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ABSTRACT: ACI Committee 440 has proposed a new shear design approach for concrete members rein-
forced with fiber reinforced polymer (FRP) reinforcement that accounts for the amount and stiffness of FRP
reinforcement. The applicability and limitations for the proposed design approach are not yet fully explored.
In addition, the design approach imposes a very conservative strain limit for the FRP stirrups that may results
in uneconomical use of the reinforcement. To investigate the proposed equations and their design limitations
for shear, four beams reinforced with GFRP stirrups, three beams without stirrups, and six slabs that were de-
signed to fail in shear were tested to failure as simply supported members. Test results indicated that the con-
tribution of concrete to the internal shear resistance is influenced by the amount of the longitudinal reinforce-
ment. The proposed formulae for predicting the shear resistance provided by concrete and GFRP stirrups

were found to be overly conservative.

1 INTRODUCTION

Previous research indicated that FRP reinforced
concrete (RC) flexural members designed for failure
controlled by rupture of the FRP reinforcement (ten-
sion-controlled failure) have lower shear strength
than steel RC members with equivalent flexural
strength. To this effect, researches have proposed
that design criteria for shear should account for the
lower stiffness of the FRP reinforcement (Nagasaka
et a. 1993, Sonobe et al. 1997, Michaluk et al.
1998).

In many cases, the design of FRP RC flexural
member is governed by serviceability requirements,
which results in flexural reinforcement amount be-
yond that needed to achieve the desired strength.
For these members, the improved flexural behavior
(e.g., strength and crack width) results in an im-
proved internal shear resistance mechanism. Thisis
also true for steel reinforced flexural sections where
recent studied indicated that V. is influenced by the
ratio of flexural steel reinforcement and that for lon-
gitudinal steel reinforcement ratio ps less than 0.012
the ACI equation of 0.167,/f,bd for V. could be un-
conservative (ACI-ASCE Committee 426, 1978).
Therefore, a shear design approach that does not
considers the influence of both the stiffness and
amount of longitudinal FRP reinforcement fails to
account for the different contribution of interna
shear resistance and can be, therefore, overly con-
servative.

ACI Committee 440 proposed a new shear design
approach in its fina draft that accounts for the
amount and stiffness of longitudinal FRP reinforce-
ment (ACI 440, 2000). However, the applicability
and limitations for the proposed approach are not yet
fully explored and it may not be equally applicable
to beams and dlabs. In addition, the design approach
imposes a very conservative strain limit of 0.002 for
the design of FRP stirrups that usualy results in an
uneconomical use of the reinforcement.

This paper presents the results of an experimental
program aimed at producing additional data to ex-
amine the shear performance of RC members rein-
forced for shear and/or flexure using GFRP bars.
GFRP bars are the most common type of FRP rein-
forcement due to their lower price, and have been
used in a large number of projects worldwide and
been therefore considered for this investigation.

1.1 Shear Srength of FRP Reinforced Members

For FRP RC flexural members without shear rein-
forcement, it was proposed that the internal shear re-
sistance V; is a function of the stiffness of longitu-
dinal steel and FRP bars (Es and E;) and can be
evaluated asfollows (Michaluk et al., 1998):

V, —EV
" E (1)



Alkhrdaji, T., M.A. Wideman, A. Belarbi, and A. Nanni, " Shear Strength of GFRP RC Beams and Slabs’, Proc., CCC 2001,
Compositesin Construction, Porto, Portugal, Oct. 10-12, 2001, J Figueiras, L. Juvandes and R. Furia, Eds., pp. 409-414

The lower shear strength of FRP reinforced mem-
bers could be related to a lower dowel resistance of
FRP bars, smaller depth of compression block, and
less effective aggregate interlock due to wider
cracks. However, Eq. (1) is more appropriate for
members lightly reinforced with FRP bars (tension-
controlled failure). GFRP bars are commercially
available with modulus E; that is approximately 20%
of the steel modulus. Therefore, when using GFRP
bars, the shear strength of the member calculated
with Eq. (1) is significantly lower than that for steel
RC member with similar geometry.

The design of GFRP RC flexural member is usu-
ally governed by serviceability requirements and re-
sults in a GFRP flexural reinforcement beyond that
needed to achieve the desired strength. In this case,
the failure is governed by concrete crushing (com-
pression-controlled failure). This results in a larger
concrete compression block at failure and smaller,
more evenly distributed, cracks compared with a
tension-controlled member. Due to this behavior,
the internal shear resistance mechanism of the mem-
ber isimproved. Therefore, using Eq. (1) may yield
avery conservative estimate of the shear strength of
the member.

A more rational approach could be achieved by
accounting for the influence of the axia stiffness of
the reinforcement, AE, on the behavior of the mem-
ber. Following this approach, V.; can be expressed
in terms of the ratio of the longitudina FRP rein-
forcement p; and steel reinforcement ps as follows
(ACI 440, 2000):

v, =2 E, v @
pSES

For practical design purposes the value of g is
taken as half the maximum reinforcement ratio al-
lowed by ACI 318 or 0.375p,. Using this approach,
the ACI Committee 440 draft document gives the
shear strength equation as follows:

c,f = pf Ef. c (3)
0,1,

Eqg. (3) is more appropriate for beams, where the
steel reinforcement is typically in the neighborhood
of 0.375py,

Based on the ACI 318 approach, the thickness of
a RC dab is chosen so that deflections will not be a
problem. The desired flexura capacity is achieved
by back-cal culating the required amount of steel
reinforcement, which may be governed by the code-

specified minimum amount of reinforcement to con-
trol cracking. Occasionaly, the thickness will be
governed by shear or flexure.  Following this ap-
proach, the ratio of steel reinforcement of dabs
could be significantly lower than that for beams.
Accordingly, using Eq. (3) that considers a steel re-
inforcement ratio of 0.375py, for beams to predict the
shear strength of FRP RC dlabs could be overly con-
servative and may unnecessarily result in aneed for
increased depth of the slab to meet the shear re-
quirement.

The proposed ACI 440's design eguation to de-
termine the shear contribution of FRP stirrups V; is
identical to that used for stedl stirrups, as follows:

A, f.d
V, = (4)
S

The design strength of FRP stirrups fy, is based on
a strain of 0.002 (stress of 0.002E;). This stress
level must be equal to or lower than the tensile stress
in the bend portion of the stirrup, f,, which rarely
controls the design.

The 0.002 strain limit was imposed to control the
crack width and therefore ensure a better aggregate
interlock. Accounting for the axial stiffness of lon-
gitudinal reinforcement and imposing a strain limit
on the transverse reinforcement penalizes the shear
strength of a member twice for the same reason and
ultimately results in an uneconomical use of the re-
inforcement. In addition, FRP bars do not corrode;
therefore a strain limit of 0.002 could be relaxed.

Summing the shear contribution of the concrete
and the stirrups gives the nominal shear, asfollows:

V.=V, +V, ®)

1.2 Objectives of the research program

The objective of this research program is to verify
the shear design approach and limits proposed by
ACI committee 440H. In this paper, the following
will be addressed: 1) the contribution of Vi and V;
to the shear strength of the member, 2) the influence
of the axia stiffness AE of longitudinal reinforce-
ment on V,, 3) the strain limit for design of GFRP
stirrups and 4) applicability of the proposed design
approach to GFRP RC beams and dlabs.

2 EXPERIMENTAL PROGRAM

In total, seven beams and six slabs were tested to
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investigate the shear performance. Table 1 givesthe
dimensions and reinforcement for all specimens.
Table 2 gives the properties of the constituent mate-
rial. All specimens were designed to fail in shear.
All beams had a cross-section of 178 mm (width) by
330 mm (height) and were 2.4 m. Although the test
gpan envisioned for this test was 1.5 m, the beams
were cast with 2.4 m length to ensure that sufficient
development length is provided for the longitudinal
reinforcement. The depth to the centroid of the lon-
gitudinal reinforcement varied depending on their
layout. All the beams were reinforced with longitu-
dinal GFRP bars. Four beams (BM1, BM2, BM5
and BM6) were reinforced with GFRP stirrups (see
Table 1). The stirrups were closed stirrups with 90
deg bents, were made of ¢9.5 deformed GFRP, and
had a bent radius of 19 mm, as shown in Figure 1.
All the stirrups for these beams were pre-bend to
specification by the FRP manufacturer. Slabs SB 2,
SB4 and SB5 had a cross-section of 460 mm (width)
by 100 mm (height) while dlabs SG1, SG2, and SG3
had a cross-section of 460 mm (width) by 150 mm
(height). All the slabs were 2.7 m and were tested
with a span of 2.1 m. The effective depth for test
specimens depends on the size and layout of the re-
inforcement.

211 Test Setup and Instrumentation

All beam specimens were tested as simply supported
members subjected to a three-point load as illus-
trated in Figure 2. The first beam was tested with a
gpan of six feet. The rest of the beams were tested
with a span of 1.5 m. All dab specimens were
tested as simply supported beams with a span of 2.1
m and subjected to a four-point load, as shown in
Figure 3. The distance between the two point loads
was 0.6 m, asillustrated in Figure 3.

Linear variable differential transformers (LVDTY)
were used to measure the vertical displacement at
mid-span and quarter-span of each specimen. Strain
gages were attached to GFRP and steel longitudinal
bars at mid-span and quarter-points. In the beams,
a least two stirrups were instrumented with strain
gages. The strain gages were attached on vertical
legs, close to the bent, and at mid-height of the ver-
tical legs. A 440-kN (beams) or a 270-kN (slabs)
load cell was used to measure the applied |oad.

2.2 Test Procedure
The data acquired for each test included

measurements of applied load, longitudinal and
shear reinforcement strains, deflection, and crack
widths.

Table 1. Reinforcement type and amount.

Longitudinal

As d Pr/Pp
(mm?)  (mm)

Transverse

Type A, Spacing
(mm?) (mm)

Beam Type

BM1

BM2
BM5

BM6

GFRP GFRP 142 152

GFRP 142 203
GFRP 142 152

GFRP 142 203

1142 279 6.59
GFRP 1142 279 6.59
GFRP 1142 279 6.30

GFRP 1503 287 3.28

BM7 GFRP 1142 279 5.76
BM8 GFRP 393 287 1.96
BM9 GFRP 684 287 3.37

SB2 GFRP 213 76 212
SB4 GFRP 387 76 354
SB5 GFRP 516 76 471
SG1 GFRP 400 127 198
SG2 GFRP 568 127 267
SG3 GFRP 851 127 3.83

Table 2. Material properties.

Longitudinal Transverse
Beam f'; Type fq E Type fu E;
(MPa) (MPa) (GPa) (MPa) (GPa)
BM1 241 GFRP 717 400 GFRP 717 400
BM2 241 GFRP 717 400 GFRP 717 400
BM5 252 GFRP 717 400 GFRP 717 400
BM6 252 GFRP 717 400 GFRP 717 400
BM7 241 GFRP 717  40.0
BM8 241 GFRP 717 400
BM9 241 GFRP 717 40,0
SB2 255 GFRP 834 414
SB4 255 GFRP 800 421
SB5 255 GFRP 800 421
SG1 255 GFRP 655 40.0
SG2 255 GFRP 620 40.0
SG3 255 GFRP 620 40.0
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Figure 3: Slab test setup.

Each test specimen was tested under quasi-static
load that was applied in several cycles. Ineach

cycle, the load was slowly increased until the target
load was achieved. At this stage, the crack widths
were measured. This process was continued until
failure was achieved.

3 EXPERIMENTAL RESULTS
3.1 Beams

3.1.1 Beamswith shear reinforcement

For beams BM1, BM3, BM4, and BM5, failure was
a combination of flexure and shear. At approxi-
mately 53 to 71 kN, flexural cracks were observed.
As the load was increased, some of the cracks
started to extend at 45 degree to form shear cracks.
At maximum load, concrete crushing at the top was
observed, indicating flexural failure. This was im-
mediately followed by a sudden shear failure due to
rupture of at least one of the GFRP stirrups crossing
a diagona crack. For all the cases, when the con-
crete cover was removed, rupture of the GFRP stir-
rup was observed at the bent of the stirrup, as shown
in Figure 4. However, although in a flexura mode,
the failure load for these beams was higher than that
predicted based on the theoretical shear capacity
(see Table 3).

For beam BM2, the first flexural crack was ob-
served at approximately 62 kN. The crack on the
left side of the beam started to extend diagonally to
form a shear crack. This was followed by a number
of smaller flexura and shear cracks. Failure of
beam BM2 occurred at approximately 258 kN and
was initiated by rupture of one of GFRP stirrup
crossing the first diagonal crack, as shown in Figure
5. Beam BMG6 failed in flexural mode at approxi-
mately 289 kN. No rupture of GFRP stirrups was
observed when the concrete cover was removed.

Table 3 presents comparison of the theoretical
and experimental results for the beams. Three theo-
retical values for shear failure were calculated,
Po.0o2, Po.ooa and Poent based on a GFRP strain limit
of 0.002, 0.004, and the strength of the bent portion
of the stirrups, fp, respectively. The concrete con-
tribution V¢¢ was calculated using ACI 440’'s pro-
posed equation, Eg. (3). The theoretical load capaci-
ties based on these three limits were calculated as
follows:

Poooe = 2(Ves +Vigons) (6)
Pooos = 2(Ver +Viooo) (7
Pt = 2(Ver + Vigen) 8
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Failure loads based on the flexural capacity of each
beam P were also calculated. In Table 3, it can be
seen that the experimental [oads Pe, exceeded those
based on a 0.002 strain limit Pg oo, for all the speci-
mens. The average of Pegy/Poooe Was 1.97, indicat-
ing that the design approach based on this strain
limit is overly conservative and that it may underes-
timate the shear strength by approximately 50 per-
cent. For all the beam specimens, the experimental
results Pep were also larger than those based on
0.004 strain limit Pgoos, and the average Pe/Pooos
was 1.34. These results indicate that the 0.004 strain
limit is more appropriate and can better utilize the
contribution of GFRP stirrups while maintaining a
conservative design approach.

The experimenta failure loads for beam BM2,
the only beam to fail in shear, was smaller than that
based on the strength of the bent of the GFRP stir-
rups Ppent. A ratio Of Pey/Prent Of 0.85 was calculated
for beam BM2. This indicates that the stirrups did
not achieve the theoretical bent strength at failure. It
should be noted that, due to the failure mode of
these specimens, the actual shear strength of the
beams was not determined. The experimental loads
at failure Pep of beams BM1, BM5 and BM6 com-
pared well with their flexural capacity Pse calcu-
lated using the approach of ACI 440. The average
Of Pey/Priex for these beams was 1.02.

LS -

Table 3: Comparison of theoretical and experimental results.

Analytical Experimental
Beam PO.OOZ P0.004 Pbem Pﬂ exure EXp Failure

(kN) (kN)  (kN)  (kN) (kN)

BM1 818 1232 1895 1486 818 FHex/S
BM2 712 1027 1521 1784 712  Shear

BM5 810 1223 1886 1837 810 Flex/S
BM6 529 850 1357 1503 529 FHex/S

Figure 6 shows a breakdown of the measured in-
ternal shear resistance for beam BM2 that failed in
shear mode. In thisfigure, experimental values of V;
were calculated using the measured strain of GFRP
dtirrups. The strain measurements were obtained
from the strain gage located at the bent of the rup-
tured stirrups. As shown in this figure, prior to
cracking, the internal shear resistance was provided
by the solid beam section. Once the beam cracked,
the shear stirrups started to pick up strain, indicating
a shear resistance contribution by the stirrups. The
shear resistance provided by the concrete Vs after
cracking was dlightly lower that that of the solid sec-
tion prior to cracking. However, as the load was in-
creased, the V,,; also increased and the value of the
internal shear resistance provided by concrete at
failure was dlightly larger than that of the solid sec-
tion.

3.1.2 Beams without shear reinforcement

Beams BM7 through BM9 (no shear reinforcement)
failed in shear, as given in Table 5. The test results
of these beams show that the current design ap-
proach is very conservative. The average ratio of
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experimental to theoretical failure load Pepy/Pineo.
was 3.27. Figure 7 show that increasing the amount
of longitudinal reinforcement significantly increased
the shear strength of the beams. Figure 8 shows the
relation between Vcr ep/Vaso ratio and the ratio of
the GFRP reinforcement to the balanced ratio of re-
inforcement, pr/prp., calculated per ACI 440. In this
figure, it can be seen that the relationship between
the two ratios is non-linear and that as the ratio of
Pt/ prp iNcreased, the ratio of V¢ exp/V a40 reduced.

70

Poo/2 (kN)

&
o
<

0 10 20 30 40 50 60 70
Shear (kN)

Figure 6: Components of internal shear resistance for (BM2).

Table5: Comparison of Beam Results (w/o stirrups).
Theoretical Experimental

Beam P Piex.  Pexp. Failure Pexg/ Pineo.
(kN)  (kN)  (kN)

BM7 400 1779 1068 Shear 266

BM8 138 1245 721 Shear 518

BM9 240 1543 801 Shear 331
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Figure 7: Comparison of results for beams w/o stirrups.
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Figure 8: Comparison of results for beams w/o stirrups.

3.2 Yabs

Table 6 shows a comparison of the predicted and the
experimental loads at failure of the dabs. All the
dabs failed in flexure at aload higher that predicted
based on shear failure per ACI 440. In Table 6, the
theoretical failure load values Py were based on the
design approach of ACI 440, Eqg. (3). The values of
P440/Piheo fOr these test varied from 1.58 to 3.21 with
an average of 2.24, indicating that the proposed de-
sign approach for GFRP RC dlabs is very conserva-
tive.

Table 6: Comparison of Slab Results (kips).

Theoretical
Beam  Pieo Priex. P Failure  Pexp/Pineo
(kN)  (kN)  (kN)
SB2 7.6 155 17.7 Flexure 2.34
SB4 14.0 19.8 215 Flexure 1.54
SB5 18.6 2.1 294 Flexure 1.58
SG1 141 431 454  Flexure 321
SG2 20.1 49.6 53.8 Flexure 2.68
SG3 30.1 57.8 63.6 Flexure 2.11

4 SUMMARY AND CONCLUSIONS

The shear performance of seven beams and six
slabs reinforced with different amounts of longitudi-
nal and transverse GFRP reinforcement was investi-
gated. The objective was to examine shear design
approach of ACI 440 and to produce additional data
to examine the shear performance of RC members
reinforced for shear and/or flexure using GFRP bars.
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GFRP bars are the most common type of FRP rein-
forcement and have been therefore considered for
this investigation. All specimens were designed to
fail in shear.

Based on the test results presented in this paper
for the beams and dlabs with the given geometry and
material properties, the following conclusions can be
drawn:

* Except for beam BM2, al the beams with shear
reinforcement failed in a flexure-shear mode.
Their actual shear strength was not determined.

* The flexure-shear failure mode started as flexural
failure that was followed by shear failure due to
GFRP stirrup rupture that was caused by the loss
of the internal shear resistance provided by the
compression concrete, which led to failure of the
stirrup due to overloading.

» Beam B2 failed in shear mode by rupture of a
GFRP stirrup at the bent. The measured stress at
failure was below the strength of the bent, f,.

* Independent of the failure mode, al test speci-
mens failed at aload significantly higher than that
predicted using the approach by ACI 440.

* The strain limit of 0.002 for the design of GFRP
stirrups is very conservative and could be relaxed
to 0.004 while maintaining a reasonably conser-
vative design.

» The design approach proposed by ACI 440 for the
shear strength Vs of GFRP RC flexura members
in which the failure mode is governed by concrete
crushing (compression-controlled) is overly con-
servative.

* The experimental shear strength of the beams
with no stirrups V¢ was proportional to the
amount of longitudinal GFRP reinforcement. As
the amount of GFRP reinforcement increased, the
experimental shear strength increased.

* Due to the flexural failure mode, actual shear
strength of the dlabs could not be determined.
However, it can conservatively be said that for
over-reinforced slabs with ps/psp larger than 2, the
actual shear strength of the slab can be at least 1.5
times higher than that predicted using the ACI
440 design approach.

* The flexura capacity of all test specimens com-
pared well with the predicted values using the ap-
proach of ACI 440.
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