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Abstract: The use of non-metallic fibre reinforced polymer reinforcement as an alternative to steel reinforcement in
concrete is gaining acceptance mainly due to its high corrosion resistance. High strength-to-weight ratio, high stiffness-to-
weight ratio and ease of handling and fabrication are added advantages. Other benefits are that they do not influence to
magnetic fields and radio frequencies and they are thermally non-conductive. However, the stress-strain relationship for
Glass fibre reinforced polymer reinforcement (GFRP) is linear up to rupture when the ultimate strength is reached. Unlike
steel reinforcing bars, GFRP rebars do not undergo yield deformation or strain hardening before rupture. Also, GFRP
reinforcement possesses a relatively low elastic modulus of elasticity compared with that of steel. As a consequence, for
GFRP reinforced sections, larger deflections and crack widths are expected than the ones obtained from equivalent steel
reinforced sections for the same load. This investigation provides details of the numerical analysis of GFRP reinforced slabs
loaded mechanically using the commercial finite element program (DIANA). To prove the validity of the proposed finite
element approach, a comparison is made with experimental test results obtained from full-size slabs. The comparisons are
made on the basis of first cracking load, load-deflection response at midspan, cracking patterns, mode of failure and loads at
failure. Using the DIANA software for the analysis of GFRP reinforced slabs under mechanical load is possible and can
produce acceptable predictions throughout the load range in terms of final load and crack patterns. However, DIANA

overestimated the first cracking load and tended to over predict the experimental deflections.
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1. Introduction

The flexural design of concrete sections reinforced with Glass FRP is different from that of
sections reinforced with steel because of the difference in mechanical properties of GFRP and steel.
Generally, the GFRP bars used as reinforcement in concrete have tensile strengths varying between 620
and 690 MPa and a modulus of elasticity of around 40 GPa [1]. The tensile strength varies as the diameter
of the bar increases due to shear lag which develops between the fibers in the larger sizes. The stress-strain
relationship for GFRP is linear up to rupture when the ultimate strength is reached. Unlike steel reinforcing
bars, GFRP rebars do not undergo yield deformation or strain hardening before rupture. For this reason,
the flexural design of sections reinforced with GFRP has been based on: (i) ultimate strength, (ii)
serviceability (the low elasticity modulus of GFRP shifts the design criteria to the serviceability limit states

that check the structural behaviour aspect instead of the strength to assure functionality and safety during
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its life), (iii) shear and (iv) deformability (the deformability factor is defined as the product ratio of moment
multiplied by curvature at ultimate failure and at serviceability [2]. For steel reinforced sections, the cross
section of steel is commonly governed by the ultimate strength requirement. There are, however, some
cases where the design is governed by the need to control crack width in service (e.g. water retaining
structures).

GFRP reinforced concrete members have a relatively low stiffness after cracking. Consequently,
the permissible deflection under service loads can control the design. In general, designing GFRP
reinforced cross sections for concrete crushing failure satisfies the serviceability criteria for deflection and
crack width [2]. Deflections in ACI 440 [2] are calculated based on an effective second moment of area, /,
(Eq. 1).

However, Ospina and Nanni [3] stated that the term ﬁd (Eq. 2) which is dependent on O,is
conceptually incorrect. This is because it would imply that different deflections can be predicted for
members reinforced with FRP bars that have similar stiffness but different ultimate tensile strength, 7,
Since deflection is a problem associated with the serviceability limit state, the procedure should not be
linked to ultimate limit state parameters such as £,

3 3
le = (3) Baly+ [1 - (3=) ]Icr <I,

_ _Pr
Ba = 5hrm <1.0 )

A second observation noted by Bischoff [4] refers to the ,Bd definition. FRP-reinforced concrete
beams and one-way slabs do not have reduced tension stiffening because of the FRP reinforcement
properties but because of the tension-stiffening component in the original Branson’s equation, which is
very large for FRP-reinforced concrete members. At crack locations, the concrete carries essentially zero
tension. Between cracks, however, the concrete participates in resisting tensile stress because of bond
between the reinforcement and the concrete. This effect is often referred to as tension stiffening and is
taken into account with the effective second moment of area [5].

On the other hand, researches based on an evaluation of experimental results from several
studies have demonstrated that the degree of tension stiffening is affected by the amount and stiffness of
the flexural reinforcement and by the relative reinforcement ratio (ratio of psropg) [6 & 7].

The Nonlinear finite element (NLFE) model Using DIANA software [8] appears to be one of the
options which can be used to predict load-deflection curves of GFRP reinforced concrete slabs. It can also
be used to provide a valuable supplement to the laboratory investigations, in terms of further parametric
studies. A major advantage of the NLFE model is that it can reduce the amount of experimental work and

hence, reduce costs.
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2. Experimental Program

Three concrete slabs were constructed and tested. The slabs had the same cross sectional
dimensions, b = 500 mm and h = 150 mm “Fig. 1" with total length of 2800 mm. They were reinforced
longitudinally using GFRP rebar of 12.7 mm nominal diameters (dj). No stirrups were provided in the test
specimens. The reinforcement ratio (0), the clear bar spacing (cbhs) and GFRP arrangement were all varied
“Table 1”. The concrete cover (c) on both side of the specimens was kept constant (50 mm) in all test slabs.
The slab specimens were simply supported with a span of 2400 mm and a shear span of 800 mm. All
concrete specimens were subjected to two concentrated loads, each applied at one third of the 2400 mm

tested length.

2.1 Materials Properties

Glass Fiber Reinforced Polymer rebar was selected because it is the most widely used in the
composite industry. The GFRP rebars are made of continuous longitudinal E-glass fibers bound together
with a vinylester resin matrix with an external sand coating [1]. The bars contained 70% fiber by volume.
The longitudinal modulus of elasticity of GFRP, £,is 40.8 GPa, and its ultimate strength, 7, is 690 MPa for
12.7 mm bar diameters.

The concrete mix design had the following properties: a water-cement ratio of 0.55, 355 kg/m3
pure Portland cement, 195 kg/m3 water, 724 kg/m3 fine aggregate and 1086 kg/m3 quartzite aggregate
(maximum 20 mm diameter). No super plasticizer was added to increase the concrete workability. Three
concrete cubes (100 x 100 x 100 mm) were tested in compression at 28 days according to BS EN 12390-
3:2000 [9], and three cylinders (150 mm diameter x 300 mm long) were also tested for splitting strength
according to BS EN 12390-6:2000 [10].The maximum compressive strength of the concrete was 55 MPa
(strength class C55/45) and the splitting strength ranged from 2.7 to 3.3 MPa.

SG13-4-1

SG13-6-1

SG 13-9-2 I mm 150
(] () [ ) (1] (]

| 500 mm |

Slab cross section

Fig. 1 Mechanical loading test set-up

Numerical Modeling of GFRP Reinforced Concrete Slabs (22) EL-Zaroug, Forth & YE



Journal of Engineering Sciences & Information Technology - AJSRP — Issue (4), Vol. 1 - December 2017

Table 1 GFRP reinforcement in test Specimens

c cbs
Slab specimens GFRP arrangement
(mm) (mm)
SG13-4-1 4 12.7 0.82 20 116 Sing|e bar
SG13-6-1 6 12.7 1.23 20 65 Sing|e bar
SG13-9-2 9 12.7 1.84 25 72 Bundled bar

3. Description of the 3D NLFE Model

The reinforced concrete specimen of length 2800 mm, width 500 mm and height 150 mm was
modeled as a three dimensional system. However, due to symmetry only the left half of the specimen and
the loading scheme were modeled “Fig. 2”. This approach significantly reduced the computational time
and computer space requirement. In all the NLFE analyses, the concrete body was modeled using HX24L
— brick element, 8 nodes. It is based on a linear interpolation and Gaussian integration. The element is
capable of plastic deformation, cracking in three orthogonal directions and crushing. GFRP bars were
modeled by a truss element embedded in the adjacent concrete mother element. Axial elongation was the
only available deformation.

The smeared crack approach (i.e. it considers cracks as regions of damaged material with
degraded properties) in combination with the plasticity model was selected to model the cracking and

crushing of concrete due to its computational convenience as well as its resemblance to reality.

iDIANA 9.1-04 : Univ. of Leeds 01 DEC 2006 15:50:51 Constrant
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Fig. 2 NLFE model of GFRP rod embedded in concrete

4. Results and Discusions

4.1 First Cracking Load
Loads at first cracking from the experimental results and the model are compared in “Table 2”. In
all slabs, the first cracking load obtained from NLFE model was higher than the experimental data by

about 13 to 50 %. The overestimation of first cracking load in the NLFE model is possibly due to:
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® The relative homogeneity of the NLFE model may not compare to the relative homogeneity of an
actual slab specimen, as the latter contains a number of micro cracks produced by drying and
handling [11]. These cracks may reduce the stiffness of the actual slabs, whilst the NLFE models do

not include micro-cracks.

® The tension-softening curve used in the NLFE analysis was a brittle cracking model in which the

ultimate strain was fixed and always equal to fct/Ec.

Table 2 First cracking loads

Experiment

SG13-4-1 2.7 13.0 15.0
SG13-6-1 3.3 12.0 18.5
$G13-9-2 3.2 14.0 18.5

4.2 Load-deflection Curves up to Ultimate Load

The load-deflection curves from both experimental and NLFE results are plotted in “Fig. 3”. In the
linear region, the NLFE results have similar trends to the test specimens up to 10 kN when the slab
specimens start to crack, and become less stiff, as is evident in the “Fig. 3”. However, the NLFE trend
continues to increase linearly and cracks at a higher load than the loads from the experimental results
“Table 2”. Explanations for these higher cracking loads were provided in the previous section. At initial
cracking, the NLFE model indicates a constant load even though the deflection continues to increase. One
explanation for these increased deflections is the larger number of cracks found in the NLFE results than
that observed in the test specimen.

It can be seen from “Fig. 3" that all NLFE models increase linearly in the secondary linear region

up to the load before the final load. The NLFE model appeared to predict the behaviour of slab SG13-4-1

with Oy= 0.82% “Fig. 3a” throughout the range of post cracking up to a load of 75 kN reasonably well
(within 2% to 13%). As Figure 3b shows, at a load below 55 kN the NLFE deflections overestimate (by a
maximum of 48%) the experimental deflection of slab SG13-6-1 whereas at a load of 60 kN and above the
model only underestimates the experimental data by a maximum of 7%. It can be seen from Figure 3C that
at lower loads (i.e. 25 kN) the NLFE model over predicts the experimental deflection by 56% whereas at
higher loads (i.e. 105 kN) it only underestimates the experimental data by 3%.

As shown by the results “Fig. 3", larger deflections begin to occur at a load just prior to the final
load in the NLFE models and hence, the NLFE models give a clear indication of the ultimate load (Iarge
deflection before failure). In contrast, the test specimens failed suddenly without any warning (no large

deflection as in the NLFE model).
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It can be concluded that the deflections of GFRP slabs can generally be predicted by the

NLFE analysis. However, the NLFE predictions are better for lower reinforcement ratios (i.e. < 1%).
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Fig. 3 Load-deflection response for slabs
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4.3 NLFE cracking patterns

Figures 4 and 5 show crack development in the slab models SG13-6-1 CS and SG13-9-2 at a load
level of 80 kN (at about 93 and 73% of ultimate load, respectively) as in the experimental investigation.
The NLFE crack patterns were very similar to that of the experimental crack patterns. In all slab models, the
first crack occurred at different load levels within the constant moment zone. Flexural cracking consisting
of vertical cracks perpendicular to the direction of the principal tensile stress occurred early at midspan.

As the load increased, the vertical flexural cracks spread horizontally from the midspan to the
support. Cracking outside the constant moment zone (shear span of 800 mm on each side) started
similarly to the flexural cracking. At a higher load, additional cracks started to form throughout the length
of the specimen, propagating upward. In the last few load steps, compressive cracks started to occur at the
top surface of the slab models. Finally, failures occurred by shear followed by concrete crushing at a
maximum load. The cracking behaviour obtained from the FE models at the load levels before the final

load correspond well with the observed crack patterns of the slab specimens.

iDIAMA 3.2-06 : Univ. of Leeds 31 DEC 2007 13:53:53 Cracks-B0kN iDIANA 9.2-06 : Univ. of Leeds 23 APR 2008 22:45:55 crackzat-8OKN
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Fig. 4 Cracks for SG13-6-1at 80 kN Fig. 5 Cracks for SG13-9-2 at 80 kN

4.4 Modes of Failure

A shear failure was observed in all control specimens followed by a compression failure at the top
of the slab specimens. Crack patterns obtained from the finite element analysis at the last converged load
steps are compared to the cracks at failure from the actual test slabs “Fig. 6”. As shown in the figures, the

crack patterns at failure from the NLFE model and the actual slab agree very well. Diagonal shear cracks

Numerical Modeling of GFRP Reinforced Concrete Slabs (26) EL-Zaroug, Forth & YE



Journal of Engineering Sciences & Information Technology - AJSRP — Issue (4), Vol. 1 - December 2017

propagate from near the support toward the loading area. The cracks occurred mostly in the shear stress
region.

In addition, numerous compressive cracks occurred at the top part of the slab. Many flexural
cracks were observed at mid span as well. The crack patterns “Fig. 6” obtained from the NLFE model
support the experimental results which suggest that the slabs failed in shear followed by concrete
crushing. Although the slab models had a GFRP reinforcement ratio (0, above the balanced ratio (),
this shear failure does not satisfy the failure mode predicted by ACI-440 [2] (when Oy > P, concrete
crushing governs). However, the shear failure mode was not surprising due to the absence of links in the

shear spans.

1DIANA 3.2-06 @ Uniw. of Leeds 31 DEC 2007 20:81:13 Cracks-95kN

Model: 5G13-6-1B-C5
LC1: Load case 1
Step: 22 LOAD: 95
Gauss EL.EKNNL EKNN
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Min z -.584E-3

no

~L141E-L
z ~.B78E-Z

a) NLFE failure mode b) Experimental failure mode

Fig. 6 Slab SG13-6-1at Failure

4.5 Loads at Failure

Table 3 compares the ultimate loads from the test slabs and the final loads from the finite element
analysis. At the NLFE loads listed in Table 3, the slab models can no longer support additional load as
indicated by the increasing deflection “Fig. 3” and severe cracking throughout the entire slab models is
predicted “Fig. 6”. The results in Table 3 Indicate that the final load predictions obtained from the finite

element simulations were close to the ultimate loads of the experimental results.

Table 3 Comparison between Exp. & NLFE ultimate loads

Ultimate load (kN)

NLFE/Exp.
Experiment
SG13-4-1 81 75 0.93
SG13-6-1 86 90 1.05
SG13-9-2 111 105 0.95
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5. CONCLUSIONS

1.

The first cracking load from the NLFE model was higher than that from the experimental data. This is

mainly due to the reasons listed in first cracking load section.

2. The NLFE deflections “Fig. 3" at mid span over predicted the experimental deflections. DIANA is more
accurate for models/slabs with lower reinforcement ratios (i.e. < 1%).

3. Final crack patterns are similar in appearance to the experimental slabs.

4. The crack patterns at failure “Fig. 6” obtained from the NLFE model also suggest that the slabs failed in
shear followed by concrete crushing.

5. The results “Table 3" indicate that the final load predictions obtained from the NLFE analysis were close
(within 5% to 8%) of the ultimate loads obtained from the experimental results. As shown by the results
“Fig. 3" the NLFE model gives a clear indication of the ultimate load (large deflection before failure).

6. Using the DIANA software for the analysis of GFRP reinforced slabs under mechanical load is possible and
can produce acceptable predictions throughout the load range in terms of final load and crack patterns.
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Nomenclature:

L, Cracked second moment of area (mm4)
Iy Gross second moment of area (mm4)
M, Applied moment (N mm)
M, Cracking moment (N mm)
B Reduction coefficient
Pr FRP reinforcement ratio
P Balanced reinforcement ratio of FRP rods
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