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Abstract

In case of RC members strengthened by means of externally bonded reinforcement, a premature failure can be detected in
addition to the conventional modes of failure observed in RC unstrengthened beams. The premature failure occurs mainly due to
both shear and normal stresses induced in either the external reinforcement—concrete interface or at the level of steel
reinforcement. This research is part of a complete programme aiming to set up design formulae to predict the strength of CFRP
strengthened beams, particularly when premature failure through laminates-end shear or concrete cover delamination occurs.
Series of RC beams were strengthened with carbon-fiber-reinforced plastic (CFRP) laminates and tested to estimate the extent of
the applicability of the formulae proposed by the authors, as well as to study the influence of the layout of the external
reinforcement in terms of unsheeted length (the distance between CFRP laminates-end and the nearer support) and cross-
sectional area, on the behaviour of strengthened beams. The predictions using the proposed formulae are compared with the
obtained experimental results, as well as with the calculated design limit states. The interfacial shear stress and the maximum
deflection corresponding to the predicted values at maximum and service loads are also studied. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Carbon-fiber-reinforced plastic (CFRP) laminates are
becoming a powerful technique for strengthening RC
beams. The technique intends to enhance the flexural
capacity of the original beam. However, when applying
the CFRP laminates to the beam, geometrical as well as
material discontinuities are introduced into the com-
posite system (beam/adhesive/laminates).

Similarly, as in the steel plate bonding technique, the
unsheeted length in the shear zone near the beam sup-
ports has an important effect on the general behaviour
and strength of the system. Due to higher strength of the
laminates, their cross-sectional area is reduced, and
therefore the geometrical relation between concrete and
laminates is completely different from the one in bonded
steel plates.

*Corresponding author. Fax: +32-016-32 19 76.
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In steel plate bonding only exceptionally more than
one layer of plates are used. However, in CFRP lami-
nates bonding, it is very easy to comprise of multiple
laminates and laminate layers with different lengths. The
use of different lengths can be applied to alleviate stress
concentration at the laminates anchorages [1].

This paper deals with mathematical modelling and
prediction of behaviour and strength of CFRP lami-
nates strengthened beams, in particular when failure
occurs due to laminates-end shear or concrete cover
delamination, taking into account the influence of un-
sheeted length and the cross-sectional area of CFRP.
This paper does not deal with other failure mechanisms
like peeling-off of laminates at the laminates ends or at
intermediate locations such as large shear or flexural
cracks [2].

Tests on a series of RC beams with externally bonded
CFRP laminates have been used in this research to
confirm the validity of the proposed formulae to be
applied in the case of CFRP strengthened beams in both
ultimate and design limit states.
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2. Mathematical modelling
2.1. Shear stress analysis

For a homogeneous beam, Kim and White [3] ana-
lysed the shear stress induced over the surface in a
horizontal cross-section at the level of the internal bars
as well as at that in a vertical cross section. After the
formation of flexural cracks, the shear stresses over the
surface in a horizontal cross-section do not remain
constant but change considerably, see Fig. 1(c). Equi-
librium of an element pp'm’n’ (Fig. 1(b)) is considered,
with the reinforcement tension force 7" acting on the
flexural crack. The average shear stress 7.y, acting on the
horizontal plane pp’ is obtained according to (Eq. (1)).
Eq. (1) needs a careful consideration because of the
discontinuities caused by cracking and complexities in
stress distribution caused by the composite action of
steel and concrete. More specific, these discontinuities
are caused by the effect of bond between the concrete
and the rebar and the effect of the development of arch
action.

After the flexural crack n’p’ forms (Fig. 1(b)), bond
phenomena lead to highly concentrated shear stresses
in the zone above the internal bars, adjacent to the
flexural crack (Figs. 1(a), (b) and (d)). In the critical
zone, a maximum shear stress is present, with a value
of double or more the average stress. Hence, a mag-
nification factor myeyq is introduced which, according to
Kim, is equal to or more than 2. On the other hand,
the neutral axis shifts upward after the occurrence of
flexural cracks, (Fig. 2). In the shear-span, the real le-
ver arm tends to be smaller than the one calculated by
means of the cracked section analysis. Kim explains
this by the fact that when flexural cracks extend, the
compressive stress distribution becomes more uniform.
Accordingly, the neutral axis shifts downward. This is
attributed to the development of arch action. As a re-
sult of the reduction of the internal lever arm from z,
to z. (Fig. 2(a)), the reinforcement force 7 in the shear-
span is consistently higher than the calculated value.
Hence, a magnification factor m,, is introduced, which
equals the actual internal moment arm length z. over
the calculated moment arm z,. With regard to Kim’s
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Fig. 1. Shear stress in reinforced concrete beams, Kim and White (1991).
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Fig. 2. (a) Reduction of internal moment arm length due to the development of arch action by flexural cracks based on finite-element analysis, before
flexural cracking (left) and after flexural cracking (right), Kim and White (1991); (b) shift rule: reinforcement force is dependent on the shear force

acting at a distance z.



O. Ahmed et al. | Cement & Concrete Composites 23 (2001) 3—19 5

explanation, it is remarked that the increased rein-
forcement force is normally accounted for by the so-
called “shift-rule” in a cross-section. It is calculated
with the shear load acting on the concrete compression
zone of the cross-section at the tip of the flexural crack
(Fig. 2(b)).

On the basis of these considerations Kim and White
derived two cracking criteria. The first criterion, (Eq.
(2)), describes the flexural shear cracking load, when the
shear stress 7 reaches the tensile strength f; of concrete.
Then, a shear crack may initiate at a point in the critical
zone in which the magnification factors m,., and mpeng
only have a meaning after flexural cracking. For a simply
supported beam under point loads, the second criterion,
(Eq. (3)), describes the shear force as a function of the
flexural cracking moment at a section a. from the sup-
port. By equilibrating the two criteria, a probable flexural
shear load and a flexural shear crack position a. emerge.
The critical crack position a. is expressed by Eq. (4).
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with p, =reinforcement ratio and k; =empirical con-
stant.

2.2. Modelling analogy according to Jansze [4]

If RC members are partially strengthened by means
of externally bonded steel plates, a plate-end shear crack
is forced to occur at the plate-end location. Hence, the
plate-end position or the unplated length L is analogous
to the location of the critical shear crack a. of Kim and
White. This is depicted in Fig. 3. On the left side, the
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critical crack section of Kim and White is depicted, the
right side shows a partially plated beam-end. As a result
of the analogy between a. and L, the shear-span «a be-
longing to a. is analogous to the fictitious shear-span a;
belonging to L. When taking this modelling analogy
into account, Eq. (4) can be interpreted as Eq. (5).

The fictitious shear-span a; given by Eq. (5) is used by
Jansze as input parameter to compute the shear resistance
Taum ON the basis of MC90’-formula (7) [5], where
Cmcoo = k = 0.18 (Eq. (10)) in case of ultimate load. Es-
sential is that with this MC90-formula the unstrength-
ened part is considered, so the effective depth of the
internal reinforcement d, and the internal reinforcement
ratio p, have to be taken into account. Kim has used a
statistical analysis to determine the constant k, included
in Eq. (4). Also, to satisfy the prediction of the maximum
shear load, the formulation has been adjusted by Jansze
[4]. Analysis showed that by replacing the constant kg
included in Eq. (5) by the fictitious shear-span-to-depth
ratio a; /d,, a correct agreement was obtained between the
plate-end shear loads based on the fictitious shear-span
and the experimental and numerical results. Thus, by
substituting constant %, in Eq. (5) with a;/d; it can be
rewritten into Eq. (6) that objectively expresses the ficti-
tious shear-span a;. Hence, when Eq. (6) is used in
combination with the modified MC90 (Eq. (10)) to pre-
dict the plate-end shear strength tpgs of strengthened
beams with different unplated lengths [4], the conclusion
is drawn that the plate-end shear model is definitely ca-
pable of calculating the plate-end shear strength of par-
tially plated members with various cross-sections.
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Fig. 3. Location a. of governing flexural shear crack according to Kim and White (1991); modelling analogy with fictitious shear-span a; and
unplated length L for partially plated member for which plate-end shear crack is analogous to flexural shear crack.
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Furthermore, throughout the experiments carried out by
Jansze on strengthened beams of different concrete sec-
tions as well as throughout various other studies [6,7] on
plate-end shear and plate separation, Jansze found that
the described plate separation loads showed a lower
bound value (x — 1.64s) of 0.84 in the case of steel plates
and 0.83 for the FRP plates. As a result, a characteristic
lower bound of 0.83 times the mean maximum shear
load is advised. Then the plate-end shear model should
be multiplied by a factor 0.83 for a safe design. As a
consequence, the constant £k = 0.18 in Eq. (10) should be
replaced by the design factor 0.83 x 0.18 = 0.15.
Moreover, the mean value of the concrete cylinder
compressive strength should be replaced by the charac-
teristic compressive cylinder strength. Then the design
for plate-end shear and plate separation can be obtained
according to Egs. (6) and (10). It is worthwhile to
mention that the modified MC90 formula is corres-
ponding to the shear cracking stress as recommended by
the MC90 code for reinforced concrete beams. Ac-
cordingly, the plate-end shear model is a lower bound
model for the maximum shear load and for plate sepa-
ration by concrete cover rip-off.

2.3. Proposed analytical model

The common dominant failure mode of RC beams
strengthened with externally bonded CFRP laminates is
the premature one, either laminates-end shear or con-
crete cover delamination. Therefore, the significant pa-
rameter affecting the failure behaviour of a strengthened
beam is the shear stress in the adhesive layer between the
external reinforcement and the concrete 7.;. The critical
section locates at the longitudinal laminates-end region
(cut-off point), where the shear stress concentration oc-
curs. Such a shear stress is partially due to the variation
of bending moment, part tsr, and the remaining part
due to the introduction of forces in the anchoring zones,

part T, (anchorage shear stress). The first portion of
shear stress has a considerable role in the case of steel
plate bonding. On the contrary, that portion of shear
stress is considerably smaller in the case of CFRP lam-
inates technique (Fig. 4). This is attributed to the lower
stiffness of the externally bonded reinforcement in case
of CFRP laminates: the CFRP laminates strength
amounts to 7-10 times that of steel plates, and the
modulus of elasticity of the CFRP laminates used in the
experimental programme is greater than that of steel
plates. A much smaller area of laminates is thus nor-
mally needed.

Due to the specific shear stress situation mentioned
before, and based on Eq. (10), suggested by Jansze, the
authors propose modified formulae to predict the load
carrying capacity of RC beams strengthened by means
of externally bonded CFRP laminates, particularly for
those failed due to either laminates-end shear or con-
crete cover delamination. Therefore, the shear strength
tpes (PES =plate-end shear) calculated from Eq. (10)
will be replaced by trgs (FES =fiber-end shear). The
authors propose to add the modification Atyop given in
Eq. (11) to obtain tggg instead of tpgs, (Fig. 5 and Egs.
(8)—(12)). The proposed modified expression relies
mainly on adding the difference between the portion of
shear stress generated due to shear force in case of
substitution of CFRP laminates with steel plates of 550
N/mm? yield strength (the case of Jansze’s study) and
that for CFRP laminates, to the shear stress calculated
from Eq. (10). Moreover, contribution of the original
shear strength of the beam to be strengthened to the
obtained strength is taken into account [8]. The second
term in Eq. (11) dealing with the influence of the original
shear strength is added to the formula presented in the
literature [1,9]. This term accounts for an original shear
strength 7 (7 is calculated according to ACI code [10],
Eq. (12)) different from that of reference strengthened
beams.
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Fig. 4. Shear stresses in the external reinforcement-concrete interface.
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Fig. 5. Details of strengthened beam: (a) longitudinal section; (b) cross-section; (c) cracked cross-section; (d) assumed equivalent cracked cross-

section.

The fictitious shear-span a; calculated according to
Eq. (6) may be greater than the true shear-span a. A
fictitious shear-span a; larger than the true one a is not
logic. In such cases, Jansze proposed to limit a; to the
true value «. In our experiments, we found that an
imaginary value apy equal to the average of the calcu-
lated fictitious shear-span and the true shear-span
should replace the value a; included in Eq. (10). This
adaptation is always applied by the authors.
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where k,m, s are 0.18, 6188.5 and 4.121 in case of
maximum load and are 0.15, 7236.5 and 2.75 in case of
design load, Sg,/r the statical moment of area and
moment of inertia of transformed (to concrete) cracked
section in case of CFRP, Sp,/p the statical moment of

[ACI Code], (12)

P/2
|3

area and moment of inertia of transformed (to concrete)
cracked section in case of replacing CFRP with steel
plates, p, the ratio of continuous tension reinforcement,
fo the mean compressive cylinder concrete strength,
W, W, the widths of both CFRP and epoxy mortar,
respectively (Fig. 5(b)), M, /F, represents the shear-span
(@), Ay, fys the cross-sectional area and yield strength of
shear reinforcement, s the spacing between internal
stirrups, F, is the smaller of either shear capacity or
flexural capacity of the strengthened beam (P = 2F).

3. Outline of experiments
3.1. Test programme

Nine RC beams with a rectangular cross-section of
125 mm width and 225 mm height were tested under a
two-point loading bending test over a simple span of
1500 mm (shear-span to depth ratio, a/d, equals 2.5).
These beams were divided into two main groups.

The beams in the first group were designated as AF.0,
AF.2, AF.2-1, AF.3 and AF.4. These beams were rein-
forced with two bottom bars (4;) of 8 mm in diameter
and two top bars of 6 mm in diameter plus stirrups of 6
mm in diameter at a spacing (s) of 71 mm (Fig. 6). The
first beam AF.0 was tested in its original condition as a
control one. The rest of the beams were strengthened
with two layers of longitudinal CFRP laminates (4f) of
75 mm width and variable lengths (Table 1 and Fig. 7).
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Fig. 6. Details of tested beam reinforcements.
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Table 1
Details and data of tested beams

Beam no. Internal reinforcement fe. (MPa) Epoxy mortar CFRP laminates Notice
As s (mm) L' (mm) W, (mm) Ar (mm?) L (mm)

AF.0 41.0 - - - - Ref.
AF.2 41.0 200 125 25.05 200

AF.2-1 208 mm 71 41.0 150 125 25.05 150

AF.3 41.0 100 125 25.05 100

AF .4 41.0 50 125 25.05 50

CF.3-0 71 43.0 - - - - Ref.
DF.1 42.0 32 125 12.53 50

DF.2 308 mm 100 42.0 43 125 25.05 50

DF 4 40.5 50 125 50.10 50

P/2 P2
T 4
225 Epoxy mortar CFRB laminates; nlﬂ/ers
T / 75 mm width
. 7
100 - L . a-L — 1=500 a 100
1700 mm

Fig. 7. Details and arrangements of bonded laminates for tested beams.

These two layers were bonded symmetrically onto the
bottom concrete surface of the beam. The main pa-
rameter taken into account in this group is the distance
between the cut-off point and the nearer support, the so-
called unsheeted length (L).

The beams in the second group were designated as
CF.3-0, DF.1, DF.2 and DF.4. These beams were re-
inforced with three tension bars of 8 mm in diameter (4;)
and two top bars of 6 mm in diameter plus stirrups of 6
mm in diameter at a spacing (s) (Fig. 6 and Table 1). The
first beam CF.3-0 was the control one. Beams DF.1,
DF.2 and DF.4 were strengthened with one, two and
four layers of longitudinal CFRP laminates, respec-
tively. Both the length and width of longitudinal CFRP
laminates are the same and equal to 1400 and 75 mm,
respectively (unsheeted length to shear-span ratio
L/a =0.10) as shown in Fig. 3 and Table 1. For this
group of beams, the main parameter is the cross-sec-
tional area of the CFRP laminates.

3.2. Materials

All beams were made using a normal strength coarse
aggregate concrete of 16 mm maximum nominal size,
350 kg/m? Portland cement (CEM 1, 42.5) and a w/c of
0.55. This concrete mix achieved mean compressive
strength, surface tensile strength (pull-off strength)
and Young’s modulus of 45.0, 2.85 and 30000 MPa,
respectively. The mean compressive strengths (f.) on

the cylinder after 42 days (time of testing) are listed in
Table 1 for the different tested beams.

Ribbed bars (BE 500) of 8 mm in diameter were used
for tension reinforcement and of 6 mm for both com-
pression and web reinforcements (stirrups). Both yield
and ultimate strengths as well as Young’s modulus for
each diameter are mentioned in Table 2.

The external reinforcement was a CFRP laminate
[11]. Such a CFRP is available in rolled laminate of
0.167 mm effective thickness, 500 mm width and 100 m
length. The effective thickness gives the section of the
fibers in each single ply. The ultimate strength (rupture
strength) and Young’s modulus of the CFRP laminate
are given in Table 2.

An epoxy mortar layer of 2.5-3.5 mm thickness
was applied to the different strengthened beams as a

Table 2
Properties of used reinforcements

Properties Internal reinforcement External
(N/mm?) reinforcement
®6 (mm) ®8 (mm) (CFRP laminate)
Yield 553 568 -
strength
Ultimate 613 654 3500
strength
Young’s 195000 185000 240000
modulus
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substratum to the CFRP laminates. This epoxy mor-
tar is almost completely cured within a period of 24 h
after application. Then the compressive, bending and
tensile strengths as well as Young’s modulus of this
epoxy mortar amount to 80, 20, 6.5 and 7200 N/mm?,
respectively. The resin used for the completion of
CFRP impregnation was a special epoxy resin, which
was developed for an easy impregnation of the lami-
nate.

3.3. Preparation of test specimens

The beams were prepared for bonding after a period
of 3 weeks from casting. The concrete surfaces where the
epoxy mortar layer was applied were roughened using
sand-blasting technique. Before the application of the
epoxy mortar, the roughened surfaces were cleaned by
brushing and compressed air to remove any attached
fine materials.

4. Experimental results and discussion

The influence of both the unsheeted length and the
amount of externally bonded CFRP laminates on the
behaviour of tested beams are discussed. Table 3 gives
the following elements:

P, cracking load

Py growth load (load at which the end lam-
inates shear crack initiates)

Proax ultimate rupture load

Ocr mid-span deflection at first cracking

Omax maximum mid-span deflection (the deflec-
tion corresponding to the maximum load)

Trot maximum interfacial shear stress induced
along the bonded length

TSF interfacial shear stress due to shear force.

Table 3

Results of tested beams

4.1. Failure behaviour

The first crack initiated as a flexural one at the middle
third (region of constant moment) in case of both ref-
erence and strengthened beams. The mode of failure was
a flexural one for the reference beams. However, it
changed from laminates-end shear to concrete cover
delamination as the unsheeted length decreased (Fig. 8).
The results recorded by Oehlers [2,12,13] concerning the
failure mode confirm the obtained results. When con-
sidering the cross-sectional area of the CFRP laminates,
the failure mode changed from a flexural one (yielding
of internal steel bars and rupture of CFRP laminate) to
concrete cover delamination to laminates-end shear as
the amount of CFRP increased (Fig. 9). The obtained
results showed a similar trend to that observed by Tu-
mialan [14]. Furthermore, it is worth noting that the
growth load was affected considerably by the variation
of the unsheeted length: it increased as the unsheeted
length decreased (Table 3). On the contrary, it was
found that the growth load was not influenced signifi-
cantly by the variation of the amount of the externally
bonded CFRP laminates.

4.2. Maximum loads and load-deflection diagrams

The used strengthening technique enhanced the
cracking load. The obtained enhancement was not af-
fected by the variation of the unsheeted length. How-
ever, it was influenced reasonably by the variation of the
amount of externally bonded CFRP laminates. When
considering the load carrying capacity Pn., the
strengthened beams showed a considerable enhance-
ment in comparison to that of the corresponding refer-
ence beam. The unsheeted length showed a significant
effect on the load carrying capacity (Fig. 18). On the
contrary, the gained strength did not correspond to the
increase in the amount of CFRP, particularly at a higher

Beam no. Loads (kN) Shear stress (MPa) Deflection (mm) Mode of failure

P, cr P, ar Pmax TSF Ttot (Scr 5max
AF.0 20.0 - 55.0 - - 0.77 10.60 Flexure/ref.
AF.2 25.0 55.0 83.0 0.47 1.17 1.06 8.44 Laminates-end shear
AF.2-1 25.0 60.0 85.7 0.51 1.21 1.01 10.16 Laminates-end shear
AF.3 25.0 65.0 96.5 0.54 1.45 1.08 13.16 Laminates-end shear
AF .4 25.0 105.0 111.0 0.63 2.23 0.87 14.63 Concrete cover
CF.3-0 20.0 - 75.0 - - 0.64 11.16 Flexure/ref.
DF.1 25.0 105.0 118.0 0.28 >1.72 0.78 20.80 Flexure?
DF.2 30.0 100.0 120.0 0.51 1.84 1.01 13.60 Concrete cover

delamination

DF .4 28.0 100.0 125.0 0.87 1.98 0.91 10.00 Laminates-end shear

#Flexure due to yielding of internal steel and rupture of externally bonded CFRP laminates.
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Fig. 9. Crack pattern of beams DF.1, DF.2 and DF.4 (4¢ = 12.53, 25.05 and 50.1 mm?).

strengthening ratio (4r/4;), (Fig. 19). The load carrying
capacity of the strengthened beam increased as the
strengthening ratio increased. However, for strengthen-
ing ratios higher than about 8%, a very slight enhance-
ment was observed in the gained strength as the
strengthening ratio increased. This does not mean that
the value of 8% of the experiments is the common op-
timum strengthening ratio. The optimum value relies
mainly on different other parameters such as the original
shear strength, the original flexural strength, the con-
crete strength and the shear-span to depth ratio of the
member to be strengthened [8,15-17]. When considering

the maximum load, the strengthened beams showed
1.51, 1.56, 1.75 and 2.02 times the load of the corre-
sponding reference beam for unsheeted length of 200,
150, 100, 50 mm, respectively. On the other hand, the
strengthened beams showed 1.57, 1.61 and 1.67 times
that of the corresponding reference beam for strength-
ening ratio (Ag/A4;) of 8.05%, 16.1% and 32.2%, re-
spectively. The studies of Tumialan [14] and Kachlakev
[18] confirm the obtained results well.

The relation between the total applied load and the
measured mid-span deflection is illustrated in Figs. 10
and 11 for tested beams with different unsheeted lengths
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Fig. 10. Load mid-span deflection for beams of different unsheeted lengths.
140 -
120 ik /D/D/ Ei
100 J l
~ 80
3 ‘ L
= .
= 60
=
40 ¢ CF.3-0 (ref.)
——DF.1 (1 layer)
201 —o—DF.2 (2 layers)
—o— DF.4 (4 layers)
0 . . . :

0 5 10

15 20 25
Mid-span deflection (mm)

Fig. 11. Load mid-span deflection for beams of different cross-sectional areas of CFRP laminates.

and different amounts of CFRP laminates, respectively.
Through these figures it is obvious that, for the same
level of loading, the strengthened beams showed a
smaller mid-span deflection than that of the corre-
sponding reference beams, particularly after cracking.
Before cracking, the used strengthening technique
showed no significant influence. On the other side, when
considering the relative load (the ratio of the applied
load to the maximum load) the strengthened beams
showed a greater deflection than that of the corre-

sponding reference beams at the same relative load. The
unsheeted length has a slight influence on the mid-span
deflection, particularly at lower loading levels. Con-
trarily to this, a reasonable influence on the bending
stiffness emerged due to the variation of the amount of
externally bonded CFRP laminates regardless of the
loading level. This is attributed to the active contribu-
tion of the amount of external longitudinal reinforce-
ment to the overall bending stiffness of the strengthened
beam.
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4.3. Interfacial shear stresses

The shear stress evolution (t) between the external
reinforcement and concrete along the bonded length was
derived from the normal stresses of CFRP laminates (o)
according to Eq. (13), in which i and i — 1 denote the
subsequent cross-sections. The difference between the
stresses generated in the subsequent CFRP laminates
cross-sections is transmitted to the concrete by shear
stresses.

0wl — o0-nkri-1
T = Ax, (13)

For the various unsheeted lengths as well as for the
various amounts of externally bonded CFRP laminates,
the shear stress distribution was plotted along the
bonded length for different levels of loading as shown in
Figs. 12-15. At the CFRP laminates-end region, at the
same level of loading, the shear stress decreased as the
unsheeted length decreased. Such a laminates-end shear
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Fig. 12. Shear stresses along the bonded CFRP laminates for the different unsheeted lengths (at P = 50 kN).
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Fig. 13. Shear stresses along the bonded CFRP laminates for the different unsheeted lengths (at the maximum load Pyy)-



O. Ahmed et al. | Cement & Concrete Composites 23 (2001) 3—19 13

2.5 1
+ DF.1 (1 layer)
2 ——DF.2 (2 layers)
5 —o— DF.4 (4 layers)
215
2
£
51
2]
=
7
0.5
0 T T
0 100 200 300 400 500

Location from support (mm)

Fig. 14. Shear stresses along the bonded CFRP laminates for the different strengthening ratios (at P = 70 kN).
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Fig. 15. Shear stresses along the bonded CFRP laminates for the different strengthening ratios (at the maximum load Py).

stress plays a major role in the initiation and propaga-
tion of the laminates-end shear crack which is normally
considered the major crack in case of strengthened
beams. The total drop in the shear stress induced at the
laminates-end region, just before failure, increased as
the unsheeted length increased. Through Fig. 13 and
Table 3 it can be observed that the value of maximum
shear stress generated at the external reinforcement-—
concrete interface along the bonded length enhanced
considerably as the unsheeted length decreased. This is
due to the fact that the concentration and widths of both

shear and flexural shear cracks formed at the laminates-
end region increased as the unsheeted length increased.
These formed cracks weaken the surface tensile strength
of the concrete.

In case of beams with different strengthening ratios
Ar/A4s (45 is constant) and at the same level of loading,
the shear stress generated at the CFRP laminates-end
region increased as the cross-sectional arecas of CFRP
laminates increased (Fig. 14). The total drop in shear
stress induced at the laminates-end region, just before
failure, increased as the cross-sectional area of CFRP
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laminates increased. Contrarily to that of unsheeted
length, the cross-sectional areas of bonded CFRP lam-
inates showed a slight influence on the value of maxi-
mum shear stress generated along the bonded length just
before failure (Fig. 15 and Table 3).

5. Evaluation of the proposed formulae
5.1. Maximum load

The predicted load carrying capacity of the
strengthened beams obtained according to both the
analytical model (P,) proposed by the authors and
Jansze’s equation (P,y) was calculated. Also, the maxi-
mum flexural capacity for the different tested beams was
calculated according to Eurocode 2 [19]. Two values
could be obtained according to the proposed analytical
model, P, and P,p. The first value P, is obtained
when applying the unsheeted length L to calculate the
fictitious shear-span a;. Yet, the second one Py, is ob-
tained when applying the unstrengthened length L', the
distance between the edge of the epoxy mortar layer and
the nearer support (clearance of the layer of the epoxy
mortar is taken into account), instead of the unsheeted
length L to calculate the fictitious shear-span, (Fig. 7).
Herewith, the mathematical model takes into account
that the end-laminate shear crack (major crack corre-
sponding to P,) starts at the end of the epoxy mortar
layer, and not at the end of the laminate. Fig. 16 shows
the ideal case with a major crack which initiated at the
end of bonded longitudinal laminates and Fig. 17 shows

the case with a major shear crack which initiated at the
end of the epoxy mortar layer.

The comparison between the predicted load carrying
capacity and that obtained experimentally is illustrated
in Figs. 18, 19 and Table 4. The calculated results ob-
tained according to the proposed formulae show a much
better approach to the observed values in comparison
with those obtained according to the existing literature
[4], particularly when the clearance of the epoxy mortar
layer is taken into account.

5.2. Design load and serviceability limit state

The proposed equation is modified in case of a design
procedure for both laminates-end shear and concrete
cover delamination. Moreover, limitations of the pro-
posed formulae accommodate the conventional failure
modes, shear one and flexural one. The ultimate limit
state (ULS) design method may be used in these two
cases. A good design not only takes into account the
ULS, but it also guarantees a ductile behaviour to allow
for a stress distribution.

In some particular cases, the strengthened beams
showed a ductile behaviour, e.g. beams of higher shear-
span to depth ratio (¢/d > 2.5) [17] and those provided
with adequate end anchorage [1]. The results of the
various previous studies on RC beams strengthened by
means of externally bonded reinforcements proved that
the failure response of the member and the bonded ex-
ternal reinforcement were characterised as brittle. Ac-
cordingly, when one should design these brittle failure
modes, a lower bound approach of the maximum load
carrying capacity is recognized. The safety against fail-

Fig. 16. Major shear crack at the end of bonded laminates.
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Fig. 17. Major shear crack at the end of epoxy mortar layer.
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Fig. 18. The predicted results in comparison with that obtained experimentally for the different unsheeted length to shear-span ratios (L/a).

ure is expressed as the ultimate limit resistance load P,
over the serviceability limit load Ps. According to the
codes, this safety factor should be taken generally 1:0.6
or nearly 1.70.

The predicted design load Py was calculated using the
proposed equation, taking into account that the mean
compressive strength f; will be replaced by the charac-
teristic compressive strength fy. Also, strength reduc-
tion coefficients [20] for both steel and concrete (y, and

y.) of 1.15 and 1.50, respectively, should be taken into
account in both Egs. (10) and (12). The design load was
evaluated according to the load carrying capacity of the
tested beams. Consequently, it is worth noting that,
when considering the design limit state related to the
resistance load, the different tested beams fulfilled the
required limits. The ultimate limit resistance load over
the serviceability limit load (Py.x/P) ranged from 1.83
to 2.13.
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Fig. 19. The predicted results in comparison with that obtained experimentally for the different strengthening ratios (4p/A4;).

Table 4
Predicted results

Beam Ag/As L/a Exp. max. load Predicted results (kN) Deflection
no. (U 0) Prnax (kN)
Maximum load Design load Exp. Predicted
results results
Ppr‘a Ppl‘b Pya Pyp 55 (mm) 6p‘s (mm)
(kN) (kN) (kN) (kN)
AF.0 - - 55.0 - - - - 1.80* 1.29¢
AF.2 24.3 0.4 83.0 83.0 83.0 61.8 61.8 2.95 2.76
AF.2-1° 243 0.3 85.7 84.5 84.5 64.3 64.3 3.1 3.02
AF.3 24.3 0.2 96.5 92.7 92.7 69.1 69.1 3.25 3.25
AF 4 24.3 0.1 111.0 110.2 110.2 82.1 82.1 4.13 4.11
CF.3-0 - - 75.0 - - - - 2.60¢ 2.32¢
DF.1 8.1 0.1 118.0 101.8 115.2 71.7 87.9 3.97 3.89
DF.2 16.2 0.1 120.5 116.1 121.0 88.6 92.4 4.18 3.76
DF 4 324 0.1 125.5 124.0 124.0 94.3 94.3 3.37 3.30

# Deflection corresponding to a design load of 39.1 kN.
*d =195 mm.
¢ Deflection corresponding to a design load of 57.40 kN.

The safety factor could also be defined as the ultimate
deformation §, over the deformation corresponding to
the service load J,. In case of the tested beams, when
considering this serviceability limit state, the ultimate
deformation over the deformation corresponding to the
service load ranged from 2.97 to 5.24. The obtained
results approach reasonably the value of the corre-
sponding reference beams, particularly in case of beams
of smaller unsheeted length and adequate strengthening
ratio as well as when the modification dealing with the

safety against sudden failure is considered (Eq. (17)). In
most cases the final failure mode of the strengthened
beams remains brittle. However, when defining ductility
as the deflection at failure divided by the deflection at
the yielding of steel bars [21], the strengthened beams
showed a reasonable ductility in comparison to that of
the corresponding reference beams.

Based on the formulations suggested by ACI Code
[20] in case of conventional RC beams, the maximum
deflection can be given by Eq. (14), taking into account
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Fig. 20. Load configuration and details of tested beams.

the change in the stiffness along the beam length due to
partial strengthening (Eq. (15), Fig. 20). The maximum
deflection corresponding to the service load, d,s, was
calculated and compared with the obtained observed
value, d;. The used modified equation showed a con-
siderable approach to the true values up to a loading
level of 80% of the maximum load (Table 4).

1 Pa3+Pa21 Pal?
T EL\ 6 4 16 )’

(14)

lo(la+ (/2] = 1/2] = 1) + Lol
Le = . ; , (15)
[+ (1/2)F = [1/2]

I, the effective moment of inertia, /., the moment of
inertia of the cracked section, /.. the equivalent effective
moment of inertia of the partial strengthened beam, I
the effective moment of inertia of the cracked section in
strengthened zone, I, the effective moment of inertia of
the cracked section in unstrengthened zone, /, the gross
moment of inertia of the cross-section (both external
and internal reinforcements are neglected), M. the
cracking bending moment, M, the applied bending
moment, ), the lever arm of the tension concrete fibre
and f, f; are the compressive and tensile concrete
strengths.

Based on the previous and current studies as well as
on the practical and laboratory experience, the authors

L=KI+ (1 - i), (16) suggest another safety factor that deals with the initia-
where tion of the laminates-end shear crack which is normally
a major crack: the design load should be smaller than
_ M. _ Sy _ 0.44 the growth load [22,23]. Experiments showed that
k=—=, Me="—, fi=14/"7, L :
M, W after the initiation of the laminates-end shear crack, the
110
o --<-- Growth Load (Experimental)
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Fig. 21. The predicted design loads in comparison with the growth load for the different unsheeted length to shear-span ratios (L/a).
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failure could occur suddenly depending considerably
upon both the unsheeted length and the original shear
strength. Hence, it is worth noting that in case of smaller
unsheeted length, L/a < 0.10, such a design limit is
always fulfilled. On the contrary, for L/a > 0.10 this
design limit is normally not fulfilled. Therefore, the
authors suggest a modified expression for the factor k
included in Eq. (10) to obtain the modified design load
Py, as follows:

k= kn=0.15—0.10[L/a — 0.10] < 0.15

for 0.40 = L/a > 0.10. (17)

Fig. 21 illustrates the values of the design load cal-
culated according to the proposed formula, before and
after applying the modification in the constant k, ky,, in
comparison to the obtained growth load for the different
unsheeted lengths. Throughout this figure it is obvious
that the proposed modification added an extra safety
factor against premature failure.

6. Conclusions

1. The technique of externally bonded CFRP laminates
achieves considerable strengthening efficiency, partic-
ularly in case of smaller unsheeted length and ade-
quate strengthening ratios.

2. The experiments allowed to set up a modified analyt-
ical model for the load carrying capacity of CFRP
strengthened RC beams, in case of ultimate and de-
sign states, particularly for beams failed due to lami-
nates-end shear or concrete cover delamination. The
correspondence between experiments and predicted
values is superior to the predictions by formulae
available in the literature. The modification takes into
account the specific shear stress situation at the lam-
inates-end zone. Furthermore, the influence of the
original shear strength 7 is taken into account.

3. The maximum shear stress generated at the external
laminates—concrete interface is not only influenced
by the surface tensile strength (pull-off strength) as
some of the existing literature mentioned but also
by a variation of the unsheeted length: it approaches
the concrete surface tensile strength as the unsheeted
length decreases. However, a slight effect on the in-
duced shear strength was observed due to variation
in the cross-sectional area of the externally bonded
CFRP laminates.

4. Based on the safety factor related to growth load, the
experiments allowed to set up a modified expression
for the constant k included in the proposed formula
for the prediction of design load: k =k, =
0.15—-0.10(L/a — 0.10) for 0.40 = L/a = 0.10.
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