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ABSTRACT

Ten simply supported reinforced concrete T-beams were experimentally tested under
two symmetrically concentrated loads. Nine of the studied beams were made of High
Strength Concrete (HSC) with mean compressive strength 70 N/mm? while the control
beam was made of normal strength concrete (NSC) with compressive strength 30
N/mm?. Five of the studied beams were reinforced by High Tensile Steel (HTS) bars
and the other four specimens were reinforced by Glass Fiber Reinforced Plastics
(GFRP) bars. The control beam was reinforced by HTS bars as main reinforcement.
The web reinforcement for all the test beams was in the form of vertical stirrups. All
beams were designed according to the provisions of ACI 318-99. The studied
parameters were the amount of web reinforcement, shear span to depth ratio (a/d) and
type of main reinforcement (GFRP and HTS). The actual shear strength of each beam
was compared with the strength predicted by different codes of practice such as ACI
318-99, BS-8110, and ECCS 203-2001in order to establish an empirical formula for
the analysis and design of HSC beams reinforced with GFRP bars. Within the limits
of the test results of this research, it was found that increasing a/d from 1.5 to 3.5
resulted in reducing the ultimate capacity of the studied beams of approximately 42%.
In addition, increasing the amount of web reinforcement pv from 0.202 to 0.324
resulted in increasing the ultimate capacity of the studied beams by approximately
53%. Moreover changing the type of main reinforcement from HTS to GFRP, while
keeping the reinforcement ratio constant at u=0.58 ub, resulted in a great reduction of
the ultimate capacity of the studied beams.

Keywords: High-Strength Concrete, Shear Reinforcement, Shear Strength, GI'RP,

Reinforced Concrete, T-Beams, Analysis And Design.

INTRODUCTION

In shear, beams mainly fail abruptly without advanced warning and the developed
diagonal cracks are considerably wider than flexural cracks [1]. To avoid such abrupt
shear failure, adequate amounts of shear reinforcement are required. Shear strength of
reinforced concrete beams is dependent on several factors including concrete
compressive strength, amount of longitudinal steel, shear span to depth ratio, size
effect, residual tensile stresses transmitted directly across cracks and provisions of web
reinforcement [2]. Recently, production of HSC of compressive strength approaching
(130 MPa) has been used in cast in place with conventional methods of production by
reducing the water cement ratio, specifying fine and coarse aggregate and adding silica
fume and super plasticizers [3]. One feature of HSC is the tendency of cracks to pass
through instead of around the aggregates. This creates smoother crack surfaces and



reduces the aggregates interlock. As a result, higher dowel forces occur in the
longitudinal reinforcing bars. These higher dowel forces, together with the highly
concentrated bond stresses in HSC beams result in higher bond splitting stresses where
the shear cracks cross the longitudinal tension bars. This effect leads to brittle shear
failures. The inclusion of an appropriate amount of minimum shear reinforcement can
control these horizontal splitting cracks and result in improving shear response [4].
Most of the major concrete codes are based on researches conducted on structural
members made of NSC. Recently, some of concrete codes have included provisions
for the design of HSC members. Extrapolations of NSC design rules to be used for
HSC may not be always appropriate. If the mode of failure was brittle, as with shear
failure, extrapolating existing NSC design rules for use with HSC may result in less or
non- conservative design criteria [5].

The use of fiber reinforced plastic (FRP) reinforcing bars to replace steel reinforcing
bars has emerged as one of the many techniques to enhance the corrosion resistance of
reinforced concrete structures [6]. Nawy and Neuwerth [7] found that the reinforcing
ratio of FRP in concrete beams reinforced with GFRP bars did not affect moment
capacity because the beams failed by crushing of concrete in the compression zone.
Saadatmanesh and Ehsani [8] studied concrete beams reinforced longitudinally with
different combinations of GFRP and steel reinforcing bars with web reinforcement.
They found that specimens reinforced with FRP stirrups and steel longitudinal
reinforcement failed as a result of yielding in the longitudinal bars. Satoh et al [9]
found that the failure load can be calculated using elastic theory for concrete beams
reinforced with different type of fiber reinforcement such as armid, carbon, glass and
D13 steel fiber reinforcement. Faza and GangaRao [10] reported that HSC must be
used instead of NSC for concrete beams reinforced with GFRP reinforcing bars in
order to take advantage of the high ultimate strength of FRP reinforcing bars. Zia et al
[11] found that no shear failure was developed for concrete beams reinforced with FRP
bars but the beams failed due to tensile rupture of the longitudinal FRP bars.

The present investigation is a part of a larger research performed to study the shear
behavior of HSC beams reinforced by GFRP with different web reinforcement and
shear span to depth ratio [12]. The main objective was to study the effect of using
GFRP as longitudinal reinforcement in HSC beams on the cracking behavior, load
carrying capacity, modes of failure, load deflection response, and strain in reinforcing
bars. In addition, an empirical formula was developed for the analysis and design of
HSC beams reinforced with GFRP as main reinforcement.

TEST PROGRAM AND EXPERIMENTAL WORK

Test Specimens

The test program consisted of ten simply supported reinforced concrete beams with
web reinforcement in the form of vertical stirrups. All the studied beams were T-
shaped in cross section as shown in Figure 1. Table 1 shows a description of the test
beams along with the studied parameters and the actual cube compressive strength for
the different specimens. The main reinforcement ratio in all the test beams was kept
constant of (u=0.58 pb), which was recommended by ACI 318-99 [13] for R.C beams
reinforced by HTS. Two different mixes were used to develop normal and high
strength concrete at 28 days of target strength 30 and 70 N/mm?, respectively. Table 2
shows the mix designs for the two concrete strengths. The used GFRP bars were
fabricated from vinyl ester with an outer coat to seal the bar. The bar is produced using
drown continuous “C “glass rovings and has a longitudinal irregular surface. A single
strand spiral wrap around the outside diameter produces a spiral indentation in the bar.
The properties of the GFRP bars were given by the producing factory [14].



Table 1 Description of Test Beams and Studied Parameters

Beam | fcu us=As/bd As uw=Av/bS | No. Of stirrups | a/d
Bl 30 2.83 % (H.T.S) 4®12 0.202 ¢6 (@ 280 mm 2.5
B2 688 | 393%HTS) | 2016+2D 12 0.202 ¢6 @ 280 mm 1.5
B3 688 | 3.93%HTS) |2®16+2D 12 0.202 ¢6 (@ 280 mm 25
B4 675 | 393%HTS) | 2016+2D 12 0.202 ¢6 (@ 280 mm 35
B3 692 | 393%HTS) | 2016+2D 12 0.324 ¢6 @ 175 mm 2.5
B6 675 | 393%HTS) |2®16+2D 12 0.50 ¢8 @200 mm | 2.5
B7 71.2 | 0.53% (GFRP) 3¢6 0.202 ¢6 @ 280 mm 1.5
B8 71.4 | 0.53% (GFRP) 3¢6 0.202 ¢6 @ 280 mm 2.5
BY 67.7 | 0.53% (GFRP) 3¢6 0.324 €6 @ 175 mm 2.5
B10 71.5 | 0.53% (GFRP) 3¢6 0.202 ¢6 @ 280 mm 35

feu = average cube compressive strength of concrete, N/mm?>.

us = longitudinal reinforcement ratio, As/bd.
wv = web reinforcement ratio, Av/(bS) %.

@ = bar diameter, high tensile steel, mm. & ¢ = bar diameter, ordinary mild steel, mm.
¢ = bar diameter, GFRP bars, mm.

a/d = shear span to depth ratio.
Table 2 Concrete Mix-Design
Mix No. | Cement | Sand | Crushed Basalt | Silica fume | Water Superplasticizer
kN kN kN kN Kn kN
1 3.50 6.40 11.80 --- 1.80 ---
2 5.50 5.50 11.25 0.80 1.60 0.23

Test Procedure

Each beam was tested as simply supported beam under two vertical concentrated loads
by using two vertical hydraulic jacks which were similar in their acting position and
value. The vertical loads were applied in increments (20 kN for beams reinforced by HTS
and 5 kN for beams reinforced by GFRP). After each increment, the strains in the main steel
and stirrups were measured using electrical strain gauges of length 5 mm, resistance
120.4 £ 0.4 ohm, and a gauge factor of 2.11. Detection of cracks and marking them
for each incremental load were made when the load reached its steady state. Figure 2
shows a typical studied beam during testing.
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Fig. 1 Details of test beams.

Fig. 2 Test setup of a typical test beam




ANALYSIS AND DISCUSSION OF THE TEST RESULTS
Cracking Pattern and Failure Mode

Figure 3 shows the cracking pattern and failure mode for all test beams. Cracking
load, ultimate load capacity and modes of failure for the test beams are listed in Table
3. Generally, the first crack for all beams occurred in the flexural region perpendicular
to the direction of the maximum principal stress induced by pure moment. It was
noticed that with increasing the load, the shear stresses become more important and
induced inclined cracks. The cracks propagated, spread and widened due to the effect
of combined shear and bending stresses. Cracks formation for beams from B1 through
B6 (beams reinforced with HTS) gradually developed as the load increased.
Approaching the failure load level, shear cracks started from the support and
propagated diagonally towards the point load. For beams from B7 through B10
(beams reinforced with GFRP) formation of cracks was sudden along the depth of the
beams. Similar observations were found by Benmokrane et al [6] and Masmoudi et al
[15]. At failure load, both of the flexural cracks and the diagonal shear ones spread
into small cracks in the lower third of the beam web in a shape like tree roots (see
Figure 3). These small cracks were connected horizontally to form horizontal splitting
cracks at the level of the longitudinal main reinforcement.

It can be seen from Figure 3 that increasing a/d lead to more cracks concentrated in the
flexural region. On the other hand, decreasing a/d resulted in distributing the cracks
uniformly all over the length of the beam. Figure 3 shows also that when the web
reinforcement increased (for beams B5, B6 and B9) the cracks spacing decreased while
the number of cracks and crack width increased. Johnson and Ramirez [16] and
Abdoun [17] recorded similar observations in their studies. Figure 3 and Table 3 show
that changing the type of main reinforcement from HTS (B1 to B6) to GFRP (B7 to
B10) lead to changing the failure mode from diagonal tension shear failure to flexural
failure. This may be attributed to the fact that beams reinforced with GFRP rods
showed no yielding and hence deflection continued as the load increased. It was
observed that for beams reinforced with GFRP rods, the crack width was wider and the
crack spacing was narrower due to the low modulus of elasticity of GFPR rods
compared with HTS ones. This is in agreement with the observations of Benmokrane
et al [6]. When the load was released, recovery of the cracks with a reduction of
deflection and width of cracks were noticed. It can be argued that the GFRP rods are
elastic and the release of loading lead to such recovery of the cracks.

Table 3 Measured Cracking and Maximum Shear Load of the Test Beams

Beam | Feu As No. Of stir. a/d| Per Pr Failure Mode
B1 30 4012 ¢6 @ 280mm | 2.5 | 30.0 | 102.0 | Diagonal Tension
B2 688 |20 16+2D12 | ¢6 @280mm | 1.5 | 65.0 | 270.0 | Diagonal Tension
B3 688 |20 16+2D12 | ¢6 @280 mm | 2.5 | 50.0 | 188.0 | Diagonal Tension
B4 675 | 2016+2®12 | ¢6 @280 mm | 3.5 | 17.5 | 150.0 | Diagonal Tension
B5 692 | 2016+2D12 | ¢6 @ 175 mm | 2.5 | 40.0 | 200.0 | Diagonal Tension
B6 675 |20 16+2d12 | ¢8 @200 mm | 2.5 | 20.0 | 215.0 | Diagonal Tension
B7 712 3¢6 ¢6 @280mm | 1.5 | 175 60.0 Flexural Tension
B8 714 3¢6 ¢6@280mm | 25 | 150 | 425 Flexural Tension
B9 67.7 3¢6 ¢6@175mm | 2.5 | 175 65.0 Flexural Tension
B10 | 715 3¢6 ¢6 @280mm | 3.5 | 100 | 350 Flexural Tension

P/ = failure load (kN). & Pcr = cracking load (kN).
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Fig. 3 Crack patterns of test beams.

Load Deflection Response

The effects of the studied parameters such as shear span to depth ratio, the amount of
web reinforcement and type of main reinforcement (GFRP and HTS) on the load
deflection relationship of the studied beams were illustrated in Figures 4 to 6. Figure 4
shows that increasing a/d from 1.5 for Beam B7 to 2.5 for Beam B8 lead to a reduction
in the ultimate load by approximately 29%. In addition, the slope of the load-
deflection curve reduced from 44.11 kN/mm to 35.71 kN/mm and the deflection
increased by 15%. Further reduction of the ultimate load took place by increasing a/d



to 3.5 for beam B10 (by approximately 42%), the slope of the load-deflection curve
reduced from 44.11 kN/mm to 25.86 kN/mm and the deflection increased by 42%. The
same trend was observed by Abdoun [17] for HSC beams reinforced by HTS main
reinforcement. Figure 5 shows that increasing pv from 0.202 for beam B8 to 0.324 for
B9 resulted in a slight change in the behavior of such beams. The ultimate load
increased by approximately 53%, the slope of the load-deflection curve slightly
reduced from 35.71 kN/mm to 34.09 kN/mm and the maximum deflection increased
by approximately 16%. Figures 4 and 5 show that the effect of a/d is more significant
than that of changing pv ratio for HSC beams reinforced by GFRP rods.
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Fig. 4 Effect of (a/d) on the load-deflection relationship.
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Figure 6 shows that changing the type of main reinforcement from HTS to GFRP
while keeping the main reinforcement ratio (u = 0.58 ub), web reinforcement (u =
0.202) and a/d = 2.5 lead to a reduction of the ultimate load and an increase of the
beam deflection. For example, the ultimate loads for Beams B8 and B9, reinforced by
GFRP, were approximately less than those for Beams B3 and BS, reinforced by HTS,
by 77% and 67.5%, respectively. In addition, the slope of the load-deflection curve
reduced from 41.24 kN/mm for Beam B3 to 35.71 kN/mm for Beam B8 and from
45.45 kN/mm for Beam B5 to 34.09 kN/mm for Beam B9. Moreover, the maximum
deflection increased for Beams B8 and B9 over that of Beams B3 and BS by 154% and
150%, respectively. It was observed from Figure 6 that the control NSC Beam B1 had
an ultimate capacity less than that of Beam B3 by approximately 46% and higher than
that of Beam B8 by 140%. In addition, the control NSC beam B1 exhibited a smaller
deflection (80%) compared with the HSC beam B8 reinforced by GFRP rods. The
reduction of the ultimate capacity and the increase of deflection for the studied beams
reinforced by GFRP rods may be attributed to the use of main reinforcement ratio,
u=0.58 ub, which is less than the value (u > 1.4 ub) recommended by ACI 440-2001
[18] for beams reinforced by GFRP bars,

Strains in Longitudinal Main Reinforcement

The strains along the longitudinal main reinforcement and web reinforcement were
measured by electrical strain gauges and the full details are recorded elsewhere [12].
In this investigation, the relations between the measured loads and the corresponding
strains in main reinforcement were plotted in Figure 7 in order to study the behavior of
HSC beams reinforced by GFRP rods. It can be seen from the figure that increasing
a/d from 1.5 for Beam B7 to 3.5 for Beam B10 lead to an increase in the strain by
84%. The area under the curve for beams B1 and B8 was approximately 122 kN and
319 kN, respectively. It was noticed that the GFRP rods did not fail during testing and
they behave as a linearly elastic material till failure of the beam, which happened after
excessive cracking in concrete at tension zone. It is interesting to note that the
concrete did not crush at the compression zone because of the flange of the T-beam.
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Fig. 7 Load-strain relationship for beams reinforced by GFRP rods.

THEORETICAL PREDICTION OF EXPERIMENTAL RESULTS
Proposed Equation

The ultimate shear capacity of HSC beams reinforced by HTS bars was predicted by
an equation developed by Sarsam and Al-Musawi [19]. The authors modified this



equation in order to be applicable for HSC beams reinforced by main reinforcement of
GFRP bars as:

VuPROP = los(f'c pqud/Mu )0.38 + Avfyv /(bS) ma mm) (l)

Where f', = Cylinder compressive strength of concrete.
p,, = Longitudinal steel ratio.
V= Factorized shear force at section.
d = Effective beam depth.
M, = Factorized moment at section.
A, = Area of shear reinforcement.
J, = Yield strength of shear reinforcement.
b = Web width.

S = Spacing of shear reinforcement.

Prediction of Test Results using different Codes and Proposed Equation

Shear strength results were predicted by the relevant codes of practice, ACI 318-99
[13], BS- 8110 [20], ECCS 203-2001 [21], to assess the validity of such codes when
applied to HSC beams reinforced by GRFP bars as main reinforcement and web
reinforcement. Prediction of the test results by the above-mentioned codes of practice
and the equation developed by Sarsam and Al-Musawi [19] is listed in Table 4. Table
4 shows that, generally for beams reinforced by HTS, the shear strength predicted by
different codes of practice and the equation developed by Sarsam and Al-Musawi [19]
was conservative to different degrees. Shear strength predictions using BS- 8110 [20]
and the equation developed by Sarsam and Al-Musawi [19] were more accurate than
those predicted by ACI 318-99 [13] and ECCS 203-2001 [21]. It can be noticed from
the table that increasing a/d and pv lead to enhancing the prediction. For example, the
prediction of the results for beam B4 (a/d=3.5) is more accurate than that for beam B2
(a/d=1.5) for all the methods listed in the table. In addition, for the same a/d (2.5),
increasing pv from 0.202 for beam B3 to 0.50 for beam B6 resulted in increasing the
prediction accuracy for all the methods in a range of 15-27%.

Table 4 Prediction of Shear Strength by Different Codes of Practices and the
Proposed Equation

Beam Type of B
No. | mainsteel | M v=AvbS | ald | V(res) Vtest) Vitest) V(test)
V(ACD | V(BS) | V(ECCS) | V(PROP)

Bl (HT.S) 0.202 253 5250 820 > 303 oge
B2 EHTS) 0.202 15 4.562 2.897 5.382 3.175%
B3 | (HTS) 0.202 25 | 3177 | 2540 3743 T
B EHTS) 0.202 3.5 2.535 2.027 2.990 2.268*%
B3 (HT.S) 0.324 2.5 7 898 ) 385 3333 S 17
B6 (HT.S) 0.50 2.5 7587 5193 5 900 52 19%
57 (GERP) 0.202 15 0.947 1.032 1.117 1.618
b8 (GFRP) 0.202 25 0.671 0.885 0.791 1.263
b (GFRP) 0.324 23 0.879 1.110 1.011 1.471
B1o (GERP) 0.202 33 0.552 0.729 0.651 1.104

* Predicted by Sarsam and Al-Musawi equation [19].




For beams reinforced with GFRP bars, the situation was difterent. The shear strength
predicted by ACI 318-99 [13], was not conservative especially for B8 and B10 (with
the increase of a/d). BS- 8110 [20] and ECCS 203-2001 [21] were conservative in
predicting shear strength for beams B7 and B9 while their trend was similar to ACI
318-99 [13] for beams B8 and B10. Unlike the studied codes, the proposed equation
was conservative and more accurate for predicting the shear strength for all the studied
beams to different degrees. However, the proposed equation was less conservative
with the increase of a/d. For example, increasing a/d from 1.5 for beam B7 to 2.5 for
beam B8 lead to a reduction in the over estimated value of shear strength by 22%
while increasing a/d to 3.5 for beam B10 resulted in a further reduction (approximately
32%). In addition, the proposed equation was more conservative by 16% with the
increase of the web reinforcement ratio, uv from 0.202 for beam B8 to 0.324 for the
beam B9.

CONCLUSIONS

Based on the experimental results in this paper, the following conclusions for HSC
beams reinforced with GFRP bars can be drawn:

Increasing shear span to depth ratio a/d resulted in the concentration of cracks in the
flexural region. Increasing of a/d from 1.5 to 3.5 resulted in reducing the ultimate load
capacity of the studied beams by approximately 42%, increasing the maximum
deflection by approximately 42% and increasing the strain in the longitudinal main
reinforcement by 84%.

Increasing the amount of web reinforcement pv resulted in an increase of the number of
cracks and crack width and a reduction of cracks spacing. Increasing of v from 0.202
to 0.324 resulted in enhancing the ultimate load capacity of the studied beams by
approximately 53.0% and increasing the maximum deflection by approximately 16%.

Changing type of main reinforcement from HTS to GFRP lead to changing of the
mode of failure from diagonal tension shear failure to flexural failure. In addition, the
ultimate capacity of the studied beams dramatically reduced by approximately 73%
and the maximum deflection increased by approximately 152%. This may be
attributed to the brittleness of HSC compared with NSC and the use of GFRP in
reinforcement while keeping the main reinforcement ratio less than the value (u > 1.4
ub) recommended by ACI 440-2001 [18] for beams reinforced by GFRP bars

Within the limits of the test results of this research, it was found that the proposed
equation for predicting the shear strength was more conservative and accurate than the
relevant codes of practice for HSC beams reinforced by GFRP bars. The prediction
was sensitive to the effect of shear span to depth ratio and the web reinforcement ratio.
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