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Abstract:

Previous research has shown that the application of externally bonded reinforcements (steel plates, fiber-reinforced
polymer (FRP) laminates, overlays, etc.) to strengthen reinforced concrete (RC) beams can lead to brittle debonding
failures before the ultimate load is reached. The aim of this study is to develop an analytical approach for the flexural
strengthening of existing structures using various types of external reinforcements and predicting the debonding failure.
In this study, an analytical model is developed to predict concrete cover separation failure in beams with overlay
strengthening that is also applicable to strengthening using other reinforcements, such as steel plates and FRP laminates.
An experimental database with various types of beam specimens is used to verify the model’s validity and reliability. A
concept for determining the effective strengthening capacity in a strengthening design is presented and the main pa-
rameters affecting the strengthening capacity are investigated. Finally, a design proposal is presented for the flexural
strengthening of RC beams with respect to concrete cover separation failure. This proposal contributes to the applica-

tion of external flexural strengthening in practical design.

1. Introduction

Bonding external tension reinforcements to a reinforced
concrete (RC) structure is an effective and convenient
method to improve the structure’s static and fatigue per-
formances under service loads and increase its ultimate
strength. Initially, much of the research on this topic
focused on bonding steel plates to the concrete members
(Hussain et al. 1995; Jones et al. 1982, 1988; Oechlers
1992; Swamy et al. 1987). Subsequently, research on
the use of Fiber-Reinforced Plastic (FRP) laminates
became more prevalent (Gao et al. 2004a,b; Maalejand
and Bian 2001; Rahimi and Hutchinson 2001; Fanning
and Kelly 2001; Quantrill et al. 1996; Garden and Hol-
laway 1998; garden et al. 1997; Arduini et al. 1997;
Nguyen et al. 2001; Ahmed andVan Gemert 1999a,b;
Beber ef al. 1999; Smith and Teng 2002; Oller 2009;
Wu et al. 2005). Most recently, the literature has fo-
cused on the use of overlays (Zhang et al. 2009, 2011a,b,
2012; Satoh and Kodama 2005). The overlay method
consists of arranging tension reinforcements (such as
steel bars or FRP grids) under the lower surface of con-
crete members. Polymer Cement Mortar (PCM) or
High-Performance  Fiber-Reinforced = Cementitious
Composites (HPFRCC) is then sprayed onto the rein-
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forcement. Because of the overlay’s weak bond strength
with normal cement-based materials, PCM or HPFRCC
allows higher levels of bond strength and durability.

Although there have been many in situ applications
using externally bonded reinforcements to rehabilitate
and retrofit structural elements, their use of reinforce-
ments for this purpose is far from being based on a ra-
tional design. The development and competitiveness of
these technologies depend on the use of valid design
guidelines that are based on sound engineering princi-
ples and mechanisms. Previous literature has shown
that the application of externally bonded reinforcements
to strengthen RC structures can lead to brittle failures
when the external reinforcements debond before the
ultimate load is reached. Such brittle behavior reduces
the full utilization of the bonded reinforcement and re-
duces the structure’s safety and stability. Current at-
tempts to explain the premature debonding mechanism
fall into two broad categories: (1) an empirical approach
to establish a relationship between debonding and vari-
ous geometrical parameters or various types of applied
force at bonding interface; and (2) an analytical ap-
proach to predict the stress concentrations that lead to
debonding. Although numerous studies have provided
design models and methodologies related to the debond-
ing problems of strengthening, the number of studies
that provide a general design proposal for various
strengthening techniques that addresses their failure
mechanism similarities is much smaller.

In this study, a series of experiments are conducted
with the aim of developing an analytical approach for
the flexural strengthening of existing structures using
various types of external reinforcements and predicting
the debonding failure. The main objective of this study
is to establish an accurate design approach for predict-



D. Zhang, T. Ueda and H. Furuuchi / Journal of Advanced Concrete Technology Vol. 10, 285-300, 2012 286

ing the load carrying capacity of strengthened RC
beams that experience concrete cover separation failure
near the externally bonded reinforcement’s cut-off point
with various strengthening methods and materials. First,
an analytical model is developed to predict concrete
cover separation of an overlay-strengthened beam that is
also applicable to those strengthened by steel plates or
FRP laminates. An experimental database with various
types of beam specimens is used to verify the model’s
validity and reliability. A concept for determining the
effective strengthening capacity for a strengthening de-
sign is introduced and the main parameters affecting it
are investigated. Finally, a design proposal is presented
for the flexural strengthening of RC beams with respect
to concrete cover separation failure.

2. Concrete cover separation

Among the premature debonding failure modes, con-
crete cover separation is often observed (see Fig. 1).
Previous literatures suggest that despite the different
materials or methodologies used to strengthen the beam,
two major factors control the concrete cover separation
failure of an RC beam strengthened with externally
bonded reinforcements. The first factors are the initia-
tion and propagation of the concrete cover separation,
which can be divided into two stages: 1) formation of a
shear crack at the end of the external reinforcement and
2) propagation of the crack to the tension reinforcement
level and horizontal progression along the steel rein-
forcement level. The second factor is the condition to
reach the strengthened beam’s peak load after the con-
crete cover separation, which is either 1) yielding of the
tension reinforcement at the shear flexure zone to lead
to a reduced beam shear resistance or 2) debonding of
the concrete cover along the entire shear span to make
the flexural strengthening completely inefficient.

The experimental observations indicate that various
strengthening methodologies have similar concrete
cover separation failure mechanisms. Therefore, a gen-
eral and valid design procedure will be used for all flex-
ural strengthening types. Current models used to explain
the concrete cover separation of a strengthened beam
fall into the following categories: (1) derivation of the
elastic stress concentrations at the FRP laminate end, (2)
the strengthened beam’s shear capacity and (3) the con-
crete tooth model. However, none of the current models
can sufficiently predict the failure loads or failure
modes (Gao et al 2004a; Smith and Teng 2002; Zhang
et al. 2012). Recently, Zhang et al. (2012) developed an
analytical model based on the modified concrete tooth
model and verified its accuracy. This study further ex-
amines the applicability and reliability of this proposed
model for steel plate and FRP laminate strengthening.

2.1 Modified tooth model by Zhang et al. (2012)
As shown in Fig. 2, a series of cracks in the concrete
cover cause concrete blocks to form along the bottom of

the RC beam that have slits between them resembling
“comb teeth”. The concrete tooth model was developed
under the assumption that a concrete “tooth” between
two adjacent cracks deforms similar to a cantilever with
horizontal shear stresses acting on its tip, which results
from the external reinforcement’s different tension
forces (Raoof and Hassanen 2000; Zhang et al. 1995).
For a single tooth (or concrete block) within a given
tooth spacing S, (as indicated in Fig. 2), the external
reinforcement’s tensile stress o, generates the tensile
stress oy at point A which is right beneath internal rein-
forcement and the closest to the overlay cut-off point in
the tooth. According to the debonding criteria, concrete
cover failure occurs when the concrete tensile stress oy
is greater than the concrete’s tensile strength. According
to Zhang et al. (2012), by assuming that all the teeth
within the length L, ranging from the overlay end to the
shear flexure crack (Point C in Fig. 2) are assumed to
have the same tooth spacing S, and fail simultaneously,
and based on the experimental fact that the peak load is
reached after the yielding of tension reinforcement at
point C in the substrate beam after debonding, the con-
crete cover separation failure load for overlay-
strengthened beams is determined by the following
equation:

2M
= ru 1
pdy (do +Lp) ( )

where M,, is the bending moment at the tension rein-
forcement yielding of an unstrengthened (control) beam,

. 1 : 1

\

Fig. 1 Concrete cover separation of an RC beam
strengthened with externally bonded reinforcement
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Fig. 2 Concrete tooth model
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and L, is the concrete cover’s debonding length at the
failure load. L, can be calculated using the following
equation:
L — 6h0Ax (ds _'xg )Mm
: f;t bScr I s

2)

where d is the distance between the support and the end
of the overlay; /4 is the net concrete cover height meas-
ured from the bottom side of the substrate concrete’s
reinforcing bar to the center of the external reinforce-
ment; b is the width of the beam; and A4, is the cross-
sectional area of the external reinforcement (either an
FRP grid or a steel bar) inside the overlay; x, d, and I,
are the neutral axis depth of the cracked section with
strengthening, the effective depth of the external rein-
forcement and the transformed moment of inertia of the
beam’s cracked cross-section in terms of the external
reinforcement, respectively; and f,, is the substrate con-
crete’s tensile strength.

Based on experimental observations, Zhang et al. as-
sume that the average spacing of the concrete teeth (S,,)
in Eq. 2 is the same as the average flexure crack spacing
(Sy) before the diagonal tension crack is formed and
two-thirds of the average flexure crack spacing after the
diagonal tension crack is formed, which is the same as
the minimum flexural crack spacing. The average flex-
ure crack spacing of an overlay-strengthened beam is
given by the following equation:

E
3 A +A4 —2°
m!( ct ot EJ
S, = : 3)

(X0 o)

where k is a coefficient to account for the strain gradient
(k= (g1 + &)/2¢, where & and ¢, are the largest and
smallest tensile strains in the effective embedment zone,
respectively); E, and E, are the Young’s moduli of the
overlay material and substrate concrete, respectively;
>0, and Y O, are the total perimeters of the concrete
reinforcement and overlay, respectively; and 7., and
Tpom are the maximum bond stresses at the reinforce-
ment-concrete interface and the reinforcement-overlay
interface at the primary crack formation stage, respec-
tively. These stresses can be calculated using the follow-
ing equation:

f'c(o)j"“ @

Theioym = 5.5-( .

where [, is the compressive strength of the concrete
or the overlay material, and 4., and A4,, are the effective
tension areas of the concrete and the overlay, respec-
tively. According to An ef al. (1997), for a certain steel
bar or FRP grid, the maximum effective tension area of
the reinforced concrete (A.max) Or the overlay (4omax)
within which a stable crack can develop is given by the
following equation:

A _ A6 oo
c(o)tmax —
f;’(u)l

where 4, and f, are the area and the yielding
strength of the single tension reinforcement in the con-
crete (or overlay), respectively, and f), is the tensile
strength of the concrete (or overlay material). When
considering two dimensions, the maximum side length
of the square effective tension zone for a reinforcing bar
in concrete substrate (/fmax) or overlay (Aymax) can be
calculated using the following equation:

hc(a)tmax = \/ Ac(a)max (6)

The effective tension zone of a steel bar or an FRP
grid should be limited by the cover thickness of the con-
crete (h..) or the overlay (4,.). In bending cases, the
height of the effective tension area should not be higher
than that of the area in tension (%..),), wWhich is below
the neutral axis (shown in Fig. 3).

According to ACI Code 318-02 (2002), in regions
with large shear forces and small moments, diagonal
tension cracks are formed at the following shear force:

)

V,= O.3h/fT'bwd¢l, (7

where d.; is the overlay-strengthened beam’s effective
depth. Eq. 7 is used to identify diagonal tension crack
formations.

2.2 Steel plate and FRP laminate strengthening

The concrete cover separation failure mechanism of
steel plate or FRP laminate strengthening is similar to
that of overlay strengthening, with differences in the
external reinforcement’s geometry, material characteris-
tics and bonding agencies. Because this study focuses
on concrete cover separation failure rather than failure
due to external reinforcement delamination, the effect of
the bonding agency on the bond behavior between the
substrate concrete and the external reinforcement is ig-
nored. Before concrete cover separation, a composite
beam monolithic reaction is assumed. The aim of this
study is to determine whether the proposed failure-

T
hc hctt
hL'fC 82
) )
AR

€]

Fig. 3 Effective tension area of an overlay-strengthened
beam.
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mechanism-based analytical approach for overlay
strengthening is applicable to strengthening using steel
plates or FRP laminates.

Egs. 1 and 2 are used to predict the concrete cover
separation failure load for a beam strengthened with
steel plates or FRP laminates. Special attention is fo-
cused on the calculation of average tooth spacing. Fig-
ure 4a shows a longitudinal segment of the beam
strengthened with steel plates or FRP laminates between
adjacent cracks subjected to a uniaxial tensile force. The
bond stresses at the reinforcement-concrete and the con-
crete-steel plate (FRP laminate) interfaces at the stabi-
lized crack stage are assumed to follow a parabolic
variation according to Kankam (1997) and Jiang et al.
(1984). Figure 4b illustrates a free body diagram of the
composite elements with a length of dx. Based on the
equilibrium of forces acting on the concrete and steel
plate (or FRP laminate) segment and the fact that the
concrete tensile stress between two adjacent cracks is
less than or equal to the concrete tensile strength at the
stabilized crack stage, the following equation is derived
for the stabilized flexural crack spacing (Sy) of the RC
beam strengthened by steel plates or FRP laminates:

S — 31#;’! AC[ (8)

! (Z Or Tb(‘m + bs Ts )

where b, is the width of the FRP laminate or the steel
plate and 7, is the peak bond stress at the FRP laminate
(steel plate)-concrete interface at the stabilized crack
stage. According to the previous study (Smith and Teng
2002),

., =1.25f%, C)

in the FRP laminate case and

7, =028/ (10)

in the steel plate case. All of the remaining symbols in
Eq. 8 are the same as those in Eq. 3. The effective ten-
sion area of concrete 4., is calculated based on Egs. 4
and 5. Figure 5 shows the comparison of average crack
spacing between experimental results (S zxp) of 28 and
14 RC beams flexurally strengthened with FRP laminate
(Ceroni and Pecce 2009) and with steel plate (Mac-
donald and Calder 1982) respectively and analytical
results from proposed equations (Sp.c4;). The mean
value and standard deviation of Sp.c4/Sppxp are also
presented. The proposed equations can properly predict
the average crack spacing of both FRP and steel plate
strengthened RC beams.

From these equations, a general calculation flowchart
can be composed for identifying the inherent failure
mode of RC beams strengthened with various externally
bonded reinforcements with respect to concrete cover
separation. As indicated in Fig. 6, the tooth spacing (S.,)
is initially assumed to be the average flexural crack
spacing (Sp). If the calculated debonding load (P,) is

LA N

a. Bond stress distribution  b. Free body diagram

Fig. 4 Element analysis of composite.

160 @ FRP Laminate: Mean=1.04 STD=0.27
A Steel Plate: Mean=1.07 STD=0.11
— Sf]. CAL=Sfl. EXP
120F------- A
’E\ Scf.EXP.=Scf.CAL. |
& e |
. | | A A |
Q 80 B ) R
5 o |
4 | | |
3 e Ju, |
40F - oo - o
0 | | |
0 40 80 120 160

Scf.CAL. (mm)

Fig. 5 Comparison between analytical and experimental
average crack spacing of FRP strengthened beam.

greater than the diagonal shear cracking load (V,,), the
diagonal shear cracks occur before the concrete cover
separation, after which the tooth spacing is taken as
two-thirds of the average flexural crack spacing follow-
ing suggestion of Zhang et al. (2012), and the debond-
ing load (P,) has to be recalculated. If the recalculated
debonding load is smaller than the diagonal shear-
cracking load, concrete cover separation occurs right
after the diagonal shear cracks are formed (Py=V,,). If
L,>a-dy, the concrete cover fully separates along the
shear span, which results in a complete loss of the
strengthening capacity. Thus, the peak load depends on
the control beam’s flexural strength (P,.). The flexure
strength (P,,) of the strengthened beam without concrete
cover separation can be predicted using the conven-
tional analysis approach (JSCE 2007) under the assump-
tion that the external reinforcement and the substrate
beam are monolithic. By comparing the debonding
strength with the theoretical flexure strength without
concrete cover separation, the peak load P.,; and the
failure mode of a strengthened beam are governed by
the lesser of Py, and P,. Please note that this analysis
does not consider shear failure of the strengthened beam
without debonding.
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Start >—> Calculation of Sz (Egs. 3 or 8)

v

Calculation of I, assuming Se=Sz (Eq. 2)

v

Calculation of Py (Eq. 1) '«— Calculation of V.4(Eq. 7)

Ser=2/3 Sn

Calculation of L, (Eq. 2)

Total loss of FRP

laminate’s efficiency

b

Pay=Puc

Yielding of longitudinal reinforcement in
substrate concrete at the shear flexure

zone

b

Calculation of Py (Eq. 1)

Piy= Pay

No

Yes

Poy= Ve

Fig. 6 Calculation flowchart for the flexural-strengthened beam regarding concrete cover separation

2.3 Experimental verifications

To examine the applicability of the proposed models to
FRP laminate or steel plate strengthening, the calculated
peak and failure loads must be compared with the ex-
perimental outputs available in the literature. For this
purpose, published or reported experimental results for
beams strengthened with FRP laminates or steel plates
with sufficient dimensional and material parameters
were analyzed. Ninety samples were collected, of which
39 were strengthened with steel plates and 51 were
strengthened with FRP laminates. Please note that these
samples typically had different material properties and
dimensions, including the concrete compressive strength
(), the FRP laminate or steel plate modulus (E;), the
thickness (#,) and width (b,) of the FRP laminate or the
steel plate, the internal steel reinforcement, the distance

from end of the FRP laminate or the steel plate to the
support (dy), and the concrete beam geometry. All of the
test data included in this study’s database were obtained
for simply supported rectangular RC beams subjected to
a monotonic four-point bending load, with flexural fail-
ure or concrete cover separation. The specimen with
interfacial debonding was not considered in this data-
base since it was out of the scope of this paper. The
geometrical and material properties of the collected
samples are shown in Appendices A and B, respectively.

In Tables 1 and 2, each sample’s peak load and fail-
ure mode are presented, along with numerical estima-
tions based on the proposed model for FRP laminate and
steel plate strengthening, respectively. A comparison of
the experimental and analytical peak loads is provided
in Fig. 7. For FRP laminate strengthening, the mean
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value of the ratio between the calculated and experimen-
tal peak loads (P.y/P.yy) is 1.00, with a standard devia-
tion of 0.17 and a correlation coefficient of 0.94. For
steel plate strengthening, the mean value of the same
ratio is 0.96, with a standard deviation of 0.14 and cor-
relation coefficient of 0.98. The proposed model cor-
rectly predicts the effects of various parameters, such as
material properties and sample dimensions. These re-
sults verify the proposed model’s accuracy and indicate
that the proposed prediction method is applicable and
reliable for FRP laminate and steel plate strengthening
as well as overlay strengthening.

3. General design proposal

3.1 Effective (Maximum) Strengthening Capac-
ity

Specimen Gal in Table 1, which is strengthened by an
external FRP strip, is used as an example to examine the
changes of flexural strength and debonding strength
with concrete cover separation with area of external
reinforcement (4;). As indicated in Fig. 8, for given
substrate and external reinforcement material properties,
an increase in the ratio of area of external and internal
reinforcement A,/A, causes the flexural strength to in-
crease and the debonding strength to decrease with con-
crete cover separation. Therefore, there is an upper limit
for the efficient area of external reinforcements, beyond
which debonding with concrete separation occurs. In
other words, for the given substrate and external rein-
forcement materials, the strengthening efficiency is lim-
ited to a certain range, out of which a further increase in
the area of external reinforcement leads to a decrease in
the peak load. As shown in Fig. 8, the efficient external
reinforcement area (4.5 and the effective strengthening
capacity (P.y) correlate to the intersection point
(P4y=P,;) of two curves representing the flexure and

debonding strengths, respectively. The strengthened
beam experiences flexure failure if 4,< 4,5 and concrete
cover separation failure if A>4,5 The 4.y and P,y for
each of the samples were calculated for FRP laminate
and steel plate strengthening. Moreover, the overlay-
strengthened beams summarized by Zhang et al. (2012)
were also calculated, of which eight had overlays with
steel bars as reinforcements, and 12 had overlays with
FRP grids as reinforcements. Tables 1-4 show the re-
sults of these calculations for 4.5 and A.4/4,. For almost
all of strengthening method types, the experimental and
predicted failure modes correspond well when compar-
ing A, and A.; There are few exceptions in Table 1,
which show the predicted failure mode does not agree
with the experimental facts. But in all of those excep-
tional cases the ratio of 4,4/4; is close to 1.0.

3.2 Parameters affecting the effective strength-
ening capacity
For a given substrate RC beam, the geometrical and

400

O Steel plate strengthening
[]  FRP laminate strengthening
— Pcal=Pexp

Pcal (kN)

Fig. 7 Comparison between analytical and experimental
peak load with concrete cover separation.

350

300+

250+

Strength (kN)

(Aei/Ar Pey)

0 0.3 0.6 0.9
As/Ar

I Pu=Puy Su=2/3S L,<L,

11. Pcal :de> Vcd; SchZ/SSﬂ, L1,<La
I11. Pcal :de:Vcd; SchZ/SSﬂ, L1,<La
1V. Pcal :de< Vcd; Scr:Sﬂ, Lp<La

V. Pw] :Pm-, Scr:Sfb LpZLa

Fig. 8 Effective strengthening capacity.

material characteristics of the external tension rein-
forcement are varied to increase the P, and thus the
strengthening efficiency. Therefore, the parameters af-
fecting the 4.5 and P,y will be investigated. In this study,
four parameters including Young’s modulus (£;), tensile
strength (f,,), area (4,) of external reinforcement and
the distance between the end of the FRP laminate and
the support (dy) are analyzed, which are the main vari-
ances of external strengthening chosen during the de-
sign process. Again, specimen Ga/ in Table 1 is used as
an example to conduct quantitative parametric studies.
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Table 1 Calculated and experimental results for the RC beam strengthened with FRP laminates.

Name P, P, P, Py Ay min%;;‘ P,y P,, P./ P A/ Failure mode

kN kN kN kN kN kN N Few o Exp.
Gal 10132 5214 12991 11338  22.50 101.32 92 .10 217 147 ¢ ¢
Gbl 7485 5040 139.45  92.08  18.00 74.85 76 098 183  3.67 ¢ ¢
Gh2 6575 5040 158.18  92.13  18.00 65.75 75 088  1.83 550 ¢ ¢
MB3 83.63 5384  73.63 7593  29.90 73.63 86  0.86 141 085 f ¢
MB4 63.95 5384 7987 7595  29.90 63.95 82 078 141 128 ¢ c
MBS 53.84 5384 8492 7597  29.90 53.87 79 068 141 171 ¢ ¢
A4 7878 2026 8226  79.31  114.00 78.78 69.7 1.13 391  1.05 ¢ ¢
A5 7878 2026 8226  79.31  114.00 78.78 69.6 1.13 391  1.05 ¢ ¢
BS 7051 2026 9674 7940  114.00 70.51 69.7 1.01 392 158 ¢ ¢
B6 7051 2026 9674 7940  114.00 70.51 69.6 1.01 392 158 ¢ ¢
FKF5 11514 6550 17549 133.51  74.40 115.14 100 115 204 194 ¢ ¢
FKF6 11514 6550 17549 133.51  74.40 115.14 103 112 204 194 ¢ ¢
FKF7 10146 6550 17549 11830  57.60 101.46 975 1.04 1.81 250 ¢ ¢
FKFI0 8933 6550 17549 105.18  43.20 89.33 82 1.09 161 333 ¢ ¢
B2 42771 1641 4831  46.14  84.80 42.71 34 126 281 113 ¢ ¢
B4 4628 1641 4843 4752 9120 46.28 35 132 290 105 ¢ ¢
Alc 5090  17.01 5434 5290  89.60 50.90 44 1.16  3.11  1.07 ¢ ¢
A2b 3571 1597 4373 4074 78.40 35.71 367 097 255 122 ¢ ¢
A2¢ 3571 1597 4373 4074 78.40 3571 373 096 255 122 ¢ ¢
1U1.0m 3746 1636 5262 4628  38.86 37.46 365 1.03 283 14l ¢ ¢
2U,1.0m 3746 1636  52.62 4628  38.86 37.46 32 1.17 283 14l ¢ ¢
14u 4077 1657 4924 4413  37.80 40.77 396 1.03 266  1.19 ¢ ¢
1Bu 4514 1657  49.63 4687  41.60 45.14 365 124 283 1.09 ¢ ¢
1Cu 49.88 1657 4933 4933  45.00 49.33 319 155 298  1.00 ¢ ¢
24u 4077 1462 4344 4232 4320 40.77 385  1.06 289  1.04 ¢ ¢
2Bu 4514 1462 43779 4460  46.80 43.79 34 129  3.05 097 f ¢
2Cu 4988  14.62 4353 46.87  50.40 43.53 355 123 321 0.89 f ¢
3Au 4077 1243 3693 3882  48.60 36.93 39 095 312 093 f ¢
A3 104.04 7039 17574 126.53  69.00 104.04 106 098 180  2.83 ¢ ¢
A4 104.04 7039 17574 126.53  69.00 104.04 104 100 180  2.83 ¢ ¢
A950 42779 4279 8245 5476  14.40 42.43 562 075 128  6.67 ¢ ¢
AI100 42779 4279 8245  58.60  20.80 42.43 573 074 137 4.62 ¢ ¢
AII50 42779 4279 8245 5946 2240 42.43 589 072 139 429 ¢ ¢
NB2 111.05 111.05 136.86 122.89  24.00 107.32 130.1  0.82 111  4.00 ¢ ¢
IT6LN 10536  52.68 201.61 131.66  33.00 10536 1162 091 250  3.00 ¢ ¢
2T6LN 12541 5419 23115 14850  39.00 125.41 1359 092 274 254 ¢ ¢
2T6LIa 12541 5419 231.15 14850  39.00 125.41 139.6 090 274  2.54 ¢ ¢
2T4LN 12292 5419 198.66 14844  39.00 12292 1333 092 274  1.69 ¢ ¢
2T4L1a  122.92 5419 198.66 148.44  39.00 12292 1377  0.89 274  1.69 ¢ ¢
DF3 11584 6370 15410 139.97  28.50 115.84 120 097 220 132 ¢ ¢
DF4 10228 6370  169.66 136.11  27.00 10228 1256 0.81 214 1.86 ¢ ¢
AF3 101.44 4431 11246 105.64 22.50 101.44 966 1.05 238 1.1l ¢ ¢
VRS 103.15 4560 107.90 10637  50.40 103.15 1022 101 233  1.05 ¢ ¢
VR6 103.15 4560 107.90 10637  50.40 103.15 100.6 1.03 233  1.05 ¢ ¢
VR7 9494 4560 127.92 106.45  50.40 94.94 1242 076 233  1.83 ¢ ¢
VRS 9494 4560 127.92 106.45  50.40 94.94 124 077 233 183 ¢ ¢
VRY 93.03 4560 14520 106.53  50.40 93.03 1296 072 234  2.62 ¢ ¢
VRIO 93.03 4560 14520 106.53  50.40 93.03 137 068 234 262 ¢ ¢
CF2-1 10144 4431 11246 105.64 22.50 101.44 1048 097 238 1.1 ¢ ¢
CF4-1 14059  68.03 13504 13621  25.50 135.04 1402 096  2.00  0.98 f ¢

f: Flexural failure; ¢: Concrete cover separation
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Table 2 Calculated and experimental results of the RC beam strengthened with steel plates.

Name Py, P, P, Py Ay minZL;‘;" P,y pP,, ) Py A/ Failure mode
kN kN kN kN kN kN v Fer we Ay Cal.  Exp.
FRB2 66.08 36.97 53.94 59.97 136 53.94 69.6 0.78 1.62 074 f f
FRB3 56.98 36.97 62.35 59.69 134 56.98 75 0.76 1.61 1.12 c c
FRBS5 50.64 36.97 70.68 59.40 132 50.64 60 0.84 1.61 1.52 c c
FRB7 4292 36.97 87.03 59.15 130 42.92 58 0.74 1.6 2.31 c c
URB?2 72.88 27.98 37.32 60.60 432 37.32 40 0.93 2.17  0.28 f f
URB3 63.09 27.98 50.40 62.00 368 50.40 55 0.92 222 0.65 f f
URB¢4 55.10 27.93 58.64 56.65 372.8 55.10 57.6 096  2.03 1.07 c c
URBS 37.86 27.98 104.13  55.66 318.4 37.86 532 0.71 1.99 251 c c
1/2/8 83.51 83.51 171.86  92.84 65 83.51 59.4 1.41 1.11 10.0 c c
1/2/N 83.51 83.51 171.86  91.73 57.2 83.51 65 1.28 1.1 11.4 c c
1/3/8 83.51 83.51 171.86  89.12 39 83.51 83.2 1.00 1.07 16.7 c c
1/3/N 83.51 83.51 171.86  85.76 15.6 83.51 69.2 1.21 1.03 417 c c
1/4/S 83.51 83.51 171.86  94.32 75.4 83.51 82 1.02 1.13 8.62 c c
2/I/N 84.46 84.46 17277  90.13 39 84.46 88 0.96 1.07 16.7 c c
2/1/8 84.46 84.46 17277  96.89 85.8 84.46 80.2 1.05 1.15 7.58 c c
2/2/N 84.46 84.46 17277  90.13 39 84.46 87.6 0.96 1.07 16.7 c c
2/2/S 84.46 8446 17277  96.89 85.8 84.46 87.6 0.96 1.15 7.58 c c
2/3/N 84.46 8446 17277  90.13 39 84.46 89.8 0.94 1.07 16.7 c c
2/3/S 84.46 8446 17277  96.89 85.8 84.46 90.4 0.93 1.15 7.58 c c
2/4/N 84.46 84.46 17277  90.13 39 84.46 922 0.92 1.07 16.7 c c
2/4/8 84.46 84.46  172.77  96.89 85.8 84.46 89.8 0.94 1.15 7.58 c c
5/1/N 84.82 8482 173.84 87.86 20.8 84.82 91.8 0.92 1.04 313 c c
5/1/8 84.82 84.82 173.84  95.04 70.2 84.82 87.8 0.97 1.12 9.26 c c
6/1/- 50.74 50.74 10424 55095 59.8 50.74 50 1.01 1.1 10.9 c c
6/2/- 50.74 50.74 10424 55095 59.8 50.74 51 0.99 1.1 10.9 c c
6/3/- 41.72 41.72 85.71 45.63 54.6 41.72 42.8 0.97 1.09 11.9 c c
6/4/- 38.31 38.31 78.71 43.26 75.4 38.31 422 0.91 1.13 8.62 c c
7/1/8 33.46 33.46 68.69 37.49 70.2 33.46 35 0.96 1.12 9.26 c c
8/2/8 26.89 26.89 56.05 29.41 54.6 26.89 29.6 0.91 1.09 11.9 c c
204 219.51  219.51  285.89 24339 1375 219.51 270 0.81 1.11 2.73 c c
205 221.23  221.23 34741 24143 1425 221.23 213 1.04 1.09 5.26 c c
208 220.26  220.26  285.14 242.22 135 220.26 264 0.83 1.1 2.78 c c
209 222.06 222.06 346.42 240.57 140 222.06 220 1.01 1.08 5.36 c c
210 221.27 221.27 348.05 240.25 135 221.27 215 1.03 1.09 5.56 c c
216 220.44 22044 248.18 242.19 150 220.44 262 0.84 1.1 1.25 c f
217 220.53  220.53 285.49 240.40 125 220.53 257 0.86 1.09 3.0 c c
218 221.77 22177 34846 238.85 1275 221.77 194 1.14 1.08 5.88 c c
219 222.38 222.38 347.21 239.89 130 222.38 220 1.01 1.08 5.77 c c
224 221.60 221.60 283.11 24195 1425 221.60 250 0.89 1.09  2.63 c c

f: Flexural failure; ¢: Concrete cover separation
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Table 3 Calculated and experimental results of the RC beam strengthened with overlay and steel bars.

P.= .
Name P, P, P, Py Ag i (I;ZIV,_ P P, ff"/ 1;:,/ :11/ Failure mode
kN kN kN kN kN kN kN exp ue ' Cal. Exp.
R4-2-10 83.57 32.12 63.08 77.27 208.00 63.08 69.40 0.91 2.41 0.69 f f
R4-3-10 66.24 32.12 78.57 69.49 172.20 66.24 75.90 0.87 2.16 1.24 c c
N4-3-10 61.69 30.20 76.35 66.22 166.80 61.69 6531 094 2.19 1.28 [ [
N4-3-10 61.69 30.20 76.35 66.22 166.80 61.69 67.67 091 2.19 1.28 [ [
N8-3-6 93.46 15.10 25.37 53.62  360.00 25.37 27.50  0.92 3.55 0.26 f f
N§-3-6 93.46 15.10 25.37 53.62  360.00 25.37 2720  0.93 3.55 0.26 f f
N6-3-6 89.93 20.14 34.05 65.81 314.28 34.05 3947 0.86 3.27 0.30 f f
N6-3-6 89.93 20.14 34.05 65.81 314.28 34.05 37.90 0.90 3.27 0.30 f f
f: Flexural failure; ¢: Concrete cover separation
Table 4 Calculated and experimental results of the RC beam strengthened with overlay and FRP grids.
{"‘”’: Failure
Name Py, P, Py Py Ay ml;l)u(f))dp P, I;’:;/ I;{L ;‘:‘gf\/f mode
kN kN kN kN kN kN kN Cal.  Exp.
1 228.97 68.25 104.56  136.81 127.51 104.56 102.70 1.02 2.00 0.41 f f
2 191.45 48.99 89.57 126.68 126.46 89.566 109.00  0.82 2.59 0.42 f f
3 112.80  48.99 118.16  115.85 100.32 112.8 99.50 1.13 2.36 1.05 [ c
4 125.24  68.25 128.71 127.47 102.43 125.24 117.50  1.07 1.87 1.03 [ c
5 187.62  47.70 71.37 114.62 102.42 71.369 81.90 0.87 2.40 0.35 f f
6 172.49  47.70 72.31 109.67  91.08 72.308 81.90 0.88 2.30 0.40 f f
7 159.54 47.70 73.25 105.62 81.90 73.248 84.50 0.87 2.21 0.44 f f
8 174.23 47.70 72.31 110.40 92.16 72.308 83.50 0.87 2.31 0.39 f f
9 106.88 62.71 119.82 11545 93.98 106.88 113.20 0.94 1.84 1.12 c [
10 106.88 62.71 119.82 11545 93.98 106.88 117.50 091 1.84 1.12 c c
11 106.88 62.71 119.82  115.45 93.98 106.88 120.50  0.89 1.84 1.12 [ c
12 106.88 62.71 119.82 115.45 93.98 106.88 126.20  0.85 1.84 1.12 [ c
f: Flexural failure; ¢: Concrete cover separation
Table 5 Effect of bs (Ga1).
3.2.1 Effects of an external reinforcement’s
bond width (bs) and thickness (t;) for a constant Case b, Aﬂffz Py PP,
strengthening area (A;) mm nm kN
Figure 9 and Table 5 show the effects of different FRP 1 75.0 22.5 113.38 2.17
bond width (b,) and thickness (f;) combinations for a 2 938 20.6 109.98 2.1
constant strengthening area. When the strengthening 3 2.5 203 109.27 2.10
area is held constant, bonds that are narrower and thin- ¢ 1313 18.4 105.66 2.03
5 150.0 18.0 104.91 2.01

ner have higher debonding strengths with concrete
cover separation, while the flexure strength remains
constant. Narrowing and thinning FRP strip leads to

increases in both 4.5 and P, According to Eqs. 3 or 8, a o R N S

smaller external reinforcement bond width results in a

smaller bond area between concrete and FRP strip, )

which increases the average crack spacing (Sy) and in 140 W---4--———_ _| === Pus (ALL Cases)

turn decreases L, (following Eq. 2) and increases the = \ = Pay (bsf75'0mm)
. . . . = == == Pdy (bs=93.8mm)

debonding strength (following Eq. 1). This effect is = «xxs Py (bs=112.5mm)

more pronounced if an intersection point exists in zone I ‘g‘, 120 - - -9\ - - 7| === Pdy (bs=131.3mm)

of Fig. 8 and less pronounced when the debonding o (bs=150.00mm)

strength depends on the initiation of a diagonal shear & 100l - AR _—

crack (zone III in Fig. 8). When the strengthening rein- o

forcement area is kept constant, bonds that are thicker '

and narrower have the better efficiency. However, re- 8oL--f--- L _Feey

ducing the FRP bond width also decreases the FRP-

concrete interface bond strength, which increases the 0 20 40 60 80

possibility of FRP delaminating (Oehlers 1992; Smith As (mm2)

and Teng 2002; Oller 2009). Therefore, a comprehen- Fig. 9 Effect of bs (GaT).
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sive design should optimize the external reinforcement’s
width and thickness by considering all debonding mode

types.

3.2.2 Effect of d,

Figure 10 and Table 6 show the effects of the distance
between the end of the FRP laminate and the support
(dy) on the debonding strength and effective strengthen-
ing capacity. The debonding strength decreases with
increases in d,, while the flexure strength remains con-
stant. This leads to a reduction in both 4.y and P, Thus,
dy should be minimized.

3.2.3 Effect of an external reinforcement’s
Young’s modulus (E;) for a constant tensile
strength (f,s)

Figure 11 and Table 7 show the effect of an external
reinforcement’s Young’s modulus for a constant tensile
strength. As E; increases, the flexure strength increases
if the failure is not governed by the tensile strength of
external reinforcement and the debonding strength de-
creases. In this case (as Cases 1 to 3 in Table 7), vary-
ing E; only marginally affects P,; and significantly af-
fects A,y If the flexural strength at the intersection point
is governed by the yielding or breakage of external rein-
forcement, the flexural strength is then not affected by
E;. In this case (as Cases 4 and 5 in Table 7), both 4.4
and P,y decrease with increase of E. Generally speaking,
smaller E is preferable.

3.2.4 Effect of an external reinforcement’s ten-
sile strength (f,) for a constant Young’s
modulus (E;)

Figure 12 and Table 8 show the effect of an external
reinforcement’s tensile strength of FRP grid or laminate
(or yielding strength in case of steel bar or plate) for a
constant Young’s modulus. As f,, increases, the flexure
strength increases if the failure is governed by the yield-
ing or breakage of external reinforcement (as Cases 1 to
3 in Table 8), and the debonding strength remains con-
stant. This leads to a decrease in 4,7 and an increase in
P, However, if the flexure strength is governed by the
compressive failure of concrete before the breakage of
external reinforcement (as Case 4 to 5 in Table 8), both
the flexure strength and debonding strength are constant
and consequently 4,5 and P,; are unchanged. Generally
speaking, larger f;, is preferable.

3.3 Calculation of A.¢ and P of all the samples
in the database

The effective strengthening capacity was calculated for
each of the samples, including those for FRP laminate
and steel plate strengthening (collected in this study)
and those for overlay strengthening (collected in Zhang
et al. (2012)). The results of these calculations are
shown in Tables 1-4. The steel plate strengthening has
the lowest strengthening efficiency, with a mean P,y /
P,. value of 1.24 (ranging from 1.03 to 2.22). This is

Table 6 Effect of do (Ga7).

dy Ay Py

Case m i’ KN Py /P,
1 60 42.8 142.51 2.73
2 120 27.8 122.12 2.34
3 180 17.2 103.24 1.98
4 240 13.5 92.25 1.77
5 300 8.2 76.73 1.47
300 I == Pus (ALL Cases)
| Pdy (d0=60mm)
! = === Pdy (d0=120mm

e N Pd§ Ed0=180mm;
| =:=:: Pdy (d0=240mm)

o —e— Pdy (d0=300mm)

|

200F------ ‘
|
|
|

150 - - -

Strength (kN)

100
50 | 1 1
0 20 40 60 80
As (mm?2)
Fig. 10 Effect of do (Ga1?)
Table 7 Effect of Es(GafT).
E; Ao Poy _
Case MPa mm’ KN PegrPuc
1 7.83E+04 66.0 112.49 2.16
2 1.57E+05 33.0 112.49 2.16
3 2.35E+05 22.5 113.38 2.17
4 3.13E+05 19.5 109.80 2.11
5 3.92E+05 18.0 105.43 2.02
200 | | Py (Es=78GPa)
‘ p°*" | m— pus(Es=78GPa)
180F -~~~z “#* T o mmmmipdy(Es=157GPa)
& P e*° | mmmmipus(Es=157GPa)
160N~ H-# 4>~~~ === Pdy(Es=235GPa)
g ; Jo' o0 "= Pus(Es=235GPa)
> , 27 0L _ @7 _ | mmumpgy(Es=313GPa)
S 14019 e == u = Pys(Es=313GPa)
£ 120 Oy < —o— Pdy(Es=392GPa)
g: —©— Pus(Es=392GPa)
o SN o = g =
3 100 4 o
80r -3 7~ -
604 R EEEERREEE
|
40 ‘
0 50 100
As (mm2)

Fig. 11 Effect of Es (GaT).

mainly due to the relatively low yielding strength of the
steel plates, which corresponds well with the parametri-
cal study on f, in section 3.2.4. Overlay strengthening
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Table 8 Effect of fs (Ga7).

fx Ae Pc
Case M;’a . ”’;’; k](f PP,
1 1050 64.5 99.96 1.92
2 2100 33.0 101.05 1.94
3 3150 25.5 108.71 2.09
4 4200 22.5 113.38 2.17
5 5250 22.5 113.38 2.17

with steel bars and FRP grids as reinforcements and
FRP laminate strengthening have relatively higher
strengthening efficiencies, with mean P,; /P,. values of
2.82,2.12 and 2.40, respectively.

3.4 Design proposal

Based on the concept of effective strengthening capacity

and its parametric studies, a flow diagram of the

strengthening process is proposed (shown in Fig. 13).

The strengthening of structures typically proceeds in the

following steps:

(1) Identify the performance requirements (P,,) for the
existing structure to be strengthened.

(2) Inspect the existing structure, evaluate the struc-
ture’s performance (P,.) and verify whether it ful-
fills the performance requirements.

(3) If the structure does not fulfill the performance re-
quirements (P,. < P,,) and an update of the struc-

P dy (ALL Cases)

250 | mmmmm—— Pus (fys=1050MPa) T

== == = Pus (fys=2100MPa) |

=== mu pys (fys=3150MPa) |
|
|

= === Pus (fys=4200MPa)
—<— Pus (fys=5250MPa)

|

|

l
0] 50 100 150
As (mm?2)

Fig. 12 Effect of f,s (GaT).

ture through strengthening is desired, proceed with
the structure strengthening design.

(4) Select an appropriate strengthening method and
establish the materials (Ej, f,;) and the construction
methods (b, dy) to be used.

(5) Evaluate the structure’s performance after strength-
ening (P and verify whether the structure will
fulfill the performance requirements.

(6) If the strengthening does not fulfill the performance
requirements (P, < P,,), employ the following

Determine the expected performance after strengthening (P.p)

L 2

Inspect and evaluate the substrate structure

v

Choose a strengthening material and determine its bond width (#) and length

v

Predict the effective strengthening capacity (Pen)

.-~~~ Check other ™=« _ Yes
< T
>~ _failure mode .--*

N { Yes

Pep< Per

No

[ Concrete cover separation ]

[ Flexural Failure J

¥

v

Determine the

Increase fis

Reduce the bond width (5

strengthening area

45 Reduce the do

Reduce the £s i Add anchorage i

by assuming

v

Calculate the effective strengthening capacity (Pes

Fig. 13 Design flow chart regarding concrete cover separation
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countermeasures and then repeat steps (5) and (6):
a. Reduce the b,
5 Reduce the d,
c. Select another material with a lower E, if E;
governs the flexural strength
d. Select another material with a higher f; if £,
governs the flexural strength
e. Apply an end anchorage system
(7) Ifitis determined that the retrofitting structure will
fulfill the performance requirements (P,; > P,,) us-
ing the selected strengthening and construction
methods, calculate the required strengthening area
(A,) according to P,, under the assumption that the
strengthened structure behaves monolithically.
(8) Implement the strengthening work.

4. Conclusions

Bonding external tension reinforcements to a reinforced
concrete (RC) structure can significantly improve the
ultimate flexural strength and stiffness of the strength-
ened beams. However, the high ultimate loading capac-
ity is often impaired by premature failure modes, such
as concrete cover separation.

In this paper, we have demonstrated that the analyti-
cal model developed to predict concrete cover separa-
tion in overlay-strengthened beams is also applicable to
those strengthened by steel plates or FRP laminates,
with differences in the average crack spacing calcula-
tions. An experimental database with various types of
beam elements was used to verify the model’s validity
and reliability. For beams strengthened with FRP lami-
nates or steel plates, the proposed model’s results corre-
spond well with those from previously conducted ex-
periments.

Based on the analytical model, a concept was pre-
sented to determine the efficient strengthening area and
effective strengthening capacity by predicting the inter-
section point of the two curves representing the flexure
and debonding strengths. Parametric studies were con-
ducted to clarify the effects of various parameters on the
efficient strengthening area and effective strengthening
capacity.

Finally, a design flow diagram for the strengthening
process was proposed with respect to concrete cover
separation. One of the key factors in this diagram is the
effective strengthening. This design proposal contrib-
utes to the application of external flexural strengthening
in practical design.
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