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c AMADE, Polytechnic School, University of Girona, Girona 17003, Spain
d Department of Architecture and Civil Engineering, City University of Hong Kong, Hong Kong, China

A R T I C L E  I N F O

Keywords:
FRP composites
Analytical model
FRP-to-substrate joints
Debonding
End anchorages
Pull-push test

A B S T R A C T

The strengthening of damaged concrete, steel or timber beams with carbon fibre-reinforced polymers (CFRP) has 
increased continuously. Usually, the CFRP composite is externally bonded (EB) to the soffit of the beam, and the 
adhesion between both surfaces is critical for the success of this strengthening technique. The FRP-to-substrate 
interfaces are prone to debond prematurely, so to delay or prevent this, additional anchorages are used. How
ever, the performance of mechanically anchored FRP-to-substrate joints remains unclear due to the high diversity 
of existing anchorage systems. To mitigate this gap, an analytical model is developed to simulate the influence of 
a transversely compressed mechanical end anchorage on CFRP-to-substrate joints. The analytical model replaces 
the mechanical end anchorage with a nonlinear spring. A series of different generated cases is considered and 
simulated by the analytical model and validated by the Finite Element Method (FEM). Experimental data found 
in the literature are also simulated using the analytical model. The results showed that the transversely com
pressed end anchorage is efficient when a long anchorage is used rather than a shorter one. The analytical model 
can also predict the nonlinear load increment of the anchored bonded joints as experimentally reported in the 
literature.

1. Introduction

Fibre-reinforced polymers (FRP) such as carbon (C)FRP have been 
used widely in the strengthening of damaged concrete, steel or timber 
structures, forming adhesively bonded structures. Compared to other 
traditional materials such as mild steel or stainless steel, CFRP com
posites have a good strength-to-weight ratio and good durability [1–5].

CFRP composites are usually post-installed on the soffit of damaged 
structures through the externally bonded reinforcement (EBR) or other 
bonding techniques such as the EBR on grooves (EBROG) [6–8] or in 
grooves (EBRIG) [8–10], or near-surface mounted [11–14]. However, it 
is known that CFRP composites prematurely debond from the substrate, 
i.e., at a low strain value compared to their rupture strain values. To 
overcome this issue, the use of the continuous reinforcement embedded 
at ends (CREatE) is effective as it prevents the premature debonding of 
the CFRP from the substrate and, at the same time, it can improve the 
shear strength of the beam [15–17]. Normally, the addition of steel end 

anchorages to the EBR system is much easier to implement. Other 
anchorage types have been used and studied by several researchers, such 
as CFRP spike anchors [18–21], CFRP wrapping [22–25], increased 
CFRP width [26,27], steel anchors with washers [28,29], and steel 
plates [30–33], among others.

The rationale for using CFRP spike anchors is to transfer the loads 
into the core of the concrete and increase the strength of the CFRP-to- 
concrete bonded joints. However, the spike anchors tend to rupture 
when subjected to shear forces. The strength of the CFRP-to-concrete 
joints tends to increase with the number of CFRP spike anchors; how
ever, to the best of the authors’ knowledge, there is a lack of design 
guidelines or comprehensive recommendations available in the litera
ture. Therefore, the optimal number of spike anchors to be used or the 
ideal distance between them remains poorly understood. For obvious 
reasons, using these anchors on steel structures is not advised, and their 
use is limited to concrete or timber structures.

By wrapping the CFRP composite with more CFRP composites, the 

* Corresponding author at: UNIDEMI, Department of Mechanical and Industrial Engineering, NOVA School of Science and Technology, Caparica 2829-516, 
Portugal.

E-mail address: hb@fct.unl.pt (H.C. Biscaia). 

Contents lists available at ScienceDirect

Structures

journal homepage: www.elsevier.com/locate/structures

https://doi.org/10.1016/j.istruc.2025.109929
Received 8 April 2025; Received in revised form 1 July 2025; Accepted 10 August 2025  

Structures 80 (2025) 109929 

Available online 16 August 2025 
2352-0124/© 2025 The Author(s). Published by Elsevier Ltd on behalf of Institution of Structural Engineers. This is an open access article under the CC BY-NC-ND 
license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://orcid.org/0000-0002-4791-5123
https://orcid.org/0000-0002-4791-5123
https://orcid.org/0000-0002-5624-4202
https://orcid.org/0000-0002-5624-4202
https://orcid.org/0000-0001-9904-7914
https://orcid.org/0000-0001-9904-7914
mailto:hb@fct.unl.pt
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2025.109929
https://doi.org/10.1016/j.istruc.2025.109929
http://creativecommons.org/licenses/by-nc-nd/4.0/


width of the CFRP-to-substrate system increases and the interfacial slips 
of these wrapped areas are reduced. Since the strength of the CFRP-to- 
substrate bonded joints increases linearly with the width of the CFRP 
composite [34–38], the CFRP wrap aims to enhance the ultimate 
strength of the CFRP-to-substrate bonded joint. However, if the CFRP 
wrapping area slips, the efficiency of this end anchorage is lost. To 
prevent such a scenario, air voids in the wrapping area should be 
avoided, and the preferred direction of the fibres should be the same as 
the load direction of the CFRP-to-concrete joint. This anchorage tech
nique is also easier to implement in simple substrate geometries, such as 
the rectangular cross-sectional area of beams. However, the corners of 
the substrate should be smoothed so that stress concentrations in those 
regions can be avoided.

Using a steel plate as an end anchorage of CFRP-to-substrate bonded 
joints is a well-accepted solution among researchers, e.g. [33,39–43]. 
The steel plate is externally pressed against the CFRP composite and 
fixed to the substrate through steel bolts. The aim of transversely com
pressing the CFRP-to-substrate bonded joints is to improve the local 
adherence between adherends by increasing the maximum shear bond 
stress developed within the interface and promoting friction between 
the CFRP and the substrate after its debonding. Therefore, the friction 
angle of the CFRP-to-substrate bonded joint and the compressive stress 
applied to the steel plate contribute to the improvement of the ultimate 
strength of the joint [44–46], and they must be well-defined. However, 
defining them correctly requires experimental studies. For instance, an 
exaggerated compression of the steel plate against the CFRP composite 
may lead to the rupture of the carbon fibres, and a low compression 
magnitude may lead to the slip of CFRP beneath the anchorage and, 
consequently, lead to an inefficient mechanical end anchorage. With all 
these concerns in mind, Biscaia and Chastre [46] have proposed two 
design methods for using transversely compressed end anchorages. One 
is more complex than the other, resulting in more conservative values. 
Still, in the two methods, the debonding process of transversely com
pressed CFRP-to-substrate bonded joints was investigated through 
advanced numerical models, which do not facilitate fast and rational 
decisions for engineers or practitioners. To help with the decision, 
design, and understanding of the bond behaviour of transversely com
pressed end anchorages of CFRP-to-substrate joints, the use of analytical 
solutions rather than advanced numerical modelling will be more 
helpful to everyone and they may potentially to be included in standards 
or codes in the future, promoting, therefore, the more rational, 
economical and widespread use of these bonding systems.

Aligned with these thoughts and the urgent need for clarification on 
these subjects, an analytical solution for transversely compressed end 
anchorages of FRP-to-substrate joints has been developed. The analyt
ical model is based on a well-known exponential bond-slip relationship 
[47], which can be used for several FRP-to-substrate bonded joints 

under different conditions. In the case of the presence of a transversely 
compressed mechanical end anchorage, only the strain-slip (or load-slip) 
relationship of the end anchorage needs to be known. To that end, the 
end anchorage is replaced by a nonlinear axial spring with the same 
load-slip (or strain-slip) behaviour as the transversely compressed end 
anchorage. In cases where this strain-slip relationship is unknown, two 
numerical models were assumed to predict the strain-slip relationship of 
the transversely compressed end anchorage.

The analytical model can also predict the complete load-slip 
response of the FRP-to-substrate bonded joints with or without an end 
anchorage, as well as the slips, shear bond stresses and FRP strains 
developed throughout the bonded length (see Fig. 1a). However, it is 
limited to those cases where the bond-slip relationship shows a final 
friction stress developed within the FRP and the substrate interface (see 
Figs. 1b or 1c).

The validation of the analytical model was carried out by comparing 
the results with those obtained from the numerical simulations of 
twenty-five different specimens with the Finite Element Method (FEM). 
In addition, three other studies available in the literature [48–50] were 
simulated by the analytical model. Due to the lack of available experi
mental data in the literature, some other cases were extrapolated from 
the experiments in those cited studies. Despite its simplicity, the 
analytical model covered a wide range of FRP-to-substrate scenarios, 
proving its high level of versatility when compared with other existing 
analytical models. Moreover, its attested accuracy in alignment with 
both FEM analysis and experimental results makes the analytical model 
a valuable and straightforward design tool for engineers, practitioners 
and researchers worldwide.

2. Theoretical framework

In this section, comprehensive descriptions of all derivations of the 
analytical model are presented, as well as all their key assumptions. The 
advantages and limitations of the analytical model are also identified.

2.1. Analytical model

Before starting the description of the analytical model, it is essential 
to establish its initial assumptions. The analytical model aims to simu
late the full debonding process of a wide range of scenarios involving 
FRP composites EB to a substrate with a transversely compressed end 
anchorage. The analytical model is developed upon the following key 
assumptions: 

(i) the thickness of the adherends (FRP and substrate) remains 
constant during the debonding process;

Fig. 1. Examples of FRP-to-substrate bonded joints: (a) without anchorages (covered by the analytical model); (b) with a transversely compressed end anchorage 
(covered by the analytical model); and (c) fully under a transversely compressed mechanical anchorage (not covered by the analytical model).
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(ii) the adherends exhibit linear elastic behaviour during the full 
debonding process of the joint;

(iii) normal bond stresses, i.e., perpendicularly developed to the 
bonded area, are ignored;

(iv) the interface between the FRP composite and the substrate 
(including the adhesive layer) is represented by a no-thickness 
cohesive zone model (CZM), whose behaviour under Mode II 
loading is characterised by a local bond-slip relationship (e.g., 
[51–53]);

(v) the shear bond stresses are uniformly distributed across the width 
of the FRP composite;

(vi) the transversely compressed end anchorage exhibits a nonlinear 
behaviour, modelled by a nonlinear spring as shown in Fig. 2. The 
load-slip curve (i.e., F0-s0) of this anchorage is defined according 
to:

F0 = k(s)⋅s0 (1) 

where s0 is the slip at the tip of the end anchorage; and k(s) is the 
nonlinear stiffness of the end anchorage given by its load-slip curve. It 
should be noted that the length of the end anchorage, the compressive 
stress magnitude or the value of the friction between adherends are not 
reflected in Eq. (1), but the debonding of the FRP composite from the 
substrate is always consistent with pure fracture Mode II. So, the 
bending of the FRP composite is not considered and only axial de
formations of the adherends are assumed.

Under the previously mentioned key assumptions, the equation that 
governs the debonding process of the FRP composite from the substrate 
is defined according to the following known 2nd-order differential 
equation [34,54–59]: 

d2s
dx2 − λ⋅τb(s) = 0 (2) 

where τb is the shear bond stress developed in the interface between the 
FRP composite and the substrate; s is the slip of the FRP-to-substrate 
interface; x is the longitudinal coordinate parallel with the bonded 
length of the joint with origin at the nonlinear spring (see Fig. 2); and λ is 
given by 

λ =
1

Er⋅tr
+

1
Es⋅ts

⋅
br

bs
(3) 

where Er and Es are the elastic moduli of the FRP composite and sub
strate, respectively; tr and ts are the thicknesses of the FRP composite and 
substrate, respectively; and br and bs are the widths of the FRP composite 
and substrate, respectively.

To find the solution of Eq. (2) it is necessary to know the local bond 

behaviour between adherends, i.e., τb(s), which varies depending, e.g., 
on the type of adherends [60], adhesive type [61–63], bonding tech
nique [64] or even on the stresses perpendicularly developed to the 
bonded area [44–46]. Thus, the bond-slip relationship is different and it 
is usually defined through different mathematical functions that corre
late the interfacial slips with the shear bond stresses developed in the 
interface [45,47,63–69]. In the present work, the well-known expo
nential bond-slip relationship originally proposed by Dai et al. [47] is 
considered due to its versatility to integrate or differentiate, facilitating 
the determination of the analytical solution of Eq. (2) [45,47]. With only 
one expression, this exponential bond-slip relationship can describe the 
following stages of an FRP-to-substrate bonded joint: Elastic (E), Soft
ening (S), and Debonding (D). These stages are usually observed on 
CFRP-to-concrete [70–74], steel [75–77], or masonry [78,79] bonded 
joints subjected to pull-pull or pull-push tests. It should be noted also 
that the exponential bond-slip relationship proposed by Dai et al. [47]
assumes no friction stresses developed in the FRP-to-substrate interface, 
and after the S stage, no shear bond stresses develop in the interface, i.e., 
there is no interaction between the adherends.

The derivation of the exponential bond-slip relationship is briefly 
explained next. Thus, to obtain the exponential bond-slip relationship, 
the experimental strain-slip relationship is approximated through the 
following equation: 

εr = εr max⋅
(
1 − e− B⋅s) (4) 

where εrmax is the maximum strain developed in the FRP composite; and 
B is the stiffness index of the interface, which is obtained by fitting Eq. 
(4) with the experimental data [47]. Considering the equilibrium of a 
finite length dx of the FRP-to-substrate bonded joint, the following 
expression can be obtained: 

τb = Er⋅tr⋅
dεr

dx
= Er⋅tr⋅

dεr

ds
⋅
ds
dx

(5) 

Introducing the derivative with respect to x of Eq. (4) in Eq. (5), 
yields: 

τb = Er⋅tr⋅εr max
2⋅B⋅e− B⋅s⋅

(
1 − e− B⋅s) (6) 

From the integration of Eq. (6) with respect to s, the Mode II fracture 
energy is 

GF =
Er⋅tr⋅εr max

2

2
(7) 

and Eq. (7) can be rewritten as 

τb = 2B⋅GF⋅
(
e− B⋅s − e− 2B⋅s) (8) 

Key: 1 – Substrate; 2 – Roller support; 3 – Steel reaction plate; 4 – FRP composite; 5 – Adhesive; 6 – Steel plate; 7 – Steel bolt.

Fig. 2. FRP-to-substrate joints with a transversely compressed end anchorage and its idealised joint.
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The maximum shear bond stress developed in the FRP-to-substrate 
interface can be determined by writing the first derivative of Eq. (8)
with respect to s and equating it to zero. Thus, the slip corresponding to 
the maximum shear bond stress is found, i.e., 

smax =
ln(2)

B
(9) 

Denoting τb,max0 as the maximum shear bond stress under pure 
fracture Mode II (i.e., free of any normal bond stresses), introducing Eq. 
(9) in Eq. (8), this bond stress can be defined as 

τb, max 0 =
B⋅GF

2
(10) 

Introducing Eq. (8) in Eq. (2), the governing equation of the 
debonding process is defined as: 

d2s
dx2 − 2λ⋅B⋅GF⋅

(
e− B⋅s − e− 2B⋅s) = 0 (11) 

Since 

d2s
dx2 =

d
dx

(
ds
dx

)

=
d
ds

(
ds
dx

)
ds
dx

=
1
2

⋅
d
ds

(
ds
dx

)2

(12) 

Eq. (11) can be rewritten according to 
(

ds
dx

)2

=

∫

4λ⋅B⋅GF⋅
(
e− B⋅s − e− 2B⋅s)ds (13) 

Bearing in mind that 

2B⋅
(
e− B⋅s − e− 2B⋅s) =

d
ds
(
1 − e− B⋅s)2 (14) 

Eq. (13) can be rewritten as 
(

ds
dx

)2

= 2λ
∫

GF⋅
d
ds
(
1 − e− B⋅s)2ds (15) 

Integrating Eq. (15) leads to: 

ds
dx

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2λ⋅GF⋅(1 − e− B⋅s)
2
+ C1

√

(16) 

where C1 is a constant to be found from the strains developed at the FRP 
composite free end (εr0), i.e., at x = 0. To that end, the general expres
sion originally proposed by Biscaia et al. [63,80,81] is used: 

εr =
1

1 + ρ⋅
ds
dx

(17) 

where ρ is the ratio between the axial stiffnesses of the FRP composite 
and the substrate. Hence, at x = 0, the slip is s0 and introducing Eq. (16)
into Eq. (17), the FRP strains at the tip of the mechanical end anchorage 
are obtained by: 

εr0 =
1

1 + ρ⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2λ⋅GF⋅(1 − e− B⋅s0 )
2
+ C1

√

(18) 

Consequently, the value of constant C1 is 

C1 = εr0
2⋅(1 + ρ)2

− D2⋅
(
1 − e− B⋅s0

)2 (19) 

where D is a positive constant defined according to 

D =
̅̅̅̅̅̅̅̅̅̅̅̅
2λ⋅GF

√
(20) 

Therefore, the FRP strains are defined as 

εr =
1

1 + ρ⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

D2⋅(1 − e− B⋅s)
2
+ εr02⋅(1 + r)2

− D2⋅(1 − e− B⋅s0 )
2

√

(21) 

It should be noted that since D depends on the parameter λ, in the 
case of an FRP strip bonded according to the Near Surface Mounted 
(NSM) technique or the case of an FRP rod, it can be redefined. So, Eq. 

(3) can be adjusted to the bonding technique, i.e., EBR, NSM or with an 
FRP rod. Thus, for the NSM technique and for the case of using an FRP 
rod, Eq. (20) can be redefined, respectively, according to: 

D =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4
GF

tr
⋅
(

1
Er

+
tr⋅br

2Es⋅ts⋅bs

)√

(22) 

and 

D =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

8GF⋅
(

1
Er⋅ϕr

+
π⋅ϕr

4Es⋅ts⋅bs

)√

(23) 

where ϕr is the diameter of the FRP rod. Consequently, the analytical 
derivations carried out from this point forward can also be applied to 
those two cases by using the correct value of parameter D obtained from 
Eqs. (20), (22) and (23).

To define the slips developed throughout the FRP-to-substrate 
interface, Eq. (16) is rewritten according to 

ds
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 − e− B⋅s)
2
+

(
̅̅̅̅̅̅
|C1 |

√

D

)2
√
√
√
√

= Ddx (24) 

Integrating Eq. (24) leads to 

D⋅arc sinh

(

(D2+C1)⋅eB⋅s − D2
̅̅̅̅̅̅
|C1 |

√
⋅D

)

B⋅
⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒D2 + C1

⃒
⃒

√ = D⋅x+C2 (25) 

where C2 is a constant that can be defined through the slips developed at 
the tip of the mechanical anchorage. Thus, as already mentioned, at 
point x = 0, the slips are s = s0, and solving Eq. (25) with respect to s, the 
slips developed throughout the bonded length of the mechanically 
anchored joint are defined according to 

s(x) =
1
B

⋅ ln

⎡

⎢
⎢
⎢
⎢
⎣

D2 +
̅̅̅̅̅̅̅̅
|C1|

√
⋅D⋅ sinh

⎛

⎝
B⋅(D⋅x+C2)⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅
|D2+C1|

√

D

⎞

⎠

⃒
⃒D2 + C1

⃒
⃒

⎤

⎥
⎥
⎥
⎥
⎦

(26) 

where 

C2 =

D⋅ar sinh

(

(D2+C1)⋅eB⋅s0 − D2
̅̅̅̅̅̅
|C1 |

√
⋅D

)

B⋅
⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒D2 + C1

⃒
⃒

√ (27) 

The FRP strains developed throughout the bonded length are ob
tained by introducing Eq. (26) in Eq. (21): 

εr(x) =
1

1 + ρ⋅

⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒C1 + D2

⃒
⃒

√

⋅ cosh

⎛

⎝
B⋅(D⋅x+C2)⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅
|C1+D2|

√

D

⎞

⎠

sinh

⎛

⎝
B⋅(D⋅x+C2)⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅
|C1+D2|

√

D

⎞

⎠+ D̅̅̅̅̅̅
|C1 |

√

(28) 

For the definition of the shear bond stresses developed throughout 
the bonded length of the mechanically anchored joint, Eq. (26) is 
introduced in Eq. (8), leading to 
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τb(x) = B⋅GF⋅

D̅̅̅
̅̅̅̅̅

|C1|
√ +

̅̅̅̅̅̅̅̅
|C1|

√

D

D̅̅̅
̅̅̅̅̅

|C1|
√ + sinh

(

B⋅(D⋅x + C2)⋅

⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒
⃒
⃒1 +

C1

D2

⃒
⃒
⃒
⃒

√ )

×

⎛

⎜
⎜
⎜
⎜
⎝

1 −

D̅̅̅
̅̅̅̅̅

|C1|
√ +

̅̅̅̅̅̅̅̅
|C1|

√

D

D̅̅̅
̅̅̅̅̅

|C1|
√ + sinh

(

B⋅(D⋅x + C2)⋅

⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒
⃒
⃒1 +

C1

D2

⃒
⃒
⃒
⃒

√ )

⎞

⎟
⎟
⎟
⎟
⎠

(29) 

The strains developed in the substrate can also be found by following 
the expression already derived by Biscaia et al. [63,80,81]: 

εs = −
1

1 + 1
ρ
⋅
ds
dx

(30) 

Then, introducing Eq. (16) in Eq. (30) yields 

εs(x) = −
1

1 + 1
ρ
⋅

⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒C1 + D2

⃒
⃒

√

⋅ cosh

⎛

⎝
B⋅(D⋅x+C2)⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅
|C1+D2|

√

D

⎞

⎠

sinh

⎛

⎝
B⋅(D⋅x+C2)⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅
|C1+D2|

√

D

⎞

⎠+ D̅̅̅̅̅̅
|C1 |

√

(31) 

It should be noted that Eqs. (26), (28), (29), and (31) all depend on s0 
and εr0, and for this reason, the relationship between these two param
eters should be known to predict the complete debonding process of the 
FRP-to-substrate joint. In other words, the strain-slip (εr0-s0) relationship 
of the axial spring should be known. Since no particular case is set for the 
strain-slip relationship, the use of any type of strain-slip (or load-slip) 
relationship, linear or nonlinear, is allowed in this analytical model.

2.2. Advantages and limitations of the analytical model

The present analytical model has some advantages that are high
lighted below. Also, the advantages identified here take into account 
other existing analytical models, e.g. [54,55,57,82,83]. Thus, it can be 
observed that the analytical model is relatively simple to use. Since the 
exponential bond-slip relationship is not a piecewise function, all the 
states that the FRP-to-substrate with a transversely compressed end 
mechanical anchorage undergoes until its complete debonding are ob
tained from a single formula (i.e. Eq. (28)) regardless of the total bonded 
length of the joint. Considering a long-bonded length and until its 
complete debonding, the mechanically anchored joint should go 
through 5 different states, namely, E, E-S, E-S-D, S-D, and D. So, by using 
Eq. (28), the shear bond stresses developed throughout the 
FRP-to-substrate interface at any of those 5 states are determined. 
Otherwise, a different expression would need to be found for each state 
of the interface. Since the increment is at the mechanical end anchorage 
tip (at x = 0) and not at the FRP-loaded end, the snap-back phenomenon 
usually observed in sufficiently long bonded lengths can be captured by 
the analytical model as well. Moreover, in the cases of a nonlinear spring 
showing a snap-through phenomenon obtained from, e.g., an 
FRP-to-substrate joint with multiple debonding defects [63,84], the 
analytical model can also reflect this phenomenon on the debonding 
process of the mechanically anchored FRP-to-concrete joint.

Using a nonlinear axial spring to simulate the transversely com
pressed mechanical anchorage can capture a wider range of cases than 
any other model. For instance, the analytical model can be used in the 
case of an end anchorage with a linear behaviour, i.e., modelled by a 
spring with a linear behaviour as documented in the literature [54,85]. 
Moreover, if the stiffness of this axial spring is set to a very low value, 
then it will fall into the case of an FRP-to-substrate bonded joint with no 
mechanical anchorages, which is a very common situation already 
described in the literature, e.g. [34,36,55,57–59].

Another advantage of the analytical model is its wider applicability 

to other bonding techniques. Only the expression to define parameter D 
needs to be adjusted. Thus, for the case of the EBR technique, Eq. (20)
should be used, but in the case of the NSM technique, Eq. (22) should be 
used instead. Moreover, if FRP rods are used rather than FRP strips or 
sheets, the analytical model can be used by considering Eq. (23). 
However, the strain-slip behaviour of the mechanical end anchorage 
should be known regardless of the bonding technique used due to the 
reasons explained above.

Despite not being studied here, there are no reasons for the analytical 
model not to be used with glass (G) or basalt (B) FRP composites bonded 
to concrete, timber, steel or clay brick substrates. However, it should be 
kept in mind that the bond-slip relationship between both dissimilar 
materials should be approximated by Eq. (35). Thus, the main limitation 
of the analytical model lies in the bond-slip relationship itself. So, if an 
FRP-to-substrate shows a local bond behaviour that cannot fit through 
the exponential bond-slip relationship defined in Eq. (8), then the 
analytical model cannot predict the debonding process of the joint 
accurately. Within this context, here are a few examples. One is the use 
of a ductile adhesive that leads to a trapezoidal bond-slip relationship 
with a long plateau at maximum shear bond stress. Another limitation 
lies in the case of FRP-to-substrate bonded joints subjected to 
compressive stress. In the former, a similar exponential bond-slip rela
tionship defined in Eq. (8) was already used by Jiang et al. [86] to 
approximate the bond behaviour of CFRP-to-steel joints with a ductile 
adhesive, for the latter, the use of the exponential bond-slip relationship 
in Eq. (8) is out of the question. In this case, the main issue is the friction 
stress generated at higher slip values due to the external compressive 
stresses applied to the FRP-to-substrate joint, which is not supported by 
the exponential bond-slip relationship defined in Eq. (8), in which the 
shear bond stresses approach zero for higher slip values rather than a 
residual nonzero value.

A couple of obvious limitations of the analytical model are identified 
below. Since the analytical model deals only with a monotonic slip 
increment, the cases where the FRP-to-substrate joints are subjected to 
cyclic loading cannot be simulated. Regardless of the loading protocol 
history adopted for the bonded joint, the other limitation lies in those 
joints where a temperature variation is considered.

3. Validation strategy

To validate the analytical model, a series of different specimens and 
some experimental results found in the literature are considered. To 
assess the influence of the anchorage length on the final bond perfor
mance of the CFRP-to-substrate joints with a transversely compressed 
mechanical anchorage, the first case assumed short and long anchor
ages. At the same time, two different compressive stress magnitudes are 
also assumed. For simplicity, the friction angle (ϕ) is kept the same in all 
the specimens. As already explained in Subsection 2.2, the analytical 
model cannot be used to predict the strain-slip relationship of the me
chanical anchorage, and for this reason, two numerical procedures, one 
based on the Finite Difference Method (FDM) and another one based on 
the bond-slip relationship discretisation, are developed and used 
instead. Thus, based on the prediction of the strain-slip (εr0-s0) rela
tionship, the analytical model is used to predict the debonding process of 
the transversely compressed FRP-to-substrate joints and the results are 
compared to those obtained from the Finite Element Method (FEM). 
After the validation of the analytical model, its accuracy is analysed 
using experimental data found in the literature [48–50]. The experi
mental bond-slip relationships reported in those studies [48–50] are 
used to obtain the strain-slip curves and then used in the analytical 
model so that the bond performance of the experiments can be analyt
ically predicted.
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3.1. Determining the strain-slip relationship of transversely compressed 
bonded joints

3.1.1. Numerical model with the Finite Difference Method (FDM)
As already mentioned, to obtain the strain-slip response of the me

chanical anchorage and simulate it through an axial spring, the expo
nential bond-slip relationship defined by Eq. (8) cannot be used since it 
does not consider any friction branch for higher slip values. So, to bypass 
this issue, the following bond-slip relationship originally proposed by 
the authors in another work [87] is considered: 

τb(s) = β⋅τb, max⋅
(
1 − e− b⋅s)⋅

τb,f
β⋅τb, max

+ e− a⋅(s− st )

1 + e− a⋅(s− st )
(32) 

where β is a dimensionless parameter that ensures the maximum shear 
bond stress is reached and can be obtained by a simple trial and error 
process; a and b are two parameters to be calibrated with the experi
mental data; and st is the slip that usually corresponds to the midpoint of 
the transition between the maximum (τb,max) and the frictional (τb,f) 
stresses. Since the influence of the compressive stresses on the shear 
bond stresses can be described by the Mohr-Coulomb failure criterion, e. 
g. [45,46,84], τb,max and τb,f can be determined, respectively, according 
to: 

τb, max = τb, max 0 + tan(ϕ)⋅σn (33) 

and 

τb,f = tan(ϕ)⋅σn (34) 

where σn is the compressive stress applied to the FRP-to-substrate 
interface with a positive signal. Introducing Eq. (33) and Eq. (34) in 

Eq. (32) yields: 

τb(s) = β⋅
(
σn⋅ tan(ϕ)+ τb, max 0

)
⋅
(
1 − e− b⋅s)⋅

σn ⋅ tan(ϕ)
β⋅(σn ⋅ tan(ϕ)+τb, max 0)

+ e− a⋅(s− st )

1 + e− a⋅(s− st )

(35) 

Fig. 3 shows the main differences between the bond-slip relationship 
defined in Eq. (35) with Eq. (8), i.e., between Biscaia and Carmo’s 
proposal [87] and Dai’s et al. [47] proposal, respectively. It should also 
be noted that Biscaia and Carmo’s proposal [87] can be used for 
FRP-to-substrate joints with or without a transversely compressed 
anchorage. In this case, the frictional stress parameter should be 
considered zero, which, like Dai’s et al. [47] proposal, makes the shear 
bond stresses tend to a zero value with the slip increase.

The governing equation of the debonding process of the FRP-to- 
concrete joints subjected to compressive stresses is obtained by intro
ducing Eq. (35) in Eq. (2), i.e.: 

d2s
dx2 − λ⋅β⋅

(
σn⋅ tan(ϕ)+ τb, max 0

)
⋅
(
1 − e− b⋅s)⋅

σn ⋅ tan(ϕ)
β⋅(σn ⋅ tan(ϕ)+τb, max 0)

+ e− a⋅(s− st )

1 + e− a⋅(s− st )

= 0
(36) 

The analytical solution of Eq. (36) is not known, and for this reason, 
the FDM is applied to solve it. To that end, the bonded joint is discretised 
first into equidistant n points, and a regular step is defined as 

h =
La

n
(37) 

where La is the anchorage length of the joint as shown in Fig. 2. Then, the 
following approximations are used: 

ds(xi)

dx
≈

si+1 − si− 1

2h
withi = 0, 1,2, …, n (38) 

and 

d2s(xi)

dx2 ≈
si+1 − 2si + si− 1

h2 withi = 0, 1,2, …, n (39) 

Then, the Newton-Raphson iterative technique is used to obtain the 
solution of the generated system of nonlinear equations, i.e.: 

{si}j+1 = {si}j − [J(si)]
− 1⋅{fi(si)} (40) 

where the column vector {fi(si)} corresponds to the first member of Eq. 
(35) at point i; {si}j+1 and {si}j are, respectively, the column vectors of 
the slips at each discretised point of the anchored length in the j + 1-th 
and j-th iterations; and [J(si)]− 1 is the inverse of the Jacobian matrix 
defined by:  

The debonding processes of the FRP-to-substrate bonded joints 
subjected to compressive stress can be simulated by a displacement 
control at the front tip of the end anchorage, i.e., at x = n, or the back of 
the end anchorage, i.e., at x = 0, of the discretised anchored length. The 
choice of which displacement control point should be used will depend 
on the need to capture the snap-back phenomenon of the FRP-to- 
substrate bonded joint. Nevertheless, it should be noted that the snap- 
back phenomenon is only obtained if the anchorage length is suffi
ciently long. Since the slips at the front tip of the anchorage are not 
monotonic until failure, the snap-back phenomenon is obtained if the 
control displacement is set at the back of the end anchorage, where the 
slips at x = 0 are always monotonic until failure. In this latter case, Eq. 
(41) should be adjusted to the boundary condition of the slip control 
increment at the back of the anchorage, and the FRP strain at x = n 
should be determined from Eq. (17). Regardless of the displacement 
control considered, the FRP strains developed at the back of the end 
anchorage are always zero during the complete debonding process of the 

[J(si)] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∂f0(s0, s1)

∂s0

∂f0(s0, s1)

∂s1

∂f0(s0, s1)

∂s2
⋯

∂f0(s0, s1)

∂sn− 1

∂f1(s0, s1, s2)

∂s0

∂f1(s0, s1, s2)

∂s1

∂f1(s0, s1, s2)

∂s2
⋯

∂f1(s0, s1, s2)

∂sn− 1

∂f2(s1, s2, s3)

∂s0

∂f2(s1, s2, s3)

∂s1

∂f2(s1, s2, s3)

∂s2
⋯

∂f2(s1, s2, s3)

∂sn− 1

⋮ ⋮ ⋮ ⋱ ⋮
∂fn− 1(sn− 2, sn− 1)

∂s0

∂fn− 1(sn− 2, sn− 1)

∂s1

∂fn− 1(sn− 2, sn− 1)

∂s2
⋯

∂fn− 1(sn− 2, sn− 1)

∂sn− 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (41) 
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joint. Thus, the second boundary condition is ds(x)/dx = 0, which, 
considering Eq. (38), leads to s1 = s-1. The final solution of a given slip 
increment is found when the column vector of the slips at iteration j + 1 
is similar to the previous column vector of the slip at iteration j, i.e., 
when: 

{si}j+1 − {si}j ≈ 0 (42) 

which is usually reached for a low number of iterations, but, in the 
present case, it was limited to a maximum of 500 possible iterations to 
solve Eq. (40).

3.1.2. Numerical procedure based on the bond-slip relationship
As an alternative to the numerical procedure described in the pre

vious subsection, another numerical procedure can be used, which, to 
the authors’ best knowledge, is introduced here for the first time. 
Although it is much easier than the previous one, this procedure has 
some limitations that will be pointed out in this subsection. Thus, let us 
first assume that the strain-slip relationship is known, but the local bond 
behaviour of the bonded joint is not. In that case, and if the known 
strain-slip relationship is from a bonded joint with a sufficiently long 
bond length, then Eq. (5) can be used to obtain the bond-slip relation
ship. To that end, the shear bond stress at a given slip can be obtained by 
combining Eq. (5) and Eq. (17) in its approximate form, i.e.: 

τb,i+1 = Er⋅tr⋅(1+ ρ)⋅εr,i+1 − εr,i

si+1 − si
⋅εr,i+1 (43) 

where τb,i+1 is the shear bond stress at point i + 1 of the strain-slip 
relationship; εr,i+1 and εr,i are the FRP strains at point i + 1 and i of 
the strain-slip relationship, respectively; and si+1 and si are the slips at 
point i + 1 and i of the strain-slip relationship, respectively.

If the bond-slip relationship of the bonded joint is known but the 
strain-slip relationship is not, then Eq. (43) can be solved by isolating 
εi+1, which leads to: 

εr,i+1
2 − εr,i⋅εr,i+1 −

τb,i+1⋅(si+1 − si)

Er⋅tr⋅(1 + ρ) = 0 (44) 

The solution of the 2nd-order polynomial equation stated in (44) 
allows us to determine the FRP strains at si+1, i.e.: 

εr,i+1 =
εr,i

2
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(εr,i

2

)2
+

τb,i+1⋅(si+1 − si)

Er⋅tr⋅(1 + ρ)

√

(45) 

Hence, the strain-slip relationship to be used with the analytical 
model can be experimentally obtained, or it can be derived from Eq. (45)
and using Eq. (32) regardless of the compressive stress magnitude of the 
bonded joint. By using Eq. (45), the snap-back phenomenon cannot be 
captured, which, admittedly only in the final section, compromises the 
correct definition of the complete debonding process of the FRP-to- 
substrate joints with a transversely compressed mechanically end 
anchorage. However, since the snap-back is a theoretical concept only, 
this numerical procedure can be used on experimental data.

It should also be kept in mind that the prediction of the strain-slip 
relationship from the bond-slip relationship should be carried out only 
for sufficiently long bonded joints, which, in the present work, limits the 
analysis to long anchorages. On the other hand, however, if the bonded 
anchorage is too short, then uniform shear bond stresses can be 
considered throughout the anchorage length, and so the strain-slip 
relationship can be obtained by multiplying the shear bond stress in 
the end anchorage area, which avoids the use of Eq. (45).

3.2. Description of the generated cases

This subsection presents a comprehensive description of all gener
ated cases, namely, materials, dimensions and geometries. So, the 
identification of each generated specimen is also presented. Thus, the 

specimens to be tested under the pull-push test consist of a unidirec
tional CFRP composite externally bonded to a concrete block by an 
epoxy resin with a brittle constitutive behaviour such as S&P Resin 
220HP [88], which, according to the datasheet of the manufacturer, has 
an elastic modulus of 7.1 GPa and a tensile strength of 15 MPa.

The materials used were based on the work carried out by Aghaba
gloo et al. [89], in which the CFRP strip was 50 mm wide and 1.4 mm 
thick, whilst the concrete block measured 200 × 200 × 400 mm (width 
× thickness × length). According to the datasheet of the manufacturer 
[90], the mechanical properties of the CFRP strip were as follows: elastic 
modulus of 170 GPa, ultimate tensile strength of 2800 MPa and a 
rupture strain of 1.64 %. The mechanical properties of the concrete were 
obtained from the test of concrete cylinders measuring 150 × 300 mm 
(diameter × length), which led to a mean compressive strength of 
41.6 MPa and an elastic modulus of 33.9 GPa.

The bond-slip relationships obtained by Aghabagloo et al. [89] were 
derived from a teaching-learning-based optimisation (TLBO) algorithm, 
which, in the case of the EBR system free of any mechanical anchorage, 
led to a maximum shear bond stress of 9.3 MPa with a corresponding slip 
of 0.031 mm, with a pure Mode-II fracture energy of approximately 
0.713 N/mm. These values were used to obtain an equivalent bond-slip 
relationship by using Eq. (8). To that end, the least square minimisation 
between the bond-slip relationship obtained by Aghabagloo et al. [89]
and that obtained from Eq. (8) was carried out, adopting the fracture 
energy and the maximum shear bond stress as constraints in the mini
misation process, i.e., ensuring that the same maximum shear stress and 
fracture energy were obtained. Then, the stiffness index of the 
CFRP-to-concrete bonded joint was determined, i.e. B = 26.13 mm− 1. 
For the bond-slip relationship of the CFRP-to-concrete joints with a 
transversely compressed end anchorage, the maximum shear bond stress 
obtained by Aghabagloo et al. [89] was 11.4 MPa with a corresponding 
slip of 0.030 mm and a frictional stress of approximately 5.3 MPa. As 
well as bonding the CFRP composite to the concrete substrate, Agha
bagloo et al. [89] also bonded the anchorage to the CFRP composite. 
Consequently, this CFRP-to-concrete joint did not follow the 
Mohr-Coulomb rupture criterion as it was expected to. So, to preserve 
the condition stated in Eq. (33), the maximum shear bond stress is τb,max 
= 14.6 MPa. Given the lack of further data to calculate the friction angle 
of the CFRP-to-concrete joint, it was assumed ϕ = 1.0 rad, which is a 
reasonable value considering several tests performed by Biscaia et al. 
[91–93] on GFRP-to-concrete bonded joints. Thus, the calculated 
compressive stress is approximately σn = 3.4 MPa. When adjusted to the 
bond-slip relationship reported by Aghabagloo et al. [89] through the 
same least square minimisation process mentioned earlier, the bond-slip 
relationship defined in Eq. (35) led to the following parameters: a 

Fig. 3. Comparison between the exponential bond-slip relationship proposed 
by Dai et al. [47] and that proposed by Biscaia and Carmo [87].
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= 47.149, b = 36.532, st = 0.061 mm, β = 1.641, and τb,f = 5.3 MPa. 
Fig. 4a and Fig. 4b compare the experimental bond-slip relationships 
obtained by Aghabagloo et al. [89] and those obtained by Eq. (8) and Eq. 
(35), respectively. Based on these results, Eq. (45) was used to predict 
the strain-slip relationship of the CFRP-to-concrete bonded joints. 
Figs. 5a and 5b compare the strain-slip relationships obtained from the 
experiments carried out by Aghabagloo et al. [89] and those predicted 
by Eq. (45).

Based on these results, a series of specimens was idealised, and their 
bond performance was studied thoroughly. For simplicity and to avoid 
unnecessarily increasing the size of the text, two anchorages (La) and 
bonded lengths (Lb) of 50 mm and 260 mm are considered, as well as 
two different external compressive stresses (σn) of 1.7 MPa and 3.4 MPa. 
In addition, two other specimens were idealised where the load needed 
to be applied to the 50 mm long anchorage and develop a compressive 
stress of 3.4 MPa on the 260 mm long anchorage (44.20 kN). As a result, 
the transversely compressed mechanical end 50mm-long anchorage will 
be subjected to a compressive stress of 17.68 MPa. In this idealised case, 
the maximum shear bond stress and the friction stress of the bond-slip 
relationship defined in Eq. (35) are, respectively, τb,max = 36.85 MPa 
and τb,f = 27.53 MPa and with β = 1.451 (other parameters were un
changed). These stress values are too high and, in practice, may easily 
lead to the rupture of the CFRP carbon fibres during the application of 
the loads on the mechanical anchorage, which will ruin the CFRP-to- 
concrete joint. Despite this, such a scenario was considered so that the 
influence of the same load applied to the anchorage could be analysed, 
regardless of its length.

The case with no external compressive stress is also considered in 
order to obtain reference data. A total of twenty-five specimens were 

Fig. 4. Bond-slip relationships obtained for the CFRP-to-concrete bonded joints tested by Aghabagloo et al. [89]: (a) free of any mechanical anchorages; and (b) with 
a transversely compressed mechanical end anchorage.

Fig. 5. Strain-slip relationships obtained for the CFRP-to-concrete bonded joints tested by Aghabagloo et al. [89] using the proposed numerical procedure in Eq. (45): 
(a) free of any mechanical anchorages; and (b) with a transversely compressed mechanical end anchorage.

Table 1 
ID of the generated specimens.

ID Compressive 
stress (σn)

Anchorage 
length, La 

(mm)

Bonded 
length, Lb 

(mm)

Total 
length, Lt 

(mm)

CC0–0–50 0 0 50 50
CC0–0–100 0 0 100 100
CC0–0–260 0 0 260 260
CC0–0–310 0 0 310 310
CC0–0–520 0 0 520 520
CC1.7–50–0 1.7 50 0 50
CC1.7–100–0 1.7 100 0 100
CC1.7–260–0 1.7 260 0 260
CC1.7–310–0 1.7 310 0 310
CC1.7–520–0 1.7 520 0 520
CC3.4–50–0 3.4 50 0 50
CC3.4–100–0 3.4 100 0 100
CC3.4–260–0 3.4 260 0 260
CC3.4–310–0 3.4 310 0 310
CC3.4–520–0 3.4 520 0 520
CC1.7–50–50 1.7 50 50 100
CC1.7–50–260 1.7 50 260 310
CC1.7–260–50 1.7 260 50 310
CC1.7–260–260 1.7 260 260 520
CC3.4–50–50 3.4 50 50 100
CC3.4–50–260 3.4 50 260 310
CC3.4–260–50 3.4 260 50 310
CC3.4–260–260 3.4 260 260 520
CC17.68–50–50 17.68 50 50 100
CC17.68–50–260 17.68 50 260 310
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considered, whose designation begins with the materials used and 
external compressive stress, followed by the anchorage and bonded 
length, respectively. For instance, specimen CC3.4–50–260 means that a 
CFRP composite is externally bonded to a concrete substrate with an end 
anchorage of 50 mm, subjected to an external compressive stress of 
3.4 MPa and has a bonded length of 260 mm. Table 1 summarises the ID 
of the generated specimens under study in this work.

3.3. Finite Element Method (FEM)

The FEM is used to validate the analytical model. Different com
mercial software programs have been used in the literature to model the 
bond behaviour between an FRP composite bonded to a substrate, e.g. 
[52,53,94–97]. Among these, the commercial software ATENA [98] was 
selected, which has already been used with success to model several 
debonding processes of FRP-to-substrate bonded joints subjected to 
different conditions, e.g. [45,46,80,99]. To significantly reduce both the 
number of unknowns and nonlinear equations to be solved by the 
Newton-Raphson method and the time required to process the numerical 
simulations, the 2D version of the FEM was used. What is more, the 2D 
version of the FEM is as close to the key assumptions of the analytical 
model as possible, allowing fair comparisons to be made between them.

The dimensions and geometries of the models were the same as the 
studied specimens. The concrete block was modelled by the “SBETA 
Material”, which is a material available in the ATENA [98] material li
brary, whereas the CFRP composite was modelled with the “Plane Strain 
Elastic Isotropic” material. The mechanical properties used to define the 
CFRP and the concrete block were the same as those earlier reported in 
Subsection 3.2. The contact between the CFRP and the concrete was 
modelled through a coupled cohesive zone model (CZM) based on the 
Mohr-Coulomb rupture criterion with tension cut-off, which is denoted 
as “2D Interface” material in ATENA’s library [98]. The CZM considers 
the influence of the peeling stresses (normal bond stresses developed 
perpendicularly to the shear bond stresses, i.e. in the direction coinci
dent with fracture Mode I), on the shear bond stresses through the 
Mohr-Coulomb failure criterion. Therefore, the friction angle (ϕ) of the 
CFRP-to-concrete interface should be defined correctly because it has a 
significant impact on the bond performance in the debonding process of 
transversely compressed mechanical joints due to the presence of a 
mixed mode (mode I+II) condition [45,46,84].

The loads applied to the CFRP strip (no. 4 in Fig. 6) were simulated 
by a regular monotonic displacement of 0.002 mm per step that was 
applied to the right-hand side of the CFRP end (see no. 7 in Fig. 6). The 

simulations were all controlled by three monitoring points (see no. 9 in 
Fig. 6). The first monitoring point was placed at the same point where 
the monotonic displacements were imposed on the model. The other two 
monitoring points controlled the loads transmitted to the CFRP com
posite and to the nonlinear spring (see no. 6 in Fig. 6). The concrete 
block (see no. 1 in Fig. 6) was supported by a series of pinned roller 
supports (see no. 2 in Fig. 6), and a reaction steel plate (no. 3 in Fig. 6) 
was placed at the righthand of the specimen, where a pinned roller 
support was placed at its midpoint. It should be noted that the model has 
two reaction steel plates, one in front of the concrete block and the other 
in front of the CFRP composite, ensuring that the displacements were all 
the same in all the nodes of the CFRP-loaded end. However, between 
these two steel plates, no contact between them was considered (see no. 
5 in Fig. 6). Unlike this contactless region, the contact between the CFRP 
and the concrete block was ensured by non-thickness contact elements 
throughout the bonded length of the CFRP-to-concrete joint (see no. 8 in 
Fig. 6). At the rear of the model, i.e. at the left-hand, a steel plate ensures 
that all the nodes of the CFRP-unloaded end have the same displace
ments that are transmitted to the axial spring. Also, between these steel 
elements and the concrete block, no contact between them is considered.

The end of each incremental step occurred when one of the following 
convergence criteria was exceeded: displacement error tolerance of 
0.01, residual error tolerance of 0.01, absolute residual error tolerance 
of 0.01, and energy error tolerance of 0.0001. A maximum of 40 itera
tions was considered in each step, which was sufficient to obtain the 
numerical results without affecting the accuracy of the simulations. A 
series of incremental steps was applied to the model so that the complete 
debonding process of each specimen could be simulated.

The concrete block and the CFRP composite were discretised with a 
mesh of 5.0 mm of quadrilateral finite elements with smooth shapes. 
However, near the contacts between the CFRP and the concrete block or 
between the concrete block and the reaction steel plate, more refined 
meshes with 0.5 mm and 1.0 mm of the same finite elements were used, 
respectively. The total number of finite elements used in each specimen 
varied due to their different bonded lengths. So, from the shortest 
specimen shown in Fig. 6a (e.g., CC0–0–50, CC3.4–50–0, CC3.4–50–50) 
to the longest shown in Fig. 6b (CC0–0–520 and CC0–520–0), the 
number of finite elements used was 1973 and 9703, respectively. In an 
11th Gen Intel(R) Core(TM) i9–11900F desktop computer at 2.50 GHz 
with 32 GB of 2666 MT/s RAM, the simulations were carried out for 
approximately 5 min to 50 min in the shortest and longest specimens 
with a transversely compressed anchorage with the same length of the 
CFRP-to-concrete joint (i.e., specimen CC0–520–0), respectively.

Fig. 6. Mesh examples of the transversely compressed mechanical end anchorage of the CFRP-to-concrete joints modelled with the FEM with the: (a) shortest total 
bonded length, i.e., 50 mm long; and (b) longest total bonded length, i.e., 520 mm long.
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4. Discussion of the results

4.1. Load-slip curves

Fig. 7 shows the load-slip curves of all reference specimens. These 
load-slip curves show the influence of the transversely compressed 
mechanical anchorage on the CFRP-to-concrete joints when a short and 
a long anchorage are used. For reference purposes, the load-slip curves 
shown in Fig. 6a correspond to those cases where the CFRP-to-concrete 
joints are free of any mechanical anchorage, whereas, in Figs. 6b and 6c, 

the results obtained from the specimens completely anchored with a 
compressive stress of 1.7 MPa and 3.4 MPa are considered, respectively. 
The results shown in Fig. 6a are, as expected, in agreement with similar 
results documented in the literature, e.g., [34–36,47,64,68,70,94], i.e., 
as the bonded length increases, the load transmitted to the 
CFRP-to-concrete joint increases. At a certain bonded length, the 
maximum loads stopped increasing, and a plateau at maximum load can 
be seen, which allows us to define the effective bond length of the 
CFRP-to-concrete joint. Moreover, for the specimens with a bonded 
length longer than the effective bond length, a snap-back can be seen 

Fig. 7. Load-slip curves obtained from the analytical model and the FEM: (a) specimens with La = 0; (b) specimens completely compressed with 1.7 MPa; and (c) 
completely compressed with 3.4 MPa.

Fig. 8. Load-slip curves obtained from the analytical model and the FEM of the specimens with a transversely compressed anchorage: (a) results from the shortest 
anchorage and with a total length of 100 mm; (b) results from the shortest anchorage and with a total length of 310 mm; (c) results from the longest anchorage and 
with a total length of 310 mm; and (d) results from the longest anchorage and with a total length of 520 mm.
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before the loads tend to zero with the slip increase.
Comparing the results shown in Figs. 7b and 7c with those shown in 

Fig. 7a, it can be stated that the load transmitted to CFRP-to-concrete 
bonded joints increases. This load improvement is more pronounced 
as the transversal compressive stress increases. As in the longest speci
mens shown in Fig. 7a, the snap-back phenomenon can be seen in the 
specimens with the longest anchorage lengths. However, in these cases, 
the loads transmitted to the CFRP composite do not tend to zero, as do 
the specimens with longer bonded lengths in Fig. 7a, but rather they 
tend to a value that corresponds to the friction developed between the 
CFRP composite and the concrete block instead. In all these reference 
situations shown in Fig. 7, the analytical results are in good agreement 
with those obtained from the numerical simulations. However, the 
maximum loads in the specimens with an anchorage length of 310 mm 
and 520 mm predicted by the analytical model were overestimated. 
Thus, in the case of specimens CC1.7–310–0 and CC3.4–310–0, de
viations of approximately 2.7 % and 6.8 % were obtained, respectively, 
whilst deviations of approximately 4.1 % and 2.3 % were found in 
specimens CC1.7–520–0 and CC3.4–520–0, respectively.

In Fig. 8, the load-slip curves obtained from the CFRP-to-concrete 
joints with a transversely compressed end anchorage are shown. 
Figs. 8a and 8b show the influence of using a short transversely com
pressed end anchorage on the debonding process of the CFRP-to- 
concrete joints, whilst Figs. 8c and 8d show the influence of using a 
long end anchorage. Based on these results, it can be stated that the 
maximum efficiency of using a mechanical end anchorage is achieved 
only when a long-end anchorage is used rather than when a short 
anchorage is used, regardless of the magnitude of the transversal 
compressive stress applied to the end anchorage. Thus, for the 50 mm 
long end anchorage, the loads transmitted to the CFRP barely improve 
the final strength of the bonded joints. Although the maximum loads 
transmitted to the CFRP composite are approximately the same in the 
specimens with a long-end anchorage, the ductility of the specimens 
with an additional bonded length of 250 mm is considerably higher. It 
should also be noted that despite the load capacity improvement ob
tained from using a transversely compressed end anchorage, the CFRP 
rupture was never reached in the present situation, which corresponds 
to 195.16 kN. Thus, to reach such a load magnitude, the compressive 
stress applied to the anchorage should be greater than 3.4 MPa.

Nevertheless, the compressive stress was increased to 17.68 MPa in 
the 50 mm long end anchorage, so the same compression load applied 
on the end anchorage to get a compressive stress of 3.4 MPa could be 
reached, and so enable us to compare the efficiency of using a short end 
anchorage with a long one. Fig. 9 shows the load-slip curves of these 

CFRP-to-concrete joints with a 50 mm long end anchorage. The results 
show that the maximum load is approximately 80.1 kN in all three 
specimens, regardless of the additional bonded length of the CFRP-to- 
concrete joint. Thus, when compared with the specimens with a 
260 mm long end anchorage (see Figs. 8c and 8d), the maximum load 
reached in specimens CC17.8–50–0, CC17.8–50–50 or CC17.68–50–260 
is about 8.5 % lower than that reached in specimens CC3.4–260–50 or 
CC3.4–260–260, which reached approximately 86.9 kN in both speci
mens. The same occurs with the ductility of the specimens, i.e., lower 
ductility is obtained in the specimens with a compressive stress of 
17.8 MPa. Despite some differences observed on the load-slip curves of 
specimen CC17.68–50–0, the results obtained from the analytical model 
are very close to the numerical simulations. Finally, it should be kept in 
mind, as mentioned earlier, that by increasing the transversal 
compressive stress of the end anchorage too much, the shear rupture of a 
significant amount of the CFRP carbon fibres could occur, which dam
ages the integrity of the CFRP composite, consequently, permanently 
damaging the CFRP-to-concrete bonded joint.

5. Comparisons with other studies

To check the versatility and wide application of the analytical model, 
three experimental studies found in the literature [48,49] are considered 
in this section. These three studies are dedicated to the bond behaviour 
of FRP-to-concrete joints with a transversely compressed mechanical 
end-anchorage. A brief description of the experimental work and data 
needed to carry out the analytical simulations can be found in the next 
subsections. Nevertheless, the reader is advised to consult the sources for 
deeper insights into these three studies.

5.1. Tests carried out by Barris et al. [48]

Barris et al. [48] conducted a series of tests on CFRP-to-concrete 
bonded joints with a transversely compressed mechanical end 
anchorage. The mechanical anchorage is commercially sold by S&P 
Company, and it was used to anchor CFRP strips 50 mm, 80 mm and 
100 mm wide and 1.2 mm thick. The CFRP strips were externally 
bonded with two-component epoxy S&P resin 220 to a C30/37 concrete 
block with 200 × 500 × 800 mm (thickness × width × length). The 
specimens were tested under the pull-push test condition until their 
rupture. The mechanical properties of the three CFRP strips were ob
tained from the test of six specimens, and their mean results are sum
marised in Table 2. From the test of six concrete cylinders measuring 
150 × 300 mm (diameter × height), the mechanical properties of the 
concrete blocks are as follows: elastic modulus of 24.7 GPa and a 
compressive strength of 33.3 MPa.

The transversely compressed mechanical end anchorage of the CFRP- 
to-concrete bonded joints consisted of an end anchorage measuring 
12 × 200 × 272 mm (thickness × width × length), made of hard 
aluminium. It has six holes with 18 mm in diameter that are meant to 
accommodate M16 bolts. Barris et al. [48] used six M16 grade 8.8 steel 
bolts and considered different torque magnitudes, 0 N⋅m, 100 N⋅m and 
150 N⋅m. With a shorter set of specimens, the authors [48] also 
considered a higher torque magnitude of 200 N⋅m and, in this case, six 
M16 grade 10.9 steel bolts were used.

The authors [48] reported the load-slip curves of the tests, and they 

Fig. 9. Load-slip curves obtained from the analytical model and the FEM of the 
specimens with the same compression load and a 50 mm long end anchorage.

Table 2 
Mechanical properties of the CFRP strips used in the study carried out by Barris 
et al. [48].

CFRP 
strip

Width 
(mm)

Elastic modulus 
(GPa)

Tensile strength 
(MPa)

Rupture strain 
(%)

L50 50 176.4 2222.4 1.25
L80 80 170.5 2428.0 1.46
L100 100 169.4 2480.2 1.46
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also derived the bond-slip relationships obtained from each specimen. 
The experimental bond-slip relationships were adjusted to the Popovics’ 
formula [100] and, therefore, to use the analytical model defined in Eq. 
(8), the least square minimisation process between both bond-slip re
lationships was performed with the maximum shear stress and fracture 
energy as constraints. The average values of the parameters needed to 
define the exponential bond-slip relationship in Eq. (8) are summarised 
in Table 3. The bond-slip relationship defined in Eq. (35) was also 
approximated so that the local bond behaviour of the transversely 
compressed end anchorage of the CFRP-to-concrete joints could be 
simulated. Thus, using a similar minimisation process, all the parame
ters in Eq. (32) were obtained, and their values are summarised in 
Table 4.

Fig. 10 compares the load-slip curves obtained from the analytical 
model with those obtained from the tests carried out by Barris et al. [48]. 
The analytical results agree with the experimental ones. A first branch is 
seen in all curves, which corresponds to the debonding process of the 
CFRP-to-concrete joints limited to the bonded length, i.e., without the 
influence of the transversely compressed end anchorage. Once the 
anchorage is activated, the loads transmitted to the CFRP composite 
tend to increase in a nonlinear way due to the slip of the CFRP composite 
beneath the anchorage. The analytical model was limited to the strain 
rupture of the CFRP (see Table 2), which was reached in all three cases. 
It should be noted that Biscaia and Dai [85] have modelled these same 
specimens in a previous study, where the mechanical anchorage was 

modelled with a linear spring. In that case [85], a linear behaviour of the 
load-slip curves due to the influence of the anchorage on the debonding 
process of the CFRP-to-concrete joints was obtained, which is not a 
realistic situation. As can be seen from Fig. 10, the load-slip curves now 
obtained are closer to the experiments than those obtained by Biscaia 
and Dai [85], which shows how much more adequate and realistic the 
present analytical model is to completely simulate the CFRP-to-concrete 
joints with a transversely compressed mechanical end anchorage. To 
quantify this superiority of using the nonlinear spring, the Integral Ab
solute Error (IAE) was used. The IAE is known to be a parameter which is 
sensitive to the deviation of a theoretical from an experimental result 
and is often used for model assessment, e.g., [84,85,101,102], and it can 
be defined as follows: 

IAE =
∑n

s=1

⃒
⃒ds,AM − ds,Exp

⃒
⃒

∑n

s=1
ds,Exp

(46) 

where ds,AM and ds,Exp correspond to the data obtained from the proposed 
analytical approach and those experimentally obtained by Barris et al. 
[48], respectively; and n corresponds to the number of measurements 
carried out during the analytical simulations of the debonding process. It 
should also be noted that in the calculation of the IAE values, the 
average experimental curve of each series (i.e., L50, L80 and L100) was 
considered. Thus, by assuming a nonlinear spring, the IAE values ranged 
between 6.9 % (in the L100 series) and 23.3 % (L50 series), whereas 
with a linear spring, the IAE values ranged between 31.4 % (L100 series) 
and 50.4 % (L80 series).

Fig. 11 compares the CFRP strains obtained from the analytical 
model and those obtained from specimen L50-T30 tested by Barris et al. 
[48]. From the seven reported points by Barris et al. [48], the results 
show, as expected, a higher CFRP strain value at the CFRP-loaded end 
that tends to decrease nonlinearly towards the end anchorage. From 
point A to F, the strains developed at the tip of the end anchorage are 
marginal, which means that the anchorage has not been activated so far. 
This can be confirmed by the load-slip curve shown in Fig. 10a, where 
these seven points are under the plateau corresponding to the 

Table 3 
Parameters for the definition of the exponential bond-slip relationships of the 
tests carried out by Barris et al. [48].

Original ID of 
the 
specimens

Stiffness 
index 
(mm− 1)

Maximum 
bond stress 
(MPa)

Maximum 
slip (mm)

Fracture 
energy (N/ 
mm)

L50_T30|100| 
150|200

14.738 4.79 0.047 0.650

L80_T30|100| 
150|200

13.535 4.15 0.051 0.613

L100_T30| 
100|150

11.902 3.53 0.058 0.593

Table 4 
Parameters for the definition of the bond-slip relationship defined in Eq. (35) for the transversely compressed end anchored CFRP-to-concrete joints tested by Barris 
et al. [48].

Original ID of the specimens a (-) b (-) β (-) st (mm) τb,max0 (MPa) τb,max (MPa) τb,f (MPa)

L50_T30|100|150|200 10.714 21.521 2.326 0 4.79 17.25 12.46
L80_T30|100|150|200 13.394 27.583 2.214 0 4.15 16.61 12.46
L100_T30|100|150 11.579 25.044 2.227 0 3.53 12.87 9.34

Fig. 10. Comparison between the load-slip curves obtained by the analytical model and those experimentally obtained by Barris et al. [48]: (a) when a 50 mm-wide 
CFRP composite was used; (b) when an 80 mm-wide CFRP composite was used; and (c) when a 100 mm-wide CFRP composite was used.
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CFRP-to-concrete debonding initiation. However, at point G, a CFRP 
strain of approximately 0.15 % developed at the tip of the end 
anchorage was measured by Barris et al. [48], as shown in Fig. 11. In this 
case, the influence of the transversely compressed end anchorage can be 
seen from the post-plateau of the load-slip curve shown in Fig. 10. 
Moreover, all the analytical results agree with the experimental data 
reported by Barris et al. [48].

5.2. Tests carried out by Codina et al. [50]

Codina et al. [50] tested a limited number of CFRP-to-concrete 
bonded joints with a transversely compressed anchorage in the form 
of a π-shape steel plate. This anchorage is 5 mm thick, 50 mm long and 
140 mm wide, and it was used in three different scenarios. The first one 
is for reference purposes; the CFRP-to-concrete joints were free of any 
mechanical anchorage, and a bonded length of 250 mm was considered. 
In the second one, the π-shape anchorage was installed at the centre of 
the 250 mm bond length CFRP-to-concrete joint. In the third one, only 
50 mm of the π-shape anchorage was bonded to the concrete block. 
Since the second scenario falls outside the conditions of the analytical 
model, only the other two scenarios were considered here.

Briefly, a 1.4 mm thick CFRP strip with 50 mm width was bonded 
onto a concrete block with 200 × 200 × 370 mm (thickness × width ×
length). The mechanical properties of the CFRP were not tested, and the 
values reported by the fabricant were considered, i.e., an elastic 
modulus of 170 GPa, a rupture strain of 1.60 % and a tensile strength of 
2800 MPa. To determine the mechanical properties of the concrete, the 
compression tests of three cylinders led to an average strength of 
45.98 MPa and an elastic modulus of 36.21 GPa. The S&P Resin 220 HP 
was used, which is the same resin used by Aghabagloo et al. [89].

As for the local bond-slip relationship, Codina et al. [50] suggested a 
bond-slip relationship with a triangular shape for the EBR specimen, 
whereas a triangular shape with a residual bond stress was obtained for 
the HB specimen. Thus, for the EBR specimen, a maximum shear bond 
stress of 12.70 MPa with a corresponding maximum slip of 0.030 mm 
and a final slip, i.e., beyond which the CFRP completely separates from 
the concrete, of 0.180 mm was reported by Codina et al. [50]. The 
fracture energy associated with this EBR specimen is 1.143 N/mm. In 
the case of the HB specimen, the same maximum shear bond stress and 
maximum slip were reported. However, from a slip of 0.400 mm on, a 
friction stress of 7.40 MPa was obtained by Codina et al. [50]. The 
exponential bond-slip relationship in Eq. (8) was approximated, through 
the least square minimisation process, to the triangular bond-slip rela
tionship, whilst Eq. (35) was used to approximate the bond-slip rela
tionship of the HB specimen. In both cases, the maximum shear bond 
stress and the fracture energy were set as constraints in the minimisation 
process. However, since the HB specimen has a short length, an average 
shear bond stress was considered and determined from the load-slip 
curve. Therefore, a maximum shear bond stress of 11. 54 MPa and a 
residual bond stress of 7.60 MPa were considered in that minimisation 
process. Thus, the stiffness index in Eq. (8) was set equal to B 
= 21.796 mm− 1, whilst the parameters in Eq. (35) were set equal to a 
= 13.241, b = 29.453, β = 1.035, and st = 0.356 mm.

It should also be noted that these experimental results do not follow 
the Mohr-Coulomb failure criterion. This is because, on the HB spec
imen, not only did the authors [50] bond the CFRP to the concrete block, 
but they also bonded the steel plate to the CFRP composite. Therefore, 
the two bonded interfaces (i.e., steel-to-CFRP and CFRP-to-concrete) 
contributed to the final improvement of the HB specimen but avoided 
a fair comparison between specimens through the use of the 

Fig. 11. Comparison between the CFRP strains obtained from the analytical model with those obtained in specimen L50-T30 [48].

Fig. 12. Comparison between the load-slip curves obtained by Codina et al. [50] and: (a) by the analytical model for the specimens with a bonded length of 250 mm 
and free of any mechanical anchorage; and (b) by the numerical procedure described in Subsection 3.1.1 for the specimen with only a 50 mm long end anchorage.

H.C. Biscaia et al.                                                                                                                                                                                                                              Structures 80 (2025) 109929 

13 



Mohr-Coulomb failure criterion.
Fig. 12 shows the results obtained from the analytical model (EBR) 

and the numerical procedure discussed in Subsection 3.1.1. The 
analytical load-slip curve shown in Fig. 12a has good agreement with the 
experimental result. The plateau at maximum load can be seen in both 
load-slip curves and, in the case of the analytical model, it occurs at 
37.0 kN, which is approximately 5.8 % lower than the average 
maximum load of 39.2 kN determined by Codina et al. [50]. Fig. 12b 
compares the load-slip curve of the mechanically anchored 
CFRP-to-concrete joint obtained by the numerical procedure described 
in Subsection 3.1.1 with that which was experimentally obtained by 
Codina et al. [50]. Once again, these predicted results are fairly 
consistent with the experiments. In this case, the maximum loads in both 
situations are similar, i.e. 28.5 kN in the numerical simulation and 
28.8 kN reported by Codina et al. [50]. The same proximity can be found 
for the frictional load, where approximately 18.8 kN was obtained in 
both cases.

Due to the absence of further reliable data and following the same 
rationale of the studied specimens described in Subsection 3.2, four 
more CFRP-to-concrete specimens with a transversely compressed end 
anchorage were idealised. Thus, the same 50 mm long end anchorage 
and another with 260 mm long were assumed. As a bonded length, 
50 mm and 260 mm were also considered. To allow the use of the Mohr- 
Coulomb failure criterion, the bond-slip relationship of the EBR spec
imen was used as a reference for the definition of the bond-slip rela
tionship of the HB specimen, where the steel plate is not bonded to the 
CFRP composite. The corresponding load-slip curves of these idealised 
specimens are shown in Fig. 13. Like the specimens previously analysed 
in Subsection 3.2, the results show that using a short-end anchorage 
leads to a smaller increase in the load capacities of the specimens and a 
more meaningful load increment with the use of the 260 mm long-end 
anchorage. The ductility of the specimens with the longest end 
anchorage is also improved and is higher when the CFRP-to-concrete 
joints have a bonded length of 260 mm.

Since Codina et al. [50] have reported reliable experimental data 
with a π-shape anchorage installed at the centre of the CFRP-to-concrete 
joint with a total bonded length of 250 mm, this case was compared with 
its use as an end anchorage of the same CFRP-to-concrete joint. Thus, 
Fig. 14 compares the experimental and analytical load-slip curves re
ported by Codina et al. [50] with those obtained by the analytical model 
in which the π-shape anchorage is installed at the CFRP unloaded end. 
The load-slip curves in Fig. 14 show that using the end anchorage does 
not have the same load improvement as when the π-shape anchorage is 
installed at the centre of the CFRP-to-concrete joint. Moreover, when 
compared with the EBR specimens, and unlike the use of the anchorage 
installed at the centre of the CFRP-to-concrete joint, the maximum load 

was not improved, which means that using the end anchorage is, in this 
case, completely inefficient. Despite being out of the scope of the present 
work, these results open a new discussion that requires further studies so 
that the influence of the place where the mechanical anchorage should 
be installed can be better understood.

5.3. Tests carried out by Gao et al. [49]

Gao et al. [49] carried out an experimental program to evaluate the 
bond behaviour between CFRP sheets and concrete. The authors [49]
analysed the bond characteristics of seven specimens tested under the 
single-shear test. The bond characteristics of the CFRP-to-concrete joints 
with mechanical fastenings, similar to a π-shape, were also considered, 
and the bond-slip relationships with and without the influence of the 
mechanical fastenings were obtained. Four CFRP plies, each with a 
nominal thickness of 0.167 mm and 50 mm wide, were EB to a concrete 
block with a cross-sectional area of 250 × 180 mm (width × thickness). 
The elastic modulus of the CFRP is 250 GPa with a rupture strain of 
1.80 %. The mechanical properties of the concrete were determined 
after 28 days of curing and leding to a mean strength of 59 MPa and an 
elastic modulus of 34.5 GPa. The authors [49] used Sikadur-300 epoxy 
resin to impregnate the carbon sheets as well as to promote the adhesion 
between the CFRP and the concrete block. The mechanical fasteners 
were made of rectangular thin steel plates measuring 120 × 60 × 5 mm 
(width × length × thickness), and each fastener was installed with the 
help of two chemical 8 mm diameter bolts by applying a 15 N⋅m torque. 
Two and three mechanical fasteners were used on CFRP-to-concrete 
bonded joints with bonded lengths of 730 mm and 1230 mm, respec
tively. For reference purposes, a set of specimens was also tested with no 
mechanical fasteners at all.

Although these tests do not completely fall into the subject covered 
by this work, the authors [49] have reported the bond-slip relationships 
of the CFRP-to-concrete joints with and without the influence of the 
mechanical fasteners. They approximated the local bond behaviour of 
the CFRP-to-concrete joints free of any mechanical anchorage to an 
exponential bond-slip relationship similar to that defined in Eq. (8). For 
the definition of the bond-slip relationship of the mechanically anchored 
CFRP-to-concrete joints, the authors [49] adapted the original proposal 
made by Biscaia et al. [45], which allowed them to reproduce the fric
tion state of the joint. So, the bond-slip relationships defined in Eqs. (8) 
and (32) were both approximated to the bond-slip relationships reported 
by Gao et al. [49] through the same minimisation process described 
above. As a result, the bond-slip relationship of the specimens without 
mechanical fasteners was defined as follows: τb,max = 4.41 MPa, B 
= 7.109 mm− 1, and GF = 1.239 N/mm. On the other hand, all the pa
rameters needed to define the bond-slip relationship of the mechanically 

Fig. 13. Influence on the load-slip curve on the CFRP-to-concrete joint when: 
(a) a 50 mm long end anchorage described by Codina et al. [50] is used; and (b) 
a 260 mm long end anchorage with the same bond characteristics as the 50 mm 
long end anchorage described by Codina et al. [50] is used.

Fig. 14. Influence of the place where the anchorage used by Codina et al. [50]
is installed along the CFRP-to-concrete bonded joint.
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anchored CFRP-to-concrete joints are τb,max = 9.43 MPa, τb,f 
= 5.02 MPa, a = 7.654, b = 16.219, β = 3.125, and st = 7.483 × 10− 5 

mm. Like the specimens analysed in Subsection 3.2, a friction angle of 
1.0 rad was assumed, which, considering the Mohr-Coulomb failure 
criterion, means that a compressive stress of 3.22 MPa was applied to 
the mechanical fasteners. As in the work of Codina et al. [50], where the 
Mohr-Coulomb failure criterion did not accurately represent the 
CFRP-to-concrete joints with the transversely compressed end 
anchorage due to the additional adhesion between the steel plate and 
the CFRP composite, in this case, the same double interfaces (steel-
to-CFRP and CFRP-to-concrete) were created beneath the end 
anchorage.

Fig. 15 shows the results obtained from the analytical model. In 
Fig. 15a, the experimental load-slip curves obtained by Gao et al. [49]
correspond to the case where two mechanical fasteners placed 500 mm 
apart were considered, while Fig. 15b shows the load-slip curves where 
three mechanical fasteners were used and also placed at intervals of 
500 mm. For fair comparisons, the length of the end anchorages was 
kept the same, i.e., in the case of the CFRP-to-concrete joints with two 
mechanical fasteners, the length of the end anchorage is 120 mm and in 
the other case with three mechanical fasteners, a 180 mm long end 
anchorage was considered. Comparing the analytical results obtained 
from the CFRP-to-concrete joint with an end anchorage with the 
experimental data obtained by Gao et al. [49], it can be seen that the 
load capacities of the CFRP-to-concrete joints with the mechanical fas
teners are greater than those obtained from the CFRP-to-concrete joints 
with an end anchorage. These results are consistent with those obtained 
in the previous subsection.

6. Conclusions

An analytical model was proposed to simulate the bond performance 
of FRP composites externally bonded to a substrate with a transversely 
compressed mechanical end anchorage. A series of different CFRP-to- 
substrate joints was considered, and the debonding process was simu
lated with the FEM. The analytical model was also used to simulate some 
experimental tests found in the literature. Hence, from all the results 
reported in this study, the following main conclusions can be 
enumerated: 

• The wide applicability of the analytical model in predicting the bond 
performance of FRP-to-substrate joints was shown. Good accuracy 
with the numerical results obtained from the FEM was also shown, 
which allowed us to validate the analytical model;

• Once the nonlinear load-slip relationship of the transversely com
pressed end anchorage is known, the analytical model can be used to 
predict the complete debonding process of the mechanically 
anchored FRP-to-substrate joints. It is also applicable to cases 
without end anchorages;

• To obtain the nonlinear load-slip relationship, two different numer
ical procedures can be used. The first, which is more complex, allows 
us to capture the snap-back phenomenon associated with the FRP-to- 
substrate joints with a long totally bonded length. The second one, 
which is a much simpler numerical procedure, can be used only for 
long FRP-to-substrate joints, and it fails to capture the complete 
debonding of the joint, and only accounts for the FRP rupture;

• The use of short-end anchorages is not efficient since they cannot 
significantly increase the load capacities of FRP-to-substrate joints. 
However, when the same compressive stresses used on the short 
anchorages were applied to longer end anchorages, meaningful im
provements in the load capacities of the joints were reached. When 
the same load is applied, the long-end anchorage leads to higher load 
capacities and ductility than the short-end anchorage;

• The analytical model, when confronted with the reliable data found 
in the literature, reproduces the debonding process accurately. It was 
also more accurate than the predictions made by assuming a linear 
behaviour for the end anchorage;

• Despite being out of the scope of the present work, a comparison 
between CFRP-to-concrete bonded joints that are mechanically 
anchored with several-shape fasteners and those utilising an equiv
alent end anchorage, i.e., with the same anchorage length as the 
π-shape fasteners, suggested that the shape could lead to higher load 
capacities. This presents an opportunity for further exploration and 
study in the future, where the developed analytical model can serve 
as a basis for comparison.
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