. Egs. (7) and (8), accounted for the
overburden stress. However, the predicted values were lower for
o, = 0.20 MPa than for 6, = 0.10 MPa, which is contrary to the trend
observed from the experiments. This might be related to the fact that
these equations are purely empirical and only few of the tests used
for the calibration had been carried out with an overburden stress.
Nevertheless, Eq. (8) by Ceroni et al. [12] led to the overall best
predictions of the pull-out capacity.

Inclined anchors (IA) and parallel anchors with timber beam (PAT):
The existing analytical equations were not addressing inclined an-
chors or parallel anchors with a joist pocket. We extended their
application to these configurations by modifying geometric input
quantities using the experimental observations and engineering
judgment; the reflections are described in detail in Sections 4.1.2 and
4.1.3. With the proposed modifications, the formulas available for
parallel anchors may be successfully adapted to these configurations
by modifying the geometric input quantities of the anchoring system.
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Table 8
Values of parameters obtained for Egs. (6)-(8) by Ceroni et al. [12,44].
Author o B v 5 € n 0 K
Ceroni et al. (2020) [44] - Eq. (6) 282 0.40 1.05 0.24 0.08 - - 1.00
Ceroni et al. (2020) [12] - Eq. (7) 189.189 1.51 0.48 -0.36 2.10 —0.44 0.50 1.00
Ceroni et al. (2020) [12] - Eq. (8) 191.059 1.41 0.38 -0.37 2.11 -0.49 0.50 1.00
e Before the maximum pull-out force was reached, the obtained
100 . . experimental force-displacement response curves were nearly linear,
e — Ceroni et al - Eq.6 L
// + Ceroni etal - Eq.7 and.no damage was visible on.the wall surfaces. The .peak force was
801 Underestimation Vs | Ceroni et al - Eq.8 achieved at a relatively low displacement, resulting in a rather stiff
e systemic response in the pre-peak branch. In the post-peak behav-
Z 601 H-/': iour, cracks rapidly propagated in the masonry walls, and a signifi-
= A - cant decrease in force was observed. This behaviour was associated
» é 40 ,,/' +— with masonry breakout failure, which was obtained for all specimens
il as intended. On the wall front surface, cracks developed around the
, #" Overestimation anchoring system and propagated outwards, occurring mainly in
207 i mortar joints and at the mortar-stone interface. In the wall thickness,
/’4- Ffox =P masonry blocks formed around each anchor along the full anchor
0 O, 5 0 7 100 length, and they overlapped as a result of their proximity. In addi-

FP .« [KN]

Fig. 21. Comparison between the experimental (F;, ) and predicted (F )
values for PA specimens using Egs. (6)-(8).

Table 9

Values of MAE and MAPE obtained using Egs. (6)-(8).
Author MAE [kN] MAPE [-]
Ceroni et al. (2020) [44] - Eq. (6) 12.1 0.26
Ceroni et al. (2020) [12] - Eq. (7) 7.1 0.16
Ceroni et al. (2020) [12] - Eq. (8) 6.2 0.13

Using the quantities of the configurations adopted in this study, the
predicted pull-out load values for the IA and PAT specimens did not
differ significantly from those calculated for the PA specimens. This
agrees with the experimental results, as IA and PAT specimens led to
overall similar pull-out force capacities to PA specimens in this study.
Hence, it seems that the formulas available for parallel anchors might
be successfully adapted following the herein proposed engineering
approach. However, because the prediction of the pull-out load was
unsatisfactory for the specimens with parallel anchors, low agree-
ment between the predicted and experimental values was also ob-
tained for IA and PAT specimens.

To sum up, it seems necessary to expand the analytical formulas by a
term that accounts for the overburden stress. If done so, based on the
results obtained, it seems feasible to extend the applications also to the
configurations of the IA and PAT tests. While the empirical formula
which accounts for the overburden stress led to the best prediction, it
does not yet reproduce correctly the positive correlation between
overburden stress and pullout load capacity but instead suggests a weak
negative correlation.

5. Concluding remarks

This paper presented the results of twelve quasi-static pull-out tests
performed to investigate the behaviour of injected anchors in stone
masonry. Each specimen implemented an anchoring system with two
steel rods injected in a double-leaf stone masonry wall using epoxy resin
adhesive. Three testing configurations were adopted: 1) PA specimens
with parallel anchors; 2) IA specimens with anchors inclined in the
horizontal plane; and 3) PAT specimens with parallel anchors and a joist
pocket in the masonry. The main findings of the paper are summarised
as follows:

16

tion, cracks were found between the masonry leaves, suggesting their
separation in the area surrounding the anchoring system.

e This experimental programme investigated the effect of anchoring
detail, vertical overburden stress and the presence of a joist pocket in
the masonry. No significant effect of the anchoring detail was found
on the peak pull-out force in this study. When considering PA and IA
specimens tested under an overburden stress of 0.20 MPa, the mean
pull-out load capacity was calculated to be 53.9 kN (CoV = 5 %). The
overburden stress applied to the masonry walls considerably influ-
enced the peak pull-out force, which was clear for the specimens with
parallel and inclined anchors where the peak pull-out load increased
with increasing overburden stress. Finally, there is some indication
that the joist pocket did not drastically influence the pull-out load
capacity in this study; however, further investigations are needed to
form solid conclusions of its effect.

e Being aware of limitations, current state-of-the-art formulations for
predicting the pull-out force capacity of anchors in masonry were
applied to be tested with the experimental results obtained in this
study. As they were derived for straight anchors, these formulas were
straightforwardly used to predict the pull-out load capacity values
obtained from PA specimens. Moreover, they were also applied with
engineering judgement to predict the results from IA and PAT
specimens. When using existing analytical formulations, unsatisfac-
tory results were obtained by comparing the predicted and the
experimental values of pull-out force capacity. Better agreement was
shown by the empirical formula derived by Ceroni et al. [12] that
allows to predict the pull-out load capacity of anchors in masonry
accounting for the effect of overburden stress. However, it failed in
predicting the relationship observed in this study between pull-out
load capacity and overburden stress.

The results obtained in this paper underline the need for an analyt-
ical formulation that also includes the overburden stress as a governing
parameter when estimating the pull-out load capacity of anchors in
masonry under breakout failure. Considering the lack in literature of
results obtained from pull-out tests on injection anchors in rubble stone
masonry, as well as the large variation in experimental results typically
affecting this masonry typology due to several factors (e.g. the great
variability in size, shape and material properties of masonry constitu-
ents), more laboratory and in-situ tests should be addressed in future
work to confirm and extend the results obtained in this experimental
programme. The experimental results reported in this paper can serve
for numerical simulations of stone masonry buildings where wall-to-
diaphragm connections are reinforced by injection anchors. Moreover,
they can validate the simulation of pull-out tests on detailed micro-
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models of stone masonry walls (e.g. [45,46]), which can be used to
evaluate the effect of the above-mentioned factors and to investigate
scenarios not explicitly considered in the context of this article.
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