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TENSILE AND BOND PROPERTIES OF GFRP REBARS

by L. Javier Malvar

ABSTRACT

The bond characteristics of four different types of glass fiber reinforced plastic (GFRP)
rebars with different surface deformations were analyzed experimentally. Local bond stress-slip
data, as well as bond stress-radial deformation data, needed for constitutive modeling of the
interface mechanics, were obtained for varying levels of confining pressure. In addition to bond
stress and slip, radial stress and radial deformation were considered fundamental variables
needed to provide for configuration-independent relationships. Each test specimen consisted of a
#6 GFRP rebar embedded in a 3-inch (76 mm) diameter, 4-inch (102 mm) long cracked concrete
cylinder subjected to a controlled, constant amount of confining axisymmetric radial pressure.
Only 2.625 inches (67 mm, i.e. the equivalent of 5 steel bar lugs) of contact were allowed
between the bar and the concrete. For each rebar type bond stress-slip and bond stress-radial
deformation relationships were obtained for five levels of confining axisymmetric radial
pressure. It was found that small surface indentations were sufficient to yield bond strengths
comparable to that of steel bars. Effects of the deformations on tensile properties were
addressed. It was also shown that radial pressure is an important parameter which can increase
the bond strength threefold.
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INTRODUCTION

Extensive and costly condition assessment, repair and rehabilitation programs are under
way to extend the service life of reinforced concrete structures. The main cause of deterioration is
the corrosion of the steel reinforcement exposed to marine environment and aggressive agents
such as deicing salts for bridges and pavements. To prevent this corrosion, galvanized and epoxy
coated bars are currently being used and investigated [1-4], with mixed results [2]. A more recent
alternative is the use of fiber reinforced plastic (FRP) bars which have excellent corrosion
resistance and mechanical properties similar to steel [5,6]. FRP rebars, tendons and grating have
already been used in waterfront structures and bridges [6-11].

A concern with FRP rebars, as well as epoxy coated rebars, is the behavior of the
interface between rebar and concrete [3,12-19]. The objectives of the present study are to
investigate mechanical properties and bond-slip behavior of four commercially available FRP
rebars. For each FRP rebar type, up to eight tensile tests are carried out and bond stress-slip
constitutive relationships are experimentally determined. This latter data is obtained as a family
of bond stress-slip curves for five levels of constant radial confining stress. In addition, bond
stress-radial deformation curves are obtained which characterize the radial expansion at the
interface.

RESEARCH SIGNIFICANCE

The acceptance of FRP rebar in structural engineering has been inhibited partly due to the
lack of design criteria, particularly with regard to bond [20,21]. One reason for the lack of design
criteria for bond is the lack of standards for the bar deformations geometry and bar composition.
Comparison of bond properties of various types of deformations is a first step in the
determination of optimum deformation geometry.

The determination of constitutive bond stress-slip relationships is useful for mathematical
or numerical modeling of reinforced concrete structural behavior. In particular, these models can
be used to determine anchorage requirements for reinforcing bars without need for extensive
testing.

TENSILE AND BOND TESTS FOR FRP REBARS
Rebar Types

Four commercially available FRP rebars types with different deformations are considered
(Figure 1). All four are 3/4-inch (19 mm) diameter bars composed of pultruded E-glass fibers
with a fiber volume fraction of 45% (60% by weight) or more, embedded in a vinyl ester or
polyester resin matrix. For each one Table 1 reports the deformations spacing in inches and as a
fraction of the nominal diameter J, and the coefficient of variation. For steel bars, the maximum
deformation's spacing is 0.7 &, i.e. 0.525 inches (13 mm) for a #6 bar [22]. Table 1 also indicates
the deformations height (or the indentations depth) in inches and as a fraction of the diameter.
The deformations height (or indentation depth) is measured as the difference between the bar



radius at a deformation and the radius at midpoint between that deformation and the next one. In
addition each rebar type presents the following characteristics:

1) Type A. These bars have an external helicoidal tow which both provides a protruding
deformation and a small indentation of the bar surface. An outer layer consisting exclusively of
matrix material is provided around the fibers for additional protection. The deformations width
was about 0.125 in. (3.2 mm), yielding a clear deformation spacing of 0.595 in. (15 mm).

2) Type B. During the fabrication of these bars the surface tow is stressed so that indentations
are obtained instead of deformations. These bars showed a large variation of cross section which
was expected to yield a variation in mechanical properties. Large variations in the surface
indentations were apparent as well.

3) Type C. These bars have the surface tow glued to the exterior of the bar to provide only
surface deformations. Fibers in the bar itself are perfectly straight.

4) Type D. Here an indentation similar to the one in type B is provided. These bars appear to
have an outer veil to protect the glass fibers.

Tensile Tests

For each type, five tensile tests following ASTM D3916-84 [23] were first conducted to
determine the secant modulus of elasticity at 24 ksi (165 MPa), the ultimate stress and the
ultimate strain. The secant modulus was measured since it is expected that a working stress
approach would be used in design, with allowable stresses between 18 and 30 ksi (124 and 207
MPa). Elongation measurements were taken using two LVDT's on either side of each bar,
attached via two clamps spaced an average of 13 inches (330 mm). Total specimen length was 42
inches (1.07 m) with a clear spacing between grips of about 28 inches (0.7 m).

It was decided that these tests, which use an actual bar specimen, would be more
representative than the ones under ASTM D638-90 [24] which requires a machined down
specimen. The shortcomings of using a machined specimen are that the effects of indentations
and specimen size on tensile strength cannot be evaluated, and the bar cross-sectional area may
not be easily determined. The shortcomings of using an undisturbed bar specimen are related to
grip effects. To alleviate these grip effects, three additional tensile tests were conducted for
Types A and C. In these tests, specially designed grips consisting of four aluminum blocks
bolted together were used and new values for the ultimate stresses were obtained.

Bond Tests

The objective of these tests was to determine configuration-independent, local bond
stress-slip data for use in constitutive material models. Typically bond stress-slip curves are
derived from pull-out tests, or other more complex setups, without regard for the lateral
confinement exerted by the particular setup. As a result very disparate curves have been obtained
which are only representative of the particular setup. If the lateral confinement is taken into
account, a family of curves can be obtained, which could be used with any other configuration.



Similar tests have already been carried out for steel bars [25-27] yielding general bond stress-slip
relationships which were successfully used in predicting a variety of well known results [28-30].
For FRP bars, the bond strength is more affected by the low transverse stiffness which is itself
mostly dependent on the matrix material.

The specimen used is shown in Figure 2. It consists of a 3-inch (76 mm) diameter, 4-inch
(102 mm) long concrete cylinder surrounding an FRP bar. Only 2.625 in. (67 mm) of the bar are
actually in contact with the concrete, contact being prevented in the rest of the specimen via
silicone-rubber spacers. The outer concrete surface is surrounded by a split, threaded steel pipe
which carries the pullout force via shear stresses (Figure 3). The pipe is split into 8 strips in order
to offer no lateral resistance. The concrete cylinder is actually cast in place against the pipe
threads. Casting was carried out with the specimen placed vertically.

The radial confining pressure on the specimen is applied via a thin ring which surrounds
the portion of pipe containing the concrete cylinder. A hydraulic jack with an adjustable relief
valve closed the ring with a constant force during the test. In this way the longitudinal reaction
and the radial confinement can be both controlled and measured independently of each other.

Concrete mix proportions were 1:3.02:1.35 for cement, sand and 3/8-inch gravel,
respectively. The water-cement ratio was 0.55. Three uniaxial unconfined compressive tests at 28
days on three 6-inch tall, 3-inch diameter cylinders yielded a compressive strength of 4220 psi
(29 MPa). Three tensile splitting tests on the same specimen size yielded a tensile strength of 405
psi (2.8 MPa).

On the loaded end, two LVDT's were clamped to the bar and measured the relative
displacement of the outer concrete surface, i.e. the pipe. They were diametrically opposed to
compensate for any rotation. A third LVDT was located inside the pipe and measured the relative
displacement (slip) between the pipe and the unloaded end of the bar. Finally a fourth LVDT
measured the opening of the confining ring. This was later translated into a radial deformation.
The apparatus was installed in a MTS testing machine. The MTS load cell provided pullout load
measurements. Bond stresses were calculated by dividing pullout loads by the contact area
between bar and concrete.

Prior to each test the concrete cylinder was precracked by setting a bar surface pressure of
500 psi (3.4 MPa) and pulling on the bar until longitudinal splitting would occur. The specimen
was then unloaded. After cracking, the confining pressure at the bar surface was set at either 500,
1500, 2500, 3500 or 4500 psi (3.4, 10.3, 17.2, 24.1 or 31 MPa) and kept constant during the
remaining of the test (these E-glass composites have transverse compressive strengths around 20
ksi, or 138 MPa). After cracking (and assuming that the cracks are open) all the pressure from the
confining ring is transferred to the bar. All tests were carried out in displacement control.

EXPERIMENTAL RESULTS
Tensile Tests Results
For each type Table 2 shows the average properties obtained. The modulus of elasticity
indicated is the secant modulus at a stress of 24 ksi (166 MPa). Ultimate stresses are obtained by

dividing ultimate loads by the nominal cross section. Coefficients of variation are also included.
For each type the following observations are pertinent:



1) Type A. These bars have an additional layer consisting exclusively of matrix material around
the fibers. This layer would tend to separate and initiate the bar failure, usually close to the grips.
Subsequent to this separation (which resulted in a sudden stress drop) the bars could be reloaded
to loads close to the ultimate. In all five tests longitudinal splitting of the bar was observed which
could be caused by a weak fibre-matrix interface [31]. Additional tests using the special grips
showed reduced grip effects and yielded higher ultimate stress values.

2) Type B. The indentations produced sharp kinks in the longitudinal bar fibers. Bar failure was
initiated by cracking at the kinks.

3) Type C. During the tests it was observed that the deformations would break and separate from
the bar surface. In two cases, failure initiated at the grips. In all tests longitudinal splitting of the
bar was observed. Successive tests with the special grips showed a significant increase in the
ultimate stress, to 103 ksi (710 MPa). Previous tests on these bars following ASTM D638
yielded an average ultimate stress of 100 ksi (690 MPa) and an elastic modulus of 6.1 Msi (42
GPa) [17].

4) Type D. As in type B, bar failure usually initiated at the indentations. Previous tests on two
3/4-inch (19 mm) coupons following ASTM D638 were reported to yield ultimate stresses of
77.6 and 84.6 ksi (535 and 583 MPa) similar to the current average value [32].

Bond Tests Results : Complete Bond Stress-Slip Curves

Tests 1 through 5 for each bar type correspond to confining pressures at the bar surface of
500 through 4500 psi (3.4 through 31 MPa) in 1000 psi (6.9 MPa) increments, as mentioned
earlier. The slip mentioned in this section is the average measurement of the two LVDT's located
on the loaded end of the bar. This measurement was corrected for the unbonded length of rebar
and the gage offset. Figure 4 shows the longitudinal cracks for all four types under a confining
stress of 500 psi (3.4 MPa). Figure 5 shows the complete bond stress versus loaded-end slip
response. If the slip at the unloaded end were to be included in Figure 5, it could hardly be
differentiated from the loaded end slip (both slips only differ initially as explained in the next
section.

1) Type A. In test 5 of type A (missing from Figure 5a), the concrete cylinder appeared weaker
and those results were discarded. Although the concrete specimen was subjected to a confining
pressure of 4500 psi (31 MPa) at the bar surface in excess of the uniaxial compressive strength,
in most cases this did not result in crushing (due to the multiaxial confinement). The response is
qualitatively similar to that of steel rebars [25-27] in that the bond stress peaks rapidly, then
decays smoothly up to a slip approximately equal to the clear deformation spacing, and finally
remains constant thereafter. Bond strength increased threefold with confinement. The concrete in
front of the deformations was crushed and sheared, but the bar surface was damaged as well,
reflecting the relatively low shear strength of the composite.



2) Type B. Bond strength also increased threefold with confining pressure. A large scatter was
present: for test 5 the bar had much greater indentations yielding an unexpectedly high bond
strength, and peak slips varied significantly

3) Type C. In these tests the concrete cylinder never split, so most of the confining pressure was
carried by the concrete cylinder as hoop stress. Consequently the response is almost not affected
by confinement. The response exhibits a high initial adhesion followed by a constant bond stress
for all five tests. For this type, it was observed that the deformations initially glued to the bar
would break and separate from the bar during the test [33]. Subsequently bond resistance was
only provided by friction between the bar itself and the concrete. Since the adhesion between bar
and deformations can be variable and is not easily determined, this type of deformation is not
recommended.

4) Type D. In two of these specimens the protective veil was sheared off the bar surface. Bond
strength increased smoothly up to fourfold with increasing confinement. Bond stresses peaked at
relatively high slips and remained high thereafter. This is an advantage since it allows for more
stress redistribution in the structure and more energy dissipation. This indentation geometry
appeared most efficient in terms of bond response.

5) Confinement Effects on Bond Strength. Figure 6 compares these results with previous data
obtained for steel rebars [25-27]. It is seen that the maximum normalized bond strengths (bond
strength/tensile strength) obtained are similar in magnitude (between 4 and 5) although they are
obtained for higher confinement values (confining stress/tensile strength). For a given
confinement, the bond strength developed by a steel bar is between 1.2 and 1.5 times higher than
that of the equivalent FRP bar.

6) Effect of Indentation Depth. Two additional tests for types B and D were run as a means of
evaluating the effects of indentation depth on the results.

For type B, a bar was chosen with a low indentation depth of 0.022 in. (0.56 mm). This
test (3a) was carried out at a confinement of 2500 psi (17.2 MPa) to compare with test 3 where
the bar had an average indentation depth of 0.057 in. or 1.45 mm (test 5 indentation depth was
0.088 in. or 2.24 mm). Test 3a showed a bond strength decrease of about 18% when compared to
test 3 [33].

Similarly for type D, a second test (2a) was carried out at a confinement of 1500 psi (10.3
MPa). The bar in test 2a had an indentation depth of 0.051 in. (1.3 mm) versus 0.071 in. (1.8
mm) for test 2. Test 2a showed a corresponding decrease in bond strength of 16%.

Although deeper indentations may yield higher bond strengths, they also promote lower
tensile strengths due to the resulting kinks in the fibers. An outer, helicoidal layer of fibers (as in
a cable) could yield deformations without sharp kinks.

Bond Tests Results : Initial Bond Stress-Slip Curves
Upon starting the loading, the two LVDT's on the loaded end of the rebar start measuring

displacement, however, the internal LVDT on the unloaded end does not record any movement
for some time. During this initial phase the slip is non-uniform within the 5 lug test section of the



rebar. This is in contrast with the end of the test where all three LVDT's record practically equal
slips. Reference 29 shows the evolution of the slip distribution along the test length. For the
beginning of the loading it indicates that the average slip within the test length is approximately
equal to:

Average initial slip = (2sp+s1)/3

Where: s| = average slip from two loaded end LVDT's
) slip from unloaded end (internal) LVDT.

In all cases the initial bond stress-average slip curves showed some adhesion, i.e. a bond
stress at zero average slip, between 100 and 300 psi (0.7 and 2.1 MPa). Beyond this adhesion, the
slope of the curve appears to increase with higher confinement [33].

Bond Tests Results : Bond Stress-Radial Displacement Curves

Upon first loading the rebar deformations exert radial pressures against the surrounding
concrete until the latter splits longitudinally. If external confinement is provided (as in the
present case), the rebar tends to slowly open the concrete cracks until enough space is created for
the deformations to advance, via a combination of sliding, concrete crushing, and superficial bar
damage. Eventually, after enough combined damage has taken place, a radial contraction may
occur [25-27]. To capture this dilation/contraction the ring opening was measured, which is
converted to a radial displacement at the outer surface of the concrete cylinder specimen. The
bond stress versus radial displacement curves obtained are shown in Figure 7.

For each rebar type the following was observed:

1) Type A. A response qualitatively similar to that of steel rebars [25-27] is obtained, where
radial dilation takes place, mainly past the peak stress, then a fairly constant maximum opening is
reached, usually followed by a contraction. The contraction is most visible in test 1, whereas the
constant maximum opening is more obvious in tests 2 and 3. The maximum dilation reached
decreases rapidly with increasing confining pressure. In test 4, the external pressure is high
enough to prevent any dilation and allow only for some contraction at the end of the test. For this,
and higher, external pressures the longitudinal cracks do not open and some of the confinement is
carried via hoop stresses. ond failure occurs via lateral contraction of the bar and superficial bar
damage, in addition to crushing/shearing of the concrete in front of the deformations. It is
expected that it will not be possible to significantly exceed the bond strength attained by further
increasing the external confinement.

2) Type B. A similar response is obtained. Larger dilations are obtained due to the presence of
large indentation depths.

3) Type C. No dilation is apparent, due to the fact that the concrete cylinders never split.

4) Type D. No contraction is apparent at the end of the tests, possibly due to the limited slip
attained (relative to the indentation spacing). Some scatter is present as shown by the fact that



test 3 has a greater maximum dilation that test 2No dilation is present for the higher confining
pressures.

ANALYTICAL MONOTONIC ENVELOPE

An analytical expression for the monotonic bond stress-slip curve would be useful to
extend the present results to situations with generic confinement and different concrete strength.
This expression in derived in a two step procedure. First the peak on the bond stress-slip curve is
defined as a function of confinement as follows:

T/ = A+B(1-eColf)
/D = D +E o/f;
where: Ty = bond strength (peak bond stress)
o = confining axisymmetric radial pressure
fi = tensile strength
Om = slip at peak bond stress
%) = nominal bar diameter
A,B,C,D,E = non-dimensional empirical constants for each bar type

Second, the complete normalized bond stress-slip curve can be expressed as:

F(8/8y) + (G-1)(8/5y )2
T = Tq

1+ (F-2)(8/8y) + G (884 )2
where: F,G =non-dimensional empirical constants for each bar type.

The constants were evaluated for bar types A and D (types B and C were not considered,
B due to the scatter, and C due to the constant response), and also for the two types of steel bars
from references 25-27 (with lugs inclined at 68° and 90° respectively with the longitudinal axis)
and are reported in Table 3. These analytical fits are compared to the actual data for Type A in
Figure 8.

The proposed empirical formulas are limited to the ranges of pressures tested. They are
useful for calibration of simple numerical models which can compute the bond stress-slip
response as a function of radial stress. This may be accomplished via bond-link, or node-tie
elements, which can be viewed as two orthogonal springs connecting two nodes with identical
coordinates [34]. However, a more complete representation of bond phenomena should also be

able to reproduce the radial dilation which accompanies slip, e.g. using interface elements [28-
30].



CONCLUSIONS

Tensile and bond properties for four types of FRP rebar with different deformation
patterns were analyzed experimentally. Local bond stress-slip and bond stress-radial
displacement curves were obtained for various levels of axisymmetric radial confining pressure.
It was found that:

1) Tensile tests using actual bar specimens (following ASTM D3916) instead of coupons
showed that deep indentations and the resulting kinks in the longitudinal fibers will reduce bar
strength. Grip effects were found using the ASTM-D3916 setup which were mitigated by using
special grips. Significant variations in dimensions and properties were apparent for some rebars.

2) For the 3/4-inch (19 mm) diameter bars tested, the ultimate strengths varied from 65 to 103
ksi (448 to 710 MPa) and the moduli of elasticity from 4.1 to 6.9 Msi (28 to 48 MPa).

3) Small surface deformations, about 5.4% of the nominal rebar diameter (i.e. similar to that of
steel), are sufficient to yield maximum bond stresses up to five times the concrete tensile
strength, similar to that obtained with steel rebars. Either surface deformations or indentations
obtained by stressing an external helicoidal strand are acceptable for bond purposes.
Deformations just glued to the surface are not recommended since they may become unbonded
and thereafter fail to provide any bond per se.

4) For one same amount of confinement, the bond strength for a steel bar is, on average, 1.2 to
1.5 times greater than the bond strength for a FRP bar (for the cases studied).

5) Large variations in the indentation depths resulted in large variations in bond strength.

6) Bond strength can usually be increased threefold by increasing confining pressure.
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TABLE 1 - GEOMETRICAL PROPERTIES

Bar Type Deformation or Indentation Deformation Height or
(3/4" diameter) Spacing (in)>l< Indentation Depth (in)*
A 0.72 (0.96 &) £ 13.8% 0.041 (0.054 D)+ 7.5%
B 094 (1.259)+1.9% 0.063 (0.084 &)+ 51.8%
C 0.78 (1.03 &)+ 2.3% 0.047 (0.067 &)+ 2.8%
D 1.35(1.80 D) £ 7.6% 0.069 (0.092 &)+ 13.7%
Steel <0.525 (0.70 @) >0.038 (0.0507 )
*1"=254mm
TABLE 2 - MECHANICAL PROPERTIES
Modulus of
Bar Test Number Elasticity Ultimate Stress | Ultimate Strain
Type Procedure of Tests (Msi)>l< (Ksi)™ (%)
A | ASTM D3916-84 5 6.74 (£1.3%) | 86.7(£2.2%) | 1.41 (x3.4%)
A Special grips 3 - 89.5 (£2.7%) -
B | ASTM D3916-84 5 4.10 (£ 22.6%) | 65.1 (£20.7%) | 1.73 (= 11.2%)
C | ASTM D3916-84 5 6.88 (£2.4%) | 81.4(£5.1%) | 1.23 (£6.5%)
C Special grips 3 - 103.0 (£ 5.1%) -
D | ASTM D3916-84 5 577 (£22%) | 81.3(x2.2%) | 1.79 (£ 3.8%)

* 1 Msi= 6.9 GPa
+ 1 Ksi=6.9 MPa

TABLE 3 - ANALYTICAL FIT PARAMETERS

BAR TYPE A B C D E F G

Type A 1.00 9.04 0.05 0.0270 | 0.00317 11.0 1.1
Type D 0.266 5.63 0.15 0.0633 | 0.02824 13.0 0.5
Steel 68° lugs 0.9 3.5 0.35 0.0279 1 0.00508 9.0 0.65
Steel 90° lugs 0.9 4.4 0.35 0.0071 | 0.00770 5.5 1.1
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Figure 2. Test specimen (1 inch = 25.4 mm).
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Figure 3b. Bond tests set up.
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Figure 5a. Complete bond stress-slip curves, type A.
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Figure 5b. Complete bond stress-slip curves, type B.
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Figure 5c. Complete bond stress-slip curves, type C.
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Figure 7a. Bond stress-radial displacement curves, type A.
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Figure 7b. Bond stress-radial displacement curves, type B.
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Figure 7c. Bond stress-radial displacement curves, type C.
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Figure 7d. Bond stress-radial displacement curves, type D.
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