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Fastening systems are widely used to connect structural elements and to retrofit existing struc-
tures. Post-installed bars with adhesives are often used in masonry structures to achieve box-like
behavior, improving the wall-to-wall and the slab/roof-to-wall connections. In such applications,
multiple anchors are typically installed in a line, often with limited spacing. To date, most
experimental studies have focused on the behavior of single or double anchors, neglecting the
case of linear fastening connection.

This paper presents an experimental campaign aimed at studying the behavior of a connection
with up to five in-line anchors. M12 threaded rods were installed with an adhesive into solid brick
walls with varying masonry strengths. Critical installation conditions were considered, namely,
installation in the mortar joint and spacing-to-embedment depth ratio equal to one. The tests were
displacement-controlled, and a special system was adopted in some tests to impose a uniform
displacement to the linear fastening system. For the low-strength wall, a linear increase in ca-
pacity was observed with an increasing number of anchors. In contrast, for the higher-strength
wall, the trend was linear up to four anchors, after which an asymptotic value was reached.

Finally, numerical analyses were performed to evaluate the effect of various conditions,
including the eccentricity of the applied displacement, the scatter of the anchor pullout strengths,
and the group effect (interaction between anchors) on the overall capacity of the systems. In
general, the interaction between the anchors resulted in the most influential parameter, although
the effect remains constant beyond a certain number of anchors (5-6).

1. Introduction

Most historical and heritage buildings worldwide are unreinforced masonry structures, which exhibit high vulnerability to seismic
actions as they were typically designed neglecting horizontal loads [1-3].

It is well known that a key strategy to counteract potential damage, caused, for instance, by a seismic event, is to improve the
connections between walls and between walls and horizontal diaphragms (floor/roof slabs), to achieve the so-called “box-like”

behavior [4].

A widespread practice to connect two elements is to use multiple anchors. Depending on the type of elements and geometry,
different anchor configurations can be adopted. Several valuable research studies have been conducted on the behavior of single
anchors under different conditions [5-15]. These studies focused on characterizing the ultimate capacity and failure modes of single
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bonded anchors under monotonic tension and shear, establishing key parameters that influence the resistance. The results showed that
bonded anchors exhibit failure modes distinct from mechanical anchors. These primarily include: steel failure (for deep embedment),
pull-out or interface failure (anchor/adhesive or adhesive/substrate), and substrate cone failure (for shallow embedment). The failure
mode is highly dependent on the embedment depth (hef) and the bond strength. The location of the anchor - in the mortar joint versus
in the brick unit - is a critical factor and strongly influences the resistance. Anchors in mortar joints often fail by pull-out and show
lower strength, while those in bricks can exhibit pull-out, brick breakout (cone failure), or mixed modes with higher resistance.

When considering application at the structural level, for instance in case of slab-to-wall or wall-to-wall connections, multiple
anchors are usually placed in line with constant spacing. The behavior at the structural level has been rarely investigated. Some re-
searchers focused on wall-to-wall connections and, in particular, to improve the connection between perpendicular masonry walls
using post-installed bonded or mechanical anchors, also considering the effect of cycling loads on the performance [16-19].
Wall-to-timber connections have been also studied [20,21]. These practical scenarios are examples of linear fastening system appli-
cations. Although the design of such connections may seem initially straightforward, practically, the capacity assessment according to
European standard EAD 330076-01-0604-v01 [22] only considers up to two in-line anchors, thus neglecting the case of multiple
anchors. This underscores the practical necessity of the current study: if existing standards only cover two anchors, the common
requirement for multiple anchors in these critical connections is left unaddressed.

The assumption that the capacity of multiple anchors follows a linear trend is not supported by experimental evidence to date. To
the authors’ knowledge, only the case of up to three anchors has been studied recently by Vintzileou et al. [23], who investigated the
monotonic and cyclic behavior of double and triple steel anchors installed in line in solid brick masonry under tension and shear. They
noticed that the resistance under monotonic tension of anchors in line was significantly affected by the spacing-to-embedment depth
ratio (s/hef). In case of low interaction (s/her 21.7), a linear increase of capacity with the number of anchors was detected. In case of
high interaction (s/hef ~1), the double or triple anchorage showed a resistance reduction (approximately 30 %). Consequently, the
resistance of the connection cannot be obtained simply by multiplying the resistance of a single anchor by the number of anchors.

This paper presents an experimental investigation aimed at studying the behavior of up to five anchors in line under tension
loading, considering a critical installation configuration with potential high interaction between anchors (s/hef = 1). The primary
objective is to experimentally quantify the reduction in capacity (group effect) for linear fastening systems installed in-line in masonry
walls under pure tensile (pull-out) loading. Real-world connections, as for instance slab-to-wall connections, involve combined ten-
sion, shear, and bending. To develop a robust design methodology, the problem has been decoupled and the tensile behavior has been
studied as a first step, considering that the pure tensile/pull-out capacity governs the anchor’s primary failure mode (bond failure or
masonry breakout) and dictates the necessary embedment depth and spacing.

Although in practical applications the location of the bars may occur both in mortar joint or brick, the bars were always installed in
the horizontal mortar joint to represent the worst-case installation scenario.

The behavior seems to be affected by the wall strength: weak walls show a linear increase of the load, while stronger base material
exhibits a similar overall capacity in the case of four and five anchors.

Moreover, experimental evidence showed that the ultimate load is influenced by the uniformity of the applied displacement [24].
Indeed, even if the applied displacement is expected to be uniform due to the geometry in practical scenarios (e.g., slab-to-wall
connection), some eccentricity and variation in the behavior of a single anchor cannot be excluded a priori. To assess the influence
of these aspects on the overall capacity of the connection, numerical analyses were performed considering different small levels of
eccentricity (up to 5 %) and a variation of the single anchor behavior (3 cases) within the anchor group. The effect of the interaction
between anchors has also been investigated from an analytical perspective. Overall, the interaction between the anchors resulted in the
most influential parameter, although the effect remains constant beyond a certain number of anchors (5-6).

Fig. 1. Geometry of masonry specimen.
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2. Experimental program

The experimental research consisted in the evaluation of the performance under tensile load of M12 threaded rods installed in line
with adhesive into solid clay masonry walls. The aim was to investigate the relationship between the number of anchors in line and the
obtained maximum load. A reduced spacing of 100 mm, equal to the embedment depth, was adopted to assess the behavior of the
linear fastening in the worst condition (potential high interaction). The tests considered a number of in-line connectors ranging from 2
to 5. As a reference, a single anchor was also tested.

2.1. Materials

Four square masonry wall specimens were built, each with sides of 1.29 m and a thickness of 25 cm featuring two wythes in a
English bond layout (Fig. 1). The first three specimens, named W0, W1 and W2, were built in September 2022, while the fourth
specimen, W3, was built in October 2023. All walls were made with “Rosso Vivo™ solid clay bricks (dimensions 250 x 120 x 55 mm)
and masonry mortar classified as M2.5. The mean compressive and splitting strengths of the brick, evaluated according to ASTM
C1006-13 [25] and ASTM C67/C67M — 21 [26], were 23.30 MPa (6 samples, cov 5.5 %) and 2.46 MPa (7 samples, cov 18.3 %),
respectively. The mean compressive and bending strengths of the mortar, evaluated according to ASTM C109/C109M — 02 [27] and
ASTM C348-21 [28], resulted in 4.80 MPa (10 samples, cov 11.5 %) and 1.91 MPa (10 samples, 13.1 %), respectively, for specimens
WO, W1 and W2, and 3.96 MPa (10 samples, cov 10.2 %) and 1.15 MPa (10 samples, cov 12.6 %), respectively, for specimen W3.

The tests employed M12 threaded rod (steel class 8.8 [29]) installed into a pre-drilled hole of 14 mm with an embedment length
(hef) of 100 mm. For the in-line connection, the spacing (s) between anchors was also 100 mm, resulting in a ratio s/hef = 1 to account
for potential anchor interaction [23]. All anchors were installed into the mortar joint, sometimes into (or close to) a T-joint (inter-
section of horizontal and vertical joints), to consider the worst-case installation condition according to Ref. [23]. They were tested at
least 24 hours after curing. The adopted adhesive was Hilti HIT-HY 270 [30].

2.2. Test plan

A total of 22 anchor tension tests were performed. Fig. 2 illustrates the layout of the four walls with the position of the anchors for
each test. The test coding follows the rule: number of anchors (#A), embedment depth (in mm), external pressure applied to the wall

Fig. 2. Sketch of walls with the position of the tested anchors.
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(in MPa, see section 2.3), wall identifier and progressive test number. The additional “*” indicates tests where the loading protocol has
been modified to impose a uniform displacement across all anchors (see section 2.3). Since wall WO was previously used to perform
other tests related to a different research program, only four single anchors were tested on this specimen.

2.3. Test setup

Single anchor tests were performed according to the standard procedure proposed in the EAD 330076-00-0604 [22]. Since no
Standard or Guideline provides instructions on how to test more than two in-line anchors, the setup for the test on multiple anchors was
developed based on the directions given in the EAD and the experimental research published by Vintzileou et al. [23], who tested
double and triple in-line anchors. The system to induce uniform displacement was intended to simulate the real case of a slab-to-wall
connection, where the wall restraints prevent the free rotation of the connection.

The tests were performed on walls pre-stressed with a uniform pressure of 0.20 MPa. The pre-stress was applied with an outer steel
frame using Dywidag bars and measured with two load cells (Fig. 3, left). The tensile load was applied to the anchors with a hydraulic
jack of 300 kN capacity and measured with a load cell (AEP TC4). For multiple anchors, the load was distributed using a stiff base plate
pulled at two points via two triangular outer plates (one per side - see Fig. 3, right).

The distance between the two supports (grey beams in Fig. 3) was 80 cm in all tests to ensure an unconfined test configuration. Both
the specimen and test set-up were designed to prevent bending failure of the wall. The tests were monitored with two LVDTs (Linear
Variable Differential Transformers) placed symmetrically on the two small sides of the baseplate (Fig. 3, right). All tests were run
displacement-controlled with a rate of 0.015 mm/s and all data were acquired with the MOOG system.

In some tests, a clear rotation of the steel plate was observed (Fig. 4, left). This occurred because, once a lateral anchor began to pull
out, the steel plate started to rotate, and the hinged system was no longer able to apply a uniform displacement. A similar phenomenon
was also reported by Vintzileou et al. [23], who noticed a rotation of the fixing device connecting the actuator to the anchor group as a
result of a non-simultaneous pull-out of the anchors. To prevent this rotation, for certain tests (“*” tests of Fig. 2), two additional
“control” steel bars and two load cells (to measure the reaction upon contact) were added to the system (Fig. 4, right). These “uniform”
displacement tests began without rotation control until a noticeable difference between the two measures of the LVDTs was detected.
At that point, the control bar on the side with the larger displacement was placed in contact with the steel plate to realign the two
measured displacements. Once the two displacements values were again similar, the control bar was released. In most of the tests, the
control bars were not required as the displacements remained largely uniform.

3. Results

In Table 1, three load values are reported. Npax is the peak tensile load measured by the main load cell. In tests where rotation of the
base plate occurred, an auxiliary control system was activated to maintain uniform displacement, which introduced a measurable
compressive reaction (N*) on the control bars. The value N, (free load) is the maximum load measured by the main load cell before
the activation of the control bars. Indeed, when N* is zero, Np,qx is equal to Ngee. To ensure a conservative measure unaffected by the
redundant setup, Nge. is considered as the representative capacity for the subsequent discussion and analysis.

It should be underlined that, during the test, the control bars were only activated when the right and left displacements were
different, to guarantee a uniform displacement distribution on all anchors. Once the control bar was activated, the displacement was
kept uniform preventing the rotation of the plate, and thus, a compressive reaction on one of the control bars was generated. This
reaction would ideally be equilibrated by the reaction on the top of the frame. However, due to the redundancy of the entire system, it
cannot be excluded that a certain amount of stress might influence the measurement of the applied load. In most tests, the peak load

Fig. 3. (a) Test setup. (b) Stiff plate and triangular plates for the application of the load.
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Fig. 4. (a) Rotation of the steel plate during test 3A-100-0.2-W1-1. (b) System of two control bars to prevent the rotation of the steel plate.

Table 1
Test results.

# Wall Code Nmax (KN) N* (kN) Neree (KN)

1 Wwo 1A-100-0.2-W0-1 17.78 - 17.78
WO 1A-100-0.2-W0-2 23.68 - 23.68
wo 1A-100-0.2-W0-3 19.86 - 19.86
wo 1A-100-0.2-W0-4 18.99 - 18.99
w1 1A-100-0.2-W1-5 22.43 - 22.43
w3 1A-100-0.2-W3-6 13.18 - 13.18
w3 1A-100-0.2-W3-7 12.24 - 12.24
w3 1A-100-0.2-W3-8 13.92 - 13.92

2 w1 2A-100-0.2-W1-1 35.47 - 35.47
w2 2A-100-0.2-W2-2 36.18 - 36.18
w3 2A-100-0.2-W3-3* 25.91 1.49 23.96

3 w1 3A-100-0.2-W1-1 39.38 - 39.38
w2 3A-100-0.2-W2-2* 48.64 - 48.64
w3 3A-100-0.2-W3-3* 32.82 - 32.82

4 w1 4A-100-0.2-W1-1 62.57 - 62.57
w2 4A-100-0.2-W2-2* 58.72 - 58.72
w3 4A-100-0.2-W3-3* 40.10 - 40.10
w3 4A-100-0.2-W3-4* 43.87 2.90 41.87

5 w1 5A-100-0.2-W1-1 53.76 - 53.76
w2 5A-100-0.2-W2-2* 59.86 9.02 55.57
w3 5A-100-0.2-W3-3* 51.73 10.66 48.90
w3 5A-100-0.2-W3-4* 73.11 16.47 49.13

Fig. 5. Load vs displacement curves for single anchor tests.
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was reached without the activation of the bars, but in some cases a certain amount of load was recorded at the peak load. For this
reason, also Nfe, is reported.

The load-displacement curves for each single anchor are shown in Fig. 5. The observed failure modes are presented in Fig. 6. In
walls WO and W1, the rupture also involved the adjacent bricks (mixed cone and pull-out failure), while in wall W3 the failure was
dominated by anchor pull-out, activating only a limited volume of masonry. This was probably due to the variations in mortar strength
and curing across the different walls, which also influenced the load capacity (i.e., the average peak loads were 20.55 kN in walls WO-
W1 and 13.11 kN in wall W3). Indeed, all the other parameters, i.e. geometry, type of bricks (all from the same batch) and test setup,
were the same for all the tests.

Since a noticeable rotation was observed in one test with three anchors (3A-100-0.2-W1-1), the tests on multiple anchors (from two
to five) were performed with both procedures: loose control bars allowing for free rotation, and control bars activated to apply a
uniform displacement to all anchors. The results in terms of load vs. displacement curves are reported in Fig. 7. It is evident how the
wall strength, specifically the mortar strength, affected the peak loads in the different tests (e.g. double anchor tests, W1-W2 vs. W3,
Fig. 7a or quadruple anchor tests, W1-W2 vs. W3, Fig. 7c). When the control bars were used, in some cases a load on the control bars
was recorded at the peak load (e.g. test 5A-100-0.2-W3-3* in Fig. 7d), while in other cases no load on the bars was detected (e.g. test
3A-100-0.2-W3-3*; Fig. 7b). This is clearly evident from the plots represented in Fig. 8, in which the load/displacement versus time
curves are reported, which also show the load recorded by the control bar cells. For the following discussion, to stay on the safe side,
the “free load” will be considered instead of the maximum load, since it is not affected by the reaction of the control bars.

The failure mechanisms involved a larger area for an increasing number of anchors, even though the observed damage was usually
rather limited (Fig. 9). In wall W3, the area involved was smaller due to its lower mortar strength, apart from the tests with five
anchors, in which the results seem not to be strongly affected by the wall strength. However, a certain “volumetric” influence due to the
dimensions of the specimen limiting the maximum resistance can be assumed.

4. Discussion

Table 2 summarizes test results in terms of the average maximum load as measured by the load cell (Ny,,), along with the respective
coefficient of variation (cov), and the average maximum load measured with loose bars (Nf.e), with the respective coefficient of
variation, for the groups of tests with the same number of anchors and the same wall mortar strength (the results related to wall W3,
which showed a lower mortar strength, were kept separated from the others).

It can be noted that the coefficients of variation for the “free load” are very low, except for the case of three anchors in walls W1 and
W2 (cov 14.9 %), in which a noticeable rotation of the plate was detected in one test (3A-100-0.2-W1-1). In this instance, the
displacement was clearly non-uniform, and thus a substantial bending moment was applied leading to a lower load.

The results obtained can be used to assess the relationship between the load and the number of anchors. By considering all tests
(Fig. 10), although the trendlines (both linear and quadratic) have good coefficients of determination, it is evident that the results are
dispersed because they were obtained on walls with different strengths. By grouping the results considering the wall strength (blue =
high strength, red = low strength), two more meaningful and clear trendlines are obtained, considering either the maximum load or the
“free” maximum load (Fig. 11).

It can be noted that the high-strength wall does not show an increase in the load when considering five anchors instead of four,
suggesting that an asymptotic value is reached. In this case, a linear trendline does not seem to be suitable to predict the overall
capacity of the connection, since five anchors showed a lower load than four anchors. A linear trendline can be adopted only up to four
anchors (Fig. 11a). Conversely, in the low-strength wall, the trendline is linear (R2 = 0.995) up to five anchors (Fig. 11b).

This behavior can be explained by considering the failure modes and the volume involved. The tested anchors were installed with a
spacing equal to the embedment length. In the case of the high-strength wall, the failure involved a larger portion of the wall, thus the
interaction between anchors was higher, and an asymptotic value was obtained. Conversely, the low-strength wall involved a smaller
failure area (pull-out failure with small damage to the wall), and thus the interaction between anchors was limited.

This is clearly shown in Fig. 12, where the group efficiency factor og v, evaluated as the ratio between the failure load of the group of
anchors and the load of the single anchor as per EAD 330076 [31] is reported. In the case of low-strength wall (W3) the trend is linear
throughout, and the oy values are higher, while in the high-strength walls (W0-W2) the normalized load increases only up to four

Fig. 6. Failure modes for single anchor tests (left, 1A-100-0.2-W0-2; right, 1A-100-0.2-W3-6).
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Fig. 7. Load vs displacement curves for: (a) double, (b) triple, (c) quadruple, and (d) quintuple anchor tests.

Fig. 8. Load/displacement vs time curves for tests 5A-100-0.2-W3-3* (left) and 3A-100-0.2-W3-3* (right). Load_R and Load_L represent the loads
recorded by the load cells associated with the right and left control bars, respectively.
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Fig. 9. Failure modes for multiple anchor tests: (a) 2A-100-0.2-W3-3*, (b) 3A-100-0.2-W3-3*, (c) 4A-100-0.2-W2-2, and (d) 5A-100-0.2-W1-1.

Table 2

Summary of test results grouped by the mortar strength of the walls.
# anchors # of tests Wall N (KN) cov Nfree (KN) cov
1 5 WO0-W1 20.55 11.9% 20.55 11.9%
1 3 w3 13.11 6.5 % 13.11 6.5 %
2 2 W1-w2 35.83 1.4 % 35.83 1.4 %
2 1 W3 25.91 - 23.96 -
3 2 W1-w2 44.01 14.9 % 44.01 14.9 %
3 1 W3 32.82 - 32.82 -
4 2 W1-W2 60.64 4.5 % 60.64 4.5 %
4 2 W3 41.99 6.3 % 40.99 3.0 %
5 2 W1-w2 56.81 7.6 % 54.66 2.3%
5 2 w3 62.42 24.2 % 49.02 0.3 %

Fig. 10. Number of anchors - Load relationship: all tests.
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Fig. 11. Number of anchors - Load relationship considering the wall strength (red = low strength; blue = high strength): (a) maximum load (b)
maximum “free” load.

Fig. 12. gy - number of anchors.

Fig. 13. Experimental and idealized load-displacement curves.
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anchors and remains about constant for 5 anchors.

The experimental results for double and triple anchors can be compared to the findings of the work of Vintzileou et al. [23], also
reported in Fig. 12 in terms of ag y versus the number of anchors. Vintzileou et al. also investigated the critical installation condition
where the spacing-to-embedment depth ratio (s/hef) is approximately 1, a configuration that leads to significant anchor interaction.
The results, especially for triple anchors in the higher-strength masonry (W0-W2), agree with the Vintzileou findings, showing a
reduction in total capacity (~30 %) compared to the simple summation of single anchor capacities.

5. Numerical and analytical evaluations

Although in practical applications of slab-to-wall connections the applied displacement is generally uniform due to the geometry of
the structure, a certain eccentricity and a variation in the pullout behavior of the different anchors cannot be excluded. To account for
these phenomena and to understand their influence on the overall behavior of the connection, numerical analyses were performed.

Bonded anchors installed in masonry are characterized by a brittle failure mechanism. To realistically represent their behavior, the
results of the four pullout tests conducted on single bonded anchors in wall WO (Fig. 13) were used to determine the shape of an
idealized piecewise load-displacement curve for the single anchor in tension. The obtained curve (blue line in Fig. 13) was used, for the
sake of simplicity, in the following numerical simulations.

A simplified numerical finite element (FE) model was implemented in the Midas Gen Software [32] considering: (i) a stiff beam
element to simulate the anchor plate (as part of a slab/diaphragm), (ii) nonlinear springs having the above defined piecewise linear
constitutive law (Fig. 13) modelling the anchor behavior in tension, and (iii) a couple of gap links at each end of the beam to model the
contact between the anchor plate and the masonry surface (only active in compression). For example, the layout of the finite element
model involving five anchors is represented in Fig. 14.

Three different parameters that can affect the capacity of the fastening system were numerically investigated: (i) the eccentricity of
the applied displacement; (ii) the scatter of the anchor pullout strength; and (iii) the group effect (interaction between anchors). The
results are discussed in detail in the following sections.

5.1. Effect of the eccentricity of the applied displacement

To examine the influence of the eccentricity, several numerical models of the fastening systems were created by placing the loading
point at a distance “e” from the middle of the plate. The eccentricity e has been set equal to 1 %, 2 %, 3 %, 4 %, and 5 % of the length L
of the anchor plate. An eccentricity e = 0 % (symmetric loading) has also been considered for comparison.

For different numbers of anchors and increasing eccentricities, Fig. 15 shows the value of the normalized maximum load, evaluated
as the ratio between the overall capacity of the system Fy(e) obtained for a given eccentricity and the corresponding value Fy, o
evaluated for the corresponding symmetric system (e = 0 %). The results proved that the eccentricity, combined with the brittle
behavior of the anchors, causes a reduction of the overall bearing capacity Fp(e) of the linear fastening system with respect to the
symmetric loading configuration. However, in the case of multiple anchors and for the same level of eccentricity, it seems that the
number of anchors does not significantly affect the results. This can be explained by considering that, even with a single anchor, as the
eccentricity increases, a progressively larger amount of the applied load is taken up by the compressed closed gap.

The overall capacity of the system Fy, can be expressed as a function of the corresponding capacity of the symmetric system, given
by Fi,0 = n-f; ,, where n is the number of anchors and f; , (equal to 20.08 kN) is the mean strength of a single anchor, scaled down by
an eccentricity coefficient ae, as follows:

e
Fm:n‘ae(e)'fl.m:n'(17k‘i) ‘fl.m (1)

where the constant k was determined by fitting the curves of Fig. 15 (k = 1.87 forn = 1, k = 3.60 for n > 1).

5.2. Effect of the scatter of the pullout strength

To investigate the effect of the scatter of the pullout strength, two modified load-displacement curves were defined (red “soft” and
green “hard” curves in Fig. 16) starting from the idealized curve (blue “mean” curve; see also Fig. 13). The variation of the maximum

Fig. 14. FE numerical model.

10
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Fig. 15. Normalized force Fp)/Fm,0 as a function of eccentricity considering different numbers of anchors.

pull-out strength across the group is considered, while presuming identical stiffness and post-peak load-displacement behavior for all
anchors. The maximum strengths of the modified curves were obtained by setting the strength of the single anchor f; = f; r, - (1£cov),
where cov is the coefficient of variation associated with the four single anchor tests executed in wall WO (equal to 12.7 %) and f; p, is
the tensile strength associated to the idealized load-displacement curve (Fig. 13).

The FE models were created by changing, in each configuration of the connection, the constitutive law of one anchor (nonlinear
spring) from “mean” to “soft” or “hard” (Fig. 16). 23 different configurations were obtained whose main characteristics and results are
reported in Table 3, in which the “mean”, “soft”, and “hard” columns report the number of anchors to which the respective constitutive
law is given. The first column of the table reports the acronym of the simulated configuration in which the first two characters indicate
the number of connectors with the mean (M) strength, the second two indicate the number of connectors with the modified strength
(soft S or hard H), and the last number represents the position of the modified strength anchor according to the sketch reported in
Fig. 14. The first value related to simulation 1M on the single anchor with the “mean” constitutive law is directly comparable with the
experimental results (Feyp = 20.08 kN).

The system was loaded symmetrically (in the middle of the plate) but, due to the asymmetric response of the anchors, the numerical
overall capacity of the system F,, was again different from the theoretical symmetric one (Fy,0 = n-fi ). The obtained results are
summarized in Fig. 17, where the normalized force, evaluated as the ratio between the overall capacity of the system F,, and the
capacity Fp, o of the symmetric system, is plotted considering different numbers of anchors with different anchor behaviors (“mean”,
“soft” or “hard”) in different positions.

It is important to highlight that the overall capacity of the system is consistently lower than that of the symmetric configuration,
with four exceptions. These exceptions occur when the modified anchor is stronger and exactly located in the center of the baseplate or
immediately adjacent to it, specifically in the four-anchor cases (cases OM1H, 2M1H2, 3M1H2 and 4M1H3; see values in green font in
Table 3). This capacity reduction is attributed to the fact that, if the plate undergoes rotation due to an asymmetric distribution of
anchor strength, the anchors are unable to reach their maximum capacity simultaneously. Concurrently, a portion of the total load is
transferred to the closed gap on the plate’s compressed side.

To explain this observed complex behavior, Fig. 18 illustrates the results for the five-anchor configuration with one “soft” anchor
(4M181, Table 3), showing the displacement (Fig. 18a) and load (Fig. 18b) versus the number of steps of the analysis. It is evident that,
around step 100, the “soft” anchor (link 1 — blue curve) reaches its limit strength first. Subsequently, as its capacity decreases following
the post-peak branch, its displacement starts to increase faster than the others. Consequently, the plate starts to rotate, resulting in
distinct displacements for the remaining anchors as the plate attempts to maintain linearity. On the opposite side, once the plate makes
contact with the wall again, causing its displacement to approach zero, Gap 2 is activated, and the associated contact force is engaged.

By fitting the results of the analyses, the following expression of the overall capacity of the system Fy, as a function of the number of
anchors n can be drawn:

Fn=n-ay(n) - fim=n-(0,0055n% — 0,0367n +1,0239) - fi )

where, again, the capacity of the symmetric system (Fy, = n-f; ,) should be scaled down by a scatter coefficient as, function of the
number of anchors of the system.

Although the influence of the pullout strength scatter on the global behavior of the linear fastening system is appreciable, for a
better definition of the oy coefficient, a greater number of configurations of the system should be considered, by changing the number,
the strength, and the position of the modified anchors.
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Fig. 16. Load-displacement curves with different pull-out strength.

Table 3
Summary of the investigated FE-configurations with the respective resulting value of the overall capacity of the system Fy, (“soft” or “hard”) and the
corresponding capacity for the symmetric system Fp, o.

D #anchors Mean Soft Hard Fmo Fm

1M 1 1 0 0 20.08 20.05
OM1S 1 0 1 0 20.08 17.53
OM1H 1 0 0 1 20.08 22.63
2M 2 2 0 0 40.16 40.11
1M1S 2 1 1 0 40.16 35.03
1M1H 2 1 0 1 40.16 40.02
3M 3 3 0 0 60.24 60.16
2M1S1 3 2 1 0 60.24 52.58
2M1S2 3 2 1 0 60.24 57.02
2M1H1 3 2 0 1 60.24 60.08
2M1H2 3 2 0 1 60.24 61.58
4M 4 4 0 0 80.31 80.21
3M1S1 4 3 1 0 80.31 72.31
3M1S2 4 3 1 0 80.31 75.69
3M1H1 4 3 0 1 80.31 80.12
3M1H2 4 3 0 1 80.31 80.38
5M 5 5 0 0 100.39 100.27
4M1S1 5 4 1 0 100.39 91.99
4M1S2 5 4 1 0 100.39 94.80
4M1S3 5 4 1 0 100.39 97.13
4M1H1 5 4 0 1 100.39 100.16
4M1H2 5 4 0 1 100.39 100.24
4M1H3 5 4 0 1 100.39 100.57

5.3. Effect of the interaction of the anchors

To consider the effect of a possible interaction between the anchors in tension, a simple formulation based on the overlapping of
their masonry outbreak cones (better here: pyramids) was considered (compare concrete capacity model in Ref. [33]). In this case, the
overall strength of the system could be expressed as follows:

l+(n-1)

Fn=n-a(n) - fin=n-— 0 @)

where n is the number of anchors, 1 is the side of the pyramid, and s is the spacing of the anchors.
The same installation data of the experimental campaign (hef = 100 mm, s = 100 mm) are considered in the following, with a side
length of the square base of the pyramid equal to 1 = 2-h¢f = 200 mm. The obtained trend of the «; coefficient is given in Fig. 19.

5.4. Combined effects on the overall behaviour of the connection

If the effects of all the previously presented parameters are simultaneously considered, the overall capacity of the linear fastening
system could be estimated by the following relationship:
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Fig. 17. Normalized force Fp,/Fp, o as a function of the number of anchors considering different pull-out strengths.

Fig. 18. Displacement (a) and load (b) vs. the number of steps of the analyses for configuration 4M1S1. Link from 1 to 5 represent the 5 anchors
of Fig. 14.

Fig. 19. Variation of the o; coefficient as a function of the number of anchors.
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Fn=n-a.(n,e)-ax(n)-an)-fim “4)

Overall, among the different parameters, the interaction between the anchors (o;) is the one that influences the results the most,
with reduction of the load capacity that can reach 50 %. Moreover, beyond a certain number of anchors (5-6), its effect remains
constant (Fig. 19). The parameter related to the eccentricity o, is constant for a number of anchors greater than one and, considering
small values of accidental eccentricity (between 1 % and 5 %), its effect can result in a reduction of the theoretical load capacity
between 4 % (e = 1 %) and 18 % (e = 5 %). Lastly, the reduction capacity associated to the scatter coefficient oy, resulted limited with
respect to the other two (maximum reduction 4 %).

Equation (4) was used to predict the results of the experimental campaign. To asses its predictive capability, the equation’s output
was compared with the experimental results. The following input data have been considered: f; , = 17.76 kN, e = 0 % or 1 % of L, hef
=100 mm, s = 100 mm, 1 = 200 mm, L. = 500 m. The comparison between the analytical predictions from Equation (4) (for either
symmetric loading, e = 0, or small eccentricity, e = 0.01L, like in the tests) and the experimental results are presented in Fig. 20. The
figure demonstrates a good agreement between the prediction and the experimental results, while consistently remaining on the safe
side.

6. Limitations and future developments

The present study aimed at characterizing the in-line group effect for bonded anchors in masonry. The experimental campaign was
limited to solid clay brick masonry, a single, commercially available adhesive product, an M12 anchor diameter, and critically, an
installation condition defined by minimal spacing (s/hef = 1) and installation solely within the mortar joint. These two last parameters
define a "worst-case" scenario for tensile performance and maximize anchor-to-anchor interaction. While the insights gained are
crucial for developing preliminary models, the conclusions presented herein must be explicitly framed within these limitations.

Additional configurations could be explored considering a certain variability of anchor installation and base materials to confirm
and generalize the observed linear trend with the increasing number of anchors and the presence or not of an asymptotic value.
However, the experimental evidence indicates that the interaction between anchors is the parameter that mostly affects the perfor-
mance of linear fastening systems. This interaction is primarily governed by the anchor layout (spacing and embedment depths) and
the mechanical properties of the base material. Therefore, when interaction is negligible or absent, a linear relationship between the
pull-out resistance and the number of anchors may be assumed. In case of small spacing (e.g. embedment depth spacing ratio lower
than 1.5), in-situ testing on the specific masonry type is necessary to confirm the linear trend or determine the presence of an
asymptotic value.

The methodology employed in the research utilized a decoupled approach, focusing exclusively on the pure tensile pull-out ca-
pacity of the anchor groups. This choice is rooted in the fact that pull-out failure is a central and often governing failure mode for
bonded anchors, making its characterization a prerequisite for robust design. It must be declared that this decoupling introduces a
limitation: the performance of a linear fastening system subjected to combined actions (such as tension plus shear) may be quite
different from the pure tensile behavior presented here. However, the tension group-effect parameters determined from this work are
necessary for the subsequent development and validation of more sophisticated numerical and analytical models capable of simulating
the complex behavior of these connections under combined loading conditions.

Lastly, considering that the only available guideline for post-installed anchors EAD 330076-00-0604 [22] has a stronger limitation
regarding in-line fastening since it considers the assessment of the capacity for up to two anchors in line, the proposed formulation and
test procedure could be a useful tool to improve and extend the current design standards.

Fig. 20. Experimental vs. analytical results.
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7. Conclusions

In-line fastening is a common and effective retrofitting technique used to improve the connection between walls and between slabs
and walls in existing masonry buildings. However, studies on only single or double anchors are available in the scientific literature. The
presented paper aims to address this gap, discussing the results of an experimental and numerical study on the pull-out behavior of up
to five in-line anchors. A total of 22 pull-out tests were conducted varying the number of in-line anchors from one to five, installed in
walls with two different strengths, to investigate the capacity trend associated with the increasing number of anchors. In addition,
numerical and analytical analyses were performed to detect the influence on the fastening capacity of different conditions such as the
eccentricity of the applied displacement, the scatter of the anchor pullout strength, and the group effect on the overall capacity of the
systems. Finally, analytical formulations are proposed to predict the capacity of such connections, considering the results obtained.
The main outcomes can be summarized as follows.

- In the walls with lower strength, a clear linear trend of the bearing capacity was detected by increasing the number of in-line
anchors; this was probably because the damage around the anchors was limited and no interaction between them was observed;
In the wall with higher strength, after an initial linear trend, an asymptotic value was reached (from 4 to 5 anchors) due to the
increased interaction between the anchors (larger damaged volume of masonry around each anchor was observed);

- The numerical analyses showed that, even small eccentricities (up to 5%) of the applied displacement can result in a reduction of
the theoretical load capacity between 4% and 18%. Also, the scatter of the resistances of single anchors can cause a reduction of the
theoretical load capacity (maximum reduction 4% for the studied configurations), even if one anchor has a higher resistance with
respect to the others. However, the interaction between anchors, studied from an analytical perspective, proved to be the most
influential parameters (considering the explored configurations) with a reduction of the load capacity reaching 50%, even if,
beyond a certain number of anchors (5-6) its effect remains constant;

The proposed predictive model, which considers all the effects of the studied parameters, has been validated with the available
experimental data; the analytical predictions result as a good approximation of the experimental ones, while always staying on the
safe side.
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