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A B S T R A C T

The strength and deformability of reinforced concrete (RC) structures strengthened with externally bonded fibre-
reinforced polymer (FRP) composites can be enhanced with the addition of anchorage devices. The inclusion of
anchorage can also result in a higher utilization of the desirable strength properties of the FRP by mitigating
debonding. FRP spike anchors are a particularly effective type of anchorage devices as they can be applied to a
wide variety of structural forms that have been strengthened with FRP composites. Experimental verification has
supported the effectiveness of such anchors. However, the limited availability of design guidance is inhibiting
the widespread application of anchors in practice. A critical review of the design models available in the lit-
erature is presented in addition to a design methodology for the incorporation of FRP spike anchors in RC
structures strengthened with FRP composites. Exemplar designs of FRP spike anchors are also presented, to be
used in combination with the design examples currently included in ACI 440.2R (2017). Finally, several
knowledge gaps are identified which can be used to inform future studies.

1. Introduction

A number of different approaches are available for engineers to
strengthen existing reinforced concrete (RC) structures, all being mo-
tivated by the need to increase the structure performance. The use of
externally bonded fibre-reinforced polymer reinforcement (EBR-FRP)
systems offers a number of advantages, relative to existing techniques
such as steel plating and section enlargement, in order to enhance the
capacity of existing structural members [2,3]. Distinct advantages of
FRP composites arise from their low mass, high tensile strength and
durable nature.

Externally bonded FRP systems consist of a composite fabric made
of fibres (typically carbon or glass) and an epoxy resin as a binding
matrix. The composite fabric, which is comprised of one or more plies
or sheets, is externally bonded to the relevant exterior surface of the RC
structure using epoxy resin. Two main installation methods exist,
namely, a pultruded plate method where the FRP materials are pre-
pared off-site under controlled conditions, and also a wet lay-up
method in which the dry fabrics are field-saturated with epoxy resin
and installed onto the RC surface.

Despite the well documented benefits of EBR-FRP systems for the

strengthening of existing structures, two main drawbacks prevail,
namely (i) the presence of obstructions that prevent structural elements
from being fully wrapped and hence disrupt the continuity of the FRP
stress field, and (ii) premature and brittle debonding failure of the FRP.
These two problems are generally related because obstructions can
promulgate debonding, although debonding can also occur in un-
obstructed FRP-strengthened sections. Debonding is debilitating to the
structure and it can also result in a low strain utilisation of the FRP
material. Debonding can conveniently be accounted for in design by
limiting the strain carried by the FRP strengthening (herein FRP sheets).
Such strain limitation prevents the commonly occurring interfacial
debonding failure mode of intermediate crack induced debonding (also
known as IC debonding [4]). Eq. (1) (Eq. 10.1.1 of ACI 440.2R [1]) is an
example of a widely accepted method to calculate the IC debonding
strain.
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where fc is the compressive strength of the concrete and n, Ef and tf

represent the number of layers, tensile modulus of elasticity and
thickness of each FRP layer, respectively. Ultimately, the bond strength
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is based on the concrete strength as well as the stiffness of the FRP
material.

A means to ameliorate premature FRP-to-concrete debonding is the
use of anchorage devices that can transfer the forces from the FRP sheet
into the structure, thereby ensuring continuity of the load path. Several
anchorage methods have been developed to date [5–7], although FRP
spike anchors (referred to as FRP anchors herein for simplicity) have
frequently been highlighted as featuring a number of advantages over
other anchorage devices [8]. A key advantage is their ability to be
applied to a wide range of structural members such as FRP-strength-
ened beams, columns, joints and slabs. FRP anchors are manufactured
from bundles of FRP fibres, or from rolled FRP sheets. The bundles are
then saturated with epoxy with one end inserted into a drilled hole in
the structure while the other end is bonded onto the FRP sheets by
splaying out the anchor fibres, as shown in Fig. 1. Three main com-
ponents constitute an FRP anchor, namely (i) the dowel component
introduced into the structure, (ii) the fan or splay component bonded
onto the FRP sheet, and (iii) the component where the fibres transition
from the dowel into the fan.

The behaviour and capacity of FRP anchors have received research
attention over at least the last decade [9–11]. Several predictive models
that are largely semi-empirical in nature, have been developed al-
though an internationally recognised design methodology has not yet
been developed. The lack of design guidance is thus a major impedi-
ment to the widespread implementation of FRP anchors in the
strengthening of RC structures. In order to address such knowledge gap,
a rational design methodology for FRP anchors in FRP-strengthened RC

structures is proposed herein. Two design examples, based on those
originally contained in ACI 440.2R [1] for unanchored FRP-strength-
ened RC structures, are then provided that demonstrate how FRP an-
chors are incorporated into the design. Finally, research needs are fi-
nally addressed to inform future studies.

2. FRP anchor behaviour and models

A graphical representation of the different failure modes identified
for each component of an FRP anchor, as previously identified by Kim
and Smith [10], is provided in Fig. 2 [12]. By isolating each component
and by investigating the associated failure modes, a set of design
models is herein proposed. To develop the anchor design methodology
these design models are then represented by designer-friendly equa-
tions so that the governing failure modes for different applications can
be computed and the design capacity of the anchor can be determined.
The calculated anchor capacity can then be incorporated into the EBR-
FRP design in order to quantify the benefits of using the anchors in the
strengthening scheme.

The models were developed to calculate the anchor capacity for
various failure modes and are largely of a semi-empirical nature. In
order to calculate the capacity of anchors exhibiting concrete-related
failure modes the models are informed by the behaviour of metallic
anchors, while for fibre rupture and fan-to-sheet debonding failure
modes, the models are inspired by trigonometry and by the anchor
geometrical configuration respectively. Of all the parameters that are
involved in the design of FRP anchors, the models only consider those

(a) Straight anchor – Front view (b) Straight anchor – side view

(c) Bent anchor – front view (d) Bent anchor – side view

Fig. 1. Attributes of FRP anchors.
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that have a direct effect on the failure mode, such as the concrete
properties for concrete-related failure modes.

2.1. Fibre rupture failure mode

Kim and Smith [10] quantified the capacity of straight FRP anchors
that exhibit a fibre rupture failure mode based on testing made from
rolled carbon fibre sheets. Based on their work, the tensile capacity of
the anchor was determined to be 72% on average of the capacity of the
FRP sheet from which the anchor was produced. The reduction of ef-
ficiency as the anchor size increases has been observed in the literature
[13,10,11], although this feature was not considered in Smith and
Kim’s model [10]. Similarly, the effect of the fan angle alpha as defined
in Fig. 1 was not investigated as the specimens were tested essentially
as rods. Eqs. (2) and (3) have been adapted from Smith and Kim’s 2010
study [10] and they describe the average and the characteristic (95
percentile) capacity values for anchor dowels in tension, respectively.

=N A f¯ 0.72fr FRP FRP (2)

=N A f0.59fr FRP FRP
95%

(3)

where Nfr is the anchor fibre rupture capacity (N), AFRP is the cross-
sectional area (mm2) and fFRP is the ultimate tensile strength (MPa) of
the fibre sheet used to manufacture the anchor, respectively. The range
of test parameters used to develop these models was
23.4 ⩾ ⩾Amm 7.0 mmFRP

2 2, and =f 2735FRP MPa.
An extensive database consisting of monotonic tensile tests of iso-

lated straight anchors exhibiting a fibre rupture failure mode has been
compiled by del Rey Castillo et al. [14]. Eqs. (4) and (5) show the re-
sulting models for the average and the characteristic values of straight
anchor capacity which incorporates fanning of the anchor [15]. Either
dry or cured values can be used in Eqs. (4)–(7), as long as consistency is
maintained between cross-sectional area and modulus of elasticity. In
other words, either dry modulus of elasticity and dry cross-sectional
area are used, or cured modulus of elasticity and cured cross-sectional
area are used.
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−N E ε A α3.1 10 90
90fr a a dowel

95% 3 0.62
(5)

where Ea is the elastic modulus of the anchor (MPa), εa is the rupture
strain of the anchor (mm/mm), Adowel is the cross-sectional area of the
anchor (mm2), and α is half the fan angle (degrees). The range of test
parameters used to develop these models were =E 253a GPa,

=ε 0.0098a , 168 ⩾ ⩾Amm 14dowel
2 mm, and ⩾ ⩾α60 15 degrees.

The tensile rupture model for bent anchors developed by del Rey
Castillo et al. assumes a reduction factor based on the bent anchors
tested [16,17], all of which featured an insertion angle β of 90 degrees.
Eqs. (6) and (7) show the simplified equations used to calculate the
average and the characteristic capacity, respectively, of bent anchors
(with =β 90 degrees) exhibiting fibre rupture failure. The difference
between these two equations with Eqs. (4) and (5) rests with the
coefficients.

= ⎛
⎝

− ⎞
⎠

−N E ε A α3.0 10 90
90fr a a dowel

3 0.56
(6)

= ⎛
⎝

− ⎞
⎠

−N E ε A α2.2 10 90
90fr a a dowel

95% 3 0.62
(7)

The range of test parameters used to develop these models were
=E 253a GPa, =ε 0.0098a , 84 ⩾ ⩾Amm 28 mmdowel

2 2, and ⩾ ⩾α60 15
degrees.

2.2. Concrete related failure modes

Kim and Smith [18] compiled a database of FRP anchors exhibiting
concrete-related failure modes, namely dowel pull-out and concrete
cone failures. The resulting models developed to quantify these failure
modes are provided in Eqs. (8)–(13). The same authors subsequently
developed a design model [10], similar to the behaviour of metallic
adhesive anchors [19], by utilizing best fit algorithms calibrated with
the database. The embedment depth obtained from Eqs. (8) and (9) is a
lower bound limit, meaning that any embedment depth larger than
those values obtained from the model would prevent the concrete-cone
failure mode. Similarly, any diameter greater than the diameter ob-
tained through Eqs. (10)–(13) will prevent combined concrete-cone and
bond failure. If required, an embedment depth greater than the
minimum, obtained from Eqs. (8) and (9), may be used to achieve a
hole diameter more closely matched to the anchor dowel diameter. The
limitation inherent in the model is the narrow range of anchor para-
meters available in the database at the time, where anchor diameters
ranged from 11.8mm to 20mm and embedment depths range from
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Fig. 2. Failure modes of FRP anchors [12].
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17.5 mm to 100mm. The diameter of the hole should typically be
slightly larger (3 mm to 5mm) than the design anchor dowel diameter
for ease of installation. Testing has shown that a larger annular gap,
which is the difference between hole diameter and the cured dowel
diameter, has little influence on the anchor behaviour [20].

Concrete cone failure:

=N h f12.04 ‘cc ef c
1.5

(8)

=N h f9.68 ‘cc ef c
95% 1.5

(9)

Combined concrete-cone and bond failure:

= <N πd h f5.65 ( ‘ 20 MPa)cb ef c0 (10)

= ⩾N πd h f10.86 ( ‘ 20 MPa)cb ef c0 (11)

= <N πd h f4.62 ( ‘ 20 MPa)cb ef c
95%

0 (12)

= ⩾N πd h f9.07 ( ‘ 20 MPa)cb ef c
95%

0 (13)

where hef is the effective embedment depth of the anchor (mm), f ‘c is
the compressive strength of the concrete (MPa), and d0 is the diameter
of the hole wherein the anchor will be introduced (mm). The range of
test parameters used to develop these models were 100mm ⩾hef
⩾17.5mm, 60.0MPa ⩾ f ‘c ⩾10.4MPa, and 11.8 mm ⩾d0 ⩾20mm.

2.3. Anchor splay/fan behaviour

Early research on the splay/fan component was undertaken by
Kobayashi [9] who observed that the fan was an effective mechanism to
transfer the force from the FRP sheet into the substrate through the
anchor. Another important observation was that the installation of a
FRP sheet perpendicular to the direction of the load on top of the fan
component could spread the load and mobilize the full fan width. Only
small anchors with a diameter of 6mm were used in this study, which is
of limited applicability to field installations where larger anchors are
typically used. Following a lull of research activity on the topic, Ka-
nitkar et al. [21] investigated the behaviour of large diameter anchors
in single-lap shear configurations. The anchors tested featured three
different diameters (9.5 mm, 13mm and 16mm) and three different fan
lengths (100mm, 150mm and 200mm) although only one fan angle α
of 30° was tested. Adhering to typically recommended manufacturers
procedures, the anchors were installed on the FRP sheet immediately
after the FRP sheet was saturated. However, on some occasions, an-
chors may need to be installed after the FRP sheets have cured. Ad-
ditionally, anchor fans are sometimes installed between layers of FRP
sheets, which results in a different behaviour. These two aspects of FRP
anchor design were not investigated and are in need of further research.
Eq. (14) provides the characteristic value of the fan-to-FRP plate de-
bonding capacity as derived from experimental investigation.

=N V A0.35sd sb fan (14)

where Nsd is the anchor fan debonding capacity (N), Vsb is the shear
bond strength of the epoxy resin (MPa), and Afan is the total surface
area of the anchor fan bonded to the sheet, which comprises the geo-
metry of the fan (mm2). The equation is derived from fan splay lengths
ranging from 100mm to 215mm with a maximum α of 30 degrees. The
resulting surface area of the fan-to-FRP plate bond, As, ranged from
approximately 6500mm2 to 21,000mm2 while the manufacturer re-
ported shear bond strength for the epoxy used, Vsb, was 14.5MPa. The
available data shows that the effective debonding stress is higher for the
smaller fan lengths of 100mm. For ease of design, the bond capacity is
given in terms of the total bonded area. At this point in time, manu-
facturers do not typically report Vsb therefore Eq. (14) is framed in a
way to facilitate future research efforts. If Vsb is not known for a specific
FRP system, a maximum value of 5MPa is recommended for Nsd.

It is important to note than an effective bond length may exist in

FRP-to-FRP bond connections [22], similar to the effective bond length
for FRP-to-concrete bonded joints [23]. This effective bond length
would imply that beyond a certain fan length, the force arising from the
FRP-to-FRP bond connection cannot increase above a threshold value,
Recent research has set this effective bond length at 60mm for single
lap bond and 80mm for double lap bond [22]. Recent research in-
dicates that the use of FRP patches over the fan may increase the de-
bonding capacity [6,24–27].

2.4. Influence of insertion angle β

A linear relationship between the anchor dowel insertion angle β to
the bonded surface was proposed by Zhang and Smith [28] as provided
in Eq. (15).

= ⎛
⎝

⎞
⎠

−k
β
π

2.34
2

0.33β
(15)

where kβ is the reduction coefficient for bent anchors and β is the in-
sertion angle in radians, as illustrated in Fig. 1. Testing revealed the
tendency of the joint strength to increase at the expense of ductility as
the insertion angle was increased. The range of insertion angles used to
develop the models for bent anchors were 157.5 degrees ⩾β ⩾ 45 de-
grees. However, the authors recommend limiting the use of Eq. (15) to
anchors with insertion angles ranging from 45 and 135 degrees for
practicality. In addition, it is recommended that the pullout Eqs.
(8)–(13) be used for straight anchors (i.e. when the insertion angle is
close to 180 degrees).

3. FRP anchor design methodology

A step-by-step design methodology for FRP anchors is described
herein, together with a flowchart for ease of application. The metho-
dology is systematically based on the models presented thus far.

Two design philosophies can be followed when designing FRP an-
chors and FRP materials in general, namely (i) use of the dry (or net)
cross-sectional area based only on fibre content and dry modulus of
elasticity, or (ii) use of the cured area after soaking the fibres in epoxy
resin and hardening in addition to the cured modulus of elasticity. The
resultant rupture load must be the same, irrespective of the approach
followed. The dry rupture strain is not recommended in design as it is
typically larger than the strain failure of the composite material used in
practice. In addition, the cured cross-sectional area of the FRP materials
is larger than the dry cross-sectional area because the epoxy will add to
the volume of the fibres. The proportion between dry and cured cross-
sectional areas, which is also known as the fibre-to-total volume ratio,
will depend on the fabrication method and even on the quality of the
fabrication for each method. For example, pultruded pre-cured plates
will typically have a larger fibre-to-total volume ratio than wet lay-up
methods which are highly susceptible to the quality of installation. The
fibre-to-total volume ratio typically varies from 0.4 to 0.6 for wet lay-up
methods.

The proposed design methodology is provided herein while Fig. 3
provides a flowchart. The models utilised in the design methodology
can be refined as more data becomes available.

1. Establish the need to anchor the FRP: Calculate the strength of the
FRP-strengthened member using current design provisions, such as
ACI 440.2R [1]. If the required strength cannot be achieved with
additional layers of FRP sheets, or if the design is not efficient (e.g.
an excessive number of plies is required), then consider the use of
FRP anchors.
2. Design strain of the anchored FRP sheets (εFRP): Using available
design guidelines, such as ACI 440.2R [1], calculate the design
strain that needs to be developed in the FRP in order to meet the
required strength demand for the structure.
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3. Total tensile force in the anchored FRP sheets (N): Calculate the
resulting tensile force in the FRP sheets using the design strain,
εFRP, and the modulus of elasticity of the FRP.
4. Assume number of anchors required (na): Assume a number of an-
chors to be installed, and then calculate the tensile force per anchor.
5. Assume anchor fan angle α, and anchor dowel insertion angle β:
Select suitable fan and insertion angles, considering that steps 4 and
5 are interrelated. That is, more anchors closer to each other can be
used to reduce the fan angle of the anchor, which makes the anchors
more effective.
6. Calculate dowel cross-sectional area and diameter: Eq. (5) is to be
used for straight anchors and Eq. (6) for other insertion angles
ranging from 45 to 135 degrees. For dry fibre properties, this leads
to the calculation of the dry cross-sectional area of the FRP anchor
dowel Adowel

dry and its corresponding diameter dAdowel
dry . For saturated

fibre properties, this leads to calculation of cured cross-sectional
area of the FRP anchor dowel Adowel

cured and its corresponding diameter
ddowel

cured.
7. Calculate the dimensions of the drilled hole in the substrate (h d,ef 0):
Using the tensile force in the anchor, Ncc and Ncb, as per Eqs.
(8)–(13), calculate the required embedment depth, hef , and diameter
of the drilled hole, dhole).
8. Check that anchor dowel size and embedment depth are acceptable: If
the calculated anchor dowel size diameter, Adowel

cured , and the asso-
ciated drilled hole diameter, d0, are deemed unfeasible for con-
structability, due to field constraints such as existing concrete
member size or internal reinforcement spacing, the number of an-
chors, the insertion angle or the fan angle may be revised in steps 4
and 5. Then, the anchor can be redesigned until an optimum anchor
size is achieved.
9. Calculate the fan area Afan: Using the tensile force in the anchor,
Nsd, as per Eq. (14), calculate the area of the splay required to
transfer the tensile force from the FRP sheet to the anchor.
10. Assume the anchor fan width wfan to calculate the fan lengthwlength:
The fan width will be based on the width of the FRP strengthening
sheets, considering that anchors with wider fan angles, α, have a

reduced tensile capacity as observed in Eqs. (4)–(7). Fan dimensions
generally corresponding to those used in the development of Eq.
(14) may be considered reasonable.
11. Verify that the fan is appropriately sized for the geometry of the
structure: If the fan is larger than the structural member onto which
it is to be bonded, the number of anchors, the fan angle and/or the
insertion angle can be revised in steps 4 and 5 followed by anchor
redesign.

Additional detailing aspects need to be considered, which can be found
in the literature [9,29–32]. They are briefly summarized herein. For
example, the maximum permissible strain may be limited by the design
guidelines for certain strengthening schemes (e.g. 0.004 for shear in
ACI 440.2R [1]). Another important detail to consider is that FRP an-
chors need to cover the whole width of the FRP sheet in order to ensure
continuous and homogenous force transfer from the FRP sheet into the
RC structure [33]. It is noted that straight, small and narrow anchors
are more efficient than bent, large and wide anchors. It is also noted
that the embedment depth should be greater than the clear concrete
cover (distance from the exterior of the steel reinforcement to the
concrete surface) by at least 50% in order to adequately engage the
anchor within the steel reinforcement and to mitigate shallow concrete
cone failure. If the embedment depth is shorter than 1.5 times the
cover, then no revision of the anchor design is needed although a
greater embedment depth should be prescribed.

4. Exemplar designs

The latest version of ACI 440.2R [1] contains several design ex-
amples of typical EBR-FRP strengthening systems for existing RC
structures. Two examples from Chapter 16 of ACI 440.2R [1] are ex-
panded herein to include FRP anchors and comparisons are made with
the unanchored and anchored systems. The values reported in Table 1
list the material properties used in the following examples, similar to
those used in ACI 440.2R [1].

Yes

No

Yes

No

Assume fan and 
insertion angles 

 and 

Fig. 3. Anchor design flowchart.

Table 1
Material properties.

Symbol Description Value (SI Units)

′fc Concrete compressive strength 40MPa

′ft Concrete tensile strength 4MPa

Ec Concrete modulus of elasticity 28 GPa
εc Concrete cracking strain 0.0014
fy Steel yield strength 300MPa

Es Steel modulus of elasticity 200 GPa
εs Steel yield strain 0.0015
εt Ultimate steel strain 0.05

fFRP FRP sheet dry design strength 3,800MPa
EFRP FRP sheet dry design modulus of elasticity 242 GPa
εFRP FRP sheet design strain at rupture1 0.011
tFRP FRP dry sheet thickness 0.331mm

fa FRP anchor dry design strength1 2,565MPa
Ea FRP anchor dry modulus of elasticity1 235 GPa
εa FRP anchor design strain at rupture1 0.016

Adowel Dry cross-sectional area of one bundle of
anchor dowel FRP

28mm2

ψf FRP strength reduction factor (ACI 440.2R-17) 0.85

CE Environmental reduction factor (ACI 440.2R-
17)

0.95 – Shear Example
0.85 – Flexure

Example
fr Epoxy resin design tensile strength2 40MPa

Vsb Epoxy resin shear bond strength 14.5 MPa

1 Design values are designed as the average value minus 3 times the standard
deviations [1].

2 Cured at 23 degrees Celsius and 50% humidity.

E. del Rey Castillo et al. Composite Structures 214 (2019) 23–33

27



4.1. Shear strengthening of RC beams

The methodology for the shear strengthening of RC beams with FRP
materials is provided in Chapter 11 of ACI 440.2R [1] and example
16.6. For shear strengthening solutions based on wrapping around the
entire perimeter of the beam, the maximum permissible design FRP
strain, εfe, is 0.4%. For U-wrap applications the design FRP strain is a
function of the FRP tensile properties and number of plies, although it
can never exceed the 0.4% strain limitation. As a consequence, when
more FRP plies are applied the FRP strain reduces, which in turn re-
duces the effectiveness of the FRP strengthening scheme. This effect can
be observed from example 16.6 of ACI 440.2R [1], which results in a
design FRP strain of 0.31% in step 2. Although not explicitly considered
in the example, the design FRP strain would decrease if additional plies
of FRP sheets were needed in order to achieve the shear demand. This
effect can be seen in Table 2, where the results for Example 16.6 have
been extended to consider more layers, which would increase the FRP
shear capacity but would decrease the strain and efficiency of each
successive layer.

The ACI 440 committee and the Transportation Research Board
have recognized that the use of anchorage in the shear strengthening of
beams and columns in combination with FRP systems allows design
engineers to increase the design strain for U-wraps [34]. Because ACI
440.2R [1] limits the maximum FRP shear design strain to 0.4%, FRP
anchors can be used to achieve this maximum strain in U-wraps, re-
gardless of the number of plies used.

To describe the implementation of FRP anchors into a U-wrap shear
strengthening scheme, it is assumed that the shear strength of the beam
detailed in Fig. 4 must be increased by 50%. The as-built shear capacity
of the beam is 323.5 kN. As per ACI 318 [1], the concrete contribution
to the shear strength, Vc, is 271.6 kN, while the contribution of the steel
stirrups to the shear strength, Vs, is 51.8 kN. The strengthened design
capacity must therefore be 485.2 kN, which infers that the FRP con-
tribution will be =V 161.7FRP kN, or 80.85 kN per beam side. Assuming
that shear strengthening is required over a distance of 500mm at the
critical shear region, a single U-wrap of 500mm width is used, with the
fibres installed perpendicular to the beam axis.

Calculations for two strengthening schemes are presented in

Table 3, with the first using only U-wrapped FRP sheets without an-
chorage and the second containing FRP anchors straight into the slab.
Both schemes are evaluated following the provisions of ACI 440.2R [1].
The design strain without anchorage is significantly lower (0.103%),
resulting in a greater number of plies required to achieve the required
shear strength (i.e. seven plies per beam side). An FRP design strain of
0.4% or 0.004 is assumed to be achieved if the anchors are appro-
priately designed, in which case only three plies of anchored FRP sheets
are required per beam side. This strain results in a shear contribution of
204.3 kN (i.e. 102.1 kN per beam side) which is greater than the re-
quired 161.7 KN. (See Table 4).

Assuming that two layers of FRP sheet are used, as described in
Table 3, the anchor capacity needs to be equal to or greater than the
total FRP capacity per beam side (102.1 kN) for the FRP sheets to fail
before the anchor fails. Two straight anchors are used per side of the
beam to cover the width of the FRP sheet without using wide anchors
that would compromise the anchor efficiency.The anchor configuration
is similar to that shown in Fig. 1(a) and 1(b) with a FRP strip width of
500mm. Each anchor is needed to resist at least half the sheet capacity
per beam side, or 51.1 kN. The design process is summarized in Table 5,
where the first step is the calculation of the required area of the anchor
dowel from Eq. (5). Assuming an angle alpha of 30 degrees, the
minimum dry cross-sectional area for the anchor dowel is 22.6 mm2,
resulting in one bundle per anchor. Assuming a fibre-to-total volume
ratio of 0.5, the gross anchor dowel is 56mm2 which corresponds to a
dowel diameter of approximately 8.4 mm.

The next step is to calculate the minimum required embedment
depth using Eq. (9), which is calculated as 88.6mm. The maximum
anchor hole diameter is then calculated to be 20.0mm, based on Eq.
(13). The embedment depth needs to be increased because the calcu-
lated diameter of 20.0mm is too large compared to the dowel diameter
of 8.4 mm. By increasing the embedment depth to 180mm the
minimum hole diameter to prevent failure is reduced to 10.0mm. These
two values therefore define the minimum embedment depth and the
minimum diameter of the drilled hole within which the anchor dowel
will be installed. The check defined in step 8 of the design methodology
can now be performed to ensure that the anchor dowel size and asso-
ciated holes are compatible with the structure.

Finally, the fan is designed using Eq. (14), which is equal to
5,414mm2 assuming that the two adjacent anchor fans just overlap.
Note that these areas have been calculated assuming that the anchors
will be sandwiched between two layers of the FRP sheets, which im-
proves the bond behaviour by an assumed factor of two. Assuming a fan
width of 250mm, the fan should have a length of 217mm.

At the engineer’s discretion, the number of anchors or the fan angle
can be revised. For example, one anchor per side could be used instead
of two. The main disadvantage of using only one anchor per side is that
a wide anchor fan needs to be used to cover the FRP sheet, which is
detrimental for anchor efficiency. Therefore, the fan angle has been
selected as 40 degrees, which results in a minimum dry cross-sectional
area in the dowel of 142.4 mm2, which requires five bundles totaling
142mm2. The cured diameter is 20.7mm and the minimum embed-
ment depth and hole diameter are 156.4 mm and 26.7 mm respectively,
or 180mm and 23.3 mm if the original diameter of the hole is too large
when compared with the diameter of cured dowel. The fan area needs

Table 2
Material properties.

Number of layers as U-Wraps Design Strain εfe FRP Shear Capacity Vf Remarks

1 0.0031 78.5 kN Reference value
2 0.00218 111.2 kN 55.6 kN/layer, 71% of reference value
3 0.00176 134.3 kN 44.8 kN/layer, 57% of reference value
4 0.00151 153.5 kN 38.4 kN/layer, 49% of reference value
5 0.00133 169.5 kN 33.9 kN/layer, 43% of reference value

Fig. 4. Cross section and reinforcement details of the beam being designed.
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to be 11,803mm2, which results in a fan that is 250mm long.
Although in some instances narrowing the anchor fan slightly is

sufficient to reduce the anchor size, in general the effect of the fan angle
α on the anchor size is more significant for wide anchor fans than for
narrow anchor fans, as can be observed in Fig. 5. This figure represents
the required dowel area in mm2 for the anchor to resist 59.9 kN as a
function of the fan angle α.

4.2. Seismic strengthening of RC columns

Two approaches for the seismic strengthening of RC columns have

been adopted in chapter 13 of ACI 440.2R [1], namely (i) application of
shear strengthening (or confinement), and (ii) application of flexural
strengthening. The use of FRP anchors in the shear strengthening
scheme is limited to situations in which the RC column cannot be fully
wrapped (e.g. when a wall frames into one side of the column). When
providing flexural strengthening at the base of a column, FRP anchors
are required in order to properly anchor the strengthening and to en-
sure the transfer of stresses into the foundation. If the longitudinal FRP
installed on the column sides is not anchored to the foundation, no
significant increase in the section moment strength is achieved (beyond
that due to higher strains in the confined concrete) although some
additional stiffness may result due to the shortening of the plastic hinge
length. Additionally, the absence of anchorage in flexural strengthening
schemes would produce a large crack at the base of the column, thus
lumping all the plasticity of the longitudinal bars at this location and
forcing the column to behave as a rigid body instead of having a more
ductile response. Figs. 6 and 7 detail the column cross-section and re-
inforcement details, as well as the general configuration of the FRP
strengthening. The straight anchors shown in Fig. 7 may feature a small
insertion angle β, although the effect of such a small angle can be
generally neglected. A total height of 4m and an axial load equal to
approximately 10% of the maximum column capacity (1000 kN) are
assumed.

The first step is to calculate the as-built capacity, which was un-
dertaken using Response [35]. The analysis resulted in a peak moment
of 499.2 kNm and corresponding drift of 0.915%. Two strengthening
levels are hypothesized herein, namely 25% and 100% improvement in
the lateral capacity (at the same axial load). The resulting moment
demands are 624 kNm and 998.4 kNm for the two schemes, which
corresponds to applied lateral loads of 312 kN and 499.2 kN, respec-
tively. Both schemes are investigated for shear and flexural strength-
ening, while the interaction between the two actions is discussed and

Table 3
FRP sheet design according to different design approaches.

Property ACI 440.2R [1] (U-Wraps only) ACI 440.2R [1] (0.4% assumes strain for anchored U-Wraps)

Number of FRP plies 7 2
Bond length, using Eq. (11-8) of ACI 440.2R [1] 10mm –
Design strain, using Eq. (11-6b) of ACI 440.2R [1] 0.00103mm/mm 0.004mm/mm

FRP contribution, using Eq. (11-4) of ACI 440.2R [1] 184.1 kN 204.3 kN

Table 4
Anchor design for shear strengthening of RC beams.

Model used Two anchors per
beam side

One anchor per beam
side

= − −( )N E ε A3.1 10fr a a dowel
α95% 3 0.62 90

90
for =α 30 for =α 40

=A 28 mmdowel
dry 2 =A 142 mmdowel

dry 2

=ϕ 8.4 mmdowel
cured 2 =ϕ 20.7 mmdowel

cured 2

=N h f9.68 ‘cc ef C
95% 1.5 ⩾h 180.0ef mm ⩾h 180.0ef mm

= ⩾N πd h f9.07 ( ‘ 20 MPa)cb ef c95% 0 ⩾ϕ 10.00 mm ⩾ϕ 23.30 mm

=N V A0.35sd sb s ⩾A 5413 mms
2 2 ⩾A 11, 803 mms

2 2

=l 216 mmfan =l 250 mmfan

Table 5
Anchors details for 25% seismic strengthening scheme.

Model used Two anchors per
beam side

One anchor per beam
side

= − −( )N E ε A3.1 10fr a a dowel
α95% 3 0.62 90

90
for =α 10 for =α 10

=A 140dowel
dry mm2 =A 84 mmdowel

dry 2

=ϕ 18.9 mmdowel
cured 2 =ϕ 14.6 mmdowel

cured 2

=N h f9.68 ‘cc ef C
95% 1.5 ⩾h 340.0ef mm ⩾h 310.0ef mm

= ⩾N πd h f9.07 ( ‘ 20 MPa)cb ef c95% 0 ⩾ϕ 21.50 mm ⩾ϕ 17.70 mm

=N V A0.35sd sb s ⩾A 20, 525 mms
2 2 ⩾A 15, 395 mms

2 2

=l 473fan mm =l 354fan mm
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Fig. 5. Effect of fan angle α on dowel area. Fig. 6. Cross section and reinforcement details of the column being designed.
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the anchor design is performed. The resulting proposed design is dis-
cussed at the end of this section.

4.3. Seismic shear strengthening

Using the procedure outlined in Example 16.12 of ACI 440.2R [1],
the required shear contribution of the FRP (VFRP) is calculated as 288 kN
for the 25% strengthening scheme and 486 kN for the 100% strength-
ening scheme. One and two plies of FRP are required for each the 25%
and the 100% strengthening schemes, respectively, and they are in-
stalled over the length of the plastic hinge (381mm). The resultant FRP
contribution (VFRP) is equal to 288.4 kN and 577 kN for the 25% and
100% strengthening schemes, respectively.

4.4. Seismic flexural strengthening

The shear strengthening scheme discussed above also provides
confinement that improves the compressive performance of the con-
crete. According to Chapter 12 of ACI 440.2R [1], the confined concrete
strength is calculated as 41.4 MPa and 42.2MPa for the 25% and 100%
schemes, respectively (compared to 40MPa for the unconfined con-
crete). Similarly, the confined compressive strain capacity increases
from 0.0014 to 0.00237 for the 25% scheme and 0.00264 for the 100%
scheme.

Two plies must be used to meet the 25% moment demand, which
results in a moment capacity of 708.1 kNm and a corresponding lateral
load of 354 kN. This lateral load of 354 kN is larger than the shear
capacity of the strengthened column (288.4 kN) which implies that the
column experiences an inherently brittle shear failure. It is always re-
commended that such a brittle shear failure be avoided and this can be
done by increasing the shear capacity by adding more transverse FRP
sheets. Utilisation of two longitudinal FRP sheets of the same width as
the column (500mm) results in a tensile force in the FRP sheets of
625 kN that has to be transmitted by the anchors into the foundation
slab. The 100% strengthening scheme requires eight plies of 500mm
width resulting in a moment capacity of 1033.6 kNm and a corre-
sponding lateral load of 517 kN. Again, the lateral load is larger than
the shear capacity (486 kN) requiring seismic retrofit for the column
shear capacity to be increased. The force to be transmitted by the an-
chors is equal to 743 kN in the case of the 100% strengthening scheme.

Since the flexural FRP sheets are installed over the full width of the
RC column, there is enough space for three and four anchors to be in-
stalled in the 25% and 100% strengthening schemes, respectively. In
this case, the anchor fans have no length limitation because the column
is 4m high. Therefore, a narrow fan angle is preferred. Narrow, small
anchors are more efficient than large anchors, and efficient anchors are
especially desirable when large loads need to be transferred. The details
of the anchor design using three and four anchors are provided in
Table 5 for the 25% strengthening scheme and in Table 6 for the 100%

strengthening scheme. The number of anchors is a critical parameter
when designing the anchorage scheme, with smaller and more nu-
merous anchors being a preferable option. The use of one extra anchor
reduces the dowel size by 40% for the 25% strengthening scheme and
by 30% for the 100% strengthening scheme, as can be observed from
the results reported in Tables 5 and 6.

The significant effect of the number of anchors on anchor size is
especially noticeable when a small number of anchors is considered, as
can be seen in Fig. 8. Fig. 8 represents the dowel area needed for each
anchor depending on the number of anchors used to transfer 743 kN
into the column foundation, while maintaining a constant fan angle of
ten degrees. The dowel area required using one anchor is 1092mm2,
although that number is reduced to 357mm2 and 196mm2 when using
two and three anchors respectively. At the other end of the spectrum,
the dowel area is marginally reduced from 38mm2 to 27mm2 when
using eight and ten anchors respectively.

Two critical points exist in the behaviour of FRP strengthened RC
column, as hypothesized and observed by del Rey Castillo et al. [36].
These two points correspond to the FRP-to-concrete debonding strain in
the longitudinal FRP and the rupture strain in the longitudinal FRP.
Arguably, a third point exists corresponding to the rupture of the
transverse FRP reinforcement. This has not been investigated thus far
and is hence not included herein. Response 2000 was used to establish
the debonding moment and drift using a debonding strain of 0.21% for
the 25% strengthened column and of 0.121% for the 100% strength-
ened column (as calculated from ACI 440.2R [1]). Similarly, the peak
moment and drift were obtained for a peak strain of 0.77% and 0.495%
for the 25% and for the 100% respectively. The strain profiles for both
columns are represented in Table 9.

The results presented thus far assume a linear curvature, which is
not realistic. ACI 440.2R [1] provides a procedure to calculate the
plastic hinge length and subsequent drifts using FRP confinement,
adopted from the plastic hinge method developed by Priestley [37,38].
This method describes the plastic hinge length as being equal to two

Fig. 7. Flexural strengthening of column-base joint.

Table 6
Anchors details for 100% seismic strengthening scheme.

Model used Two anchors per
beam side

One anchor per beam
side

= − −( )N E ε A3.1 10fr a a dowel
α95% 3 0.62 90
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for =α 10 for =α 10

=A 196 mmdowel
dry 2 =A 112 mmdowel

dry 2
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95% 1.5 ⩾h 340ef mm ⩾h 310ef mm

= ⩾N πd h f9.07 ( ‘ 20 MPa)cb ef c95% 0 ⩾ϕ 25.60 mm ⩾ϕ 21.00 mm
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Fig. 8. Flexural strengthening of column-base joint.
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times the strain penetration length plus the gap left between the slab
and the end of the FRP sheet. This assertion implies that the plastic
hinge length does not significantly vary when transverse FRP confine-
ment is provided, which in turn implies that the ductility does not
change. The behaviour observed in previous work on the seismic

strengthening of RC columns with both shear and flexural strengthening
indicates that the ductility is significantly reduced when both long-
itudinal (flexural) and transverse (shear/confinement) FRP sheets are
installed [39,40,36]. The calculated drift capacity using plastic hinge
theory was three times larger than the experimental drift observed in
the tests [36]. The reduced ductility implies that the plastic hinge
length is shorter when FRP materials are installed for both shear and
flexural configurations. The second moment of area theory was used to
calculate displacements and drifts, as reported in Fig. 10, which results
in more realistic drift levels.

5. Conclusions and future work

The models available in the literature for FRP anchors, which are
mostly semi-empirical, have been presented. Although their applic-
ability is limited by the range of experimental data from which they
have been derived, the models can be used by engineers and practi-
tioners for FRP anchor design with EBR-FRP systems. Additionally, two
design examples have been presented, expanding two of the examples
that can be found in the ACI 440.2R [1] document. More test data over
a wider range of parameters is needed in order to expand the range of
confidence and scope of the design models. The design provisions re-
ported herein may be incorporated into design guidelines (e.g. ACI
440.2R [1]) to facilitate their use by engineers and practitioners.

Appendix A. Notation

The following symbols are used in this paper:

Adowel cross-sectional area of the dowel in mm2;

Afan area of the anchor fan in %;
AFRP thickness of fibre sheet in mm;
CE environmental reduction factor;
Ea elastic modulus of the anchor N/mm2;
Ec elastic modulus of the concrete in N/mm2;
Ef elastic modulus of the fibres in N/mm2;
Es elastic modulus of the steel in N/mm2;
N total tensile force in anchors FRP in kN;
Ncb calculated average concrete cone and bond load capacity in kN;
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Fig. 9. Strain profiles for both the 25% and the 100% seismic strengthening schemes.
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Ncb
95% calculated 95 percentile concrete cone and bond load capacity for a given lap joint in kN;

Ncc calculated average concrete cone load capacity for a given lap joint in kN;

Ncc
95% calculated 95 percentile concrete cone load capacity for a given lap joint in kN;

Nfr calculated average fibre rupture load capacity for a given lap joint in kN;

N fr
95% calculated 95 percentile fibre rupture load capacity for a given lap joint in kN;

Nsd calculated anchor splay debond load capacity for a given lap joint in kN;
Vc shear contribution of the concrete in kN;
Vs shear contribution of the steel in kN;
Vsb shear bond strength of the epoxy resin in MPa;
VFRP shear contribution of the FRP in kN;
ddowel diameter of the dowel in mm;
d0 diameter of the hole in mm;

′fc concrete compressive strength in MPa;

fFRP tensile strength of the FPR in MPa;

fr tensile strength of the epoxy resin in MPa;
′ft concrete tensile strength in MPa;

hef embedment depth in mm;

kβ reduction coefficient for bent anchors;

lfan anchor fan length in mm;

n number of FRP sheets;
na number of FRP anchors;
tf thickness of the fibre in mm;
tf thickness of fibre sheet in mm;
wfan anchor fan width in mm;
α fanning angle in degrees;
β insertion angle in degrees;
εa rupture strain of the anchor in mm/mm;
εc concrete strain at peak stress in mm/mm;
εfd effective strain of the fibres in mm/mm;
εFRP rupture strain of the FRP in mm/mm;
εs steel yield strain in mm/mm;
εt steel ultimate strain in mm/mm;
ψf FRP strength reduction factor.
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