-

View metadata, citation and similar papers at core.ac.uk brought to you by . CORE

provided by Bradford Scholars
4 e UNIVERSITY of
EmE

0 BRADFORD Library

The University of Bradford Institutional
Repository

http://bradscholars.brad.ac.uk

This work is made available online in accordance with publisher policies. Please refer to the
repository record for this item and our Policy Document available from the repository home
page for further information.

To see the final version of this work please visit the publisher’s website. Available access to
the published online version may require a subscription.

Link to original published version: http://dx.doi.org/10.1016/j.compositesb.2013.12.002

Citation: Ashour AF and Kara IF (2014) Size Effect on Shear Strength of FRP Reinforced Concrete
Beams. Composites: Part B, 60: 612-620.

Copyright statement: © 2014 Elsevier. Reproduced in accordance with the publisher's self-
archiving policy.

(O8O

7 MG MDD


https://core.ac.uk/display/76945457?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://creativecommons.org/licenses/by-nc-nd/4.0/

SIZE EFFECT ON SHEAR STRENGTH OF FRP
REINFORCED CONCRETE BEAMS

Ashraf F. Ashour?, llker Fatih Kara®"

# School of Engineering, Design and Technology, University of Bradford, BD7 1DP, UK
® Civil Engineering Department, Nigde University, 51245, Nigde, Turkey

* Corresponding author, Email: ifkara@nigde.edu.tr, Tel: +90 388 2252293, Fax: +90 388 225 0112

ABSTRACT

This paper presents test results of six concrete beams reinforced with longitudinal carbon fiber
reinforced polymer (CFRP) bars and without vertical shear reinforcement. All beams were
tested under a two-point loading system to investigate shear behavior of CFRP reinforced
concrete beams. Beam depth and amount of CFRP reinforcement were the main parameters
investigated. All beams failed due to a sudden diagonal shear crack at almost 45°. A
simplified, empirical expression for the shear capacity of FRP reinforced concrete members

accounting for most influential parameters is developed based on the design-by-testing

approach using a large database of 134 specimens collected from the literature including the

beams tested in this study. The equations of six existing design standards for shear capacity of
FRP reinforced concrete beams have also been evaluated using the large database collected.
The existing shear design methods for FRP reinforced concrete beams give either
conservative or unsafe predictions for many specimens in the database and their accuracy are
mostly dependent on the effective depth and type of FRP reinforcement. On the other hand,
the proposed equation provides reasonably accurate shear capacity predictions for a wide
range of FRP reinforced concrete beams.
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= beam shear span.

= area of longitudinal FRP reinforcement.

= beam shear span to effective depth ratio.

= beam width.

= least-square fine-tuning parameter.

Cs and C,4 = constants required to model size effect.
= coefficient of variation of the error random variable ¢.
= beam effective depth.

= modulus of elasticity of concrete.

= modulus of elasticity of FRP reinforcement.
= modulus of elasticity of steel.

= compressive strength of concrete.

= cube compressive strength of concrete (=1.25f_ ).

= tensile rupture of FRP bars.

= tensile strength of concrete.

= overall depth of beams.

= bending moment at critical section considered.

= total number of test specimens.

= Es / Ec= ratio of modulus of elasticity of FRP bars to that of concrete.

= total failure load.

= total load at first visual crack.

= shear capacity provided by concrete reinforced with longitudinal steel bars.
= shear capacity provided by concrete reinforced with longitudinal FRP bars.
= experimental shear capacity of database specimens.

= shear force at critical section considered.

= shear capacity provided by FRP stirrups.

= predicted shear capacity of database specimens.

= error random variable.

= mean value of error random variable 6.

- standard deviation of error random variable 6.

= factor to account for concrete density (=1.0 in this study).
= tensile steel reinforcement ratio.

= tensile FRP reinforcement ratio.

= design shear stress.



1. INTRODUCTION

Fiber reinforced polymer (FRP) bars are recently used as an alternative to steel reinforcement
to overcome corrosion of steel reinforced concrete structures in severe environment. The
mechanical properties of FRP are different from these of steel; however, they are dependent
on the type and amount of fibre and resin used. Generally, FRP has lower weight and modulus
of elasticity but higher strength than steel. In addition, FRP stress-strain curve is straight up to
failure, exhibiting a brittle nature.

Most of the current shear design provisions [1-6] follow the well-known V¢ + Vi approach to
compute the shear resistance of FRP reinforced concrete members, where V¢ and V; are the
concrete and FRP stirrup contributions to the shear resistance, respectively. The concrete
contribution V¢ to shear resistance consists of several shear transfer mechanisms, namely
shear resistance of un-cracked concrete in compression zone, aggregate interlock along shear
cracks and dowel action of longitudinal reinforcement. Due to the lower elastic modulus and
axial rigidity of FRP flexural reinforcement than steel, concrete members reinforced
longitudinally with FRP bars develop wider and deeper cracks, and smaller un-cracked
concrete compression zone than these reinforced with steel, consequently a reduction in the
contributions of un-cracked concrete and aggregate interlock mechanisms to the concrete
shear strength. Additionally, due to the relatively small transverse strength of FRP bars and
wider cracks, the contribution of dowel action to shear capacity can be very small compared
with that of steel. Therefore, concrete members reinforced longitudinally with FRP bars
experience reduced shear strength compared with these reinforced with the same amount of
steel reinforcement as evidenced in many experimental investigations [7-9].

Many research investigations on the shear strength of reinforced concrete [10-16] indicated
that as the beam depth increases, there is a decrease in the shear strength of the member; that

has been often termed as ‘size effect’. ACI Committee 445 [10] on shear and torsion



suggested that size effect is mainly attributed to the large width of diagonal cracks in larger
reinforced concrete beams. Contrasting theories on sound physical modeling of the size effect
phenomenon are being debated, primarily the energetic-statistical scaling [13-15] and the
crack spacing hypothesis incorporated in the modified compression field theory [11, 12, 16].
Size effect is also of fundamental and practical relevance to the design of concrete members
reinforced with FRP bars, where deeper and wider cracks due to the relatively low elastic
modulus as well as the reduced dowel action contributed by FRP flexural reinforcement, pose
safety concerns that must be addressed.

Although the number of experimental studies on shear behavior of FRP reinforced concrete
beams has increased in recent decades, it is still far much lower than that related to steel
reinforced concrete structures. On the other hand, several shear design guidelines [1-6] have
been published to aid the design of FRP reinforced concrete beams. Most of these design
standards consider the size effect in their shear equations in a similar way to conventional
steel reinforced concrete but calibrated against limited experimental results. Therefore, it is
important to assess the accuracy of these equations against more experimental results.
Furthermore, it would be beneficial to propose shear capacity equation accounting for size
effect as well as other influential parameters, that accurately predicts the shear capacity of
FRP reinforced concrete beams.

The principal objectives of this paper are summarized below:

e To present results of six concrete beams reinforced with CFRP bars tested under static
loading condition up to shear failure. Different arrangements of longitudinal CFRP
bars and beam depths were investigated.

e To assess the recently developed guideline formulas for estimating the shear capacity

of FRP reinforced concrete beams on a large database.



e To propose a shear capacity equation for FRP reinforced concrete beams accounting

for size effect as well as other shear design parameters, developed from the well-

known design-by-testing approach.

2. TEST PROGRAMME

2.1 Test specimens

The test specimens consisted of six CFRP reinforced concrete beams, classified into three groups
according to the overall beam depth. All beams were 200mm wide and 3000mm long. The overall
depths of beams in groups 1, 2 and 3 were 400, 300 and 200mm, respectively as given in Table 1 and
Fig. 1. In each group, one beam was reinforced with two main longitudinal CFRP bars and the other
with four main longitudinal CFRP bars, each of 7.5mm diameter and having 20mm cover concrete.
The shear span to effective depth ratios, a/d, for beams in groups 1, 2 and 3 were 2.7, 3.6 and 5.9,
respectively as given in Table 1. Beam notations included two parts: the first part gives the overall
beam depth (400, 300 or 200mm) and the second part represents the number of main longitudinal
bottom CFRP bars (2 or 4 bars). For example, B-300-2 indicates a 300mm deep beam reinforced with

2 CFRP bottom longitudinal bars.

2.2 Material Properties

All test specimens were made from a commercial ready-mixed concrete. Table 1 gives the
compressive and tensile strengths of concrete. The concrete compressive strength f, is
obtained from testing sixteen 100 mm cubes whereas the tensile strength f; of concrete is
obtained from the splitting cylinder test of eight cylinders (150mm diameter x 300 mm long),
for each series.

The CFRP bars used in this study are manufactured by the pultrusion process. The mechanical
properties of CFRP bars used were obtained by carrying out uni-axial tensile tests on three

CFRP specimens. Special arrangement for the bar end griping has to be taken to avoid
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crushing of CFRP specimens at the steel jaws of the test machine. CFRP bar specimens were
initially prepared by embedding the ends of the CFRP bar into steel tubes filled with a mortar
matrix made from high strength gypsum cement. The measured tensile rupture f;, and elastic
modulus Eq for 7.5mm diameter CFRP bars were 1100 N/mm? and 141440 N/mm?

respectively.

3. TEST RESULTS AND DISCUSSIONS

All test specimens, each of 2800 mm span, were simply supported and subjected to a
symmetrical two-point loading system as depicted in Fig. 1. A top steel spreader beam was
used to divide the total applied load from the hydraulic pump unit into two equal point loads.

The load was applied in small increments until failure occurred.

3.1 Failure modes and loads

The first visual crack occurred close to the beam mid-span in the vertical direction at different
load levels depending on the amount of CFRP reinforcement used and beam depth as given in
Table 1. As the load increased, more flexural cracks were formed within the mid-span and
shear span regions and existing cracks became wider and deeper as shown in Fig. 2. Some
flexural cracks extended almost across the whole beam depth due to the low elastic modulus
to tensile strength ratio of CFRP bars.

All beams failed due to diagonal shear cracks formed within the shear span of test specimens
at different load levels as presented in Table 1. Shear failure cracks followed the principal
tensile stress trajectories of elastic analysis. At the middle portion of the beam shear span,
cracks were almost diagonal at 45° inclination, whereas those at the top-side of the beam were
flatter as shown in Fig. 3(a) for beam B-400-2. In beams B-300-2, B-300-4, B-200-2 and B-

200-4, the diagonal failure crack propagated horizontally at the level of CFRP bars, showing



signs of debonding between CFRP bars and concrete as depicted in Fig. 3(b) for beam B-300-
4,

The amount of longitudinal bottom CFRP reinforcement had no significant effect on the shear
capacity of beams tested; for example the shear capacity increase in series 1 is 9.8% (beams
B-400-2 and B-400-4), series 2 is 0% (beams B-300-2 and B-300-4) and series 3 is 18%
(beams B-200-2 and B-200-4). This observation agrees well with that found by Yost et al. [8]

for GFRP reinforced concrete beams of similar shear span to depth ratios.

4. EVALUATION OF EXISTING SHEAR DESIGN GUIDELINES

4. 1 Review of current shear design provisions

Shear design equations for FRP reinforced concrete members without stirrups recommended
by ACI 440.1R-06 [1], CAN/CSA S806- 02 [2], JSCE-97 [4], ISIS-M03-07 [3], BISE-99 [5]
and CNR-DT 203/2006 [6] listed in Table 2 are evaluated in this study. Note that all strength
reduction design factors are set equal to one in these shear design equations for comparison
purposes.

Most of the current shear design provisions for concrete structures reinforced with FRP bars
are mainly based on the design formulas for concrete members reinforced with steel and
modified to account for the difference between FRP and steel reinforcements. Nevertheless,
the concrete contribution Vs is different in the manner that it has been calculated in these
guidelines. For example, the Japan Society of Civil Engineers (JSCE-97) [4], the British
Institution of Structural Engineers guidelines (BISE-99) [5], the Italian Research Council
(CNR-DT 203/2006) [6] and the ISIS Canada design manual (ISIS-M03-07) [3] apply a
correction factor Eq/Es that takes into account the difference in the elastic modulus of FRP, Eg,
and steel reinforcement, Es. However, this modification factor Eq/Es is raised to different

powers in these guidelines. On the other hand, the modification proposed by the American
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Concrete Institute design guide (ACI 440.1R-06) [1] and the Canadian Standards Association
(CAN/CSA S806- 02) [2] only includes the FRP reinforcement axial rigidity Eq Ag. However,
CAN/CSA S806- 02 ignores the effect of FRP reinforcement axial rigidity for members
having an effective depth greater than 300mm that could cause discrepancy in shear capacity

prediction close to an effective depth equal to 300mm.

4.2 Size effect modelling in codes

It has been known for many years that shear strength of concrete members without stirrups
shows size effect, i.e. nominal shear stress at failure decreases as the member depth increases.
Size effect has been modelled in various codes presented in Table 2 using a purely empirical

C
2+

methodology. Some codes use a fractional form, TR of the effective depth d for size

effect, where C, and C, are two constants, such as in CAN/CSA S806-02 and ISIS M03-07. It

is worth noting that CAN/CSA S806-02 and ISIS M03-07 formulas for members with

effective depth greater than 300mm are the same when _[Eq/E, =0.5, that is the case of
E, =50 GPa and E,= 200 GPa. JSCE-97 and BISE-99 have adopted a power series form,

(C,/d)*, of the effective depth d for the size effect, where Cs and C, are two constants; C,
has the same value of 0.25 in both codes as presented in Table 2. CNR-DT 203/2006 formula
developed from an old version of Eurocode 2 for the shear capacity of concrete reinforced
with steel used a linear reduction form, 1.6—-d>1, of the effective depth d for the size effect.
Generally, various constants required for the size effect modelling are obtained by calibration
against limited experimental results. On the other hand, ACI 440.1R-06 does not consider any
size effect in the shear capacity prediction formula.

Figure 4 presents the size effect parameters in the five codes of practice against the effective

depth d of FRP reinforced concrete members. In Fig. 4, the size effect in CAN/CSA S806-02



is assumed to be the same as that in ISIS M03-07. The trend in each model agrees with the
common knowledge of the size effect as the member depth increases, the concrete shear
strength decreases. However, the CNR-DT 203/2006 size effect model does not show any
reduction when d is greater than 600mm. The values of the size effect parameters proposed by
CNR-DT 203/2006, JSCE-97 and BISE-99 are far much larger (around four to five times

larger) than these by CAN/CSA S806-02 and ISIS M03-07.
4.3 Experimental database

In addition to the six new test results from the current investigation, the shear strength results
of 128 FRP reinforced concrete elements without stirrups were collected from published
literature [7-9, 17-34] to evaluate the current shear design guidelines and calibrate the
proposed equation in this study. Only rectangular, simply supported beams and slabs that
exhibited shear failure were considered. All specimens were tested under a two-point loading
system, and had a shear span-to-depth ratio, a/d, larger than 2.5. The database specimens
included 126 beams and 8 one-way slabs of which 6 were reinforced with aramid FRP
(AFRP) bars, 51 with CFRP bars and 77 with glass FRP (GFRP) bars. Table 3 gives the
distribution of the main shear design parameters in the database. Very few shear tests (only 4)
have been conducted on specimens having an effective depth greater than 400mm as indicted
from the distribution in Table 3. Each shear design method was evaluated based on both the
ratio of experimental to predicted shear capacities, Vex/Vpred, and the average absolute error

(AAE) calculated from:

V,

exp Vpred

AAE=1y

x100 (1)
n

exp

where n is the total number of test specimens.



4.4 Proposed shear equation

The equation developed by Zsutty [35] is one of the simplest and reliable empirical shear
equation for steel reinforced concrete beams without stirrups. This equation, in Sl units,

includes the effect of the shear span to depth ratio and reinforcement ratio as follows:

d 1/3
a

where Vs is the shear capacity (in N) of concrete elements reinforced with steel and p is the
tensile steel reinforcement ratio and other parameters are the same as defined earlier. In the
present study, a theoretical model for the shear resistance Ve Of FRP elements based on Eq.
(2) but modified to account for the axial rigidity of FRP longitudinal reinforcement and to

consider the size effect is proposed below:

E 1/3
V, e = 2.2( r, End fC’J b,d d <300mm
’ a
S @3)
E 13 0.25
Vine = 2.2/ Ty _ﬂg fe (ﬂj b,d d >300mm
’ E, a d

0.25

The size effect parameter (300/d) is similar to the one proposed in BISE-99 but

considered only for elements having d >300. The main feature of Eq. (3) is that it accounts
for size effect as well as other design parameters affecting the shear capacity of FRP
reinforced concrete beams.

The above theoretical shear resistance model will be fine-tuned using the design-by-testing
approach proposed in Annex D of EN 1990 [36] and successfully employed to develop
models for the intermediate and end de-bonding failure of externally bonded fibre reinforced
polymer sheets to steel reinforced concrete beams [37, 38, 39]. The main aim of the design-
by-testing approach is to develop a formula for characteristic or design shear resistance from

the mean shear resistance (Eq. 3 above) using experimental results.
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The shear resistance V; is, therefore, represented in the following probabilistic model form:
ch = blvcf ,the 5 (4)
where by is a least-square fine-tuning parameter, given by b, = >V, Vi e / zvjm ,and ¢ is an

error random variable obtained from a comparison of the experimental shear capacity and

corrected theoretical shear resistance for each specimen in the database, i.e.,

)

I (Clvcf ;the )i (5)

where i =1 to 134. The least-square fine-tuning parameter b; obtained from 134 database is

1.255 and, therefore, the mean shear resistance V¢ can be calculated from:

E d 1/3
Vitthe = 2-76( M ?“g } b,d d <300mm
5 (6)
E 1/3 0.25
Vime =2.76| 1y _ﬂﬂ fe (@) b,d d >300mm
’ E, a d

Fig. 5 shows the comparisons between the shear resistance obtained from Eq. 6 and the

experimental results of all 134 test specimens. The mean value, s, standard deviation, o, and

coefficient of variation, CoV, of the error random variable & can be calculated from:

5=1%s, o= /ii(@—ai), CoV=c/ 5 @
ni=1 n-1li=1

The above values for ¢ considering the comparison with the 134 test specimens are 5=1.002,
o =0.252 and CoV = 0.251, indicating the high level of accuracy of Eq. (7). These statistical
values of ¢ are also particularly important for defining the 5% percentile of the shear
resistance defined in Eq. (4).

Figure 6 compares the cumulative distribution of the error random variable ¢ against the
theoretical Gaussian distribution having the same mean value and standard deviation. It shows

that the cumulative distribution of &'is very similar to the standard normal distribution curve,
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validating the normality hypothesis of error. Therefore, the characteristic value, Vs, of shear

resistance V¢ can be calculated from:

Vef k =Vf m -1.64 NaI’(VCf ) (8)

As the basic random variables, Eg, ps, @, d, by, and f'; required by Eq. (4) can be considered as

statistically independent variables, the variance Var(V) can be calculated from:

Var(V, ) = Y[ k’xVar(x) | +k2xVar(s) ©)

where k; and ks are the values of the partial derivatives of V¢ with respect to the basic
variables x; and the error variable § calculated at the mean values of x; and 6.

The basic random variables can also be divided into two categories; namely the geometrical
parameters (a, d, by and pn) and material properties (Es and f%). Assuming the parameters
related to the member geometry are deterministic variables with zero variation and the
material properties related variables are normally distributed random variables, Eg. 9 above

may be written as below:

Vg ) N ) Vg )2
Var (Vs )=Lﬁ} Var(E )+[ afc'f j Var( f(; )+( 6? J Var(5) (10)

c

Negt vef  Neg  Vef Ve
where = =

- 1 v v :Cf
okn 3Ef of, 3f, 09

The characteristic shear resistance Vs can be, then, obtained from:

1
2
+Var(5) (11)

Var(Ef ) , Var( fe)

9E2  9(fe)

As the number of specimens used in each experimental investigation collected from the

literature were very small to allow the calculations of the coefficient of variations for the
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variables f'; and Ef, nominal values of CoV for Eq and f'; may be reasonably assumed as
[37,40]:

CoV for f'; =4.88/ f'; CoV for E; =0.05 (12)
However, the coefficient of variation of ¢ is obtained from the statistical distribution of the
comparison between the theoretical and 134 experimental shear capacities as obtained above

(CoV=0.251).

4.5 Theoretical prediction of shear capacity

Figure 7 shows a comparison between experimental and predicted shear capacities Vexp/Vpred
obtained from the proposed and current design equations for the database test specimens. The
vertical axis in this figure represents the ratio Vex/Vpred, While the horizontal axis is the
effective depth d of FRP reinforced concrete members. The mean, standard deviation (SD)
and coefficient of variation (COV) for Ve Vpred, and AAE of all design shear equations are
also listed in Table 4.

Table 4 and Fig. 7(a) show that the ACI 440.1R-06 design method provides the most
conservative predictions and scatter with all predictions in the conservative side and mean
ratio of Vexp/Vpred O 1.89, even though the safety factor was not considered. This relatively
high level of conservatism could be attributed to the fact that the ACI 440.1R-06 method
considers the concrete shear strength to be provided only by the uncracked concrete above the
neutral axis [41]. On the other hand, the proposed equation provides the most reasonable
prediction and least scatter for shear strength of FRP reinforced concrete beams with an
average ratio of Vexp/Vpred €qual to 1.00. The proposed equation also provided the lowest AAE
of 16.6% compared with 43.8% for ACI 440.1R-06, 33% for ISIS-M03-07, 28.8% for CNR-

DT, 24.8% for JSCE-97, 23.7% for CAN/CSA S806-02 and 18.6% for BISE-99.
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A further statistical analysis has been performed separating members in the database based on
their effective depth d and type of longitudinal FRP reinforcement used. Table 5 presents the
mean, standard deviation and coefficient of variation for members having d <300mm and
d>300mm and those reinforced with CFRP, AFRP and GFRP bars. Since AFRP has a similar
modulus of elasticity to GFRP and the number of specimens reinforced with AFRP bars in the
database is not large enough to give meaningful statistical parameters, specimens reinforced
with GFRP or AFRP are combined together in one group in this section of the paper. Figure 8
also presents the mean ratio of Ve, /Vpreq for different categories as predicted by each method.
Overall, the predictions obtained from each method vary considerably among the four
different cases considered. The CAN/CSA S806-02 design method shows the largest
inconsistency with a mean of Ve, /Vyred for CFRP specimens having d>300mm of 2.12 and
that for CFRP specimens having d <300mm of 1.14. For all methods considered, the highest
and lowest mean ratios of Ve/Vpes Were always for CFRP reinforced concrete specimens
having d>300mm and d <300mm, respectively. CNR-DT 203/2006 predictions are un-
conservative for many specimens, especially those reinforced with CFRP bars and having
d <300mm as shown in Fig. 8 and reflected in the mean of the ratio Veyxp/Vpred 0f 0.66. ISIS
MO03-07 was also un-conservative in predicting the shear capacity of CFRP reinforced
concrete specimens having d <300mm. Analysis of the database indicated that most of these
beams for which 1S1S-M03-07 overestimated the shear capacity had shear-span to effective
depth ratios (a/d) greater than 3. This could be attributed to the fact that ISIS-M03-07 method
does not consider the contribution of some shear design parameters such as the longitudinal
FRP reinforcement ratio, pn, and the shear span to depth ratio, a/d. On the other hand,
CAN/CSA S806-02 shear design equation highly underestimated the shear capacity of CFRP
reinforced concrete specimens with d>300mm (mean of Ve/Vped=2.12) as it considers a

constant value of E=50 GPa for all types of FRP bars [9] in specimens having d>300mm.
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This value is close to E; for GFRP and AFRP, but much lower than that of CFRP, leading to a
lower-bound for concrete contribution to shear capacity of CFRP reinforced concrete
members.

Shear design provision of JSCE-97 gives conservative predictions for FRP reinforced concrete
beams having d>300 mm. Similar observations are also valid, to a less extent, for the shear
equation proposed by BISE-99. However, JSCE-97 and BISE-99 methods provide reasonable
estimations for the shear capacity of FRP reinforced concrete beams with d<300 mm.

Overall, Table 5 and Fig. 8 shows that the accuracy of existing shear design equations vary
with the member effective depth and type FRP reinforcement. On the other hand, as observed
from Tables 4 and 5, and Figs. 7(g) and 8, the proposed design equation provides reasonably
accurate predictions for a wide range of specimens regardless of the beam size and type of

FRP reinforcement.

5. CONCLUSIONS

Test results of six CFRP reinforced concrete beams have been presented. A simplified,
empirical equation accounting for size effect as well as all other shear design parameters was
developed based on the well-known design-by-testing approach using a large database of 134
test specimens collected from the literature including the beams tested in this study. Six
existing shear design methods have also been evaluated using the large database collected.
Based on the above investigation, the following conclusions may be drawn:

e The failure of all beams tested was due to 45° diagonal shear cracks.

e The amount of longitudinal bottom CFRP reinforcement had no significant effect on

the shear capacity of beams tested.
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e The ACI 440.1R-06 shear design method provided the most conservative predictions
and scatter with all predictions in the conservative side, even though the safety factor
was not considered.

e The values of size effect parameter proposed by CNR-DT 203/2006, JSCE-97 and
BISE-99 are far much higher than these in CAN/CSA S806-02 and I1SIS M03-07.

e CNR-DT 203/2006 predictions are highly un-conservative for many specimens,
especially those reinforced with CFRP and having an effective depth less than 300mm.

e The accuracy levels of existing shear design equations vary considerably with different
cases considered for the effective depth and type of FRP reinforcement. CAN/CSA
S806-02 method exhibited the widest variation in predicting the shear capacity of
concrete elements reinforced with different types of FRP and having an effective depth
larger or smaller than 300mm.

e The shear capacity prediction for CFRP reinforced concrete specimens with an
effective depth greater than 300mm was highly underestimated and that for CFRP
reinforced concrete specimens having an effective depth less than 300mm was
generally un-conservative by most codes considered.

e The simplified proposed equation gives reasonably accurate predictions for a wide

range of specimens regardless of beam size and type of FRP reinforcement.
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Table 1 Details of test specimens.

h No. of 7.5mm| f, fi
Series Beam no. a/d Pcr (KN) P (kN)
(mm) bottom bars |(N/mm?)| (N/mm?)

. B-400-2 2 15.64 65.76
Series 1 B-400- 400 | 2.7 2 27.0 2.1 23 64 =23
. B-300-2 2 9.17 65.76
Series 2 53002 300 | 3.6 2 35.0 2.7 1564 65,76
. B-200-2 2 4.58 35.17
Series 3 B-200- 200 | 5.9 2 29.0 2.2 253 24150

Note: All beams were 3000mm long and 200mm wide; all notations are defined in the Nomenclature

section.




Table 2 Shear design equations for FRP reinforced concrete beams without stirrups.

ACI 440.1R-06 | V =%\/ fc'bwd(\/zpﬂnf +(pan; ) - pany)

Vfd 1/3
« =00352b,d| f/p,Ey—| d=<300mm
f

V.d
CANICSA | —<1 and 0.14b,d./f/ <V, <022b,d/f’
S806-02 M
Vg :&i b,d f. d >300mm
1000 +d

>0.082 b,d./f/

[ E
V, =0.24b,d fC'E—fI d <300mm
E
ISISM03-07 | V __%0 _, b,d.[f'—d d>300mm
1000 +d E,

Eq
V, 2014 b, d [f' —"
E,
ch :ﬂdﬁ ﬁn fvcdbwd
_ 100p 4 E
TV E T
JSCE-97
B, = 1000 <15

B, = 1.0 (in case of noaxial force)

f, =023/f, <0.72 (MPa)

E 1/2
V, = 1.3[E—”J (7,4, (1.2+40 p, )b,d)

CNRDT | —16-d=>1
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1/2
E fl
1.3 — <1
ES

E 0.25 1/3
vcf:o.79(1oopfI ”] (400j (fJ b,d
BISE-99 ES d 25

40 _,

Note: all notations are defined in the Nomenclature section.




Table 3 Distribution of shear design parameters included in the database.

Web width Effective depth Concrete compressive | Shear span to depth Modulus of Reinforcement ratio
strength ratio elasticity

by d fe a/d E pi (%)
Range Freq. Range Freq. Range Freq. Range Freq. Range Freq. Range Freq.
(mm) (mm) (MPa) (GPa)
80-100 3 100-200 34 20-30 17 2.5-3.0 17 20-50 81 0.1-0.75 |44
100-200 69 200-300 57 30-40 55 3.0-35 44 50-80 5 0.75-1.25 | 35
200-300 39 300-400 39 40-50 29 3.5-4.0 15 80-110 3 1.25-1.75 | 27
300-400 5 400-500 0 50-60 5 4.0-4.5 31 110-140 | 30 1.75-2.25 | 17
400-500 10 500-600 0 60-70 10 4.5-5.0 1 140-170 | 12 2.25-2.75 | 10
500-1000 |8 600-1000 |4 70-90 18 5.0-6.5 26 170-200 |3 2.75-3.25 | 1

Note: Total number of beams in the database is 128; of these 6 reinforced with AFRP bars, 51 with CFRP bars and 77 with GFRP bars.




Table 4 Statistical coefficients of the proposed and shear design equations.

Method Vore/Vors AAE(%)
Mean SD COV (%)
ACI 440.1R-06 1.89 0.54 28.5 43.8
CAN/CSA-S806-02 1.36 0.5 36.3 23.7
ISIS M03-07 1.3 0.46 35.1 33
JSCE-97 1.39 0.39 28.2 24.8
CNR-DT 203/2006 0.92 0.30 32.6 28.8
BISE-99 1.15 0.36 31.1 18.6
Proposed Eq. 1.00 0.25 25.1 16.6




Table 5 Further statistical analysis of predicted shear capacity.

.- Vexp/Vpred
Statistical
Method GFRP or AFRP CFRP
Parameters
d <300mm d>300 | d <300mm | d>300
Number of Specimens 62 24 29 19
Mean 1.87 2.04 1.64 2.11
ACI 440.1R-06 SD 0.44 0.84 0.31 0.52
COV (%) 23.2 41.1 18.9 24.7
Mean 1.21 1.42 1.14 2.12
CAN/CSA 806-02 | SD 0.27 0.54 0.22 0.6
COV (%) 22 37.8 19 28.4
Mean 1.44 1.54 0.82 1.28
ISIS M03-07 SD 0.37 0.48 0.28 0.35
COV (%) 26 31 34.8 27.4
Mean 1.31 1.58 1.2 1.72
JSCE-97 SD 0.27 0.58 0.17 0.41
COV (%) 20.6 36.7 14.6 24
Mean 0.95 11 0.66 1.04
CNR DT-
SD 0.25 0.37 0.16 0.27
203/2006
COV (%) 26.6 335 23.9 26
Mean 1.07 1.32 0.95 1.47
BISE-99 SD 0.24 0.52 0.21 0.36
COV (%) 22.1 39.56 22.1 24.4
Mean 0.98 1.04 0.93 1.14
Proposed Eq. SD 0.20 0.38 0.15 0.28
COV (%) 20.8 36.2 15.9 25
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Figure 1 Geometrical dimensions and reinforcement details of test specimens



Figure 2 Crack pattern of B-300-4 at 60kN (91% of the failure load)
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(b) Diagonal shear crack and debonding of CFRP bars at failure for Beam B-300-4

Figure 3 Failure modes of beams tested.
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Figure 5 Comparisons between the proposed equation and experimental results.
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Figure 7 Experimental to predicted shear capacities versus effective depth of
FRP members.
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