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The efficiency of the strengthening techniques by externally applied materials can be improved enhancing the
debonding strength of the reinforcement from the support by the use of connectors (anchor spikes) consisting of
unidirectional bundles of fibres embedded in concrete or masonry by means of organic or inorganic matrices. The
use of connectors is suggested in various codes and guidelines of strengthening techniques by composite ma-
terials and provisions for their application are given, but currently there are no details for the qualification of the
material. In order to investigate anchor spikes made of glass, basalt, aramid, carbon, PBO and steel, a large

experimental campaign was carried out at the Materials and Structures Laboratory of the University of Sannio.
The tests allowed to evaluate the mechanical characteristics (tensile strength, modulus of elasticity, deformation
at the maximum load) of the anchor spikes constituted by only dry fibres, not impregnated, also as a result of
environmental conditioning such as freezing and thawing, controlled humidity, alkaline and saline environment.

1. Introduction

Among many structural retrofitting techniques, in the last two de-
cades the use of composite materials, with various types of fibres as
carbon or glass ones but also stainless or galvanized steel ones, as
strengthening material for masonry and reinforced concrete (RC)
structures is becoming the most popular, thanks to their favourable
properties as low weight, easy handling and application, high strength,
immunity to corrosion, minimal disruption of occupancy.

In the continuous advancement and renewal of technical solutions,
to solve some problems associated with epoxy resins in the use of FRP
(Fibre Reinforced Polymer) especially for application to masonry, the
new system known as FRCM (Fabric Reinforced Cementitious Matrix)
was developed. This strengthening technique is usually composed of
open fabric meshes embedded in inorganic matrices, as cemented-based
mortar.

Both externally bonded reinforcement (EBR) FRP and FRCM systems
allow to attain successfully the flexural and shear strengthening of
concrete members and masonry walls, however, the premature
debonding of composite sheets from the substrate surface can limit their
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effectiveness [1-5]. In particular, this type of failure may occur due to
the low tensile strength of the substrate (concrete or masonry) that can
therefore crack or to the weak bond strength at the interface between the
composite system and the substrate. In general, the debonding failure
does not allow to use the entire resistance of the strengthening system,
furthermore it is a brittle failure that must be avoided especially when
ductility is required for the structural behaviour, as in seismic upgrad-
ing. To prevent or delay the debonding of the EBR, it is necessary to
insert anchoring systems, that can be realized by FRP strips, steel plates,
bolts, composite connectors [6-15].

Among all the anchoring systems, the connectors made of dry fibres,
also referred to as anchors, dowels or anchor spikes, are very versatile as
they can be applied to different elements (beams, slabs, columns, walls)
and materials (RC, masonry, wood), with different techniques (FRP and
FRCM). The role of the anchor spikes for improving the performance of
the strengthening system has been widely studied by different research
groups based on experimental campaigns performed in the literature
both on RC and masonry elements.

Nowadays, the application of FRP connectors is covered in the CNR-
DT 200/2013 [16] and in the Fib Bulletin 90 [17]; but also for FRCM the
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use of connectors is prescribed as provided in CNR-DT 215/2018 Italian
guidelines [18] and in international standards ACI 549 Design Guide-
lines [19].

Even if the experimental evidence and the code provisions indicate
that an improvement of the performance can be realized by the intro-
duction of the anchoring devices, indications for the qualification of the
material are still under study.

In this perspective, the article presents the results of a large experi-
mental campaign carried out at the University of Sannio in agreement
with the CNR-ITC (Construction Technologies Institute of the Italian
National Research Council) to determine the mechanical characteristics
of rovings for connectors made with bundles of dry fibres of different
materials, under normal (ambient) conditions and after environmental
conditioning to verify the durability and effects of ageing. The durability
of fibres, investigated in this paper through tests in various environ-
mental conditioning, is important to understand the performances of the
different materials and thus to better choose the type (mortar or resin)
and amount of coating for their use as connectors in different applica-
tions (masonry, concrete) and exposure of the structure. Using the re-
sults of these tests, the European Technical Assessment (ETA) [20] was
issued in compliance with the European Assessment Document (EAD)
[21]. Therefore, the application of this type of mechanical anchorages
and the ETA evaluations are briefly summarized in the following before
discussing the experimental results.

2. Assessment of steel and fibre rovings used for anchor spikes

Anchor spikes are strands of unidirectional bundles of carbon, glass,
aramid, steel fibres held by a special net which gives to the connector
(dowel) a cylindrical shape before its impregnation. The extremity,
instead, is left free (fan) to be impregnated in situ and fanned over the
fabric or the reinforcing mesh that has to be anchored. In particular, in
case of FRP and FCRM application on RC and masonry, the dowel is
inserted in a hole in the substrate and the fibres of the fan are splayed
over the reinforcing system and then impregnated by epoxy or mortar
(Fig. 1a). A similar anchorage configuration is mentioned in fib bulletin
14 [22] and more recently in fib bulletin 90 [17].

Since they can be perfectly integrated with the anchored FRP matrix,
they can be manufactured to overcome various geometric complexities,
moreover the possibility of manufacturing the connectors with the same
materials of the external reinforcement facilitates the construction and
eliminates the potential risks of corrosion from different materials.

Anchor spikes are commonly installed orthogonal to or in-plane with
the reinforcement system, termed 90° and 180° (straight) anchor spikes
respectively (Fig. 1a and b). It is worth noting that 180° anchor spikes
are typically used to anchor FRP strengthening systems where geometric
complexities in concrete members require that the FRP sheet or plate
must be discontinued, whereas 90° anchor spikes are typically used for
anchorage throughout the length of the FRP laminate, or near its
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termination [23].

However, different configurations can be adopted (Fig. 2) according
to variable angles and radius of splaying of the fibres over the rein-
forcement, embedment lengths and angles of inclination of the dowel,
number of fans, and type of fibres (glass, carbon, steel) [7,8,23-26].

The application of the connectors can be aimed at one end or inter-
mediate anchorage generally in RC beams and columns to achieve
greater efficiency in flexural, shear and confinement strengthening. But
in case of masonry walls, they can be used to anchor FRP strips or to
connect the layers of FRCM; one or two layers of FRCM can be connected
to the wall for the entire surface to ensure the collaboration between the
existing structure and the strengthening system (Fig. 3). A state-of-the-
art review on the anchorage devices used to improve the efficiency of
FRP EBR systems is provided in Refs. [15,23].

In case of FRCM systems applied to masonry panels or arches, the
dowels are embedded or pass the entire thickness of the wall and the fans
are splayed on one side or on both sides, respectively.

Therefore, they prevent slip and debonding of the new thickness
from the masonry substrate increasing the wall lateral confinement and,
accordingly, its compressive strength [27]. As a result, the reinforce-
ment system has a confinement effect on masonry walls for the vertical
loads and a double effect under seismic actions: increasing of the
bending strength and ductility for out-of-plane actions and improving of
the shear and flexural strength for in-plane actions. With reference to the
in-plane shear behaviour of masonry reinforced with FRCM systems, the
use of the anchors seemed to improve the post-peak behaviour of the
masonry panels more than the capacity, leading to a more ductile
behaviour without a relevant increase in shear strength [28].

Understanding the behaviour of connectors under different types of
loads is a key aspect that should be considered during their design in
order to predict the type of failure that can be attained.

Spike anchors can be subjected to pull-out forces or shear forces or
combination of both, depending on the geometrical configuration and
load pattern of the reinforced element. They may also be subjected to
bending depending on the details of shear transfer through the attach-
ment. Fig. 4 shows anchors spikes mainly subjected to shear (A) and
pull-out forces (B), respectively.

The operating principle of anchor spikes is similar to that of adhesive
anchors and depends on the transfer of tension loads from the embed-
ment element to the substrate through a chemical bond and mechanical
strength, therefore the behaviour of the connectors is generally affected
by the embedment depth of the anchor [24,29].

As well as the ultimate load capacity, the embedment depth of the
anchor dowel also influences the failure type. In summary an insufficient
depth could cause concrete cone failure (CC) or mixed failure (CB) or
adherent failure (BF) as shown in Fig. 5. Instead, a sufficient depth could
produce bending failure (BD) or fibre rupture (FR).

However, the capacity of the anchor spikes depends not only on the
embedment depth but also on the tensile strength of the substrate, the

FRP Strip

Embedment
Depth

Fig. 1. Example of anchor spikes placed at 90° with the FRP (a) and 180° with the FRP (b).
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Fig. 4. Anchor spikes in different constructive configurations subjected to different type of load: (A) shear stress; (B) pull-out stress.

dimensions of the dowel and the hole in which it is connected [30], the
strength of the material [31], furthermore its efficiency is influenced by
details and accuracy of application procedures [32].

Experimental tests using various configurations have shown that the
anchorages are effective in terms of deformability and strength increase,
characteristics which are dependent on the number of anchorages used
[25]. However, using many anchors with a short spacing can cause the
failure of the reinforcement due to stress concentration around the hole
[331.

Based on experimental results, several researchers [34-37] have
developed analytical models to predict the performance of adhesive
anchors in different applications, really related to the failure of the

embedding material. Furthermore, some formulations for predicting the
improvement of debonding load when the anchor is subjected to
pull-out-force are provided in literature [38,39] according to the
embedded depth of the connectors, although no design indications are
currently available in case of shear loads.

At this point it is right to underline that the realization of the final
application and its efficiency require experimental tests on the
strengthening system that allow to evaluate the response of the anchors
under the complex stress states presented in Fig. 4, i.e. pull out tests [18,
33,341, bending tests [40,41] or shear tests [6,15,26] that also simulate
what could happen during an earthquake. However, the qualification of
the material of the spikes is necessary anyway but specific procedures
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Fig. 5. Failure modes of anchor.

for the mechanical tests and limit of acceptability are not currently
available. Therefore, the experimental tests presented in this paper were
carried out for issuing the European Technical Assessment ETA 19/0361
of October 16, 2019 described in the following subsection.

2.1. ETA evaluations

ETA 19/0361 [20], issued by ITC-CNR, covers the assessment of the
essential characteristics of a specific construction product in accordance
with its respective EAD [21]; the latter includes all the methods of
assessment of the characteristics and performance of the glass, basalt,
aramid, carbon, PBO and steel rovings used for connectors.

Firstly, the technical description of the connectors and the mechan-
ical characteristics to be measured are reported. The connector is
described as “a bundle of continuous parallel strands/yarns” further-
more “the bundles of fibres/strands are collected within a tubular elastic
net made of polyester, polyamide and latex yarns, that is extendable
both longitudinally and transversely and removable. The bundle be-
comes rigid only after impregnation and hardening of the matrix
(organic or inorganic).” The essential mechanical characteristics, iden-
tified in the EAD, are the tensile strength, the tensile modulus of elas-
ticity and the ultimate strain. Furthermore, the performance evaluation
under the following environmental conditions is assessable: alkali
resistance in high pH solution, freezing and thawing, water resistance,
saltwater resistance.

The constituting materials of the connectors are stated referring both
to the properties of the fibres and steel strands and the properties of the
bundles. In particular, the fibres are identified by means of the value of
nominal Tex that counts the linear density of the yarn of the fibre, while
the structure of the steel strands is defined by the number of wires.

The connector installation method, already described in the previous
paragraph, is also reported specifying more in detail the steps to follow
in order to allow a correct application of the system by the workers.

In the final part, the document shows the performance of the con-
nectors defined through the results of the tests that have been carried out
and described in this paper. It can be noticed that the mechanical
properties are not the ones of the specific material but depend also on
the geometry of the connectors and the experimental procedure, because
the application of the tensile stress to a bundle of dry fibres does not
allow a uniform distribution between all the fibres, therefore a great
variability of the tensile strength can result depending on the size of the
section (number of fibres).

3. Experimental program
3.1. Materials

The experimental program was aimed at determining the tensile
strength, the elastic modulus and the ultimate strain of samples of dry
fibre bundles that were collected within a tubular elastic net made of
polyester, polyamide and latex yarns extendable both longitudinally and
transversely and removable. The connectors were made of different
materials (Fig. 6) and sizes:

— Galvanized steel (size 5, 8 and 10);
— Stainless steel (size 10);

— Aramid (size 6, 8, 10 e 12);

— Basalt (size 5, 8, 10 e 12);

— Carbon (size 6, 8, 10 e 12);

— AR-glass (size 6, 8, 10 e 12);

— E-glass (size 6, 8, 10 e 12);

— PBO (size 3 e 6).

Specifically, the size is a nominal value provided by the manufac-
turer which does not match the diameter of the dry anchor spike.
Therefore, to define the mechanical properties of the dry connector the
mean value of the cross sectional area [mmz] is calculated from the
weight of a piece of a bundle with the following relationship:

Pe

cc

Ap =--1000 1)

where:

e 1. is the length of the piece of connector [mm].

e p. is the weight of the dry material [g].

o pc is the density of material [g/cm®] provided by the manufacturer
and reported in Table 1.

Accordingly, for the same size the connectors made of lower density
materials are characterized by a higher fibre amount.
3.2. Specimens

The most difficult step of the experimental procedure concerned the
preparation of the specimens that was widely investigated in various
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Fig. 6. Fibre bundles used in the experimental program: a) galvanized steel; b) stainless steel; ¢) aramid; d) basalt; e) carbon; f) AR-glass; g) E-glass; h) PBO.

Table 1
Density of materials used to manufacture anchor spikes.
Material Steel ~ Aramid  Basalt Carbon  AR- E- PBO
glass glass
Density [g/ 7.85 1.44 2.67 1.81 2.68 2.66 1.56
cm®]

experimental campaigns also in international Round Robin Tests [42].
To guarantee the alignment of the fibres and reduce the dispersion of the
results due to the non-uniform distribution of the load to the fibres, a
specific test procedure that involves the construction of steel sleeves at
the ends of the connector (Fig. 7) was adopted. The sleeve, made with
metal tubes of length L, = 30 cm, allows to grasp the fibres in the grips of
the tensile machine avoiding local breakages. The free length, L, of the
connector to be tested is about 50 cm.

The preparation of the samples was carried out in two steps. During
the first step, a piece of connector with a length of approximately 120 cm
was placed on a wooden frame (Fig. 8) and lightly pulled to align the
fibres, using steel rods. The upper and lower end of the connector, for a
length of about 30 cm, were impregnated with two component resins
over which, subsequently, a thin layer of quartz sand was applied to
create a rough surface, and then they were embedded in two metal tubes
with an external diameter of 21.3 mm filled with a two-component resin.
After the technical times for the curing of the resins, the metal sleeve
appears to be integral with the connector.

3.3. Environmental conditionings

Durability is an important property of construction materials that
must have the capacity to keep their mechanical characteristics over
time under the influence of external actions, since a deterioration of the
structural components may affect the performance of the structure
causing a premature failure. For these reasons it was essential to test the

Fig. 8. Wooden frames.

properties of the connectors after exposure to environments.
The exposure environments selected for this study, made in accor-
dance with the reference standards, are the following ones:

a) Freezing and thawing

The environmental conditioning was carried out by submitting the
samples for one week in a humidity chamber (100% humidity, 38 +

La \

Anchorage Fibre strands

Displacement
transducer
|

Fig. 7. Geometry of samples.
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1 °C). Then, they were subjected to 20 freeze-thaw cycles. Each cycle
consists of a minimum of 4 h at —18 &+ 1 °C (Fig. 9a), followed by 12 h at
38 + 1 °C and 100% controlled humidity (Fig. 9b).

b) Alkaline environment

Conditioning was done by immerging specimens in a liquid with pH
= 13 (Fig. 10b) for 1000 and 3000 h at a temperature of 23 + 2 °C
(Fig. 10a).

¢) Saltwater environment

The environmental conditioning was carried out by immerging
specimens in saltwater according to ASTM D1141-98 [43] and ASTM
(C581-03 [44] for 1000 and 3000 h at a temperature of 23 + 1 °C
(Fig. 11).

d) Water environment

Conditioning was done according to ASTM D2247-11 [45] and ASTM
E104-02 [46] immerging specimens in water for 1000 and 3000 h at a
temperature of 38 + 1 °C with a relative controlled humidity of 100%
(Fig. 12).

After conditioning, the samples were tested in direct tension.

The summary of the tested specimens according to the type of
environment is reported in Table 2. Five specimens were prepared for
each size for the not conditioned tests, while the conditioned tests were
performed on three specimens for the minimum and the maximum
dimension of each material.

3.4. Methods and measurements

The specimens were subjected to direct tensile tests in displacement
control (constant speed of 0.5 mm/min) with a universal machine
(Fig. 13) and the sample was instrumented with a LVDT displacement
transducer applied on the dry fibre with a measurement base of 350 mm
(Fig. 7) in order to measure the strain and to evaluate the elastic
modulus. The load was measured by a load cell with a maximum ca-
pacity of 600 kN.

For each specimen the tensile strength, the elastic modulus and the
strain at maximum load were measured, both under normal conditions
and after environmental conditioning. In particular, the tensile strength
was calculated as the ratio between the maximum measured force and

Composites Part B 217 (2021) 108895

the cross-sectional area of the bundle equivalent in weight (Af) as per
equation (1). The tensile modulus E was calculated by the following
expression:

E=——210"° 2

e AF and AL are the variation of the force [N] and of the length of the
specimen [mm], respectively, between the two selected point of the
load-displacement curve corresponding to the 10% and 70% of the
maximum load;

e Ar is the cross-sectional area of the bundle [mmz] calculated ac-
cording to (1);

e L is the length of the specimen [mm].

The strain at maximum load ¢, is calculated from the following
equation:

Leus — Ly,
e = ‘ga,f 'ga,0 (3)

u
Lga‘O
where:

e Lga¢ is the length measured by the displacement transducer at
maximum load [mm].

® Lg, 0 is the length measured by the displacement transducer at zero
load [mm)].

Fig. 14 shows the typical failure mode of the samples obtained after
testing.

4. Results and discussion
4.1. NC specimens

The mean value of the tensile strength f;, [MPa], the mean modulus
of elasticity Ep, [GPa] and the mean value of the ultimate strain ey, [%]
were determined for each material and size of the spikes without
conditioning.

Table 3 shows the average values of the mechanical characteristics of
not-conditioned (NC) specimens and the associated coefficient of vari-
ation (COV) reported in brackets for each cross-sectional area Ay.

From the results of the NC specimens the first observation regards the

b)

Fig. 9. Equipment for freezing and thawing: a) freezer; b) temperature and humidity chamber.
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Fig. 12. Equipment for water environment at controlled humidity.

relationship between the cross-sectional area, As, and the mean tensile
strength, fy,, (Fig. 15). It is noted that for E-glass the tensile strength
decreases when the area increases, while for galvanized steel the effect is
less evident. Indeed, as the cross-sectional area of the composite
connector increases, the resin used to integrate the metal sleeve to the
anchor spike is not able to impregnate the connector core and increases
the difficulty to perfectly align the fibres, preventing uniform inter-
laminar transfer of the stresses and returning more dispersed results
(high COVs for E-glass). The reduction of tensile strength with
increasing diameter is a typical behaviour of FRP bars, as demonstrated
by various tests available in the literature [47,48]. The tensile strength

Composites Part B 217 (2021) 108895

Table 2
Summary of tests.
Environmental Abbreviation ~ Duration  Minimum number of
conditioning specimens for each size
No conditioning NC None 5
TOTAL 5
Freezing and thawing  F/T 20cycles 3
TOTAL 3
Alkaline environment AR1000 1000 h 3
AR3000 3000 h 3
TOTAL 6
Saltwater SR1000 1000 h 3
environment SR3000 3000 h 3
TOTAL 6
Water environment WR1000 1000 h 3
WR3000 3000 h 3
TOTAL 6

Fig. 13. Tensile-testing machine.
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Fig. 14. Failure of anchor spikes: a) basalt size 8; b) AR-glass size 8; c) E-glass size 8; d) aramid size 10; ) carbon size 10; f) galvanized steel size 10; g) stainless steel
size 10; h) PBO size 3.

Table 3
Mean values of mechanical characteristics of NC specimens.

Material Size Af [mm?] fm [MPa] En [GPa] em,u [%]

Galvanized steel 5 9.68 2205 (6%) 230 (1%) 2.28 (5%)
8 15.29 2141 (4%) 200 (4%) 2.28 (2%)
10 18.73 2176 (4%) 207 (4%) 2.38 (6%)

Stainless steel 10 25.31 1369 (1%) 201 (3%) 2.34 (3%)

Aramid 6 20.83 1695 (10%) 112 (8%) 2.86 (9%)
8 26.39 1699 (7%) 99 (5%) 2.86 (15%)
10 33.33 1862 (6%) 163 (5%) 3.52 (4%)
12 38.43 1826 (10%) 123 (8%) 3.50 (12%)

Basalt 5 12.98 667 (5%) 83 (9%) 0.97 (7%)
8 19.73 677 (7%) 85 (4%) 1.14 (24%)
10 25.22 850 (8%) 84 (4%) 1.56 (17%)
12 31.46 708 (7%) 81 (14%) 1.35 (14%)

Carbon 6 15.84 1494 (5%) 234 (4%) 0.87 (9%)
8 20.63 1573 (7%) 236 (3%) 0.82 (14%)
10 28.73 1380 (5%) 232 (7%) 0.87 (18%)
12 31.68 1429 (5%) 198 (2%) 0.94 (5%)

AR-glass 6 16.17 920 (9%) 86 (9%) 0.90 (13%)
8 20.40 940 (6%) 85 (5%) 0.91 (9%)
10 26.87 955 (8%) 77 (8%) 1.05 (7%)
12 32.59 899 (7%) 84 (10%) 1.37 (14%)

E-glass 6 15.54 913 (4%) 93 (4%) 1.23 (9%)
8 21.55 575 (11%) 66 (13%) 1.23 (15%)
10 24.56 656 (11%) 68 (6%) 1.20 (11%)
12 34.09 668 (11%) 64 (15%) 1.66 (17%)

PBO 3 11.54 2789 (6%) 198 (7%) 2.83 (10%)
6 20.51 2983 (16%) 238 (7%) 3.09 (16%)
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Fig. 15. Experimental data of tensile strength for each material according to Ay.

of FRP rebar depends on the diameter and the gripping system because
the stress developed at the surface is not fully transferred to the fibres
located in the core of the bar.

The same behaviour occurs for the connectors made of basalt, carbon
and AR-glass but only for the greatest size for which the alignment of the
fibres during the preparation of the specimens is more complicated.
However, in general, the tensile strength is almost constant by varying
the dimension of the connectors section, therefore the following ana-
lyses are carried out for the material type of the specimens considering
the connectors with different dimensions all together. The same con-
siderations can be made for the elastic modulus and the ultimate strain.

The statistical test of Shapiro-Wilk was performed to assess the
normality of the experimental data. The analysis showed that the tensile
strength values for each material come from a normally distributed
population with a confidence level of 95%. Therefore, assuming a
normal distribution and considering for each material the mean strength
of all connectors it was possible to calculate the characteristic value of
the tensile strength fy [MPa]. The characteristic value was determined as
indicated in EN 1990 [49] according to the following relation:

where COV is the coefficient of variation calculated as the well-known
ratio between the standard deviation and the mean value, and k, is a
factor depending on the number of samples, reported in table D1 (Vg
unknown) of EN 1990, Annex D.

The average value and the characteristic value of the tensile strength,
the average value of the elastic modulus and the average value of the
ultimate strain with the respective coefficients of variation for each
material are reported in Table 4. Regarding the performance of the
material, the PBO connectors show the greatest tensile strength and high
stiffness and deformation capacity, while basalt ones show in general the
worst mechanical response. It is worth noticing that the E-glass anchor
spikes show the greatest scattering of the results (COVs up to 21%) while
the stainless steel anchor spikes the lowest one (COV = 1%). In general,
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the values of the ultimate strain are affected by greater dispersion
compared to the other mechanical characteristics except for the anchor
spikes made of galvanized steel, stainless steel, and aramid.

Regarding the characteristic value of tensile strength (Fig. 16), it is
noted that the E-glass anchor spikes have the greatest penalization on
the strength due to their highest scattering (37% reduction of fi
compared to the average value f,). Furthermore, the value of fi for the
stainless steel and PBO anchor spikes is reduced about 25% compared to
fn due to the smaller number of tested specimens which determines
higher values of the parameter k.

4.2. Effect of conditioning

In this section the results of the tensile test after the exposure of the
anchor spikes to the different environments are discussed. To under-
stand how the environments influence the tensile characteristics of the
connectors, the results of the conditioned (C) samples exposed to
freezing/thawing (FT), alkaline environment for 1000 h (AR1000) and
for 3000 h (AR3000), saltwater environment for 1000 h (SR1000) and
3000 h (SR3000), water environment for 1000 h (WR1000) and 3000 h
(WR3000) are compared with those of the NC samples.

Tables 5 and 6 show, respectively, the trends of the ratio f,¢/fimne
and Ep,c/Eqnc for all the conditioning tests depending on the material of
the anchor spikes. The coefficient of variation values referred both to
tests on conditioned specimens (COV¢) and tests under normal condi-
tions (COVyc) are also reported.

From Table 5 it is noted that the freezing and thawing treatment less
affects the tensile strength of the anchor spikes. Considering the other
exposures, galvanized steel has a much greater reduction in resistance
(fmc/fmne = 0.12), although in some cases it shows COV up to 44%.
Similar considerations were obtained for the E-glass connectors. More-
over, it is worth noticing that the environmental conditioning does not
seem to reduce the strength of the stainless steel anchor spikes.
Regarding the basalt fibres, the conditioning in alkali and salt water
exposures affect less the tensile strength. This result is quite coherent
with the chemical studies that established a good performance of basalt
to alkali [50,51] and salt water [52].

The effect of conditioning on the stiffness of the connectors is re-
ported in Table 6. In general, the tensile modulus shows lower scattering
(COV = 0.5-41%) than the tensile strength. In many cases, such as for
carbon, AR-glass and E-glass, the conditioning gives a limited reduction
of the tensile modulus; the worst response of galvanized steel is
confirmed.

The worst behaviour of galvanized steel is due both to the fabrication
process and the preparation method of the specimens. Galvanizing is
adopted to increase durability by reducing the risk of corrosion, how-
ever the coating is attached by environmental conditions especially salt
water [53], furthermore the imperfections of the surface coating can
allow the penetration of salt water to the steel. Therefore, the degra-
dation of steel was due to the coating consumption but probably the bent
of the specimen during the preparation contributed to local damage of
the coating favouring the steel corrosion.

Regarding the dispersions of the results, the conditioned specimens

Table 4

Mechanical characteristics of NC specimens according to material.
Material Galvanized steel Stainless steel Aramid Basalt Carbon AR-glass E-glass PBO
fm [MPa] 2174 1369 1770 726 1469 929 703 2886
COV [%] 4 1 9 12 7 7 21 12
fi. [MPa] 1998 1350 1491 570 1283 808 483 2207
En [GPa] 212 201 124 83 225 83 73 218
COV [%] 7 3 21 8 8 9 19 12
emu [%] 2.31 2.34 3.19 1.26 0.87 1.06 1.33 2.96
COV [%] 5 3 14 24 12 21 20 14
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reduction is due to the smaller number of tested specimens that determines higher values of the parameter k.

Fig. 16. Values of f;,, (empty background) with respective standard deviation and fi (continuous background) for NC specimens.

Table 5
Effect of conditioning on tensile strength.
Conditioning Value Galvanized steel Stainless steel Aramid Basalt Carbon AR-glass E-glass PBO
NC COVnc 4% 1% 9% 12% 7% 7% 21% 12%
FT COV¢ 24% 15% 8% 14% 25% 11% 53% 11%
fmc/fmne 0.80 0.93 0.88 0.83 0.60 0.41 0.55 0.78
AR1000 COV¢ 12% 2% 12% 13% 23% 9% 14% 16%
fmc/fmne 0.49 0.96 0.82 0.92 0.58 0.63 0.62 0.66
AR3000 COV¢ 19% 5% 8% 8% 19% 13% 20% 13%
fmc/fmne 0.36 0.95 1.05 0.86 0.72 0.51 0.69 0.86
SR1000 COV¢ 21% 9% 10% 20% 22% 17% 7% 20%
fmc/fmne 0.12 1.04 0.72 0.97 0.87 0.64 1.01 0.82
SR3000 COV¢ 43% 20% 6% 30% 54% 62% 18% 56%
fmc/fmne 0.26 0.92 0.91 0.84 0.66 0.43 0.85 0.50
WR1000 COV¢ 44% 4% 16% 27% 7% 12% 15% 12%
fmc/fmne 0.38 0.88 0.95 0.65 0.64 0.48 0.59 0.93
WR3000 COV¢ 38% 11% 6% 16% 22% 19% 13% 11%
fmc/fmne 0.37 1.05 0.90 0.64 0.78 0.43 0.46 0.87

show higher value of COV compared to the ones tested under normal
condition. This aspect might be due both to the poor alignment of the
fibres during the test and to the discontinuous effect of aging through the
core of the connector.

5. Assessment of the material partial factor

In this section the assessment of the partial safety factor for anchor
spikes is reported according to the different materials tested. According
to the EN 1990 [49], the design value of a material or product property
can be expressed as:

X

Xi=n— %)
ym

where Xj is the design value, Xy is the characteristic value (herein the
5th percentile of the probability distribution), n is a conversion factor
associated to environmental conditions, and yn, is the material partial
factor. By neglecting in a first stage the conversion factor due to the

environmental effect (i.e., assuming n = 1), the material partial factor
can be calculated as:

Y =Xi/Xq (6)

Since the Normal distribution is a suitable distribution law for the
tensile strength both in ordinary and exposure conditions (level of sig-
nificance of 5%), the theoretical 5th percentile value, fy, is calculated as
follows:

fe =fu(1 — 1.645.COV) )

being f;, and COV respectively the mean value and the coefficient of
variation of the distribution of the tensile strength. As reported in
Table 7, it is specified that characteristic value determined with the
probabilistic approach slightly overestimates the experimental value of
the characteristic strength assessed by testing according to (4)
(maximum 4.4% for PBO). Therefore, the use of the 5th percentile of the
probability distribution as characteristic strength does not imply sig-
nificant errors in the evaluation of the material partial safety factor,
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Table 6
Effect of conditioning on tensile modulus.
Conditioning Value Galvanized steel Stainless steel Aramid Basalt Carbon AR-glass E-glass PBO
NC COVnc 7% 3% 21% 8% 8% 9% 19% 12%
FT COV¢ 38% 13% 7% 17% 10% 9% 9% 15%
Emc/Emnc 0.84 0.56 0.82 0.87 0.85 0.88 1.15 0.91
AR1000 COV¢ 10% 5% 11% 6% 12% 7% 5% 3%
Emc/Emnc 0.61 0.76 0.80 0.99 0.81 0.88 1.03 1.15
AR3000 COV¢ 8% 20% 3% 3% 6% 5% 1% 4%
Emc/Emnc 0.57 0.71 0.80 1.03 1.05 0.85 1.09 0.95
SR1000 COV¢ 30% 16% 6% 6% 13% 6% 3% 22%
Emc/Emnc 0.45 0.66 0.77 0.95 0.98 0.83 1.02 0.97
SR3000 COV¢ 13% 0.5% 3% 5% 5% 9% 11% 41%
Emc/Emnc 0.51 0.98 0.79 0.92 1.05 0.80 0.90 0.53
WR1000 COV¢ 9% 13% 4% 10% 3% 9% 9% 10%
Emc/Emnc 0.60 0.60 0.75 0.87 1.06 0.83 0.94 1.00
WR3000 COV¢ 7% 5% 15% 1% 5% 5% 4% 4%
Emc/Emnc 0.63 0.83 0.86 1.03 1.03 0.88 1.06 0.98
Table 7
Comparison of fi assessed by testing according to (4) and fy determined with the probabilistic approach according to (7).
Material Galvanized steel Stainless steel Aramid Basalt Carbon AR-glass E-glass PBO
fy for (4) [MPa] 1350 1491 570 1283 808 442 2207
fi for (7) [MPa] 2016 1355 1509 580 1295 816 459 2304
Percentage difference 0.9% 0.4% 1.2% 1.8% 0.9% 1.0% 3.8% 4.4%

rather more conservative values of y,, are determined.
The corresponding design value, fq, can be expressed as follows:

Ja=fu(l—ag-p-COV)

(8

where ag is the FORM (First Order Reliability Method) sensitivity factor
for the resistance and f is the target reliability index assumed respec-
tively equal to 0.8 and 3.8 (Consequences Class CC2, Reliability Class
RC2, 50 years reference period for ultimate limit states according to EN

1990 [49]).

The partial safety factors y'r, were derived from the experimental
data of each type of connectors material, but also a simplified approach
considering only one safety factor yy, for all materials is proposed. The
latter factor was calculated in order to generalize the assessment of the
material variability and the statistical uncertainties for two categories of
materials that are steel and fibres, regardless the type of steel or fibres.
Therefore, a new probabilistic variable, that is the experimental tensile
strength divided by the respective mean value (f/f;,) for each material,
was considered evaluating its mean value and standard deviation. The

® Galvanized steel M Stainless steel + Aramid 4 Basalt A Carbon XAR-glass O E-glass © PBO

fk/ Y'm
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2000 3000
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Fig. 17. Comparison between the design strength (fi/y'm) and the mean strength f,, (a), and the design strength with partial safety factors evaluated for each material
(Y'm) or for categories of materials (y,) (b).
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analysis of this new variable gave y, equal to 1.06 and 1.27 for the steel
strands and the fibre based connectors, respectively. In Fig. 17a the
comparison between fi/y'y, and f,, for each material is reported con-
firming that the design strength is safe for all the materials. Moreover, in
Fig. 17b the comparison between fi/yy and fi/y'y, is depicted for each
material evidencing the goodness of considering only one partial safety
factor both for all the steel connectors and the fibre ones.

In order to evaluate the environmental conversion factor, the ratio of
the mean value of the tensile strength of C specimens over NC ones is
calculated according to the empirical data of each material (Table 8).
Specifically, in this case the freezing/thawing, alkaline, saltwater and
water exposures were considered neglecting the effect of the different
conditioning time because the results showed almost the same effect on
degradation and stainless steel was excluded from the analysis because
insensible to conditioning (Table 5). It is noted that the different types of
conditioning variably influenced the value of the material properties,
thus an average conversion factor n,y that considers the different ex-
posures can be assumed for each material.

The results underline the best performance of basalt (0.80) and
aramid (0.90) and the worst one of galvanized steel (0.45) and AR-glass
(0.50).

6. Conclusion

The results of the experimental tests on anchor spikes made of
various dry fibres give some information on the mechanical character-
istics and durability of these systems. Firstly, it is important to underline
that a standard test procedure was not available before these tests,
therefore it was difficult to assess a reliable preparation of the speci-
mens, but currently the ETA has been issued. It was necessary to apply a
tensile force during the application of the end sleeves to realize a suit-
able alignment of the fibres avoiding a premature failure due to a non-
uniform distribution of the stress in the “dry” section of the connector.

In this way the results obtained under normal conditions showed
acceptable scattering in the range 1-20% giving significance results also
in terms of dimension. In particular the main results are the following:

- the tensile strength and the elastic modulus are quite independent
from the section dimension in all cases;

- PBO has the highest strength, but carbon has the greatest stiffness
with a strength lower of approximately 50%;

- E-glass has the lowest stiffness.

Regarding the environmental conditioning to study the durability of
the connectors, the results showed a high scattering in some cases;
therefore, the test procedure has to be reviewed to guarantee the
alignment of the fibres also after the treatment and the uniform effect of
the aging through the core of the connector. However, some interesting
results can be summarized:

the freezing/thawing tests do not give relevant loss of resistance and
stiffness for all the materials except for Carbon and E-glass; the
stainless steel connectors are practically insensible to alkaline, salt-
water and water environment.

the galvanized steel connectors are much sensible to all the envi-
ronment conditioning;

- E-glass is more sensible to alkaline and water treatment;

basalt is less sensible to alkali and salt water;

- in all cases the results of degradation after 3000 h are quite the same
of those after 1000 h.

The experimental results allowed to assess the partial safety factors
yYm = 1.06 and y,, = 1.27 considering respectively all the type of steel
strands and all the type of fibres based connector. Furthermore, the
conditioned tests also allowed to evaluate the environmental factor napy
for each material that is variable in the range 0.45 (galvanized steel) -
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Table 8

Environmental conversion factor.
Material FT AR SR WR Nam
Galvanized steel 0.80 0.42 0.21 0.38 0.45
Aramid 0.88 0.93 0.81 0.92 0.90
Basalt 0.83 0.89 0.90 0.65 0.80
Carbon 0.60 0.65 0.77 0.71 0.70
AR-glass 0.41 0.57 0.54 0.46 0.50
E-glass 0.55 0.66 0.93 0.52 0.65
PBO 0.78 0.76 0.66 0.90 0.75

0.90 (aramid) excluding stainless steel that is practically insensible to
conditioning.

These first results clearly indicate the different behaviour of the
various materials that gives a provision for the design choice; however,
it is necessary to understand the performance required to the connectors
for each type of application to really choose the best solution.
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