friried applied
b sciences

Article

Tensile Capacity of Adhesive Anchors in Damaged Masonry

Sara Cattaneo 1/2*

check for

updates
Citation: Cattaneo, S.; Vafa, N.
Tensile Capacity of Adhesive Anchors
in Damaged Masonry. Appl. Sci. 2021,
11,10135. https://doi.org/10.3390/
app112110135

Academic Editor: Panagiotis
G. Asteris

Received: 30 September 2021
Accepted: 25 October 2021
Published: 28 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Navid Vafal

Department of Architecture, Built Environment and Construction Engineering, Politecnico di Milano,
20133 Milan, Italy; navid.vafa@polimi.it
2 Construction Technologies Institute, Italian National Research Council ITC-CNR),
20098 San Giuliano Milanese, Italy
*  Correspondence: sara.cattaneo@polimi.it

Abstract: In Europe, the qualification of injection anchors in masonry under static and quasi-static
actions is based on an assessment of tests performed in undamaged masonry. Nevertheless, in seismic
prone countries like Italy the influences deriving from earthquake actions cannot be disregarded.
Masonry elements are very sensitive to cyclic/seismic action and research on the behavior of anchors
in damaged masonry is rather limited. The paper presents the results of an experimental campaign
aimed at evaluating the residual tensile strength of adhesive anchors installed into undamaged
walls that were subsequently subjected to cyclic in-plane loading to simulate seismic actions before.
Consequently, the anchors experienced different stresses depending on their location within the
walls. Overall, 29 tests were performed with anchors placed both, in undamaged and damaged areas.
The results showed that there is a correlation between residual tensile strength and masonry initial
conditions, and therefore the installation of anchors in masonry elements should be carefully planned
avoiding areas that could be heavily damaged during seismic events or considering redundant
connections in critical areas. In particular, it seems that the width of the crack (created by cyclic
actions) that passes nearby/into the anchor borehole is the main parameter that affects the ultimate
resistance of the anchors.

Keywords: pull-out; cracked masonry; anchors; post-installed anchors; residual strength; tensile
strength; seismic actions

1. Introduction

It is well-known that masonry structures are highly vulnerable to seismic actions,
since they have great mass, low tensile strength, and ductility. In addition, in many cases
the geometrical and/or mechanical irregularities increase the vulnerability of masonry
structures [1,2].

In the past decades, many efforts have been made to assess the vulnerability of
existing structures by developing assessment techniques [1-8] and to evaluate the effect of
the different strengthening techniques by performing experimental research [9-12].

It is well-known that the improvement of the “box like effect” could be achieved
in several ways, but one very common technique is the use of steel connections [11,12].
Among them, post-installed anchors are very popular, because of their flexibility and
easiness of installation. In addition, in Europe the qualification and design of post-installed
injection anchors for use in masonry are regulated according to EOTA provisions [13,14] and
thus the reliability of the application is guaranteed. Nevertheless, the existing approach—
being developed for static and quasi-static actions—only considers the assessment of
performances in uncracked masonry, while it is well-known that, especially under seismic
events, masonry develops a more or less diffused crack pattern [2-15].

The assessment of post-installed bonded anchors in concrete [16] clearly distinguishes
between non-cracked /cracked concrete and, depending on different parameters (type of
adhesive, bar diameter; crack width ... ) the reduction of load, between the two condi-
tions (non-cracked/cracked) could easily reach 50%. The designers of reinforced concrete
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(RC) structures must distinguish, on the basis of structure characteristics, between non-
cracked/cracked condition, and avoid installing anchors in critical areas (e.g., plastic
hinges) [17]. For anchor applications in concrete under seismic actions, the base material is
always assumed to be cracked.

As the current concept for masonry anchors only considers predominantly static
and quasi-static actions on the anchors and thus implies the same conditions for the
masonry structures, there is no distinction in the assessment between cracked and non-
cracked masonry, and qualification testing is performed in the non-cracked condition [13].
Uncertainties coming from e.g., cracking, are regarded to be covered in the design by
a higher partial safety factor for the base material vs. concrete [14]. Furthermore, as
additional parameter for the anchor resistance the concept considers its position within the
masonry (e.g., in a mortar joint, in the brick, close to the edge ... ). Basic investigations
under quasi-static loading are reported in [18-20], but due to the complexity of masonry
injection anchor performance assessment is still mainly based on experimental testing [13]
and only few predictive equations are used in design [14].

In the past decades, many efforts have been made to evaluate the behavior of post-
installed anchors in concrete [21-30] under different conditions (i.e., concrete strength,
cracked/non cracked), leading to a well-defined standard framework that allows designers
to rely on equations or testing procedures that consider the determination of the perfor-
mance of a fastener even under critical conditions such as seismic action. Recently, some
researchers paid attention to the behavior of anchors in masonry or stone [11,18-20,31-37],
but some specific aspects such as the behavior in real structures under seismic influences
including damaged and cracked masonry, to the knowledge of authors, are still not investi-
gated [33]. Ref. [20] reports a mean resistance reduction due to cracking of up to 70% for
shallow injection anchors installed in solid clay or calcium silicate single bricks and tested
under monotonic tension loading and adverse conditions.

In this paper, the results of monotonic tensile tests to failure on anchors installed in
uncracked masonry members that had been subjected to cyclic loads prior to the anchor
tests are presented. The anchors were placed in areas that underwent different damage
levels and featured different residual crack widths. It is shown that there is a correlation
between the damage (recognizable with the crack width) and the residual load, although
in some cases unexpected high carrying capacities of anchors were found. Finally, a
comparison with some equations available in literature is presented, and highlights that
additional research are need in this field.

2. Experimental Research
2.1. Specimen Geometry and Materials

The tensile tests on post-installed adhesive anchors were performed in masonry
elements previously damaged in in-plane cyclic tests.

Overall, 5 masonry walls (1.29 m x 1.30 m, three with thickness of 250 mm and two
with thickness of 380 mm, English bond pattern) were considered (average compressive
brick strength about 25 MPa and mortar M5).

The anchors consisted in a ¢ 8 rebar (borehole 10 mm, embedment length 200 mm)
installed with a hybrid adhesive in undamaged masonry with the pattern as shown in
Figure 1. The adhesive characteristic tensile load given by the producer is 7 kN for an
embedment length of 100 mm. Assuming a linear increase, for an embedment depth of
200 mm a doubling in resistance can be expected. The anchors had a 90-degree hook at
the outside end to sustain the steel mesh of a reinforced concrete plaster layer that was
placed on both sides of the wall. Before the anchor tension tests, the specimens had been
subjected to diagonal shear tests according to ASTM E519 [38] but with an increasing
cyclic load protocol according to the sequential phased displacement (SPD) procedure [39]
and damaged until it was not possible to increase the displacement further. Overall, each
wall underwent about 90 cycles. Figure 2 shows the applied test protocol, which did
not consider reversal load, to be able to maintain the ASTM E519 [38] loading scheme.
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Displacement

This approach allowed to load the specimen as shown in Figure 2b, where the behavior
(load-displacement curve based on actuator displacement) observed in one wall is reported
exemplarily. As a consequence, the wall is mainly damaged along the compressed diagonal,
and thus the anchors were subjected to different stresses depending on the location within
the wall.

(b)

Figure 1. Anchor position within the wall after installation (a) and after damage (b) (dimensions in mm).

Load (kN)

[Y-2 ]
O -
N - -

Displacement

(a) (b)

Figure 2. (a) Test protocol and (b) example of load-displacement curve of the actuator response of a wall (b).

At the end of the wall tests the reinforced plaster was detached, and the masonry
showed several major cracks along the diagonal. For the anchor tests, each anchor had a
code (A1, A2 ... A8) depending on the position within the wall (Figure 1).

Details of the positioning with respect to the brick/joint are exemplarily shown in
Figure 3. After the wall testing phase, most of the anchors were bent (Figure 4) which
required additional measures to perform a tension test. In these cases, the anchors were cut
just 6 mm above the surface of the masonry and a steel washer and a new bar were welded
at the top of the existing bar to be able to perform the anchor pull-out test (Figure 4). In
some cases, anchor testing was not possible, because the bent part was too close to or below
the masonry surface and welding could not be executed. In other cases, the anchor was
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already loose because the crack was too large (e.g., along the diagonal of some walls in
positions A4 and A6).

Figure 4. Anchor preparation for testing.

2.2. Test Set-Up and Execution

To evaluate the residual tensile load of the anchors, unconfined tension tests to failure
were performed.

Each masonry wall was placed horizontally and positioned between two concrete
beams, one of them was fixed and the other one could move over a free-friction support,
which was attached to steel rails over an I section steel beam (Figure 5). To simulate upload,
the wall was subjected to a compressive stress equal to 0.2 MPa applied with two hydraulic
jacks with 50 kN load-carrying capacity each. The unconfined test set-up is shown in
Figure 5. The tensile load was applied with a hydraulic jack with carrying capacity of
50 kN and measured with a load cell of 50 kN. The displacement was measured with two
LVDTs symmetrically positioned on the right and left side of the anchor (at a distance of
about 30 cm from the anchor) capturing the relative displacement between the anchor and
the wall.
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(c) (d)

Figure 5. (a) Test set-up (b) unconfined pull-out test (c) sketch of unconfined pull-out test front view

(d) side view.

After the cyclic loading phase of the walls, all installed anchors were affected by cracks
in their vicinity. The crack width was measured with a digital microscope.

3. Results

Table 1 summarizes the test results in terms of: maximum load, average load, and
coefficient of variation (v) of each wall, failure mode, crack width at the beginning of the
test, displacement at the peak load, at 50% of the peak load and at a load of 5 kN and the
average load and the coefficient of variation of all tests. The data are grouped for each wall,
each test has a code that includes the number of the wall (e.g., W1) and the position within
the wall (e.g., A2) according to Figure 1.
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Table 1. Test results.

Code Max Load Mean cov Mean cov Failure*  Crack Width Displacement @ (mm)
(kN) (kN) (%) (kN) (%) (mm) Peak 0.5 Peak 5 kN
W1-A2 19.51 S 0.3 5.86 1.57 1.03
W1-A3 12.97 PO +B 1.3 15.96 6.67 293
W1-A4 14.74 17.95 259 PO+C 0.6 5.71 3.85 3.50
W1-A5 14.14 ’ ’ PO +B 0.6 6.09 1.81 1.56
W1-A7 22.47 PO +C 0.28 7.59 4.11 3.07
W1-A8 23.89 PO+C 0.2 7.85 2.46 1.27
W2-A1 23.46 S 0.2 5.26 3.04 1.79
W2-A2 12.10 PO +C 1.4 5.04 1.93 1.66
W2-A3 17.92 PO+B 0.5 4.15 2.09 1.45
W2-A5 21.77 2054 232 PO 04 5.91 3.83 2.79
W2-A7 24.69 S 0.2 6.39 341 2.05
W2-A8 23.33 PO 0.25 6.99 4.21 2.81
W3-A1 6.80 PO 1.8 1.59 0.61 0.84

W3-A2 431 19.06 374 PO 2 3.53 0.67 -

W3-A3 3.00 B 25 27.03 11.99 -
W3-A5 27.06 15.94 72.6 S 0.1 4.27 0.89 0.49
W3-A6 14.41 PO +C 0.7 2.38 0.62 0.46
W3-A7 27.39 S 0.1 2.74 1.14 0.58
W3-A8 28.65 PO +C 0.1 8.51 2.81 1.35
W4-Al 21.47 S 0.3 4.06 0.97 0.61
W4-A3 7.02 B 2.5 0.54 0.23 0.34
W4-A5 23.22 20.96 38.6 PO +C 0.2 2.66 0.86 0.54
Wi4-A7 26.30 S 0.1 3.45 0.85 0.40
W4-A8 26.76 PO+C 0.1 1.50 0.60 0.21
W5-A1 22.62 S 0.25 3.63 0.65 0.34
W5-A2 22.36 PO 0.27 2.62 0.89 0.63
W5-A4 19.36 20.89 7.3 PO+C 0.38 1.84 0.98 0.76
W5-A7 19.55 PO +B 0.33 1.84 0.79 0.59
W5-A8 20.57 PO 0.3 1.29 0.67 0.49

* Notation according to Figure 6.

Several failure modes were observed, namely: steel failure, associated to the failure of
the welded area, pull-out failure of the anchor that in some cases was associated with brick
or cone failure, while in some cases pull-out of the brick was observed (Figure 6).

All anchors were tested in or nearby cracks that varied between 0.1 mm and 2.5 mm
as reported in Table 1. Anchors seem to be crack inducers. When the walls were cyclically
loaded and damaged prior to the anchor tests, it seems that the crack propagation passed
through the anchor hole. A couple of examples of the crack width measurements are
reported in Figure 7. As expected, the crack width was related to the position within the
wall, therefore the anchors close to the diagonal and in the upper part of the wall were in
the most severe conditions. This is evident by looking at the walls after the tests (Figure 8)
and by collecting the load depending on the position (Figure 9). Figure 8 shows the walls
after the cyclic tests (left) and after the removal of the reinforced plaster and the tensile
tests (right). In many cases, during the cyclic loading on the walls, the bent part of anchors
pushed out the concrete, suggesting that the anchors were subjected to high stresses [40].
This phenomenon was observed along the diagonal (A3 to A6) and in the upper part of the
wall (anchor positions Al and A2).
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Figure 6. Failure modes (a) steel failure (weld)- (S), (b) anchor pull-out -(PO), (c) anchor pull-out +
brick breakout/pull-out (PO + B), (d) brick pull-out B, (e) anchor pull-out + cone failure (PO + C).

Figure 7. Examples for crack width.
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Ty

12.10 KN 17.92 KN

Figure 8. Damaged walls: after wall testing ((a) wall W2 and (b) wall W5) and after anchor testing
((c) wall W2 and (d) wall W5) with residual load.
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Figure 9. Maximum load in each position.

4. Discussion

The experimental results highlight that there is great variation in terms of maximum
load, indeed Table 1 shows that the overall coefficient of variation (cov) of the load is about
37% and, within the same wall (except for wall 5), the variation is huge (from 25% up to
72%). The reasons of this great variation in tensile tests on anchors could be related to the
installation parameters/procedure or to the features of the base material. Nevertheless, in
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this research the installation of all anchors was performed in the same way (installation
procedure, embedment depth, anchor size, drill bit diameter and cleaning procedure) so
the causes should be related to the condition of the base material.

The anchors differed in the position within the wall (Figures 1 and 3) and thus they
were in areas with different damage (e.g., crack width) and with different distance from
the mortar joint. It is of relevant interest to investigate the effects of these parameters on
the overall behavior and compare the experimental outcome with existing guidelines or
research prediction equation.

4.1. Effect of the Position

The results (Table 1) are grouped in a different way to investigate whether they are
affected by the position within the wall (Table 2). It can be noted that the coefficients
of variation of the ultimate loads drop except for positions Al, A2, and A3. Positions
A7 and A8 (far from the diagonal and in the bottom part of the specimen) showed good
repeatability of the results (cov ca. 13%). It must be noted that in these positions the crack
width was limited (up to 0.33 mm), while in other positions the coefficient of variation
increases because the anchors installed in/nearby wide cracks exhibited low load-carrying
capacity. For instance, in position Al by excluding the test W3-A1 (with a crack width of
1.8 mm), the coefficient of variation falls to 4.4% (from 42.5%).

Table 2. Test results evaluated on the basis of anchor position.

Max . . Crack . . o
Code Load Mean cov Failure Width Displacement @ (mm) cov of displ. @ (%)

(kN) (kN) (%) (mm) Peak 0.5Peak 5kN Peak 0.5 Peak 5kN
W2-A1l 2346 S 0.2 5.26 3.04 1.79
W3-A1 680 PO 18 1.59 0.61 0.84

Al waa1 2147 1859 425 s 0.3 406 097 061 420 882 705
W5-A1 22,62 s 0.25 3.63 0.65 0.34
WI1-A2 1951 S 0.3 5.86 1.57 1.03
W2-A2 1210 PO+C 14 5.04 1.93 1.66

A2 wsny  aal 1457 555 0 5 353 hy 343 46.2 46.9
W5-A2 2236 PO 027 262 0.89 0.63
WI1-A3  12.97 PO +B 13 15.96 667 293
W2-A3  17.92 PO +B 05 415 2.09 1.45

A3 Az apo 1023 642 5 b 05 1199 ’ 1010 1000 826
W4-A3  7.02 B 25 0.54 0.23 0.34
W1-Ad 1474 PO+C 06 5.71 3.85 350

At wsA4 1936 1675 2200 poic 038 1.84 0.98 076 /24 84.0 0.3
WI-A5 1414 PO +B 0.6 6.09 1.81 156
W2-A5 2177 PO 0.4 591 3.83 279

A5 W3.A5 2706 2195 252 s 0.1 427 089 049 40 754 807
W4-A5  23.22 PO+C 02 2.66 0.86 0.54
A6 W3-A6 1441 ] ; PO+C 07 238 0.62 0.46
WI-A7 2247 PO+C 028 7.59 411 3.07
W2-A7  24.69 s 0.2 6.39 3.41 2.05

A7 W3-A7 2739 2408 130 s 0.1 274 114 058 561 76.5 87.7
W4-A7 2630 S 0.1 345 0.85 0.40
W5-A7 1955 PO+B 033 1.84 0.79 0.47
WI-A8  23.89 PO+C 02 7.85 2.46 127
W2-A8 2333 PO 0.25 6.99 421 2.81

A8  W3-A8 2865 2464 127 PO+C 0.1 8.51 281 135 677 713 82.8
W4-A8 2676 POC 0.1 1.50 0.60 0.21
W5-A8  20.57 PO 03 1.29 0.67 0.49

* Notation according to Figure 6.
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Overall, the results show that the anchors along the diagonal (A3, A4, A6) feature the
lowest carrying capacity with failure associated to anchor pull-out and/or brick failure
or cone failure. Steel failure was never observed. This behavior is reasonable since the
masonry along the diagonal underwent the highest stresses during the cycles and thus
it was damaged already before the anchor tests. On the other side, in positions far from
the diagonal (e.g., Al, A7, A8), in many cases steel failure or pull-out failure with very
high loads (similar to those obtained with steel failure) were observed. By considering the
position of the anchor with respect to the mortar joints (Figure 3) it seems that there is a
limited effect on the overall behavior. Nevertheless, all anchors were placed in a joint or
close to it (with a distance in one direction of about 5 mm), so additional research is needed
to validate these conclusions.

4.2. Effect of the Crack Width

On the basis of the previous analysis, it seems that apart from the position, the crack
width affects the results. Figure 10 shows the maximum load vs. the crack width. The load
decreases exponentially with the increasing of the crack width with an excellent correlation
(R? = 0.94). It seems that up to the crack width of about 0.7 mm the decrease follows either
an exponential (R? = 0.94) or a linear trend (R? = 0.92) (Figure 10 right), while beyond
that limit the load reduction is less pronounced and only an exponential function can fit
the experimental results (Figure 10 left). Unfortunately, there are no results in the crack
width range 0.7-1.3 mm, while it would be interesting to observe whether there is a steep
change in gradient (at a given crack width) or a soft decrease until reaching an asymptotic
value. To investigate this topic a specific additional experimental campaign is needed. On
the basis of these results, it seems that the crack opening is the governing parameter that
affects the results. Nevertheless, although the correlation between load and crack width
is excellent, there is no correlation between displacement and crack width. Indeed, the
coefficients of variation of the displacements evaluated at different load levels (Peak load,
50% of the peak load and at 5 kN- Table 3 and Figure 11) are very high. It has to be noted
that the displacements at the peak load and at 50% of the peak load were associated to
the different loads of each test. Nevertheless, even when evaluated at the same (rather
low) load level (5 kN), the coefficients of variation remained very high. The coefficient of
variation of the load associated to different crack width (Table 3) is very low up to crack
width equal to 0.4 mm.

35
30
i y =30.147¢ 1136
25 M ¢ R?=0.9417
—_ "! o
2 20 :
y =27.281e075 =3 * »
R?=0.9427 B . M )
L N
[} ® &
10
g i y=-22.986x+28.74
e T 5 R? =0.9248
©
0
15 2 25 3 0 0.2 0.4 0.6 0.8
Crack width (mm) Crack width (mm)

Figure 10. Load vs. crack width (all results and up to 0.7 mm).
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Table 3. Test results evaluated on the basis of crack width.

Crack Width Max Load Mean Displacement (mm) Cov Displacement (%)
Cluster
Mean Cov 0.5
(mm) (kN) (%) Peak Peak 5kN Peak 0.5Peak 5kN
0.1 27.23 3.3 4.09 1.26 0.60 65 71 72
0.2 23.93 2.7 5.54 244 1.41 40 46 47
0.25-0.28 22.69 1.9 521 2.47 1.71 47 79 83
0.30-0.38 20.09 45 2.98 1.00 0.70 65 35 30
0.4-0.7 16.59 19.7 4.85 244 1.95 33 57 61
1.3-1.8 10.62 314 7.53 3.07 1.81 100 104 58
2.0-2.5 478 43.0 10.37 4.30 0.34 140 155 -
30 50
) 45
Et * < 40
£
g -.g- 35 ®
= 20 =z
o %‘; 3.0 = .
L
.@; 15 N &25
Q a
£ €20 .
g 10 b s *
Lé_ © " E‘ 15 e s ®
(=} 5 !:.:o.a ' o 10 '&* .
[ »
0 ° 0.0 ' ®
0 0.5 1 1.5 2 25 3 0 05 1 15 2 25 3
Crack width (mm) Crack width {mm)

(a) (b)
Figure 11. Displacement vs. crack width at the peak load (a) and at 5 kN (b).

By comparing the load displacement curves associated at a given crack width (Figure 11) it
seems that the displacement is only partially affected by the crack width. Indeed, Figure 12
shows that, also for small crack width (0.1 mm and 0.2 mm), there are some curves that
differ (independent from the type of failure) and thus the coefficient of variation of the
displacements at given loads are very high. This behavior seems more pronounced with
increasing crack width, nevertheless no clear trend can be found and there is also no
correlation with the failure mode. In addition, it is evident that in some cases a non-linear
branch at the beginning of the test was observed (i.e., test W1-A7, W1-A4), followed by a
linear part. For this reason, the stiffness of the load-displacement curves was evaluated
considering the tangent of the linear part. Figure 13 shows this stiffness vs. the crack
width. It seems that the correlation of the two variables is rather limited, even if a trend is
identifiable. Likely, the level of pre-damage from the load cycle affects the results, and the
crack opening measured on the surface does not consider the possible damage (along the
hole) within the masonry, which could affect the load-displacement behavior as well.
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Figure 12. Load-Displacement curves grouped by crack width (Test Code-crack width in mm-type of failure).
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Figure 13. Stiffness of the linear branch of the load-displacement curves vs. crack width.

4.3. Comparison of Experimental Results with Prediction Equations

To use post-installed bonded anchors in masonry in Europe, the assessment of the
adhesive performance must be performed according to EAD 330,076 (European Assessment
Document) [13] issued by EOTA. The associated document to design anchor connections
is the TR054 [14] which requires the evaluation of all possible failure modes (considering
even joint influence), under tension loading namely: steel failure, pull-out failure of the
anchor, brick breakout failure, pull-out of one brick. The document gives formulations
only for steel (N 5) and pull-out of one brick (Ny pp) characteristic failure loads, while
other failure modes must be experimentally assessed according to EAD and are reported in
the ETA (European Technical Assessment) of the anchor system. For the considered case
it results:

Nik s = Asfyx =27.1 kN 1)

Nrkpb = 2 Iprickbbrick (0.5 fyk 0 + 0.404) + 2 hprickbprick 0.5 fyx o = 12.1 kN 2)

where A and £y are the bar area and the ultimate steel strength, 1y ick, Pbrick, hprick are
the length, width, and height of the brick, f o is the initial shear strength of the masonry
mortar and o4 is the compressive stress perpendicular to the bed joint.

Several brick breakout formulations, based mainly on the concrete capacity design
(CCD) method developed for anchors in concrete [21], can be found in literature. Usually,
the proposed methods [36,37] consider a constant tensile strength acting on the projected
area of the failure cone to evaluate the ultimate mean load. The main difference among
models is related to the evaluation of the tensile strength (which is correlated to compressive
strength f;,) and on the projected area which can be assumed in different ways (cone or
pyramid with an angle of 35° or 45°). Those models overestimate the expected ultimate
load (range of about 18-70 kN). In [18] another approach is proposed for brick breakout
failure of clay bricks, which is based on results with perforated bricks and considers a linear
influence of the embedment depth. The characteristic resistance is calculated as follows
(with f, the average brick compressive strength and h, the effective embedment depth):

Np =114 \/fi, het 3)

Np = 9.7 kN from Equation (3)

The available formulations seem to be unsuitable to predict the ultimate load, in some
cases it is overestimated (with the CCD approach overestimate [36,37]) or underestimated
as in Equation (3), presumably because of the linear approach. In addition, it should be
considered that the formulations do not consider cracking and damage level of the wall.

From experimental evidence the resistance for anchor pull-out failure can be predicted
from Table 1, neglecting the anchors that exhibited steel or brick failure.
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By considering all tests, it results a characteristic value (5% fractile)
Nikp = 4.0 kN (19 tests; cov = 35%)

While considering only test of anchors in crack width lower than 1.0 mm, it results
Nk p = 10.9 kN (15 tests; cov = 21%)

This last result suggests that anchors that underwent a limited cyclic damage (limited
crack width) are still able to sustain a high carrying capacity.

5. Conclusions
This research allows to draw the following conclusions:

o  The existing European assessment and design of post-installed adhesive anchors in
masonry [13,14] do not cover seismic loading conditions nor the influence of masonry
cracking and damage on the anchor performance. Anchor products, in fact, are
required to be tested only in uncracked, undamaged conditions. Depending on the
level of damage of the base material, however, adhesive anchors undergoing cyclic
actions (e.g., seismic events) can exhibit poor performances.

e  There seems to be a clear correlation between the crack width, measured on the surface
at or nearby the anchor location, and its maximum recorded load capacity. Furthermore,
when damage is limited (e.g., crack width below 1.0 mm) the characteristic pull-out
strength evaluated on the basis of the test results is still considerably high and reaches
around 75% of the expected characteristic resistance valid for uncracked conditions.

e  Only a rather weak correlation was found between anchor stiffness and crack width.
This may be related to the fact that cracks were measured on the surface without
considering damage (incl. crack propagation) inside the masonry, which is expected to
affect the anchor stiffness rather than its peak load, especially for smaller crack widths.

e  The location of the anchor within the wall is crucial. Anchors along the diagonal
(most stressed area) exhibited lower strength compared to all others. Overall, anchors
exhibited good performance when highly stressed areas (associated to crack widths
well beyond 0.5 mm) were avoided. For anchors installed in these areas, the peak
loads were still significant (minimum load 3 kN at a crack width of 2.5 mm), but their
displacements were not compatible with practical applications.

Summing up, the installation of anchors in masonry elements expected to undergo
seismic actions should be preceded by a detailed analysis of the expected stress state
of the base material to avoid areas where large cracks are foreseen and where a reliable
performance of the connection might not be guaranteed. On the other hand, the adhesive
anchors installed in areas with limited damage could still show relatively good strengths.
This latter conclusion, however, is no substitution for requiring specific cyclic tests under
crack influence in the future to guarantee a reliable and adequate anchor performance for
seismic-relevant applications.
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