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Highlights

Highlight
Numerical models have been developed to study the entire debonding propagation process of the
FRP strip bonded to the concrete substrate.
Based on the numerical predictions, easy and robust closed-form expressions have been proposed
to describe the load-displacement responses which service as a good reference for the design of
the FRP strengthened concrete structures.
Both numerical predictions and analytical solutions show good accordance with experimental

results, indicating their reliability.
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Numerical studies on the entire debonding propagation
process of the FRP strip externally bonded to the concrete

substrate

Wei Sun*, Xu Peng, Yang Yu
Key Laboratory of Ministry of Education for Mechanics on Western Disaster and Environment,

School of Civil Engineering and Mechanics, Lanzhou University, Lanzhou 730000, China

Abstract

Debonding of the FRP strip from the concrete substrate is an importance issue in strengthening
concrete structures. While a great number of papers have been published on the interfacial behavior of
the FRP-concrete bond, few closed-form solutions are available to well predict the load-displacement
responses for the FRP strip bonded to the concrete substrate. This paper studies the full-range behavior
of the FRP strip debonding from the concrete substrate by using the predictions of FE simulations which
show good correlation with experimental results. Then, expressions are derived to describe the load-
displacement responses for different loading stages. The impacts of the strip width, the bond length, the
thickness and elastic modulus of the FRP strip on the proposed solutions have also been discussed.
Analytical solutions show good accordance with experimental results and numerical predictions,
indicating its reliability on predicting the interfacial behavior for the strip with various properties.

Keywords: FRP strips; Concrete structures; Closed-form solutions; Load-displacement responses
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1. Introduction

Over the past decade, the usage of Fiber Reinforced Polymers (FRP) in rehabilitation of concrete

structures has progressively increased because of its light-weight, high strength, nonmagnetic properties,

high corrosion resistance, and ease of installation in the field [1-14]. Typically, FRP strips are bonded to

the concrete substrate using epoxy resin with fibers oriented in the direction needing additional tensile

strength. A crucial importance of this strengthening method is the performance of the FRP-concrete bond

[15-36]. While a great number of studies have been conducted on the interfacial behavior of the FRP-

concrete bond, few are capable of predicting the entire debonding propagation process. For the economic

and safe design of the FRP strengthened concrete structures, a sound understanding of the full-range

behavior of the FRP strip debonding from the concrete substrate needs to be developed.

Debonding generally starts at a major crack where the stress concentrates. It then propagates along the

FRP-concrete interface towards the end of the FRP strip at which the strip completely peels off. The local

debonding accompanied with the relative slip between the FRP strip and the concrete substrate can be

described as bond stress-slip relations. Based on the bond stress-slip relations, numerical models and

analytical solutions can be developed to describe the full-range behavior of the interfacial bond for

different loading stages. Pull tests have been conducted to study the nonlinear behavior of the interfacial

bond [15-26]. A few closely spaced strain gauges at the centerline of the long effective load-transfer

length have been used to determine the bond stress-slip relations [17-21]. In fact, it is hard to capture the

debonding process with a few axially arranged strain gauges because unpredictable cracks in concrete

cause the considerable and irregular fluctuations of the axial strain measurements. Instead, the nonlinear

debonding process can be more reliably obtained from the direct load and displacement measurements

at the end of the FRP strip [22-26]. Finite element (FE) models are also developed to provide a convenient
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alternative for the study of the interfacial bond [27-33]. Based on the mesco-scale FE simulations,

expressions have been developed to describe the bond stress-slip relations [27-28]. Although those

expressions have been widely accepted to model the FRP-concrete bond [34-36], they are unable to

describe the debonding propagation process. It would be much easier to obtain the bond behavior from

closed-form solutions than from FE simulations. In particularly, 1 mm or smaller elements have to be

used for addressing the size sensitivity problem [29-33]. Yuan et al. [37] have developed analytical

solutions to predict the load-displacement responses for the FRP strip bonded to the concrete substrate.

The load-displacement curve is linear elastic until it reaches the maximum shear stress of the interfacial

bond. Then, the softening curve is observed as the increase of the load is slower than the corresponding

increase of the slip. When the bond strength has been developed, debonding occurs and propagates

towards the end of the strip. A descending curve initiates at the remained bond length which fails to

develop the bond strength. The curve terminates at the ultimate strip displacement as the strip has

completely peeled off. The accuracy of those solutions highly depends on the local bond stress-slip

relations which can be obtained from either available bond models or experimental measurements.

Similarly, Pan et al. [38] have developed closed-form solutions from a simplified bond stress-slip model

with a linear ascending part and an exponential softening part. Those solutions [37-38] have been

validated with a few experimental results, though the reliability of the solutions for the strip with various

strip properties, i.e. various widths, thicknesses, bond lengths and elastic modulus, has not been fully

studied.

In this paper, a recently proposed bond model [39] has been used in FE simulations to study the entire

debonding process of the FRP strip bonded to the concrete substrate. The predictions obtained from FE

simulations are used to determine the effective bond length, the bond strength and its corresponding strip
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displacement as well as the ultimate strip displacement. Finally, closed-form expressions are given to
describe the load-displacement responses. Those expressions are validated by extensively experimental
results obtained from the specimens with various strip properties. The authors believe this study fulfills
at least two important functions: (a) it provides a numerical method to study the entire debonding
propagation process of the FRP strip bonded to the concrete substrate; and (b) it provides easy and robust
solutions to describe the load-displacement responses which service as a good reference for the design
of the FRP strengthened concrete structures.
2. Proposed expressions

The previous study [39] indicates that the bilinear model [39] is capable of predicting the bond stress-
slip responses with high accuracy. As shown in Fig.1, the bilinear model is linearly ascending up to the
maximum stress T,, at which the corresponding slip is s,. This linear relation produces the elastic stage
in Fig. 2. Interfacial softening initiates along with the loss of bond stress as further increasing the
interfacial slip s from s to the final slip s;. Debonding then initiates at the FRP-concrete interface. The
debonding propagation towards the end of the FRP strip produces the plateau stage as shown in Fig. 2
(a). While the remained bond length fails to develop the bond strength, a descending curve shows up at

the unloading stage. The bond model [39] is mathematically described by the following expressions:

max

0 5, S, s

Fig. 1. The bilinear bond stress-slip model.
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Fig. 2. Typical load-displacement responses for the strip with (a) an adequate bond length (I = [.) and (b) an

inadequate bond

length (I < L,).

_ (‘L’m/SO)S S<5p
= {Tm(sf —5)/(ss —so) s> S,

T = 135 + 0.258, f; + 0.62f,
so = 0.016 — 0.00468,,f, + 0.115,,

sr = —0.06 + (0.88 — 0.23B82)f, *°By°

in which

Where

_ 1-9_bf/bc
Bw = 0.9+bf/b
. f c

ft = 0.62,/f/

f+ is the concrete tensile strength;

fZ is the cylinder compressive strength of concrete;
B 1s the width factor;

b. is the prism width;

by is the strip width.

(1

@

(€)

“)

)

(6)

Previous studies [37-39] indicate that the effective bond length [, has a great impact on the load-

displacement responses. With an inadequate bond length, i.e. the bond length [ shorter than the

5
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effective bond length [,, the bond strength increases along with the increase of bond length. For the strip
with an adequate bond length, a further increase of the bond length beyond the effective bond length
produces few increases on the bond strength but improves the ductility of the debonding process.
The bond strength P, of the FRP-concrete bond obtained from an adequate bond length can be

mathematically described by Eq. (7) [20, 24]:

P, = beZEfth (7)

Where
Ef is the elastic modulus of the FRP strip;
ts is the thickness of the FRP strip;

The interfacial fracture energy G obtained from Fig.1 can be described by the following expressions:

G = {‘L’S/Z § < Sy ®)

(ST + 15 —507)/2 5> s

Assuming the displacement (4) of the FRP strip with an adequate bond length is equal to the interfacial
slip (s), it is reasonable before the debonding initiation [37]. Then, the total displacement is the sum of
the displacements at the debonding and debonded area. The load-displacement responses in the elastic

stage (4 < s,) and the softening stage (5o < 4 < sy) as shown in Fig. 2 (a) is therefore described by Eq.

9):
b JEsts (AT, + TA — 5o7) s < A< s¢
Then, the bond strength can also be described by Eq. (10):
), =
ﬁlbf",Efthme lf < le

The solutions to determine the effective bond length [, and the bond length factor S, will be
provided in the following sections. The following sections also provide the solutions for the displacement

Ayase p, at the last B, and the ultimate strip displacement 4, to describe the entire debonding
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propagation process. As shown in Fig. 2 (b), no plateau stage can be developed for the strip with an
inadequate bond length [ < [,. Unloading responses show up right after the bond strength has been
developed. In the following sections, the solutions will also be provided to determine the load-
displacement responses for the strip with an inadequate bond length.
3. Finite element model
The numerical studies on the load-displacement responses have been done by using the commercial
FE package ANSYS. Based on the published research [28-32, 40], FRP strips have been modeled by
two-node truss elements (Link 8). The FRP elements have been connected on the rigid bases by using a
series of two-node nonlinear spring elements (Combin 39) with three degrees of freedom translations in
the nodal x, y and z direction for each node [41]. The material model used for the FRP strip is linear
elastic with an effective modulus of elasticity. Since the failure mode is expected to peel the FRP strip
off, no rupture point has been defined. As shown in Fig. 3, FRP nodes connect to a series of 0.01 mm

nonlinear springs on the rigid bases representing the concrete substrate. Nonlinear force-elongation

Interfacial bond FRP strip _\
& _'§Cpn&¢te‘pﬁs;h;_‘
(a)
FRP strip element Interfacial bond element
1[1]2 4 N \ wl
el imo i--o T § im-o ;v-o I--o i--o i-«u i—-«a in-o imo im imo » P
(®)
Combin 39 Combin 39 Combin 39
K\M'NWQI Link8 @0VWA@2 Link8 SVnes
A A
Rigid base Rigid base Rigid base

©

Fig. 3. Pull tests: (a) FRP strip bonded to the concrete substrate, (b) modelling FRP and interfacial bond with

equivalent linear and nonlinear springs, respectively, and (c) details of FRP and interfacial springs.
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relations have been input for the spring elements accounting for the bond stress-slip relations as presented
in Eq. (1)-(6). Constrains have been applied in the XY plane to prevent any movement in the Z direction.
The tensile load has been directly applied on the last FRP node of the right-hand side.

4. Verification of the proposed FE model

Specimen CNW-150-1&2 reported in the literature [42] have been used to evaluate the proposed FE
model. In the selected tests, FRP strips with dimensions of 0.393 (tf) x150 (bs) x 250 (lr) mm have been
bonded to 200-mm-wide concrete prisms. The value of f/ and Ef are 44.1 MPa and 227 GPa,
respectively. Furthermore, four simulations using the 0.1, 1, 5 and 10 mm FRP elements have been
conducted to study the sensitivity of element size.

Comparisons between experimental results and FE predictions have been conducted in terms of the
load-displacement shape, the bond strength P, and the ultimate strip displacement 4,,. The bond
strength mentioned in this paper is the load at the debonding initiation, and the ultimate strip displacement
is the displacement at the debonding failure. As shown in Fig. 4 (a), all simulations agree reasonably well
with experimental results in terms of the load-displacement shape, the bond strength and the ultimate
strip displacement. The simulated load-displacement curves are stiffer as the element size increases. Few
differences are observed from the simulations using 0.1,1 and 5 mm mesh. This observation suggests that
the size sensitivity problem has been effectively addressed for the simulations using the 5 mm or smaller
mesh. The bond strengths obtained from the three simulations are around 50.22 kN which is 97% and
98% of the measured values, and the predicted ultimate strip displacements (around 0.78 mm) is 91%
and 97% of the experimental values. As shown in Fig. 4 (b), the proposed model also produces

predictions in close agreement with the comparable ones obtained from the 3D FE model [39], further
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validating the proposed FE model. On balance of computational cost and accuracy, | mm elements have

been used for modelling the FRP strip in the following simulations.

60 i T " T 60
040-0 o 0-0~¢
50 p o 1 501 Vo 0
g P N
% P,
40+ Fo 1 401 :
—~ o 2
< 30} 4 230 pt
A 14 =% 14
20+ —0—CNW-150-1 20+
= ¢ -CNW-150-2 k
Y =—Proposed FE model (element size = 0.1 mm) —0—CNW-150-1
10+ = ==Proposed FE model (element size =1 mm) 10} = ¢ -CNW-150-2
= =Proposed FE model (element size = 5 mm) ===3D FE model (element size = 5 mm)
od L Proposed FE model (element size = 10 mm) = =Proposed FE model (element size = 5 mm)
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Displacement (mm) Displacement (mm)
(a) (b)

Fig. 4. Numerical and experimental load-displacement responses of specimen CNW-150-1&2 [42]: (a) FE
predicted load-displacement responses using various element sizes; (b) comparisons between the 3D FE
model and the proposed 2D FE model.

5. Effective bond length based on FE results

The effective bond length [, is the length beyond which a further increase of the bond length does
not increase the bond strength but improves the debonding ductility. Fig. 5 (a) shows the numerical load-
displacement responses based on specimen CNW-150-1&2. The four points marked on the curve
represent the stages at the softening initiation (Point A), the debonding initiation (Point B), the unloading
initiation (Point C), and the debonding failure (Point D). As shown in Fig. 5 (a), the applied load does
not increase as the strip displacement further increases after Point B. The debonding load at Point B
therefore is defined as the bond strength in this study. Fig. 5 (b) shows the bond strength versus bond
length responses for ten simulations in which all parameters are the same as specimen CNW-150-1&2
except the bond length varying from 10 to 400 mm, i.e lf =10, 20, 40, 80, 120, 130, 140, 150, 250 and

400 mm. The effective bond length obtained from Fig. 5 (b) is 130 mm on which 93% of the bond
9
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strength, as the shadow area shown in Fig. 5 (c), is developed at the debonding initiation (Point B). Fig.
5 (d) illustrates percentage of the bond strength developed on the effective bond length for a random
point at the plateaus stage (Segment BC). At this stage, 93% of the bond strength is continually developed
on the effective bond length. Then, the debonding propagation reaches the bond length which develops
the last bond strength (Point C). As shown in Fig. 5 (e), the bond length is equal to 110% of the effective
bond length. The strip completely peels off at 93% of the bond strength (Point D) as shown in Fig. 5 (f).
This observation proves the plateau and the unloading stage after the debonding initiation. At those two
stages, a remained bond length less than 110% of the effective bond length fails to develop the bond
strength. Instable results can be produced as the applied load is less than 93% of the bond strength, which
therefore is used in the following sections to determine the ultimate strip displacement.

Previous studies [15, 20, 43-47] have isolated f’, Ef and t; as the three major factors on
determining the effective bond length. More complicate expressions consider the impacts of not only the
three major factors but also the strip width for determining the effective bond length [28, 37]. Fig 6 shows
the impacts of the four factors on the effective bond length. For the simulations plotted in Fig. 6, all
parameters are the same as specimen CNW-150-1&2 except the strip width varying from 75 to 200 mm
as shown in Fig. 6 (a), the strip thickness changing from 0.2 to 0.8 mm as shown in Fig. 6 (b), the strip
modulus ranging from 50 to 300 GPa as shown in Fig. 6 (c) and the concrete strength increasing from 15
to 80 MPa as shown in Fig. 6 (d). Based on the numerical predictions as shown in Fig.6 (a)-(d), the strip
width has very limited impacts on the effective bond length. Instead, the effective bond length can be
described by the function of 7%, Ef® and f;~2°. Fig. 6 (e) shows the best fit regression line which
can be described by Eq. (11)

I, =13 | L& (1)

A

10
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Fig. 5. Analysis of the bond length: (a) numerical load-displacment responses based on specimen CNW-150-

1&2; (b) bond strength versus bond length responses for 150-mm-wide strips; (c) percentage of the bond
strength developed on the effective bond length at the debonding initation (Point B); (d) percentage of the
bond strength developed on the effective bond length during the debonding propagation (Segment BC);
(e) percentage of the effective bond length that develops the last bond strength (Point C); (e) percentage

of the bond strength at the debonding failure (Point D).
11
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Fig. 6. Impacts of factors on the effective bond length: (a) impacts of the strip width (75, 100, 125, 150 and 200

impacts of the key factors.

12

mm); (b) impacts of the strip thickness (0.2, 0.4, 0.5, 0.7 and 0.8 mm); (c) impacts of the elastic modulus

(50, 100, 150, 227 and 300 GPa); (d) impacts of the concrete strength (15, 30, 44, 60 and 80 MPa); (e)
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Fig. 7 shows the numerical relations between P/B, and l;/l, for the strip with an inadequate bond
length. All parameters are the same as specimen CNW-150-1&2 except the bond length ranging from 20
to 130 mm. As shown in Fig. 7, the bond strength of the strip with an inadequate length can be described

by Eq. (12) which is very close to Eq. (13) proposed by Neubauer et al. [20].

0.93 0.93
P =P (2= (/1)) (/1) (12)
P=P,(2-1l/l)l/L (13)
1.2
T e
.
0.8+ o
< K
i~
S 0.6( 5
0.4+
.'.:‘.
02f
0f : : : :
0 0.2 0.4 0.6 0.8 1 1.2
0.93
(lf/I/)

Fig. 7. Relations between P/B, and l;/l, (I =20, 40, 60, 80, 100, 120 and 130 mm; [, =130 mm;
P,=50.22 kN).
6. Load-displacement responses based on the numerical analysis

This section aims to develop expressions for describing the load-displacement responses of the FRP
strip bonded to the concrete substrate.

6.1 Adequate bond length 1, > 1,

For the strip with an adequate bond length, Eq. (9) can be used to describe the load-displacement
responses before the debondign initiation. A plateau is then added to describe the debonding propagation
at the segment BC as shown in Fig. 2 (a). Finally, a parabolic part is added to describe the unloading
process at the segment CD. At the unloading stage, instable predictions can be produced as the applied

load is less than 93% of the bond strength (Point D).
13
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In order to determine 445 p, and 4,, as shown in Fig. 2, sixteen simulations have been conducted.
All parameters of the sixteen simulations are the same as specimen CNW-150-1&2 expect the bond
length varying from 130 to 2000 mm (130, 140, 150, 160, 170, 180, 200, 250, 300, 400, 600, 800, 1000,

1300, 1700 and 2000 mm). As shown in Fig. 8, the strip displacement 444 p, and 4, can be described

by Eq. (14)-(15)

Digsepu=0.5(L;/le = 1) +sp =1, (14)
Ay=05(l/l,— 1)+ 148s; I >1, (15)
20 " " T 20
~ 15} R - 15 o
N L N o
> o ~ o
£ 10} - Z 10 -
N K} ~ Y
N 5 ...' N5 ’.,
4 “ ” 4
0 : . - 0 . . .
0 5 10 15 20 0 5 10 15 20
1/1, 1/1,
(a) (b)

Fig. 8. Impacts of factors on the strip displacements (4;45; p, and 4,,) at the (a) last B, and (b) 0.93P, at the
unloading stage, respectively.

Fig. 9 illustrates the load-displacement responses for the four simulations (I, = 150, 200, 250 and
300) used in Fig. 8. Based on the predictions, Eq. (16) is proposed to describe the load-displacement
relations at the unloading stage as shown in Fig. 9.

P=a,A> +bA+c¢; =1, (16)
in which

—-0.07Py,

amn

Q=77
1 (Dast Pu—Au)2

14
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2
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=-v-=Proposed FE model 150 mm
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Displacement (mm)

Fig. 9. Load-displacement responses obtained from the four simulations (= 150, 200, 250 and 300 mm) used in
Fig. 8 and the corresponding closed-form solutions.
6.2 Inadequate bond length 1, <1,

For the load-displacement responses obtained from the strip with an inadequate bond length, the
plateau cannot be developed as shown in Fig. 2 (b). Instead, a parabolic drop has been observed as long
as the bond strength is developed. Instable predictions can be produced as the dropping load is less than
93% of the bond strength (Point D).

In order to determine the load-displacement responses for the strip with an inadequate bond length,
five simulations have been conducted. All the parameters of the five simulations are the same as
specimens CNW-150-1&2 expect the bond length varying from 40 to 120 mm. Four points marked in
Fig. 10 (a) represent the points at the origin (Point O), the softening initiation (Point A), the debonding
and unloading initiation (Point B) and the debonding failure (Point D). Fig. 10 (b) illustrates the load-
displacement responses for the five simulations (lf =40, 60, 80, 100 and 200). Based on the predictions,
Eq. (20) is proposed to describe the load-displacement responses for the strip with an inadequate bond

length before the softening initiation (Segment OA).
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Fig. 10. Analysis of the strip displacement obtained from the strip with an inadequate bond length: (a) simulated

load-displacment responses based on specimen CNW-150-1&2 (All parameter are the same as specimen

CNW-150-1&2 except using a 100 mm inadequate bond lenth); (b) load-displacement responses obtained

from the five simulations (Iz= 40, 60, 80, 100 and 120 mm) and the corresponding closed-form solutions.

P = (az = OBk AEty 1 <L (20)
in which
ay = JZ toe JE 1)

Eq. (23) is proposed to describe the load-displacement responses at the softening stage (Segment AB).

P=asA2+bA+c; L <l (23)
in which

b =5 (14 i) @

6= (1 = dYPagg gy — —relain (26)

4(Pu_in_Pela_in)

d = 0.87 \/le 7)
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Peiq in 1s the maximum elastic load developed at the displacement equal to sqy. P, ;, is the bond
strength developed at the displacement 4p . . The maximum elastic load P4 i, the bond strength

Py in and the corresponding displacement 4p . are given by:

Perg in = (az — b)) BibssoJEsty L <, (28)

Pu_in = uﬁl lf < le (29)
250Py in 2

Bpr in= a2+ (1-%)s0 1<l (30)

Eq. (31) is proposed to describe the load-displacement responses at the debonding and unloading stage
(Segment BD).

P = a4A2 + b4A + Cy lf < le (31)

~0.07Py, in
a, A (32)

(APu_in_Au_in)

2
0-14Pu_inAPu_in

b, = 33
* (APu,in_Au,in)2 ( )
0.07Py, inAzu in
€ = Puin = (apy i;—A: l"_n) (34)
The ultimate strip displacement 4,, ;;, for the strip with an inadequate bond length is given by:
Ay in= [11(Blz - B+ 1-4]APu,in (35)

7. Comparisons of analytical solutions with experimental
results and numerical predications
The pull tests reported in the literature [42] are used to evaluate the proposed FE models and the
closed-form solutions. As listed in Table 1, the reported specimens have the strip width varying from 50
to 150 mm, the nominal strip thickness changing from 0.262 to 0.524 mm, the elastic modulus of the
FRP strip ranging from 94 to 227 GPa and the bond length increasing from 100 to 250 mm. Table 1
shows the predictions obtained from the proposed FE models and the analytical expressions are within a
range from 90% to 105% of at least one corresponding experimental result in terms of the bond strength
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P, and the ultimate strip displacement 4,,. Inherent variability in normally identical tests, such as

unpredictable crack distribution, bond condition and material variability, causes the simulations and

solutions to match some experimental results with higher accuracy than others. This observation further

validates the proposed FE model. The predictions obtained from the proposed FE models therefore are

used to evaluate the analytical solutions when the corresponding tests are unavailable.

7.1 Strip width

Of particular interest in this series is to evaluate the accuracy of analytical solutions for the FRP strip

with various strip widths. As shown in Fig. 11, specimen No. 1-10 listed in Table 1 are selected to

evaluate the width impacts on the analytical solutions for the FRP strip with an adequate bond length.

For evaluating the width impacts on the strip with an inadequate bond length, comparisons of the

analytical solutions with the comparable simulations are plotted in Fig. 12. According to Eq. (11), the

effective bond length is 130 mm for the specimen CNW 50, CNW 125 and CNW 150. The calculated

value is 129 mm for the specimen CNW 75 and CNW 100.

18



ly (mm

No. Specimen e br & s fe v b hu A A A
(mm) (mm) (GPa) (mm) (MPa) length) (kKN Test) (FEA/Test) (Ana./Test) (mm Test) (FEA/Test) (Ana./Test)
1 CNW-50-1 250 50 227 0.393 44.1 250 15.73 1.05 1.03 0.89 0.90 0.90
2 CNW-50-2 250 50 227 0.393 44.1 250 16.03 1.03 1.01 0.93 0.86 0.86
3 CNW-75-1 200 75 224 0.393 44.1 250 24.27 1.04 1.03 0.77 1.05 1.10
4 CNW-75-2 200 75 224 0.393 44.1 250 25.66 0.98 0.98 0.85 0.95 0.99
5 CNW-100-1 200 100 224 0393 44.1 250 33.48 1.01 1.00 0.82 0.98 1.05
6 CNW-100-2 200 100 224 0393 44.1 250 32.38 1.04 1.04 091 0.89 0.94
7 CNW-125-1 200 125 227 0393 44.1 250 41.28 1.03 1.02 0.82 0.98 1.04
8 CNW-125-2 200 125 227 0393 44.1 250 39.54 1.08 1.07 091 0.88 0.94
9 CNW-150-1 200 150 227 0393 44.1 250 51.65 0.98 0.97 0.86 0.94 1.00
10 CNW-150-2 200 150 227 0.393 44.1 250 52.49 0.97 0.96 0.81 1.00 1.06
11 CNL-100-1 200 50 224 0.393 378 100 14.90 1.02 1.03 0.30 0.99 1.03
12 CNL-100-2 200 50 224 0.393 378 100 14.38 1.06 1.07 0.34 0.86 0.90
13 CNL-150-1 200 50 224 0.393 378 150 17.03 0.94 0.96 0.50 0.86 0.85
14 CNL-150-2 200 50 224 0.393 378 150 15.43 1.04 1.06 0.47 0.92 0.90
15  CNT-2-1 200 50 227 0.262 394 250 14.36 0.94 0.93 0.99 1.01 1.02
16  CNT-2-2 200 50 227 0.262 394 250 14.36 0.94 0.93 1.02 0.98 0.99
17 CNT-3-1 200 50 227 0.393 394 250 16.49 1.00 1.00 0.80 0.99 1.00
18  CNT-3-2 200 50 227 0.393 394 250 16.81 0.99 0.98 0.89 0.89 0.90
19 CNT-4-1 200 50 227 0.524 394 250 19.45 0.98 0.97 1.01 0.64 0.67
20  CNT-4-2 200 50 227 0.524 394 250 18.37 1.04 1.03 0.67 0.97 1.00
21  CNE-9%4-1 200 50 94 051 394 250 13.03 0.94 0.92 1.23 0.93 0.92
22 CNE-9%4-2 200 50 94 051 394 250 13.80 0.89 0.87 1.33 0.86 0.86
312 Table 1 Comparisons of experimental results with numerical predictions and analytical solutions.
313 Notes: FEA= the predictions obtained from the proposed FE models; Ana.= analytical solutions
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As shown in Fig. 11, all numerical simulations and analytical solutions not only capture the trend of

increased the bond strength with increasing strip width but also agree well with at least one directly

corresponding test in terms of the load-displacement shape, the bond strength and the ultimate strip

displacement. The predicted bond strengths obtained from the proposed FE models and the analytical

expressions are within a range from 96% to 108% of the experimental measurements. The largest

differences in terms of the ultimate strip displacement have been found in Fig. 11 (a). Nevertheless, the

ultimate displacements obtained from the analytical solution and the proposed FE model are 90% of that

measured from specimen CNW-50-1. It suggests that reasonable predictions for the strip having an

adequate bond length and a width ranging from 50 to 150 mm can be achieved by the analytical solutions

and the proposed FE models.

The width impacts on the strip with an inadequate bond length are shown in Fig. 12. All parameters

are the same as the corresponding specimen listed in Table 1 except the bond length varying from 40 to

120 mm. It can be found that the analytical solutions give results in close agreement with the predictions

obtained from the proposed FE models. The largest differences in terms of the bond strength and the

ultimate strip displacement have been observed from the comparisons with 150-mm-wide strips as shown

in Fig. 12 (a). Nevertheless, the analytical solutions achieve 103% of the simulated bond strength and

102% of the simulated ultimate strip displacement. It further validates the analytical solutions on

predicting the load-displacement responses for the strip with various strip widths.
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Fig. 12. Comparisons of load-displacment responses between the analytical solutions and the numerical

predictions obtained from the simulations having various widths and inadequate bond lengths : (a) =

40 mm, (b) Iz =80 mm, (c) ly=100 mm and (d) [r= 120 mm.

7.2 Bond length

The proposed FE models and the analytical solutions have been previously validated by the strips with

a 250 mm bond length. In this section, specimen No. 11-14 listed in Table 1 are selected to further

evaluate the bond length impacts on the proposed FE models and the analytical solutions. The reported

bond length for specimen No. 11-12 and No. 13-14 are 100 and 150 mm, respectively. Based on Eq. (11),

the effective bond length of the selected specimens is 135 mm. With an inadequate bond length, few

plateaus have been found from the experimental, numerical and analytical relations as shown in Fig. 13

(a). Instead, plateaus have been observed from the experimental tests, the numerical simulation and the
22
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analytical solution with an adequate bond length as shown in Fig. 13 (b). Fig. 13 also illustrates that both

the numerical predictions and the analytical solutions are in close agreement with the experimental results

in terms of the bond strength, the ultimate strip displacement and the overall load-displacement shape.

In order to further evaluate the impacts of the bond length on the analytical solutions, another nine

comparisons have been conducted and shown in Fig. 14. All parameters used in the simulations and the

analytical solutions are the same as the specimen No. 11-12 except the bond length varying from 40 to

4500 mm. Fig. 14 (a) illustrates both the numerical simulations and the analytical solutions capture the

trend of increased the bond strength with increasing the bond length for the strip with an inadequate bond

length. A further increase of the bond length beyond the effective bond length (from 300 to 4500 mm)

results in few increases on the bond length but improves the ductility of the debonding process as shown

in Fig. 14 (b)-(e). In a wide range of bond length (40-4500 mm), Fig. 14 illustrates that the analytical

solutions agree well with the predictions obtained from the proposed FE models. It suggests that the

analytical solutions can reliably predict the load-displacement responses for the strip with the bond length

ranging from 40 to 4500 mm.
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Fig. 13. Comparisons of load-displacment responses between the numerical predictions and the corresponding

specimens having (a) an indequate bond length, and (b) an adequate bond length.
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predictions obtained from the simulations having various bond lengths : (a) ls= 40, 60, 80, 100 and 120
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7.3 Thickness and elastic modulus of the FRP strip

In this section, specimen No. 15-22 listed in Table 1 are selected to evaluate the impacts of the

thickness and the elastic modulus on the analytical solutions and the proposed FE models. Fig. 15

illustrates that the analytical expressions and the numerical simulations predict the load-displacement

responses in close agreement with the experimental results. The trend of increased the bond strength and

reduced the debonding ductility with increasing the strip thickness (from 0.262 to 0.524 mm) has been

well captured by the analytical solutions and the numerical simulations as shown in Fig. 15 (a)-(c) and

listed in Table 1. In Fig 15 (d), all parameters of the specimen No. 21-22 are the same as that of the

specimen No. 19-20 except the elastic modulus increasing from 94 to 227 GPa and the thickness slightly

varying from 0.51 to 0.524 mm. As shown in Fig. 15 (c)-(d), both the analytical solutions and numerical

simulations capture the trend of increased the debonding ductility and reduced the bond strength with

reducing the elastic modulus from 227 to 94 GPa. It suggests that the analytical solutions and the

proposed FE models can reliably predict the load-displacement responses for the strip with thickness

ranging from 0.262 to 0.524 mm and elastic modulus varying from 94 to 227 GPa.
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Fig. 15. Comparisons of load-displacment responses between the analytical solutions and the numerical

predictions obtained from the simulations having various thickensses and elastic modulus of the FRP

strip: (a) ty =0.262 mm & Ef =227 GPa (b) ty=0.393 mm & Ez=227 GPa, (c) t;=0.524 mm &

Ef =227 GPaand (d) t;=0.51 mm & E; =94 GPa.
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8. Conclusion

This paper has proposed a set of FE models to study the entire debonding propagation process for the

strip with various strip widths, bond lengths, thicknesses and elastic modulus. The assessment of the FE

models has been conducted using the test results of 22 pull specimens. Based on the predictions obtained

from the proposed FE models, closed-form expressions have been developed to predict the load-

displacement responses. The analytical solutions have been evaluated against the experimental results

and the comparably simulations to draw the following conclusions:

1.

All simulations performed well and estimated the load-displacement responses of pull tests with

high accuracy. Within a size range from 0.1 to 5 mm, the proposed FE models showed limited

sensitivity to the element size. In addition, the simulations accurately captured the impacts of the

strip width, the bond length, the thickness and the elastic modulus on the bond behavior.

Based on the numerical predictions, the analytical expressions have been developed to describe

the load-displacement behavior of the strip with various strip widths, bond lengths, thicknesses

and elastic modulus. The load-displacement behavior of the strip with an adequate bond length

featured four stages, i. e. the elastic stage, the softening stage, the plateau stage and the unloading

stage. For the strip with an inadequate bond length, the load-displacement behavior featured the

same three stages without the plateau stage. The function of the effective bond length has been

also proposed to determine whether a bond length was adequate or not.

The analytical solutions well captured the trend of (1) increased the bond strength with increasing

strip width; (2) increased the bond strength with increasing bond length for the strip using an

inadequate bond length or increased the debonding ductility instead of the bond strength with

increasing bond length for the strip using an adequate bond length, and (3) increased the
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debonding ductility and reduced the bond strength with increasing the thickness and elastic

modulus of the strip.

Overall, the analytical solutions have been shown in close agreement with experimental results

and numerical predictions. The analytical expressions therefore can be used to determine the

load-displacement behavior of the FRP strip bonded to the concrete substrate.
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