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ABSTRACT: During the last decade, strengthening of RC structures with CFRP (carbon fiber
reinforced polymer) composite has become very popular. In the present work, numerical analy-
sis was performed using the ANSYS finite element software to predict the performance of RC
beams strengthened with CFRP plates. The concrete was modeled as 3-dimentional solid ele-
ments having nonlinear properties. The reinforcing steel was modeled as linkage elements with
elastic-plastic behavior. The CFRP was modeled as plane shell elements attached to the concrete
surface. The efficiency of the present model was measured by comparing its results with the
available experimental results; good agreement was found between the numerical and experi-
mental studies. The influences of CFRP plate length factor, concrete strength and steel rein-
forcement area on the performance of RC strengthened beams were investigated. It has been
shown that the use of CFRP strengthening can significantly increase the ultimate load carrying
capacity as well as the stiffness of RC beams. The major effect was found at a plate length fac-
tor of 0.8. The effect of CFRP strengthening on the behavior of beams with low area of steel re-
inforcement was more pronounced than that of beams with high area of steel reinforcement.

1 INTRODUCTION

Repair and strengthening of various RC members using FRP materials is becoming more and
more popular in structural retrofitting field. CFRP plates are now identified as an effective way
to enhance strength and ductility of RC members, due to its superior properties.

Extensive experimental works on different RC members strengthened with CFRP plates were
carried out (Hosny et al. 2006; Mohamed & Alwifati 2005; Nguyen et al. 2001). These works
showed that the proper use of CFRP plates increases stiffness, ductility and load-carrying capac-
ity of the strengthened members. However, research is still required for full understanding of the
problem.

Recently, many attempts have been made to use the finite element (FE) modeling for the
problem using various softwares; such as DIANA, LUSAS, LS-DYNA and ABAQUS (Ross et
al. 1999; Rahimi & Huchinson 2001; Tavarez et al. 2003; Hu et al. 2004). However, most of
these works were dedicated for the purpose of comparison with experimental studies. Therefore,
they were done on members with scaled down dimensions, such as those normally used in the
experimental studies.

The main objective of the present study was to apply the non-linear FE modeling to RC
beams with prototype dimensions. The CFRP plates were externally bonded at the tension side
of the beam, and the modeling was carried out using the 3-dimensional nonlinear FE ANSY'S
software. Numerical study was performed on selected cases from the previous experimental
works to check the validity of the model. The effects of some influencing parameters including
CFRP plate length factor, concrete strength and steel reinforcement area on the behavior of
strengthened beams were studied.



2 FINITE ELEMENT MODELING

The RC beams used in the analysis were simply supported and strengthened with external CFRP
plates attached to their bottom. The plates covered all or only part of the beam span. The load-
ing condition considered was two-point loads symmetrically positioned about the beam center
line. Because of symmetry only one-quarter of the beam was considered by using the appropri-
ate boundary conditions about axes of symmetry.

To model the beams within the ANSYS environment, the concrete was modeled using the
Solid 65 three-dimensional element. The nonlinear stress-strain behavior of concrete in com-
pression was modeled using the relation given by Thorenfeldt et al. (James et al. 2005), see Fig-
ure 1. In tension, it was modeled as linear elastic up to the tensile strength of concrete. The steel
reinforcement was modeled using Link 8 element with elastic perfectly plastic behavior, as
shown in Figure 2.
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Figure 1. Stress-strain relationship of concrete. Figure 2. Stress-strain relationship of steel reinf.

The CFRP plate was modeled as a three-dimensional Shell 41 element with linear stress-
strain relation up to failure in tension without any strength in compression (Fig. 3). Full bond
between concrete and CFRP plate was assumed.

To distribute loads and reactions on concrete, thick steel plates of appropriate dimensions
were used under the load and under the beam at the supports, see Figure 4. These plates were
modeled with the three-dimensional Solid 45 element with elastic properties.

The total number of elements in the problems investigated varied from 1305 to 4058 element

(Fig. 4).
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Figure 3. Stress-strain relationship of CFRP. Figure 4. Meshing of the problem.

3 CALIBRATION CASE STUDIES

The validity of the model was calibrated against results of previous experimental studies cover-
ing RC beams with or without CFRP plate strengthening.



3.1 Case I: work of Buckhouse (1997)

A full-scale RC beam without CFRP strengthening was tested under third-point loading by
Buckhouse (1997) and the test results were reported by Wolanski (2004). The beam dimensions
were 250x450 mm cross-section and 4.5 m span.

The experimental and the FE results of the load mid-span deflection curve are shown in Fig-
ure 5. As shown, the entire load mid-span deflection response produced using ANSYS model
was similar to the experimental response. To facilitate direct comparison of the results shown in
Figure 5, the loads at the first crack, yield and ultimate were calculated using the present model
and compared with those predicted experimentally (Buckhose 1997), hand computed and re-
ported by Wolneski (2004), see Table 1. Also, the deflections at first crack and at ultimate were
predicted and compared with the same three sources. As shown in Table 1, results of the loads
and deflections computed by the present model agreed well with the experimental, hand compu-
tation and previous study results.

Table 1. Results of the loads and deflections.

Present FE Experimental Hand com- Reported
model (Buckhouse) puted (Wolneski)
1* crack load (kN) 23.1 20.0 22.8 23.2
1* yield load (kN) 62.3 60.0 — 61.4
Ultimate load (kN) 73.8 72.6 64.9 72.6
: st
Deflection at 1™ crack load 13487 13665 13437 13564
(mm)
Deflection at ultimate load 94.0308 92,7100 B 91.0844
(mm)

Figure 6 shows the crack patterns of the tested beam, produced using the present model, at
various load stages. The first cracks occurred at the bottom of the beam in the constant moment
region (near the mid-span of the beam) at a load of 23.1 kN (Fig. 6a). These cracks were of
flexural nature and they occurred in the vertical direction. At a load of 35.6 kN (nearly half the
ultimate load), the flexural cracks spread in the upward vertical direction in the constant mo-
ment region (Fig. 6b). In addition, diagonal tension cracks (due to shear force) outside the con-
stant moment region also occurred. At the ultimate load, the flexural cracks in the constant mo-
ment region increased in the vertical direction and nearly covered the full depth of the beam
(Fig. 6¢). Similarly, diagonal tension cracks spread and became closer to the support.
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Figure 5. Experimental and FE load mid-span deflec- Figure 6. Crack patterns at various loads of
tion of unstrengthened RC beam. unstrengthened RC beam.



3.2 Case Il: work of Nguyen et al. (2001)

Four RC beams were tested by Nguyen (2001), one of them (CB1) was considered as the con-
trol beam without CFRP strengthening, while the other three (A950, A1100 and A1500) were
strengthened with CFRP plates. The shown number beside the letter A gives the length the
CFRP plate, while its width and thickness were kept constant at 80 and 1.2 mm, respectively.
All beams had cross-sectional dimensions of 120x150 mm and length of 1500 mm. They were
simply supported over 1330 mm span and tested under two-concentrated loads 450 mm apart.
Table 2 shows the FE ultimate loads for control and strengthened RC beams, together with
the predicted and experimentally measured ones, as given by Nguyen (2001). The predicted ul-
timate loads for beams with CFRP plate were computed based on full composite action between
CFRP plate and RC beam. As can be seen the FE ultimate loads of the four tested beams were
slightly less than the experimentally measured ones; the difference between them was about 5%
in case of control beam and ranged between 5-18% in case of CFRP strengthened beams. This
difference may be attributed to the complex nature of modeling, e.g. the strain hardening of the
steel reinforcement was not included in the model and the complex behavior of concrete model.

Table 2. Results of the ultimate loads.

Predicted ultimate ~ Experimental FE Failure mode
Concrete . .
load (kN) ultimate ultimate
Beam strength - -
(MPa) Without With load load
CFRP CFRP (kN) (kN)
CBl1 32.1 42.1 - 423 40 Flexural
A950 32.1 42.1 82 56.2 51 Peeling of CFRP
A1100 32.1 42.1 82 57.3 54 Peeling of CFRP
A1500 44.6 44.1 100 118 96 Flexural

4 PARAMETRIC STUDY

The present model was used to study the effect of plate length factor, concrete strength and steel
reinforcement area on the structural behavior of RC beams strengthened with CFRP plates. A
full-scale RC beam with the dimensions and reinforcement details shown in Figure 7 was used
in this investigation, except in case of studying the effect of steel reinforcement where the area
of steel was changed according to case of study. The width of CFRP plate was constant and
equal to the total width of the beam, and its thickness was 1.2 mm.
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Figure 7. Dimensions and reinforcement details of the full-scale beam used in the present study.



4.1 Effect of plate length factor (o)

The plate length factor is the ratio between the length of the CFRP plate and clear span of the
beam (L¢/L,). The effect of the plate length factor on the ultimate load capacity of strengthened
beam is shown in Figure 8. As can be noticed in this figure, increase of a from 0.50 to 0.80 gave
a significant increase in the ultimate load, from 137 kN to 223 kN. However, increasing of a
from 0.8 to 1.0 showed a very slight increase in the ultimate load, from 223 kN to 224 kN.

For further investigation, Figure 9 shows the stress distribution along CFRP plates at the ul-
timate loads. As shown, the stresses in CFRP plates were of maximum value at the beam mid-
span and decreased to a very small value at end of CFRP plates. For short CFRP plates (o = 0.5
- 0.6), the stresses developed in CFRP plates were small due to peeling of the CFRP plates as a
result of their short development lengths. The behavior showed that the concrete cover at end of
CFRP plate suffered from cracking and the stresses in shear reinforcement, in the same region,
were close to yielding.

On the other hand, for a = 0.7 and 0.8, the stresses in CFRP plates were high and nearly
equal. When the value of a was increased from 0.8 to 1.0, a further increase in the CFRP
stresses was obtained, however, there was not any increase in the ultimate load capacity (Fig. 8).
This means that the maximum benefit from CFRP plate development length was achieved at o =
0.8. Extending the CFRP length factor beyond this value had not any beneficial effect. In this
case the behavior indicated flexural failure as a result of yielding of tension reinforcement.
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Figure 8. Effect of plate length factor on Figure 9. Stress distribution along the CFRP plate
ultimate load capacity. at the ultimate loads.

4.2 Effect of concrete strength

Figure 10 shows the load mid-span deflection of RC beams made from two grades of concrete
compressive strength, 30 and 40 MPa, and strengthened with CFRP plates having plate length
factor of 0.5 and 0.8. The results showed that increase of o from 0.5 to 0.8 have increased the
ultimate load carrying capacity of the strengthened beams by about 70%, irrespective of
concrete compressive strength. This means that CFRP strengthening have similar effect for
different grades of concrete.

4.3 Effect of steel reinforcement area (4,)

Two sets of RC beams were reinforced with three different areas of steel and analyzed using
ANSYS FE model, see Table 3. The results showed that the effect of CFRP strengthening on
beams with low A was higher than that with high A;. For example, the increase in the load car-
rying capacity of beam with A:=804 mm?* was about 150%, when A, was doubled to 1608 mm”
the increase in the ultimate load capacity was only about 75%.

Stress in CFRP plate (MPa)



Table 3. Effect of As on ultimate load 250

of RC beams. 2 -
Ultimate loads Increase in 2
N (kN) ultimate 2001 o
(mnblz) B.eams Bee.lms load
without with (%) Z 150 |
CFRP CFRP &
804 89 223 150 3
1206 126 271 115 = 100 «=0.5, fc— 30 MPa|
1608 173 303 75 0=0.8, fc=30 MPa
>0 a=0.5, fc=40 MPa ||
————0=0..8, fc=40 MPa
0
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Figure 10. Load mid-span deflections of RC beams
with two grades of concrete.

5 CONCLUSIONS

A numerical study was carried out for RC beams strengthened with CFRP plates using the
three-dimensional finite element adopted by ANSYS. Results of the present model showed good
agreement with the experimental values. It has been found that as the CFRP plate length in-
creases, the stiffness and the ultimate load carrying capacity of the strengthened beams increase.
This was true till a plate length factor of 0.8, after that the increase was negligible. This means
that there is no benefit in increasing the CFRP plate length more than 0.8 of the clear span.
When the concrete strength was increased from 30 to 40 MPa, quite similar behavior was ob-
served; the increase in the ultimate load was about 70% in the two cases. Study of the effect of
CFRP strengthening on beams having different tensile steel reinforcement area showed that
beams with higher tension steel area gained smaller % increase in the ultimate load capacity,
when strengthened with similar CFRP plates.
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