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ABSTRACT: The New Zealand Building Act of 2004 established a framework for assessing
and managing earthquake-prone buildings in New Zealand, with the significance of this
process being highlighted after the Canterbury earthquakes. The result of the assessment
process is presented as a percentage of the New Building Standard (NBS), measuring how
resilient the building is to seismic actions. The minimum requirement for existing buildings is
34%NBS, although 67% is often required by insurance companies. Fibre Reinforced Polymer
(FRP) composites have been used extensively as Externally Bonded Reinforcements (EBRFRP) since the Building Act was enacted, mainly due to the versatility of application, as well
as the high strength and light weight nature of the material (which does not increase the
seismic weight of the structure).
In EBR-FRP systems, the fibres (typically carbon fibres, although glass fibres have also been
used) are bonded to the external surface of the concrete structure with epoxy resin. One of the
main shortcomings of EBR-FRP systems is premature FRP-to-concrete debonding as a result
of the low tensile strength of concrete. One way to overcome the adverse effects of premature
debonding and to ensure the continuity of the load path is to use FRP anchors, which are
bundles of fibres saturated in epoxy and introduced into the concrete structure. Several design
guidelines have been produced since FRP products were introduced in civil engineering
applications, with a widely used design document being published by the American Concrete
Institute, namely ACI440.2R-17 “Guide for the Design and Construction of Externally Bonded
FRP Systems for Strengthening Concrete Structures”. Other documents used include the
Italian guideline CNR-DT200 and the fib Bulletin 14. While a design approach has been
recently published by the authors, neither of these widely accepted codes include guidance on
how to design FRP anchors. New Zealand engineers have typically relied on published
research or have resorted to engineering judgement, often validates with proof-testing.
A concise but comprehensive summary of the use of FRP anchors in the last decade has been
summarised in this paper with a focus on innovative designs that required out-of-the-box
thinking in order to develop creative solutions to difficult and complex problems. The works
summarised herein have been obtained from a number of engineering firms, suppliers and
installers. No specific engineer, products or companies are named in order to retain the
neutrality and unbiased position of the authors.

INTRODUCTION
A framework for assessing and managing earthquake-prone buildings in New Zealand was
established in 2004, under which the buildings are classified to a percentage of the New
Building Standard (NBS). A minimum requirement was established by law at 34%, but that
lower limit is typically superseded by a minimum 67% requirement by insurance companies.
While many different methods exist to elevate the NBS rating of an existing building, the use
of Fibre Reinforced Polymers (FRP) is often preferred mainly due to the high strength and the
light weight of the material, and the versatility of the system. One of the most common methods
to use FRP is by using Externally Bonded Reinforcements (EBR), which involves the soaking
of the fibres in epoxy resin and bonding the resulting composite to the external surface of the
structure. However, the low strength of the concrete typically causes premature debonding of
the FRP from the concrete surface, governing the strengthening system and reducing the
efficiency of the EBR-FRP system to as low as 10% to 30% of the ultimate tensile strength of
the FRP. Multiple methods exist to overcome the problem of premature debonding, but the use
of FRP anchors is often preferred to avoid steel-FRP incompatibilities and/or stress
concentration, and to increase the durability of the system (Kalfat et al. 2013; Kalfat, Gadd, Almahaidi, et al. 2018; del Rey Castillo, Dizhur, et al. 2019). Further, the use of FRP anchors is
especially critical in seismic strengthening interventions to provide the redundancy necessary
if a larger-than-expected earthquake occurs.
FRP anchors consist of bundles or rovings of fibres soaked into epoxy and are used to ensure
the continuity of the load path from the FRP sheet into the structure. One end of the bundle is
introduced into a hole that has been pre-drilled into the structure, forming the anchor dowel,
while the other end is splayed out, forming the anchor fan, as illustrated in Figure 1. While
several standards and guidelines exist for the use of EBR-FRP systems to strengthen existing
structures (ACI 440.2R 2017; CNR-DT 200 2013), no formal guidance exists for the use of
FRP anchors. New Zealand engineers have typically relied on published research or have
resorted to an engineering judgement, often backed up with proof-testing. All potential failure
modes need to be considered when designing FRP anchors, similar to the design of postinstalled steel anchors (ACI 355.2 2007). All such possible failure modes are illustrated in
Figure 1, with the concrete-related failure being investigated by Prof. Scott Smith (2010), the
fibre rupture failure modes being investigate by Dr. Enrique del Rey Castillo (2019b; 2019a),
and the fan-to-sheet failure mode being firstly proposed by Ravi Kanitkar (2016) with further
improvements (2019). Finally, a design approach was proposed by the authors, based on the
minimum ultimate load that each anchor has to withstand (2019). Starting with that minimum
load, the design process ensures that each failure mode is avoided, thus shifting the failure to
the FRP sheet, as can be seen in the flowchart from Figure 2.
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Figure 1 Failure modes of anchors, extracted from (del Rey Castillo, Kanitkar, et al. 2019)

Figure 2 Design procedure, extracted from (del Rey Castillo, Kanitkar, et al. 2019)

EXAMPLES OF FRP ANCHORS IN PRACTICE
The versatility of FRP-EBR offers a wide range of possibilities for the use of FRP anchors, from
relatively simple shear strengthening of beams to floor diaphragms with complex load paths.
A few examples are reported in this section.
Shear strengthening of beams
Shear strengthening of beams is typically motivated by change of use or design/construction
errors, and has been extensively investigated in the past, e.g. (Kalfat et al. 2011). In seismic
environments, shear strengthening of coupling beams is also common to confine the plastic
hinges and ensure ductility, as in the examples illustrated in Figure 3. The scheme consists of
installing a U-shaped sheet at the bottom and sides of the beam, with holes being drilled
through the slab and the anchors being passed through, as can be seen in Figure 3a. Several
options exist to anchor the system at the top of the coupling beam, with the two most commonly
used being making a closed tie with the FRP bundles with the top countersunk within grooves
in the top of the slab, or opening up the bundles to create a circular splay at the top, often
covered with another layer of FRP to distribute forces and protect the splay, as can be seen in
Figure 3b, Figure 3c and Figure 3d respectively. From a structural performance point of view,
both systems work equally well, as long as the quality of installation is appropriate. Using
grooves might be more preferred because the FRP can be concealed in the concrete cover,
ensuring the FRP is protected during the installation of the flooring system.

(a) Bottom view of the coupling beam, with
the anchor fans being splayed out

(b) Ties at the top of the coupling beam to
close the loops and ensure confinement

(c) Circular “plug” splays to secure the
anchors

(d) Covering the “plug” splays to improve
the distribution of forces and protect them

Figure 3 Examples of shear strengthening of coupling beams

Flexural strengthening of beams and slabs
The most common use of FRP strengthening in New Zealand is to improve the seismic
performance of the structural element. However, there are many instances wherein the vertical
load-carrying capacity of a beam or slab has to be increased. The use of FRP anchors ensures
that the longitudinal FRP sheet bonded to the soffit of the beam will not debond prematurely,
either due to intermediate flexural cracks or to end peel-off. Extensive research has been
undertaken for such anchoring, see for example a recent review on anchorage methods for
flexurally strengthened concrete members (Kalfat, Gadd, Al-Mahaidi, et al. 2018). An example
of this scheme is included in Figure 4. In some cases the flexural FRP is continued to the
supports, and the anchors are doweled into the supporting columns or girders.

Figure 4 Flexural strengthening of concrete beams with EBR-FRP and FRP anchors
Shear strengthening and confinement of columns
The use of FRP materials to improve the confinement and/or the shear strength of concrete
columns is one of the earliest and most common applications of FRP strengthening of existing
structures. The use of FRP anchors improves the effectiveness of the confinement when
corners and re-entrants are present, preventing the FRP confinement from peeling off or pulling
out and ensuring the continuity of the confinement, such as in Figure 5. FRP anchors are
extensively implemented in practice despite the limited research and design guidance
available.

Figure 5 Examples of FRP anchors in combination with shear/confinement of columns

Flexural strengthening of columns
Once the ductility and shear capacity of the column has been provided as described above,
the flexural and moment capacity of the column can be increased by bonding FRP sheets in
the longitudinal direction of the column. Anchoring the sheets to the foundation or continuing
the load path thorough the floor system becomes imperative to avoid plastic lumping at the
bottom single crack and rigid body rotation. Limited research exists on this strengthening
scheme, but the effectiveness of the system has been proven at a structural element level (del
Rey Castillo et al. 2018). Further research is needed to investigate the effects of the stiffening
of the column on the whole structure. An example of a building strengthened using this method
is reported in Figure 6, using anchors for both ensuring the continuity of the confinement, as
explained above, and the continuity of the flexural strengthening through floors and into the
foundation.

(a) Picture of the FRP-strengthened column (b) Drawings of the strengthening design
Figure 6 Flexural and shear strengthening of a concrete column
Shear strengthening of walls
Multiple studies have been published on FRP strengthening of walls using FRP anchors to
remediate the multiple failure modes that walls can exhibit, and a project is currently on-going
at the University of Auckland to provide guidance on the design of FRP strengthening of walls
incorporating FRP anchors. The most common failure modes addressed are shear failure,
failure of the boundary regions either by concrete crushing or rebar buckling, and flexural
failure, as illustrated in Figure 7a, b and c respectively. The ACI 440 (ACI 440.2R 2017)
standard incorporated an example of how to design seismic strengthening of walls to improve
the shear and flexural capacity, but did not address FRP anchors.. Despite the prevalence of
wall systems in New Zealand, no examples of practical use of FRP anchors on the
strengthening of walls could be found, the potential reason being high cost. The authors would
appreciate any information that could be provided on this regard.

(a) shear strengthening of walls according
to (Altin et al. 2013)

(b) boundary region strengthening
according to (Dan 2012)

(c) Flexural strengthening according to (Dan
2012)
Figure 7 Strengthening of concrete walls

Strengthening of floor diaphragms
No research could be found on the FRP strengthening of floor systems to ensure diaphragm
action to resist earthquakes, with only one conference paper being found in the literature
(Ormeno et al. 2019). Also, none of the current design guidelines offer any guidance for
diaphragm strengthening with FRP. Despite the lack of data, this strengthening scheme is
being extensively used in New Zealand, especially in Wellington given the profusion of hollowcore systems and the inherent weaknesses and brittleness of the system. Common features
of this type of interventions is the use of an orthogonal grid of FRP sheets bonded to the top
surface of the concrete floor and the anchorage of these sheets at the perimeter, sometimes
including anchorages at the crossing between the orthogonal sheets. Although FRP anchors
are not always used, they are prevalent in this type of systems

(a) Anchoring the cross between orthogonal (b) Anchoring the end of the sheets to the
bond beam at the perimeter
sheets with “plug” anchors
Figure 8 Examples of FRP strengthening of floor diaphrams
CONCLUSIONS
FRP anchors can be used in conjunction with EBR-FRP systems for every application, further
exploiting the versatility of FRP systems and increasing the efficiency by ensuring the
continuity of the load path and/or preventing or delaying premature debonding. No codified or
standardised design method exists for FRP anchors, although a design approach for such
anchors has been recently published. Further, very limited to no exists for the design of FRP
anchors in the majority of the applications, even if these applications are included in current
guidelines, such as ACI 440.2R, such as strengthening of walls. However, FRP anchors are
being widely used in practice even in the absence of any design guidance, and often with
virtually no experimental data to corroborate the expected behaviour of the strengthening
system, such as in the strengthening of floor diaphragms. Finally, significant research is
needed in specific applications, such as flexural strengthening of columns and strengthening
of floor diaphragms, before design guidelines can even be created.
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