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ABSTRACT. In the article, analytical, numerical (Finite Element Method)
and experimental investigation results of beam that was strengthened
with fiber reinforced plastic-FRP composite has been given as compar-
ative, the effect of FRP wrapping number to the maximum load and
moment capacity has been evaluated depending on this results. Car-
bon FRP qualitative dependences have been occurred between wrapping
number and beam load and moment capacity for repair-strengthen the
reinforced concrete beams with carbon fiber. Shown possibilities of ap-
plication traditional known analysis programs, for the analysis of Carbon
Fiber Reinforced Plastic (CFRP) strengthened structures.

KEy worDs: Carbon Fiber Reinforced Plastic (CFRP) strengthened
structures, finite element method, moment capacity, maximum load.

1. Introduction

The existing buildings that are under earthquake action, partly beams
are suffering damage. On the other hand, while determining the performance
of the existing building during seismic formation that can occur, as for as
possible without increasing the mass of the building, the imperativeness of
strengthening the beams comes out [5]. At each condition, consequently at
either repair on strengthen studies, determining the connection between tech-
nical repair procedures and the beam capacity comes into prominence. In this
direction, studies are being done by means of being looked from different point
of view a direction [12].
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In recent years, for the aim of repairing and strengthening, applications
of fiber reinforced plastic composite system by gluing them to external part of
the reinforced concrete structures gradually becomes widespread all over the
world [15, 6]. Fibers that have most prevalent usage are e-glass, aramid and
carbon. This are manufactured as plaques that were covered with fibers and as
tissues that were knitted in one and two directions. Behaviour of the system
that was covered external with FRP composite is related to the type of the
element that was covered and generally that have been separated into three
categories that are bending strengthening, shear strengthening and envelope
scripts [14, 4].

Strengthening reinforced concrete structures includes external cover-
ing of beams towards bending and shearing and external seismic covering of
columns and beams. The aim of seismic external covering increases the resis-
tance and the ductility of the system towards lateral earthquake loads [10].

Behaviour of the reinforced concrete beam with “T” cross section that
was strengthened with carbon fiber reinforced plastic composite (CFRP) has
been evaluated analytical and experimental, it has been observed that tension
increased approximately %40 in [11] study, at the negative moment region.

Distance from support to CFRP origin and effect of cross-section beam
to behaviour of it have been observed in [2] study, at the tensile region of rein-
forced concrete beam when it was strengthened with CFRP composite. Com-
putation formula has been composed related to experiment results, to guess
the design load that is equal to the limit position of beam. In this examination
original shear stress and slight effect have been taken into consideration.

Behaviour of partial bridges that was strengthened with CFRP compos-
ite has been examined in [13] study. On scaled specimen and full-scaled partial
beams experiments were done. Bond scaled experiment have been shown as
alternative for characterizing repair and strengthen the partial structures with
CFRP composite.

Experimental results of repair-strengthen with CFRP composite have
been presented in [8] study, at the example of pre-stressed three reinforced
concrete girder bridge that suffered damage. Before and after repair experiment
results have shown that usage of CFRP is productive. It has been observed
that usage of CFRP decreased the girder bending displacement more than %20.

2. Specimen details

Specimen reinforced concrete girder and bars in it and measurements
of ties have been shown in Fig. 1. ¢8 longitudinal bar and ¢8 bar as tie have
been used in girder.
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Fig. 1. Measurement of specimen and details of bars

In Table 1 a, b physical parameters of concrete, bar and CF-130 type
of CFRP: Concrete compressive strength — f., approximate elastic modulus
of concrete in compression — F,, Poisson’ s ratio — p.; design strength of the
FRP material — fy,, tension (fracture) extension — e4,, modulus of elasticity
— Eg, Poisson’ s ratio — pug, thickness of CFRP — t;, modulus of Elasticity —
Ey, ultimate strain (elongation) of the FRP material — £, have been given.

Table 1a. Characteristics of concrete and bar

Concrete (C20) Bars (S420)
fc Ec ,LLc fy Esu Est ,LLst
(MPa) | (MPa) (MPa) (MPa)
20 28-102 | 0.2 | 420 | 0.003| 2-10° | 0.3

Table 1b. Characteristics of CF-130 type of CFRP

Ly ffu E}u Ey
(m) (Mpa) (Mpa)
1.65-10~% | 3430 | 0.015 | 2.3-10°

Following direction observed for covering all specimen reinforced con-
crete beams with CFRP (CF-130), [1].

1. Preparation of surface: After cleaning the surface, it has been pre-
pared for placing by means of sand blasting.

2. Application of primer: One layer primer has been applied to concrete
surface. Preparation of primer on concrete surface is for application of CFRP
layers.

3. Application of putty: A thin coat of putty is smoothed over the
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surface to fill in any small uneven surfaces.

4. Application of saturant: This first layer is applied before placing of
CFRP.

5. Application of CFRP layers: First CFRP layer is placed and layers
are rolled into the saturant to insure good adhesion.

6. Application of the second layer: For the second placing it is necessary
to be impregnated for saturant between layers.

Not to cut FRP, corners of specimen have been become circular.

3. Experiment plan

3 of experiment specimens (RB01, RB02, RB03) without CFRP, 3 of
them (RB11, RB12, RB13) with one layer, 3 of them (RB21, RB22, RB23) with
two layers, 3 of them (RB31, RB32, RB33) with three layers, 3 of them (RB41,
RB42, RB43) with four layers CFRP have been prepared by gluing them to
tension region. Measurement instruments of deformations and displacements
have been placed at tension region in the (PFL-90-11) of specimen (Fig. 2.)

4. Test result

In Table 2, the results of load capacity (P), moment capacity (M),
maximum deformation (e.,ef) and displacement (u) of concrete and fiber in
the middle of specimen, curvature (appropriate to this position) for the failure
mode have been given.

Table 2
Specimen P M £./1073 | e5/1073 u /1072 | Fracture
name (kN) | (kNm) (mm) | (Rad/m) | mode
RBO 30.54 2.29 0.22 0.42 2.92 6.875 1
RB1 46.30 3.47 0.49 0.56 1.69 14.41 2
RB2 53.69 4.02 0.47 0.24 1.71 11.46 2
RB3 60.09 4.50 0.41 0.12 1.00 9.11 3
RB4 64.03 4.80 0.30 0.14 0.83 6.12 3

In Table 2 legend of indication 1, 2, 3 appropriately were given below:

1 — Fracture mode that was occurred after yielding of tension bar.

2 — Fracture mode that was occurred after peeling of CFRP layer.

3 — Fracture mode that was occurred after peeling of CFRP layer and
crushing of concrete.

In Table 2, beam bearing moment (M) related to beam bearing load
(P), has been found from following equations for plastic failure situation:

tgd ~0=mwu,/(L/3); up,=0-L/3
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Fig. 2a. Placement positions of deformation and displacement instruments on
specimen

Fig. 2b. Specimens without and with CFRP during of experiment

P
(1) 25 -

wl

-0 =2M0 + 2M - 0;

PL 6M
Computation of beam curvature have been found from neutral axis
depth (c¢) related to source of [3] and from concrete deformation that was
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found from experiment.
3) ¢=—.

Neutral axis depth values have been given in Table 3.

5. Analytical analysis

As it known bearing capacity of reinforced concrete beam with rectan-
gular cross-section has been calculated as follows:

(4) M, = myubd> feq.

Value of my,:

Jva _ A fya

Pm =P = .
" f yk bd f yk
For testing specimens

- 0.1-0.1  420000/1.15
Pm=710-08 ~ 20000/1.5

= 0.013 - 27.37 = 0.355,

for pp, = 0.355, from m, — p,, relation:
(7) my = 0.27.

After finding m,,, it is written in formula (4) and bearing capacity of
specimen is calculated:

(8) M, =0.27-0.1-0.08%- 13333 = 2.3 kN.m.
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Related to this bearing capacity, beam bearing load is found from for-
mula (2).

_6M, 6-23

P - _ =
(9) v L 0.45

= 30.67 kN.
Bearing capacity of reinforced concrete beam that was covered with

CFRP on its tension (Fig. 4) has been computed as following related to source
(3, 16].

TOA15mf0.15meAl5mf

P2, ap P2 i # b * 448 bars $420
t=01ml | _ 7] .concrete
B D)
f CEFEP plate
a
/f@} ¢ /977 (CF-130)
LLL 0.4m L)
\% \%
0.0225m 0.0225m
(a) beam (b) a-a cross section

Fig. 4. Reinforced concrete beam with CFRP and its details of cross section

Properties of concrete, bar and fiber material is computed:
for fiber:

(10) fru = CEffu,

(11) Efy = CEeSf,

(12) Ay = ntywy,
Ay

1 )

(13) Py =30
FE

(14) ng ==L,

E.
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for bar:
A
1 s — T 1>
(15) Ps =
E;
1 s = —.
(16) =g

Position of neutral axis (c¢) has been obtained as follows in first ap-
proach:

(17) c=0.2d.

Bending moment bearing capacity of beam cross-section has been found
from following computation algorithm related to the preceding information’s.

Calculation order of bearing capacity of beam (M) and By, By algo-
rithms and the value of ¢, have been shown as follows:

— Calculation of the ¢, parameter by Bj algorithm:

(Crushing position of concrete)

(18) €c = Ecu,

(22) fs = Fge. < fyv
(23) fe= Esel < fy,

_ Asfs +Afff - A/sf;

24) o 0.8501 /1b
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— Calculation of the ¢, parameter by By algorithm:
(Failure by FRP ruptures)

(25) Ef = Efu = b — Ebi
(26) €c = (Efu + €bi) (hcc>,
(27) €s = (Efu + €bi) <Z — Z) ;
(28) ey = (efu + €bi) (h_ dc/> ,
(20) =1Lk

(30) pr=2-

g2
) 0.91n (1 + (62)2>
8 (5—)
sc

_ Asfs + Afff - A/sf;
VfiB1b ’

(32) Ci

— Calculation of bending moment bearing capacity of beam cross sec-
tion with fiber:

(33) M = Agfs (d %) + 0.85A¢ ff (h %) + ALf! (% d’) .
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Related to this bearing capacity (M), bearing load of beam with fiber
has been found from formula (2):

_6M

(34) P==

In Table 3, bearing capacity that was computed by formula (4), bearing
load that was computed by formula (9); depth of neutral axis (c); formulas of
(RB1, RB2, RB3, RB4) specimens that were covered with n = 1, 2, 3, 4 layers
fiber (10-34) and bearing capacities (M), bearing loads (P), depth of neutral
axis (¢) that were computed by appropriate algorithm have been given.

Table 3a. Analytical computation results of bearing capacities, bearing loads and
character other parameters of specimens

. Mo — M; Py—P; Ec
Specimen| M <To . 100> P 2 - 100 c . |p= -
Name | (kNm) 1=1,2,3,4 (kN) i=1,2,3,4 (m)
RBO 2.30 — 30.67 — 0.032(0.003| 93.75
RB1 3.48 51.30 46,48 51.54 0.034]0.003| 88.23
RB2 4.06 76.52 54.18 76.65 0.041{0.003| 73.17
RB3 4.56 98.26 60.86 08.43 0.045]0,003| 66.66
RB4 4.81 109.13 64.14 109.12 0.049]0.003 | 61.22

6. Analysis with numerical finite element method

Concrete stress element of reinforced concrete beam specimen after sep-
aration into 4, 4, 4 pieces in z, y, z direction with finite elements that have
hexahedral surface by quadratic interpolation, bar element after separation
into 4 pieces with 3D dimensional frame finite element by quadratic interpo-
lation and CFRP stress layer with shell finite element that has appropriate
thickness for fiber coefficient by quadratic interpolation has been modelled in
consideration of linear and nonlinear behaviours under static load [7].

Appropriate analysis results have been given in Table 3b. Related to
numerical (FEM) computation results in Table 3b.

Lateral buckling moments of beam specimens with CFRP and without
CFRP have been computed with following formulas (35, 36) in linear approach
(Fig. 6).

(35) M,, =
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Fig. 5. Specimen numerical (FEM) analysis model [9]

bh3 hb3
I, = —: = G =0.4FE,,
Y127 J 3’

™

bih3  bh? bh?
My = —+/J(EI El), =Ef|—5 — =5 | t B |75 |-
(36) fier 3 ( )ret. GJ’ ( )ret. f < 12 12 + 12

For that specimens lateral buckling moments that was computed with
formula (35), (36) are more than appropriate bearing moments.

In the following Table 4, for that specimens, experimental, analytical
and numerical (FEM) analysis results and appropriate comparisons have been
given.

Table 3b. Numerical computation results of bearing capacities, bearing loads and
character other parameters of specimens

- M, Py—- P c
Specimen| M (M~1OO) P < 0 -100) c | & ¢:€— u

MO PO c
Name |[(kNm)| i=1,2,3,4 (kN)| i=1,2,3,4 | (m) (mm)
RBO 2.04 — 27.20 — 0.032|4.76| 0.014 | 2.88
RB1 3.70 81.37 49.20 80.88 0.034|6.08| 0.017 | 1.69
RB2 3.97 94.60 53.00 94.85 0.041|2.49| 0.060 | 1.67
RB3 4.56 123.52 60.80 123.52 0.045|1.28| 0.002 | 0.99

RB4 4.80 135.29 64.00 135.29 0.049|1.50| 0.003 | 0.82
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Table 4. Table of comparison of bearing capacities of specimens that have been obtained by experimental, analytical and
numerical (FEM) analysis

Speci- Experimental results Analytical results Numerical (FEM) results
1\?;‘116 M | P | e | e | 9107 w | M| P b M | P | g b u
(kNm) | (kN) [ /1073|/1073| (Rad/m) | (mm) | (kNm) | (kN) | ¢ |(Rad/m)|(kNm)| (kN) |/10~*|(Rad/m)|(mm)
RBO | 2.29 |30.54| 0.22 | 0.42 | 6.875 | 2.92 | 2.300 {30.67|0.003| 93.75 | 2.04 |27.20| 4.76 | 0.014 | 2.88
RB1 | 3.47 |46.30| 0.49 | 0.56 | 14.41 | 1.69 | 3.486 |46.48(/0.003| 88.23 | 3.70 |49.20| 6.08 | 0.017 | 1.69
RB2 4.02 |53.69| 0.47 | 0.24 11.46 | 1.71 | 4.063 |54.18|0.003| 73.17 3.97 |53.00| 2.49 | 0.060 | 1.67
RB3 4.50 |60.09| 0.41 | 0.12 9.11 1.00 | 4.565 |60.86|0.003| 66.66 4.56 |60.80| 1.28 | 0.002 | 0.99
RB4 4.80 164.03| 0.30 | 0.14 6.12 0.83 | 4.811 |64.14]0.003| 61.22 4.80 164.00| 1.01 0.003 | 0.82
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Fig. 6. Cross section of CFRP layered beam

7. Conclusions

15 reinforced concrete specimens without CFRP and with suitable for 1,
2, 3, 4 layers CFRP (CF-130) have been tested towards bending and following
conclusions based on experimental. Analytical, numerical investigation can be
drawn:

— CFRP strengthened reinforced concrete beams increased failure load
and moment approximately 70-120 percent depending on the CFRP layer’s
number.

— For getting maximum fruitfulness of CFRP strengthening, it is nec-
essary fitting observance direction for covering specimens.

— Specimens without CFRP have behaved in a ductile, CFRP strength-
ened specimens show a brittle behaviour.

— For use full capacity of CFRP, applying an anchorage system may
be necessary.

— During testing de-bending type of failure have been dominant (the
rupture of CFRP plates is not accurate)

— Research show up that experimental and numerical analysis results
are suitable with analytical analysis results by ACI codes.

— For the application traditional known analysis programs for the
analysis CFRP strengthened structures may be used the next procedure: a)
necessary define load (moment) capacity of the CFRP strengthened structure
elements as shown above: b) use equivalent reinforced concrete section ap-
propriate to the CFRP strengthened structure elements; c¢) this equivalent
reinforced concrete section parameters are used as input data for the known
analysis programs.
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Nomenclature
As: Area of steel (compression)
Al Area of steel (tension)
b, h: Section dimensions
Agrp: FRP cross-sectional area
M: Moment capacity of beam
M.,.:  Critical moment of beam
M,: Factored moment at a section
c: Neutral axis depth (estimated)
Cx: Neutral axis depth (calculated)
fe: Compressive concrete strength

& Design concrete strength
d: Effective depth
d': Depth to the centroid of the compression steel
dp: Depth to the centroid of the FRP plate
fev: Stress in concrete

P Ultimate strength in steel
fs: Stress in tension steel (tension)

i Stress in tension steel (compression)
fru: Design strength of the FRP material
fya: Design yield strength of steel
fyr: Characteristic yield stress of steel
J: Torsion constant
P: Axial load
fy: Yield strength of steel
Ept Stress in FRP plate
Eeu Ultimate concrete compressive strain
€s: Stress in tension steel
Ep: Ultimate strain in steel
Ey: Yield strain in tension steel
€ fu! Ultimate tensile strain in FRP plate
ty: Thickness of FRP plate
u: Displacement

Mechanic reinforcement ratio
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Appendices

-//;1’ 8/u’ A.r’ Py A/> p/> €. h’E/a f‘,d, n

Moment
capacity of
“|beam (M) is
calculated

Calculation
of the value
of ¢ by B,
algorithm

Calculatiomn

of the value c=c+0.001

Bearing
capacity of
beam (M) is
calculated

Calculation algorithm of bending moment capacity of beam cross section with CFRP



