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The paper presents an experimental investigation on the tensile behavior of twisted stainless-steel bars consid-
ering different parameters that could affect their performance, namely the bar diameter (8, 10, 12 mm), the
embedment depth, the position within the wall (installed into brick or in a T-mortar joint), the strength of the
masonry and the type of loading (monotonic or cyclic load). Experimental results showed very good performance

with reliable results associated to low coefficient of variation of the loads and very limited damage of the base
material. The load-displacement curves showed a good ductility, an excellent superposition between monotonic
and cyclic tests and an extended plateau at ultimate load. Among the different investigated parameters, the
position within the wall was the most influential one, with higher loads associated to mid-brick location of the
bar. Finally, based on the experimental results a user-friendly equation is proposed to predict the ultimate tensile

load.

1. Introduction

The historical building heritage in Italy predominantly consists of
unreinforced masonry structures. If on the one hand these buildings are
characterized by a good resistance to vertical loads, on the other side,
the resistance to horizontal loads, both in-plane and out of plane, is
limited in the absence of good box-like behavior, as proved by the
extensive damage observed during the most recent seismic events in
Italy and worldwide [1-3].

Over the past decades, many efforts have been made to study and
develop several retrofitting techniques to improve the resistance under
horizontal loads [4-7]. For common buildings without specific historical
value (mostly residential housing), traditional techniques, often inva-
sive, are still very common [8-11]. Nevertheless, for valuable historical
buildings and monuments, reversible, compatible, and non-invasive
strengthening techniques are required by public authorities to keep
any permanent effect to a minimum [12]. In the last years, the most
common solutions used to improve walls transverse connections were
connectors (steel or fiber reinforced polymers bars) inserted into a
predrilled hole injected with grout or adhesive [13-15]. More recently,
twisted stainless steel bars used with or without adhesives (dry appli-
cation) have become very popular for both, crack stitching and to
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improve orthogonal connections between structural elements [16-19].
Predominantly, they are used without adhesives. The system as dry
application typically requires a pilot hole (with a prescribed diameter
smaller than the outer diameter of the bar) in which the twisted bar is
easily inserted with a special mandrel. This technique has several ad-
vantages versus classical connectors using injection materials. First, it
does not require any adhesive or grout, leading to a more compatible,
reversible and sustainable solution. Second, the installation is very easy
and quick, without specialized workforce, resulting in a reliable
connection and in addition meaning that it also has economic advan-
tages. Due to these reasons, these bars are commonly used and are
becoming the preferred technique in case of historical buildings, where
the reversibility of the strengthening technique is of primary impor-
tance. However, despite the spread in practical cases, there is a lack of
knowledge of the overall behavior. In particular, they are often used to
improve the strength of orthogonal connections. On the other hand, only
few studies are available in literature on this topic. Moreira et al. [16]
studied the pull-out behavior in mortar investigating the effects of the
bar diameter, the embedment length and the diameter of the pre-drilled
hole. They highlighted that the latter parameter has a strong influence
on the final results, with improved strength with smaller holes. In
addition, they noticed that with a hole diameter slightly lower than the
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Fig. 1. Twisted bars.

bar diameter (difference of 2 mm) the larger rebar (10 mm) exhibited
higher strength than smaller bar (8 mm), while the opposite behavior
(higher strength of the 8 mm bar) was observed in case of smaller hole
(4 mm smaller than the bar diameter). Gentilini et al. investigated first
the influence of the substrate [17], performing several tests on different
types of bricks, then carrying out pull-out tests of twisted bars installed
in mortar cylinders [18]. They highlighted the importance of the me-
chanical characteristics of the substrate on the final performances, not
only in terms of maximum load but also in terms of the post-peak
behavior. In strong and stiff substrate, they found a plateau in the
load-displacement curves, which was absent in weak and soft material.
They also performed some cyclic tension tests and did not detect
degradation due to cycling. In addition, thanks to the 3D scanning, they
noticed a different penetration in soft and strong substrate during the
installation and a certain untwisting of the bar in the latter during
extraction.

In summary, the literature review shows that the geometry of the bar
and of the hole plays a crucial role since the load-transfer mechanisms
are those typical of a screw: by shape, thanks to the mechanical interlock
of the wings of the bar in the base material, and by friction between the
lateral surface of the bar and the hole.

Although to properly assess the behavior in practical applications
also the shear performances should be studied, this paper focuses on the
tensile strength in order to be able to design reinforcement of orthogonal
wall connections.

This paper aims at investigating some crucial parameters that can
affect the final behavior under axial loading starting from the results of
an experimental program [20]. In particular, the twisted bars were
installed in walls (considering two different strength) to account for the
actual behavior into the masonry, whereby the tests were divided in two
main groups considering installation in the middle of the brick or in the
T-joint of the mortar layers (intersection of vertical and horizontal
joints). Other parameters considered were the bar diameter, the
embedment length, the orientation. In addition to monotonic tension
tests, cyclic tests at different displacement level were performed. Finally,
an equation for prediction of the ultimate tension resistance on the basis
of geometric features of the bar and mechanical properties of the base
materials is proposed.

2. Materials and methods
2.1. Specimen geometry and materials

The experimental research focused on the tensile behavior of twisted
stainless-steel bars Hilti Heli-Brick (AISI 304) [21] used for retrofitting
of masonry structures (Fig. 1).

The experimental campaign considered three bar diameters (8, 10,
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Table 1
- Geometrical and mechanical properties of twisted bars “Heli-Brick” declared by
the manufacturer [21].

Nominal Outer Nominal Tensile Yielding Rupture
drill bit diameter section rupture load (kN) Elongation
diameter (mm) (mm?) load (kN) (%)

(mm)

5 8 10.4 12.0 10.8 4.8

6 10 12.9 16.0 13.4 5.7

8 12 15.1 18.9 16.1 -

(b)

Fig. 2. Weak (a) and strong (b) walls.

Table 2
Geometrical and mechanical properties of masonry specimens.

Masonry type Joint thickness Brick size Compressive strength
(mm) (mm) (MPa)
Brick Mortar
Weak 12 250x120x50 25 5
Strong 16 250x120x60 34 8

12 mm). The mechanical properties of the twisted bars declared by the
manufacturer are reported in Table 1. The Young’s modulus declared by
the manufacturer is higher than 122 GPa for all diameters.

The twisted bars were installed with a device provided by the
manufacturer into pre-drilled holes of 5 mm, 6 mm and 8 mm for bar of
diameters 8 mm, 10 mm and 12 mm, respectively. The embedment
length varied depending on the test program. The holes were cleaned by
blowing compressed air through an air nozzle (CAC - Compressed Air
Cleaning) along the embedment depth at least three times.

To represent actual site conditions in the analysis, two types of ma-
sonry walls were built characterized by different mechanical charac-
teristics. The “weak” (W) walls (Fig. 2a) were made of solid bricks (size
250 x 120 x 50 mm with nominal compressive strength of 18 MPa and
actual strength around 25 MPa, tested according to [22]) and with a
masonry mortar M2.5 with actual strength of 5 MPa. The “strong” (S)
walls (Fig. 2b) were made of solid bricks (size 250 x 120 x 60 mm with
nominal compressive strength of 18 MPa and actual strength around 34
MPa, tested according to [22]) and with a masonry mortar M5 with
actual strength of 8 MPa (tested according to [23]). All walls were
constructed using the English bond pattern. The “weak” walls had a size
of 1290 x 1290 x 250 mm (joint thickness 10 mm) and the “strong”
walls of 1000 x 1000 x 600 mm (joint thickness 20 mm). The main
specimen properties are summarized in Table 2.

2.2. Test set-up

Fig. 3a shows a schematic drawing of the test set-up. The specific
shape of twisted bar does not fit with usual clamping systems, therefore
some trial tests were performed to evaluate the effectiveness of different
clamping systems. At first, a wedge system was used, resulting in
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Fig. 3. Test set-up (a) and detail of the clamping device (b) and anti-rotation bar (c).

rotation of the twisted bar during the test. A phenomenon also being
reported by other researchers [17]. As consequence, a special clamping
device (Fig. 3b) was constructed featuring a horizontal bar which pre-
vents the rotation (Fig. 3c). The clamping device consists of a steel
cylinder with an inner hole (diameter of 12 mm). The cylinder had side
holes to insert screws to clamp the twisted bar. The lateral holes had a
spacing such as to grip the bar in the central section avoiding interfer-
ence with the wings of the bar itself.

Unconfined tensile tests were performed with a test rig equipped
with a 25 kN load cell and with two LVDTs (gage length 100 mm) placed
symmetrically to the anchor axis, attached to the clamping system at 20
mm from the wall surface (Fig. 3a). The tests were displacement
controlled and monitored with the MOOG system.

2.3. Test protocol and test plan

The test plan overall consisted of 91 tests. The main considered pa-
rameters were: (i) bar diameter (8, 10, 12 mm); (ii) wall strength (two
different bricks and two different mortar strengths); (iii) embedment
length (100, 200 and 400 mm); (iv) position of connectors (F-face of the
wall or S-side of the wall and M—middle of the brick or in the T-joint
mortar position); (v) orientation (0° and 45°).

The test program featured both monotonic (63) and cyclic tests (26).
The cyclic tests considered three cycles at each displacement level. The
levels were increased as follows: 0.25, 0.5, 1.0, 2.0, 3.5, 5,7, 9, 11, 14,
17, 20, 25, 30, 40, 50, 60 mm. Since the tests showed very high residual
displacements, additional cyclic tests were performed using compres-
sion forces while unloading to obtain displacements equal to zero.

This last procedure was performed on all diameters, while the cyclic
tests with residual displacements were performed only on 12 mm
diameter.

Each test was properly coded as follows: HExx (Helicoidal bar of size
xx) - type of wall (Weak: W; Strong: S) - position (Face: F; Side: S) -
position within the wall (Middle of the brick: M; T-joint: TJ) - orientation
angle (0°, 45°H - horizontal or 45°V - vertical) - embedment length. The
cyclic test with residual displacement were additionally coded with “C”
at the end, while for the cyclic tests without residual displacement “CC”
was added. In general, 3 tests per series were performed except for the
case where the coefficient of variation of the load was higher than 15%,
in which case the number of tests was increased up to 5.

Tests performed on 12 mm bar in the weak wall with embedment
length equal to 200 mm and orientation equal to 0° are taken as refer-
ence. So, when part of the code is omitted in the following, these
reference values are assumed.

A sketch of the position of the twisted bars within the walls is shown
in Fig. 4.

3. Experimental results and discussion

Table 3 summarizes the obtained results for each cluster of tests in
terms of average ultimate load (Ny,) and corresponding coefficient of
variation (v). The test identification explained above is applied.

All tests showed connector pull-out failure, except in some cyclic
tests without residual displacements, where steel failure was observed
because of the cyclic buckling (see next sections). It is worth noting that
the damage to the masonry was extremely limited. In most cases the
pull-out of the bar did not cause any damage except the hole and some
dust (Fig. 5a-5e), while in other cases the damage was limited to few
centimeters around the hole (e.g. up to 4-5 cm as shown in Fig. 5f).

The influences of the varied parameters are discussed in the next
sections.

3.1. Influences of the position within the wall and of the wall strength

The experimental evidence showed that the position of the bar
within the wall was of primary concern. In particular, the bars installed
in the middle of the brick (M—position) exhibited higher strengths with
lower coefficients of variation and a more ductile behavior compared to
bars installed in the T-joint position. The mechanical responses of bars
with diameter 12 mm (example presented in Fig. 6) showed that the
ones installed in the middle of the brick exhibited a long plateau
(Fig. 6a), while the ones installed in the T-joint exhibit a more pro-
nounced softening branch independent of their inclination (Fig. 6b, 6c,
6d).

The bars oriented at 45° exhibited higher scatter, probably because
they met several layers (brick/mortar- Fig. 4a, yellow and purple bars)
and some inhomogeneities of the material affected the results. A similar
behavior was observed for diameter 10 mm, while diameter 8 mm was
different (Fig. 7). Indeed, the 8 mm bar presented a very high strength in
the TJ-position (Fig. 7b and Table 3) and a very limited load plateau at
about the same level than the other sizes when installed in the middle of
the brick.

This apparently deviating behavior may be explained since the
installation in the middle of the brick or in the T-joint was not always
representing exactly the same conditions. Indeed, depending on the
embedment length, bars installed in the middle of the brick can also
include regions located in the mortar, when crossing one or more mortar
joints (between two rows of bricks; see Fig. 4). Also, inclined bars
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Fig. 4. Position of the twisted bars in the (a) weak wall and (b) strong wall.

installed in the T-joint can involve brick units (Fig. 4). In addition,
although in all cases the drill diameter bit was smaller than thickness of
the joint (10 mm in the weak wall), the 12 mm bar had a small portion
embedded into the brick and the 10 mm bar was at least nominally in
contact with the adjacent bricks. On the other side, the 8 mm bar was

completely embedded into the mortar and could exhibit a higher
strength due to the confinement of the surrounding bricks.

No specific differences, for the considered case, were observed in
tests performed on the side and on the face of the wall (e.g., for the 12
mm bar 6.84 kN for HE12-W-F-M—0—-200 vs 7.03 kN for HE12-W-S-
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Table 3
Test results.
Test denomination Embedment length (mm) Wall type Orientation (°) N (kN) v(N) % N (kN) v(N) % Np (kN) v(N) %
HE12-W-F-M—-0-100 100 Weak 0 5.5 3.2%
HE12-W-F-M—-0-200 200 Weak 0 6.8 5.1% 6.5 12.3% 5.9 19.1%
HE12-W-F-M-0-200—-CC 200 Weak 0 6.8 1.7%
HE12-W-F-M—-0-200—-C 200 Weak 0 5.2 6.8%
HE12-W-S$-M—-0-200 200 Weak 0 7.0 3.6%
HE12-W-F-TJ-0-200 200 Weak 0 5.3 4.4% 5.2 20.7%
HE12-W-F-TJ-0-200-CC 200 Weak 0 3.9 11.1%
HE12- W-F-TJ-0-200-C 200 Weak 0 6.4 2.0%
HE12-W-F-TJ-M—45H-200 200 Weak 45H 5.3 16.2% 5.5 7.7%
HE12 W-F-TJ-M—45 V-200 200 Weak 45V 5.7 9.1%
HE12 S-F-M—-M-0-400 400 Strong 0 8.2 3.5% 7.7 9.0% 7.4 9.2%
HE12-S-F-TJ-M—-0-400 400 Strong 0 7.2 8.4%
HE12-W-S-TJ-M—-0-400 400 Weak 0 6.6 4.9% 7.1 8.9%
HE-12-W-S-TJ-45 V-400 400 Weak 45V 7.6 4.2%
HE10-W-F-M-0-200 200 Weak 0 5.2 4.8% 5.0 7.0% 4.4 25.9%
HE10-W-F-M-0-200—-CC 200 Weak 0 4.9 8.9%
HE10-W-F-TJ-0-200 200 Weak 0 4.9 4.6% 4.1 33.8%
HE10 W-F-TJ-0-200-CC 200 Weak 0 3.3 44.6%
HE8-W-F-M—-0-200 200 Weak 0 5.5 17.7% 5.4 12.3% 5.5 17.9%
HE8-W-F-M—-0-200-CC 200 Weak 0 5.3 6.2%
HE8-W-F-TJ-0-200 200 Weak 0 6.6 9.2% 5.5 23.3%
HE8-W-F-TJ-0-200CC 200 Weak 0 4.4 7.3%
HE8-W-S-M—-0-400 400 Weak 0 8.2 14.2% 6.7 29.4%
HE8- W-5-TJ-0-400 400 Weak 0 5.8 32.2%

M-0-200).

Overall, the strength of the wall (brick and/or masonry mortar)

(d)

(e)

®

Fig. 5. Examples of damage of the base material: during the test (a-b), for close bars (c), in the brick (d), in the T-joint (e) and around the hole (f).

further increased to 7,6 kN (weak wall) and the highest value was 8,2 kN

appeared to have a positive effect on the ultimate load (Table 3, diam-
eter 12 with hef = 400 mm). For the two series installed orthogonally to

the wall in the T-joint, the mean resistances increased from 6,6 kN (weak

wall) to 7,2 kN (strong wall). For the inclined location (HE-12-W-S-TJ-

400-45 V), where parts of bricks were involved, the mean resistance

3.2. Influence of the bar diameter

obtained at mid brick location of the strong wall.

As already pointed out in the previous section, the bar diameter

influenced the overall response. However, a direct relationship between
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Fig. 6. Load-displacement curves — effect of the position (diameter 12 mm; hef = 200 mm): (a) in brick 0° oriented, (b) T-joint 0° oriented, (c) in T-joint 45°

horizontally inclined and (d) in T-joint 45° vertically inclined.
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Fig. 7. Load-displacement curves for different bar diameter in the brick (a) and in the T-joint (b).

bar diameter and maximum load could not be found. Indeed, the 10 mm
bar showed the lowest performances of all 3 diameters both in the
middle of the brick and in the T-joint (Fig. 7). This behavior can be
explained by the geometry of the bar in combination with the installa-
tion parameters. In particular, the bars had different cross-sections
(specifically the “wing” geometry but similar core geometry), a
different thread pitch (helicoidal path) and a different nominal drill bit
diameter (see Table 1). This suggested how the combination of these
parameters led to a critical behavior of the 10 mm bars, as observed in
[16].

In summary, looking also at the coefficients of variation of the

ultimate loads (Table 3), the 12 mm bar showed the best performance
with the highest resistances and a more reliable overall response.

3.3. Influence of the embedment depth

The effect of the embedment depth was investigated for the bar di-
ameters 8 and 12 mm in weak walls. A clear increase of the maximum
load was detected (Fig. 8), although it was not proportional to the in-
crease of the embedment depth. The behavior was similar whatever the
orientation (0° or 45°).

In the T-joint, the 8 mm bar showed an opposite behavior with a
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Fig. 9. Results of cyclic test with residual displacement for Heli-Brick size 12, hef = 200 mm, at mid-brick location of weak wall: displacement vs time (a), load vs

time (b) and load vs displacement (c) curves.
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Fig. 10. Peak load (a) and residual displacement (b) at each cycle for Heli-Brick size 12, hef = 200 mm, at mid-brick location of weak wall.

lower load for the higher embedment length. It must be remarked that,
in this series, some problems were encountered during installation due
to mortar debris settling in the borehole. The execution of the cleaning
procedure with deep embedment depth was difficult due to the small
diameter of the hole. This result underlines the importance of a well
working cleaning procedure for the realization of a reliable connection
[24].

3.4. Influence of the type of loading

In addition to the monotonically loaded quasi-static tests, the
behavior of the twisted bar was investigated under displacement
controlled cyclic load. Three cycles at each displacement level (see §2.3)
were performed. Cyclic tests with residual displacement were conducted
only for the diameter 12, while, for all diameters, tests without residual

displacement were performed since they were regarded more repre-
sentative of actual cases under seismic events (e.g., hammering of two
adjacent elements).

Fig. 9 presents the results of a cyclic tension tests with residual
displacement for size 12 in terms of displacement vs time (Fig. 9a), load
vs time (Fig. 9b) and load vs displacement (Fig. 9¢). It is evident that
very high residual displacements were detected mainly after each first
cycle. This can be seen by the “vertical” lines in Fig. 9c.

Fig. 10 shows the peak load (a) and the residual displacement (b)
associated to each cycle of one test as example. A higher peak load in the
first cycle of each displacement step with a load degradation in the
following two cycles were detected. However, the decrease is signifi-
cantly smaller between the second and third cycle than between the first
and second, indicating an asymptotic behavior. The residual displace-
ment showed a linear increasing trend with increasing displacement
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Fig. 11. Results of cyclic test without residual displacement for Heli-Brick size 12, hef = 200 mm, at mid-brick location of weak wall: displacement vs time (a), load

vs time (b) and load vs displacement (c) curves.

(b)

Fig. 12. Twisted bar in compression (a) and failure in tension (b).
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Fig. 13. Peak loads at each cycle for example with Heli-Brick size 12, hef = 200
mm, at mid-brick location of weak wall.

levels but there was no significant difference between the three different
cycles at each level. All tests, whatever the position within the wall,
exhibited similar behavior [20].

The above-described cyclic tests were repeated, for all diameters,
with the unloading branch until zero displacement. The results for size
12 are shown in Fig. 11.

Before the application of compressive load, the behavior of the bar in
tension resulted similar to the one observed for cyclic tests with residual
displacement), both in terms of load and in terms of high residual dis-
placements. By decreasing the displacement to reach the original posi-
tion, at first the bar moved without carrying load, then the bar
underwent to compression (Fig. 12a). In some cases, the required

6.846.84

7 6.62 .48

.23 5.25

7
g
é
7

;

BEM-M ZIM-CC OM-C BT)IM HTI-CC

dio

ds

aT)-C

Fig. 14. Average peak loads for monotonic (M), cyclic with residual displace-
ment (C), cyclic without residual displacement (CC) for each diameter and
position (M or TJ).

compression load was very high (up to 25 kN) and, indeed, led to bar
buckling. With increasing number of cycles, the axis of the bar and the
axis of the hole misaligned and, due to the consequent eccentricity, in
most of the tests, the bar bent and was pushed sidewards but not further
into the drilled hole. In these cases, at the end of the test, the bar
exhibited steel failure under tension load (Fig. 12b).

Fig. 13 shows the peak and the minimum load for each cycle as a
function of the displacement. As for tests with residual displacement, a
higher peak load in the first cycle of each displacement step was
observed, while there was a degradation in the following cycles.

Fig. 14 presents the average peak load for each diameter, position (M
or TJ) and type of load (monotonic -M, cyclic with residual
displacement-C, cyclic without residual displacement-CC, performed
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Fig. 15. Load-displacement curves for each type of load (monotonic, cyclic with residual displacement and cyclic without residual displacement) in the brick (a) and

in the t-joint (b) for diameter 12.

Fig. 16. Stresses along the bar.

only on diameter 12 mm) and Fig. 15 shows the load-displacement
curves of monotonic and cyclic tests grouped by colors. In general, cyclic
tests showed a good repeatability and similar results to those observed
for monotonic tests. It can be noted that, for mid-brick location (Fig. 14,
orange columns), there is a little difference between monotonic and
cyclic loading in terms of peak load, except for the cases of cyclic test
with residual displacement (only tests with size 12 available) where a
reduced load was observed. An opposite behavior was observed in the T-
joint (Fig. 14, grey columns), where a pronounced degradation due to
cycling was observed. This is valid except for the case of diameter 12
mm, where higher ultimate tension loads were detected under cyclic
load with residual displacement. However, it should be considered that
these higher loads were associated to large displacements (Fig. 15).

4. Analytical model

The experimental campaign highlighted that several parameters
affect the load carrying capacity of twisted bars. Nevertheless, from a
practical point of view, the designer needs clear information to be able
to use this technique in real application.

To this end, a user-friendly equation has been developed to predict
the ultimate load in the different cases.

Twisted bars are inserted into a predrilled hole in the base material
by hammering with a hammer drilling machine (without active rota-
tion) using a specific setting tool. The tool allows for a rotation of the
Heli-Brick during installation. Therefore, the resistant mechanisms are

those typical of a screw: by shape, thanks to the mechanical interlock of
the wings of the bar in the base material, and by friction between the
lateral surface of the parts of the bar and the hole (Fig. 16).

In detail, the definition of the geometries involved (angles and areas)
is challenging and, from a practical point of view, it is more convenient
to consider a formulation that accounts for easily quantifiable parame-
ters such as the outer diameter of the bar (d), the diameter of the drill
hole (dy), the pitch (p), the effective embedment length (heg) (Fig. 17).
Indeed, due to the geometry of the spiral shaped bar (that beside the
wings also features a twisted, almost rectangular core section), the effect
of the lateral friction can be neglected. Thus, the carrying capacity of the
bar could be evaluated considering the shape resistance of the wings of
the bar that interlock with the base material. The effective area involved
has a thickness equal to t,, = (d-dy)/2 and a length equal to the total
length of the two spiral wings along the effective embedment depth he¢
(Fig. 17).

To evaluate the length of the reacting area, the sketch of Fig. 18 can
be considered. First, the length [ along a pitch p can be calculated.
Considering the radius r (Fig. 17):

r = (dy + ty)/2 (@]
(at the middle of the wing), the length [ can be easily evaluated:
[ =1\/Qar) +p? (2)

Due to the geometry of the twisted bar along the pitch (2 wings), 2 1
should be considered (Fig. 18) along the total height het.

Fig. 17. Geometry of the twisted bar.
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Fig. 19. Experimental/predicted load ratio: considering only the monotonic tests for diameter 12 (a) and considering all values (b).

According to this approach, by considering Eq 1-2 to define the
lateral surface of the wings, the ultimate load N, can be evaluated as
follows:

h, he
Ny = fom 2=t 5= fom 20/ 2 (dh + 1) + P Loty
P P

where fy, is the base material strength and s is a parameter that accounts
for the size effect and the non-uniform stress distribution along the bar.

The definition of the material strength fyp, is challenging because it
depends on the position of the bar within the wall, so that either bricks
or mortar joints or a combination of both with corresponding strength
values can be involved.

In particular, depending on the position of the connection, the bar
could be installed in different base materials. Up to four possible cases
can be identified:

3

(i) the bar installed in the middle of one brick

(ii) depending on the embedment length and for deep installation,
the bar installed in the middle of the outer bricks could cross one
or more mortar joints and then penetrate one or more rear bricks,
so the base material is a mix between brick and mortar

(iii) the bar installed in the joint has only mortar as base material

(iv) the bar installed in the joint which has a thickness lower than the
outer bar diameter (e.g., bar diameter 12 mm and joint 10 mm)
has both mortar and brick as base material since the external part
of the wings of the bar is installed into the brick.

To consider the different positions within the wall, the base material
strength can be defined as a combination of the two materials mortar
and brick as follows (similar approach to that presented in [25]):

Monotonic tests
-]

(-]
16 &
o
14 8
rz o3 M
g12 E "]
g J
z ] 03T
2 Y | °10M
So0s @
=2 4 .} L5
06 -
04 el2M
0.2 o121
0
0 100 200 300 400 500

Embedment depth (mm)

(a)

fbm = 'fm + 02"]‘;70'65 (4)

where f;, and f, are the mortar and brick compressive strength,
respectively, while c¢; and ¢y are two geometrical parameters that ac-
count for the percentage of the depth into the mortar and into the brick
(e.g., in the T-joint position (iii) ¢c; = 1 and ¢ = 0, while in the middle of
an outer stretcher brick ¢; = 0.05 and c¢5 = 0.95 for 200 mm embedment
length, as an intermediate mortar joint of 10 mm thickness is penetrated
as well).

The parameters in equation (3) considers that, in case of long
embedment depth, not the full anchor length contributes to the load
transfer to the same extend; at the beginning of loading, only the first
part (close to the base material surface) of the bar is fully activated,
while the rear part is nearly unloaded. By increasing the load further, the
undercut created in the base material in the first part (closer to surface)
starts crushing, while the rear parts of the bar are getting more and more
involved in the load transfer. Thus, especially for deep embedment, only
subsequent portions of the bar contribute to the load carrying capacity at
a time and not the entire embedded length.

To account for this behavior, for the parameter s an empirical
decreasing function that considers this decline with hes (in mm) is
introduced:

(k,m/w +hsh? )
s— (200) f )

]’ll,/

The parameters ki, ko and k3 were evaluated on the basis of the
experimental results as follows: k; = 0.574; ky = 0.001; ks = -7.63x107.
These parameters were calibrated considering the average values of
monotonic tests with size 12 mm in brick (M) and T-joint locations with

Cyclic tests
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Fig. 20. Experimental/predicted load ratio of monotonic (a) and cyclic (b) tests for different embedment depth.
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Fig. 21. Experimental/predicted load ratio of monotonic (a) and cyclic (b) tests.

200 mm and 400 mm embedment depth (Fig. 19a). The results of size 8
and 10 mm were not used for calibration to be able to assess the ability
of the formula to predict their ultimate load. It can be noted that some
outlier points (e.g., in series 8TJ and 10 M) are not well predicted. By
considering all data including the cyclic test results (Fig. 19b), it can be
noted that the formulation underestimates the results of diameter 8 and
overestimates the results of diameter 10 whereas the diameter 12 is
better predicted.

Indeed, the average safety factor y,y. defined as the ratio between the
experimental maximum load and the predicted one, is above 1 for
diameter of 8 mm (yaye = 1.12 for 8 M and yaye = 1.35 for 8TJ), while it is
below 1 for diameter 10 mm (yaye = 0.73 for 10 M and yaye = 0.77 for
10TJ). In the case of diameter 12 mm ygy, results 0.98 and 0.99 in the
brick and in the T-joint respectively.

By splitting the results of Fig. 19b between monotonic and cyclic
tests (Figs. 20-21), it is observed that in monotonic tests the model
clearly underestimates the load of the diameter 8 (yaye = 1.19), while in
cyclic tests the load is overestimated for diameter 10 (yave = 0.71 in the
middle of the brick and y,ye = 0.75 in the TJ position) and therefore in
case of seismic loads an appropriate coefficient should be introduced.

In addition, it is suggested to adopt the approach presented in the
seismic variant EAD 330076-01-0604-v01 [26] in a simplified way,
considering the two parameters that take into account the difference in
the peak load between monotonic and cyclic tests and the decay due to
subsequent cycles. The European Document [26] is based on the
assumption that cyclic tests usually reached lower maximum load with
respect to the corresponding monotonic test and, at the same displace-
ment level, subsequent cycles exhibit load decay.

To account for these two phenomena the following parameters could
be defined:

_ Nz4rn,c)‘<‘.1
N = —

©

Num.mrm

where Nyn 1 is the mean peak resistance at the first cycle, evaluated as
1 n
Numr_vc,l = ;l ° ; Nu.z‘yc,lj

being Ny o1, the peak resistance in the test i, and Nym mon the mean peak
resistance calculated from the monotonic reference tests, and

_ Numeyes
Anp =

)
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Table 4
- Ogeis coefficients.
Diameter/ 8M 8TJ 10 10 12 12 12 12
Position M TJ M TJ M* TJ*
seis. 1 0.96 0.67 0.95 0.70 1 0.74 0.94 0.99
Olseis 3 0.78 0.73 0.84 0.76 0.78 0.79 0.81 0.83
Ageis 0.74 0.49 0.80 0.53 0.78 0.58 0.76 0.83
*Evaluated in cyclic tests with residual displacement.
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Fig. 22. Experimental/predicted load ratio of cyclic tests considering asis.

where Ny ¢y 3 is the mean peak resistance at the third cycle (assessment
analogue to Nym,cyc,1)-

The final reduction factor can be defined as: agis = aniean2.

The ays-coefficients evaluated based on the experimental results are
reported in Table 4. In general, the as;s-values in the T-joint (from 0.49
to 0.58) are significantly lower than in the brick locations (from 0.74 to
0.80). This is due to a larger reduction coming from the ultimate load
ratio ay 1, whereby the cyclic tests with residual displacement (diameter
12) did not show this effect.

By multiplying the predicted load by the a;s coefficient, the results
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Fig. 23. Experimental/predicted load ratio with a safety factor of 1.5 applied on the predicted load for monotonic (a) and cyclic (b) tests.

reported in Fig. 22 are obtained.

In summary, on a mean basis, the results are sufficiently well pre-
dicted by the approach with a tendency for conservative values except
for diameter 10 (which exhibits high scatter in particular in the T-joint)
and diameter 12 in the T-joint without residual displacement.

Nevertheless, the obtained values are just the prediction of the mean
experimental results, thus for design purposes the characteristic re-
sistances should be evaluated and the safety factor yy should be applied
(EAD 330,284 or EAD 330076 for masonry recommend yy; = 2.5 for base
material related failure modes, the latter even for seismic actions). The
coefficients of variation measured in the experimental campaign were
reasonably low, thus the reduction of load from average values to
characteristic values is expected to be limited, while the safety factor
will dramatically reduce the final design load. Indeed, as an example, by
simply considering a safety factor of 1.5 (Fig. 23), all data lies in the safe
side domain, suggesting that the value of 2.5 is too conservative.

In summary, it can be concluded that the proposed equation (3) is
able to predict the expected failure load with sufficient accuracy.
Nevertheless, the equation includes the base material strength, that in
the present study was evaluated on the basis of actual material strength
and the location of the connection (TJ or M).

On jobsite, the evaluation of the base material compressive strength
is challenging, and the uncertainty of the results is assumed high. Thus,
to properly apply Eq. (3), it is suggested to conduct jobsite tension tests
(series of minimum 5 replicates with embedment length 200 mm,
diameter 12 mm) and to back-evaluate the base material strength (fpn)
of the considered wall or building from Eq. (3). Once this parameter is
defined, Eq. (3) can be used to predict the different connection config-
urations (embedment length, diameter...).

5. Conclusions

An experimental campaign on the tensile behavior of twisted stain-
less steel bars Hilti Heli-Brick considering different parameters (bar
diameter, the embedment depth, position within the wall, strength of
the masonry and the type of loading) was conducted. Based on the
experimental results the following considerations can be drawn:

- Overall twisted stainless-steel bars showed very good performance
with reliable results associated to low coefficient of variation of the
loads and with a very limited damage of the base material.

- The load-displacement curves revealed a good ductility, an excellent
agreement between monotonic and cyclic tests, with an extended

12

plateau for brick locations and a limited plateau in the case of
installation in the mortar joints.

By increasing the embedment length beyond 100 mm, the load in-
creases but not proportionally.

Indeed, beside the embedment depth, the position within the wall
and the wall types (weak/ strong) were the most influential param-
eters, with higher loads associated to the location of the bar in middle
of the brick. Overall soft and weak materials lead to lower load and to
a more brittle behavior than stiff and strong materials.

There is no clear correlation between ultimate load and the bar
diameter. This is ascribed to the differences in the bar geometry (e.g.,
cross-section and pitch) and corresponding diameter of the borehole
(undercut and interaction with bar core).

Overall, response under cyclic load and under monotonic load were
similar, although some degradation was observed.

The equation proposed to evaluate the maximum load depends on
the geometrical characteristics of the bar, borehole diameter and on
the strength of the masonry. For practical cases the latter parameter
should be evaluated via job-site tension testing.

For applications under seismic actions, in the calculation of the re-
sistances, reduction factors in the style of the existing EAD 330076-
v01 should be considered to account for degradation effects resulting
from cyclic loading.
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