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TECHNICAL PAPE

Use of Fiber-Reinforced Plastics Versus Steel for Shear

Reinforcement of Concrete
by Tim Ibell and Chris Burgoyne

The use of fiber-reinforced plastics (FRPs) for the reinforcement of

concrete structures is recerving much attention at present. Attempts
are being made to better understand the behavior of concrete contain-
tng these fibrous materials. Much of this work, however, is aimed at
atlempting to fit present design guidelines to this wholly new con-
struction material. This paper presents pushoff tests and suggests
analytical lechniques for the shear capacity of concrete reinforced
with FRPs. As a basis for comparison, tests on specimens containing
steel stirrups are also presented. It is shown that while plasticity the-
orymay be considered appropriate for use in the steel-reinforced situ-
ation, other analysis techniques are required for FRP-reinforced
specimens. This is because the brittle nature of the new materials
makes them susceptible fo localized stress concentrations, which
means that bond characteristics of these matertals are particularly
important. It is concluded that the chotce of an appropriate analysis
technique depends on the amount of debonding that FRPs are able to
undergo during shear collapse of the concrete structure.

Keywords: fiber-reinforced plastics; finite element analysis; reinforced
concrete; shear strength.

INTRODUCTION

To combat the corrosion of steel reinforcement in concrete
structures, there are many options open to the engineer during
the design phase. Uses of stainless steel, including cathodic
protection methods, epoxy coatings, galvanizing, or other
specifications, may all be considered. Alternatively, the use of
steel reinforcement may be abandoned altogether. The use of
fiber-reinforced plastics (FRPs) is now being considered for re-
inforcement of concrete structures.! These fibers hold a num-
ber of advantages over steel. First, they do not corrode.
Second, they are lighter than steel, which is convenient for
handling during construction. Third, they exhibit an ultimate
tensile strength greater than that of either reinforcing or pre-
stressing steel. Finally, the amount of concrete cover needed to
protect FRPs is reduced, leading to lighter structures overall.

Drawbacks of these materials include purely elastic, brittle
behavior under increasing load. Further, FRPs have lower stift-
nesses than steel; larger structural deformations may be expect-
ed. Currently, FRPs are expensive and, importantly, cannot be
easily bent into shapes or otherwise manipulated on site.

Some work has been conducted on the shear capacity of con-
crete reinforced with FRPs."? This work has been aimed spe-
cifically at determining the modifications that would need to be
made to existing codes of practice to ensure that designs using
such materials would be safe. While such work is desperately
needed, the question arises as to whether or not the FRPs are
being used as efficiently as possible.”

As a first step in attempting to answer this question, it was
considered necessary to conduct a series of pushoff tests on
concrete shear blocks reinforced with steel stirrups,* glass fi-
ber-reinforced plastic (GFRP) stirrups, or aramid fiber-rein-
forced plastic (AFRP) helixes.® The results from such testing
are discussed in terms of shear resistance, ductility, and bond,
and compared with applicable theoretical models.
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Fig. 1—Schematic view of shear-block spectmens used throughout all
testing.

RESEARCH SIGNIFICANCE
If the use of FRPs for the reinforcement of concrete struc-
tures is to become widespread, and subsequently attractive
economically, these materials must be employed efficiently in
any design. Therefore, a fundamental understanding of the be-
havior of concrete containing these materials is vital. Because
these advanced composites are brittle, existing shear analysis
techniques (based on relatively ductile steel-reinforced con-
crete) are probably inapplicable. A shear analysis tool for con-
crete containing these brittle materials that allows for the
different variables that affect behavior is needed. Such an ap-

proach would lead to efficient design with FRPs.

EXPERIMENTAL PROGRAM
Pushoff shear tests

Mattock® carried out several pushoff tests on concrete shear
blocks to obtain the relationship between the shear and normal
stress acting along slip planes in steel-reinforced concrete
structures. A similar approach has been adopted herein.

Figure 1 shows a schematic view of the shear blocks used
throughout all testing. Where conventional stirrups were used
as the shear reinforcement, these were fixed around the outside
of the secondary reinforcement cages. Where the aramid helix-
es were used, these were fixed in the mold with the central he-
lix crossing the shear plane and two outer intersecting helixes
wrapped around the secondary reinforcement cages (Fig. 2).
To inject ductility into a concrete structure containing brittle
FRP reinforcement, one option is to use helical reinforcement
in the compression regions.® Such helical reinforcement could
also contribute to shear strength of the concrete. This effect is
studied herein.

The target compressive cube strength of the concrete was
60 MPa when tested at 7 days. The steel stirrups of diameter 4
or 6 mm were found to have a yileld strength of 382 or 393 MPa,
respectively. The GFRP stirrups, of cross-sectional area 20 mm®
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Fig. 2—Helical remnforcement positioning within mold.

Table 1—Test resuilts for unreinforced specimens,
and comparisons with elastic finite element
predictions for shear capacity

Specimen ) . ) Actual failure | Predicted failure
no. Jew» MPa Ji» MPa load, kN load, kN
1 58.8 4.55 159 164
2 68.2 4.30 155 . 155

exhibited an ultimate strength of 425 MPa, with a Young’s
modulus of just 4 GPa. The AFRP helixes, of cross-sectional
area 10 mm® had an ultimate tensile capacity of 1430 MPa.
Young’s modulus for the AFRP yarns was found to be approx-
imately 120 GPa.

Results from unreinforced shear biocks

As a benchmark for all tests, two unreinforced specimens
were tested initially. A catastrophic and exceptionally brittle
failure was encountered in both cases. Table 1 shows details of
the results obtained. In the same table are predictions from a
linear elastic finite element analysis, assuming that when the
tensile capacity of the concrete is exceeded at any point, collapse
occurs. The agreement between results and theory is good.

Results from steel-reinforced shear blocks

These tests proved to be initially brittle, followed by a ductile,
plastic, energy-dissipating period thereafter. Much cracking
preceded the ultimate capacity being reached. Of the four tests
conducted with steel stirrups, initial cracking along the central
plane occurred at approximately 2/3 of the ultimate load on av-
erage. In addition, these initial cracks were oriented at approxi-
mately 15 C to the vertical, which agreed well with elastic finite
element predictions. The concrete struts between these cracks
were observed to rotate during subsequent loading, as might be
expected.

Table 2 provides details of the steel reinforcement and fail-
ure capacity for each specimen. Figure 3 shows a close-up of the
ultimate state of the second steel-reinforced specimen (with 1%
shear steel). Note the spalled concrete and kinking of the steel
bars across the central crack. In every test, all steel bars yielded
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Fig. 83—Fmal collapse state of 1% steel-reinforced specimen.

Table 2—Test results for steel-reinforced specimens

] Actual
Specimen | ) Steel shear | % area of | failure
no.  |fewr MPaj f;, MPa stirrups | stirrups | MPa | Joad, kN
3 58.7 4.06 6 4 mm 0.5 382 260
diameter
12 4 mm
% 70.8 3.95 . .0 382 345
70 3.95 diameter 1.0 38 345
5 504 | 3.34 8 6 mm 1.5 3983 408
diameter
116
6 62.6 | 4.01 . o mm 20 393 420
diameter

(strain gages were attached to the stirrups), reflecting the rea-
sonably ductile response of these specimens. [t should be noted,
however, that, although prolonged crushing of concrete oc-
curred along the central plane in a ductile manner, the ultimate
capacity was reached at a vertical displacement of approxi-
mately 2 to 3 mm in each case. Beyond this displacement, the
sustainable load dropped off gradually. Figure 4 shows details
of these load-displacement plots.

Results from GFRP-reinforced shear blocks

A somewhat more brittle failure occurred in each case when
reinforced with GFRP. Once the vertical displacement exceeded
approximately 2 to 8 mm, however, the specimens exhibited
ductility the same way as the steel-reinforced specimens, which
was unexpected. Table 3 shows details of the stirrup reinforce-
ment and failure capacities, while Fig. 5 shows the ultimate
state of the second specimen (with 1% reinforcement). This
form of failure is not dissimilar to that of the steel-reinforced
specimens and shows that a long section of the GFRP stirrups
has become unbonded. It is this spalling and debonding that
caused local high strains in the GFRP to be spread over a
longer section, reducing such strains (and hence stresses) and
allowing some ductility to be displayed. Figure 6 shows the
load-displacement plot for each specimen with GFRP stir-
rups. These plots highlight the initial peak load behavior, fol-
lowed by a plateau-like zone at a lower load. Increasing
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Fig. 5—Final collapse state of 1% GFRP-reinforced specimen.

Table 3—Test results for GFRP-reinforced specimens

Specimen GFRP shear | % area of |Actual failure
no. Joo MPa | f;, MPa stirrups stirrups load, kN
7 68.2 4.30 § stirrups 1.0 270
8 67.2 4.30 16 Stirr‘tll)s 2.0 310
9 67.8 4.30 24 stirrups 3.0 330

carrying capacity occurred beyond this after the debonded
length had reached a maximum, and the stirrup stress could
gradually increase elastically until delamination of the stirrups
caused abrupt failure.

Resulis from AFRP-reinforced shear blocks

An initially brittle form of failure was encountered for each of

the helically AFRP-reinforced shear block specimens. Once
again, however, marginal ductility (in the form of a plateau on
the load-deflection curve) was observed beyond a displacement
of approximately 2 mm and after the maximum load had been
reached. Table 4 shows details of these test results, while Fig. 7
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Fig. 7—Final collapse state of 7-leg AFRP helically-reinforced
specimen.

shows the ultimate state of the 7-leg helically reinforced spec-
imen. Several points are immediately apparent.

The ultimate strength of the specimens is not affected as
greatly by the presence of an increasing quantity of reinforcing
material, as was the case for the GFRP reinforced specimens. It
is thought that this is largely due to the helical arrangement not
being able to debond after initial cracking, leading to localized
stress concentration and premature snapping of the AFRP he-
lixes. This is borne out by observation, where the limited spal-
ling (Fig. 7) reflects such behavior. Further, the helixes seemed
to snap at points where they had been tied (using thin steel wire)
to the secondary reinforcement. It seems that the localized na-
ture of debonding and stress concentration led to failure.

Figure 8 shows the load-displacement plot for each AFRP-
reinforced specimen. It is clear from this plot that while some
post-peak ductility is displayed, the previous results using
GFRP (where debonding occurred over a longer section) are
more desirable to a designer, both from ultimate strength and
behavioral standpoints. It is not implied that one material 1s
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Jor all AFRP helically-reinforced tests.

Table 4—Test results for AFRP helically-reinforced
specimens

o AFRP helical | Actual failure
Specimen no. | fu, MPa Jo MPa windings load, kN
10 49.7 5.40 7 legs 170
11 65.1 8.60 10 legs 165
12 49.7 3.40 14 legs 225

superior to another for the shear reinforcement of concrete, but
rather that it is the geometry and bond characteristics of the
material that influence both strength and behavior in shear.

SHEAR ANALYSIS TECHNIQUES
Plasticity theory applied to steel-reinforced
specimens

An analytical tool is sought to predict the ultimate strength
in shear of concrete reinforced with various materials. One op-
tion is the use of upper-bound plasticity theory. Due to the rel-
atively brittle nature of collapse of the FRP-reinforced
specimens, however, plasticity theory will only be applied to
the steel-reinforced specimens, where comparatively more duc-
tility was displayed.

The following assumptions are made regarding the use of

plasticity theory applied to concrete:

1. Rigid pertectly plastic collapse occurs with all failing
material developing full strength. Elastic deformations are
negligible.

2. The Moditied Coulomb failure criterion with nonzero tension
cutoff is assumed for the concrete.” The internal angle of frie-
tion ¢ is assumed to be a constant 87 C for all combinations of
stress. In separation failures, a limiting tensile strength of con-
crete f;1s assumed, where applicable, but f; = 0 in this case.

3. The shear blocks are acting under conditions of plane
strain (so that the relative displacement angle between rigid
blocks ol is greater than or equal to ¢ in all (fases.)7

4. The steel bars carry axial tension forces only. Any dowel ef-
fects are ignored, in accordance with standard concrete plasticity.

5. Effectiveness factor v is applied to the compressive
strength of the concrete to allow for lack of ductility in plain
concrete and other effects.”

The model consists of an S-shaped line of discontinuity (Iig. 9)
along the central axis of each specimen, a shape that was ob-
served to form to a greater or lesser extent throughout all tests.
The S-shape consists of two identical circular arcs. The radius
of these arcs is considered a variable. Block 1 moves relative to
Block 2 without rotation. Therefore, the notional relative dis-
placement between each block is constant along the entire
length of discontinuity. This relative displacement is restricted

1000

—
R -—
— PO
. pr—
— —
P P
J— e
P —
i B
B B
i P —
g e
e R —
— B
P — e

Fig. 9—CGeneral form of shear failure geometry in shear blocks.

450

400 2

350

300

250 £

200
1502///

100

Applied load in kN

@ Test data
Plasticity

50

0 0.5 1.0 1.5 2.0 2.5

Percentage steel shear reinforcement

Fig. 10—DPlot of predicted and actual shear capacities for steel-
remnforced specimens, for increasing percentages of reinforcement.

to be an angle o, which is equal to ¢ (37 C) at the top and bot-
tom of the failure surface, where 0 is a minimum by inspection.
Elsewhere, o0 2 ¢, which satisfies the third assumption that the
shear block is in a state of plane strain.

The energy dissipation rate along the length of the disconti-
nuity is caleulated according to the following simple equation,
derived elsewhere’

D = %Sfcb(l ~ sina) (1)

where 8 is the notional relative displacement between the two
rigid portions, f; is the effective strength of conerete (= v f,), b
is the breadth of specimen, and a is the angle between the line
of discontinuity (at any point) and the relative displacement
vector O.

The energy dissipation in the concrete is integrated numeri-
cally along the curved line of discontinuity. The energy involved
in stretching each steel bar that crosses the central line of discon-
tinuity is calculated as the steel yield force in each bar multiplied
by the notional distance through which it is stretched axially.
This energy is added to the concrete energy contribution to find
the total internal energy dissipation. The external work done on
the shear block due to the load P is found by multiplying P by
the notional vertical distance through which it has moved, and is
compared with the internal energy dissipation. The radius of the
two arcs is then altered slightly in a logical progression, and the
process is repeated until the optimum shape of the failure surface
is tound such that the ratio between internal energy dissipation
and external work done is a minimum. This minimum load fac-
tor corresponds to the lowest upper-bound estimate of the shear
strength of the specimen.

Using this approach, Fig. 10 shows a plot of the predicted ul-
timate capacity of each steel-reinforced specimen compared with
the actual test data. A value for the effectiveness factor of 0.50 has
been assumed for the concrete. Many values for the effectiveness
factor for shear in concrete have been suggost(z(l,7 but a midrange
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Table 5—Predicted capacities versus actual test
results for GFRP-reinforced specimens

Minimum actual Predicted sustained
Specimen no. sustained load, kN load, kN
i 7 135 150
o 8 215 200
o 9 250 240

value has been adopted herein. There appears to be reasonably
good correlation between theory and reality in this case.

Analysis of GFRP-reinforced specimens

It seems nonsensical to apply the theory of plasticity (shown
to model the steel-reinforced specimens well) to the GFRP-re-
inforced specimens. A different approach is required, due to
lack of yielding and plastic dissipation possible in the GFRP
stirrups themselves.

Therefore, an analysis based on the work of Walraven® is con-
ducted for these specimens. Walraven developed expressions for
the relationship between normal stress, shear stress, shear slip,
and width across a crack in concrete. His theory is based on tests
conducted on precracked concrete pushoff tests, so that the ini-
tial peak strength of the concrete blocks in the present work can-
not be modeled using this approach. It is the postpeak plateau-
like region that is of interest to the designer if a safe design s to
result from using these brittle materials.

The analysis conducted consists of the following:

1. A bond strength of the GFRP material is assumed. A bond
strength S pond of 16 MPa has been assumed in these analyses.
This value is quite hxgh but comparable with strcngths ob-
served in tests by various authors, including Lees,” though the
bond strengths of FRPs are very variable and dcpcndcnt on
many factors.

2. From test results, it appears that the width of the crack
when plateau-like behavior was Initiated was approximately
0.5 mm. Therefore, a crack width wof 0.5 mm in the analysis is
assumed.

3.From the assumed bond strength of the material and crack
width, an expression is written down for the debonding length
Liopona OF the GFRP stirrups across the crack as

2F,,
. )
debond ]
Obond perim

l

where I 1s the maximum force in each stirrup leg (assuming
that each stlrrup carries an equal portlon of the 1()dd) and L,
is the perimeter of the GFRP stirrup leg cross section. Note
that the force in each leg is assumed to vary linearly from a
maximum of F,, at the crack to zero at a distance Ly,p,,./ 2 to
either side of the erack.

1. The crack width wis then

FZ(?g

9 “tdebond ’
WS TR %)

where A is the cross-sectional area of the GFRP leg and I is
Ymnw’s modulus for GFRP.

_The maximum force in each stirrup leg may then be eval-
nated by combining Eq. (2) and (3)

F[(.’g = A/(Q W Gl)mwl ’ 1])(,’)’!'171 A E) </1‘>
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6. The normal stress in the concrete across the crack due to
this force is calculated as

(5:]4[”.71‘2 "y
b-h

[
~

where nis the number of stirrups present, bis the breadth of the
block, and A is the length of the central shear crack.

7. Then, using Walraven’s analysis, the shear stress T and
shear slip A associated with the above normal stress o, and
crack width wmay be evaluated.

8. The predicted capacity P of the blocks can then be calcu-
lated from

P=1-bh (6)

Using this analysis procedure, Table 5 shows the predicted
sustained capacities of the GFRP-reinforced shear blocks, after
the initial peak strength has been reached. These strength val-
ues compare favorably with the minimum sustained load in the
postpeak plateau region Py, for each test.

Analysis of AFRP-reinforced specimens

These specimens contained helixes of small diameter that
would have been very highly stressed at localized points. In-
deed, snapping of these helixes occurred at relatively low load.
[t seerns inappropriate, therefore, to conduct an analysis of the
concrete when failure of these specimens was due largely to
rupture of the helixes themselves. In turn, this rupture appears
to have been initiated at tying points of the helixes, where
stress concentrations would have been worst.

Therefore, it seems most sensible to conduct an analysis of
the structure that assumes it is entirely elastic and that full
bond exists between AFRP and concrete. In this way, an idea
of the stresses present in the AFRP may be found.

A linear elastic finite element (FE) analysis was conducted
on such a specimen. The results show that the central zone of
the block has the highest transverse tensile stress. This tensile
Stress Oy, has magnitude (in N/mm?)

Gppax = 0.0278P (7)

tmax

where P is the applied load in kN.

After initial cracking has occurred, it was postulated that the
full elastic tensile stress that was present in the concrete prior
to cracking is wholly transferred to the nearest bonded AFRP
helical leg. Therefore, the central leg will need to be able to
carry a load

0.0278P - b - }
Flog = = o (%)

where n is the number of helical legs present. Given that the
observed strcngth of a single leg (as measured in a separate
test) [,, = 14.3 kN from initial tests, b = 125 mm, and & = 250
mm, the following predicted loads at which the central leg be-
comes overstressed (assuming perfect bond) are:

7-leg helixes: P =115 kN

10-leg helixes: P = 164 kN

14-leg helixes: P = 230 kN

The predicted load for the 7-leg helix is below the cracking
load for the unreinforced equivalent specimen (122 kN for f, =
3.40 MPa). Therefore, the prediction for the 7-leg helically-re-
inforced specimen is a minimum of 122 kN. Table 6 shows com-
parisons between actual test results and these simplified
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Table 6—Predicted capacities versus actual test
results for AFRP helically-reinforced specimens

Specimen no. Actual failure load, kN [Predicted failure load, kN

10 170 122
11 165 164
12 225 2350

analyses. The agreement is good once again, except for Speci-
men 10, where the prediction is poor. A possible explanation
for this could be that the fiber initially carries some of the load,
so that Specimen 10’s strength exceeds that of the concrete act-
ing by itself. Once the concrete has failed, the maximum
strength of the specimen is governed by the strength of the fi-
ber acting alone (which happened with the two more heavily-
reinforced specimens). More tests would be needed to determine
whether this was, indeed, the case. Note that an implicit assump-~
tion is made that when the helix snaps at any point; failure occurs
by unraveling of the helix thereafter. This was observed, with
the entire specimens seen to twist in plan after initial snapping
of the AFRP had occurred.

CONCLUSIONS

The use of aramid helixes, instead of the stirrups used for
the glass-reinforced links, was imposed by the availability of
material. It fortuitously shows, however, that the idea that
shear strength can be based solely on the amount of reinforce-
ment, and its strength, which is the basis of design with steel
links, is wholly inappropriate for specimens with FRP links.
Instead, the geometry of the links and their bond characteris-
tics are much more important.

The following detailed conclusions may be drawn:

L. Steel-reinforced shear block specimens failed along a clear-
ly defined discontinuity, initially in a brittle manner, but there-
after with some plastic deformation in a controlled manner.

2. GIFRP-reinforced specimens failed in a somewhat more
brittle manner, although some plasticity was observed during
postpeak behavior. The debonding of the GFRP stirrups was a
particularly important observation. This debonding allowed
substantial deformation of the structure (and stirrups them-
selves) to occur prior to delamination of the GFRP.

3. AFRP helically-reinforced specimens failed in a very brit-
tle manner. In fact, failure was due to snapping of the AFRP at
relatively low load. This was most likely due to the helixes be-
ing tightly wound, so that there was little chance of debonding.
Stress concentrations would have built up and caused rupture.
This was perhaps exacerbated by tying-wires, at the locations
at which rupture usually occurred.

4. An upper-bound plasticity approach has been shown to
adequately model the behavior of the steel-reinforced specimens.
Conversely, it is suggested that plasticity theory should not be
applied to the FRP-reinforced specimens where the constituent
reinforcing materials exhibit no plastic energy dissipation dur-
ing stretching to failure.

5. An analysis using Walraven’s approach was applied to the
GIFRP-reinforced specimens. Reasonably accurate predictions
were obtained for the postpeak sustainable strength of these
specimens.

6. Analysis of the AFRP helically-reinforced specimens is
more problematic due to the premature nature of failures,
caused by local stress concentrations due to high bond
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strengths. A simplified elastic finite element analysis shows that
the central leg of the helix becomes overstressed in each case (if
full bond 1s assumed between concrete and AFRF), leading to
snapping, unraveling of the helix, and dramatic failure.

7. The strength of these three sets of specimens cannot be
determined on the basis of the strength of the reinforcement, or
the strength of the concrete alone. The geometry of the rein-
forcement, and whether or not it can debond, and if so, over
what length, is at least as important. It thus follows that no
simple analysis based on plasticity theory, even with the addi-
tion of a strain limit, can describe the behavior of sections rein-
torced with FRPs.

NOTATIONS

A = cross-sectional area of one leg of GFRP stirrup, mm?
b = breadth of test specimens (125 mm)

D = energy dissipation rate per unit length of shear discontinuity
E = Young's modulus for steel, GPa

1"/(,;{ = maximum force in GFRP stirrup leg, kN

; = effective strength of concrete, MPa
Jew = compressive cube strength of concrete, MPa
f = split-tensile strength of concrete, MPa

A = length of shear plane in specimens (250 mm)

Livhond length over which debonding of GFRP occurs, mm
l[,‘,r,m = perimeter of section of GFRP stirrups, mm

n = number of stirrups or number of helical windings

w = width of shear crack, mm

P = load applied to specimen, kN

P/)/n,mu = minimum sustained load in postpeak region, kN

o = angle between & and shear discontinuity, rad

A = shear slip along shear plane, mm

1) = relative displacement vector between two rigid blocks
] internal angle of friction for concrete (37 degr‘e(f.s)‘

v = effectiveness factor for concrete strength

c = normal stress in concrete, MPa

Cpond = bond stress between GFRP and concrete, MPa

Cppar = Maximum transverse tensile stress in concrete, MPa
T = shear stress in concrete, MPa
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