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Abstract

This study is an attempt to provide experimental test data for reactive powder
concrete (RPC) beams strengthened by externally bonded carbon fiber reinforced
polymer (CFRP) in flexure.

The mixing procedure used in this work presents a successful way to produce RPC
with a (cylinder 100 x 200 mm) compressive strength exceeding 110 MPa using heat
curing.

Se%/en singly reinforced RPC beams were investigated, one was the control beam
(no CFRP was applied) and six were externally strengthened by CFRP. All beams
were of the same cross section, length, internal reinforcement, and of the same
concrete mix design and were cured in the same way. The experimental variables
considered in the test program include, number of CFRP strip layers (1 layer or 2
layers) and the width of CFRP strip, with and without using external anchorages. The
experimental results showed that the ultimate loads are increased up to 64.29 % for
the beams strengthened with bonded CFRP sheets and external anchorage with
respect to the unstrengthened reinforced concrete beam (control beam). Also, these
strengthened beams showed an increase in the first cracking load up to 100 %. On the
other hand, there is a lower deflection at corresponding loads than the unstrengthened
reinforced concrete beam.

Keywords: Carbon Fiber Reinforced Polymer, First Cracking Load, Flexure,
Reactive Powder Concrete, Ultimate Load.
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INTRODUCTION

he main objective of the present study is to investigate the behavior of

reinforced concrete beams strengthened with externally bonded CFRP strips.

CFRP is selected as a strengthening material because of its outstanding tensile
strength and stiffness compared to other composite materials [1]. A more recent
generation of Ultra High Performance Concrete (UHPC) named RPC has been
developed, that offers superior strength, durability and ductility [2]. RPC contains
high cement content, silica fume, fine sand (grain size distribution of 150-600 um as a
replacement of natural coarse and fine aggregates), special water reducer so that it is
possible to adopt water-cement ratio less than 0.20, and special fine steel fibers [3].

Experimental Work

During the design phase of the experimental program, the variables included in this
study are focused mainly on the number of CFRP strip layers, using different width of
CFRP strips, and external anchorage schemes that will influence the flexural behavior
of the reinforced concrete beams strengthened externally with CFRP strips. Detailed
description of each variable is presented in the section on strengthening scheme.

Specimens Description

Seven singly reinforced RPC beams with rectangular cross sectional dimensions
of 100 mm width by 200 mm height and 1500 mm length were cast. The flexural
reinforcement of the beams consisted of 2d12 mm tension bottom bars at the tension
face, and 26 mm top bars in the shear spans only at the compression face. To avoid
shear failure, the beams were over reinforced for shear with ®6 mm closed stirrups
spaced at 50 mm on center. Figure (1) shows specimen dimensions, reinforcement
details, support locations, and location of loading points.
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Figure (1) Geometry and reinforcement of la boratory specimens.

Specimens Identification and Strengthening Schemes

Strengthening schemes were chosen carefully based on the practical needs and the
field conditions. Six RPC beams were strengthened with externally bonded CFRP
sheets and all the external anchorages used in this work were made from the same
CFRP sheets. The test specimens details are listed in Table (1). The details of all
beam specimens are shown in Figure (2).

Table (1) Test specimens details.

Beam Details of strengthening

No CFRP strip dimensions | No. of CFRP | No. of U-shape
' at bottom face (mm) layers CFRP anchors

B1

B2 1200x60x0.166 1

B3 1200x60x0.166 2

B4 1200x60x0.166 2 4

B5 1200x100x0.166 1

B6 1200x100x0.166 2

B7 1200x100x0.166 2 4

*U —shape CFRP anchor dimensions are (400x100x0.166) mm.
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(a) Schematic of specimen B1.
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Figure (2) Details of beam specimens.
»p/2 »i2
200:“]“‘ 1 00
' 1588 2 : H
200y
two layers of CFRP strip
a)Side view | .
620‘:::‘“" two lavers of CERP strip
b) Beam cross section
[2omm
et | I | |
20mw 1200

two layers of CFRP strip

c)Bottom wview
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Figure (2) Continued.
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Construction Materials

1. Cement

Ordinary Portland cement manufactured by United Cement Company commercially
known as (CARASTA) was used throughout this study which conforms to Iraqi
Specification N0.5/1984 [4].

2. Fine Aggregate

Al- Ekhaider natural sand of 4.75 mm maximum size, was used as fine
aggregate. For RPC, very fine sand with maximum size of 600 um was used. This
sand was separated by sieving. Its fine grading is in accordance with the lraqi
Specification N0.45/1984 [5].

3. Silica Fume



A gray densified silica fume (which is a byproduct from the manufacture of silicon or
ferro-silicon metal) was used, which was imported from Sika company. The used
silica fume conforms to the chemical and physical requirements of ASTM C1240-
04 [6].

4. Superplasticizer (S.P.)

A high performance concrete superplasticizer (also named High Range Water
Reducing Agent-HRWRA) based on polycarboxylic technology, which is known
commercially as SikaViscocrete®-5930, is used in this study. SikaViscocrete®-5930 is
free from chlorides and complies with ASTM C494/C494M-04 type a [7].

5. Steel Fibers

The RPC contains small steel fibers, each steel fiber has a diameter about 200 pm,
length of approximately 15mm and aspect ratio of 75. The steel fibers used in this test
program were straight according to ASTM A820/A820M-04[8].

6. Steel Rebars and Stirrups

For all beams, two sizes of steel reinforcing deformed bars are used. Bars of size ®12
mm with 596 MPa yield stress were used as longitudinal tension reinforcement, and
bars of size ®6 mm with 633 MPa yield stress were used as transverse reinforcement
(closed stirrups).

7. Water
Tap water was used in all mixes and in the curing of the specimens.

8. Carbon Fiber Reinforced Polymer (CFRP)

In the last years, CFRP composites have been used for strengthening structural
members of reinforced concrete structures [9]. CFRP of type SikaWrap®-300 C/60
was used to externally strengthen the reinforced concrete beams. CFRP when loaded
in tension, does not exhibit any plastic behavior before rupture. The tensile behavior
of CFRP is characterized as a linearly elastic stress-strain relationship up to failure,
which is sudden and can be catastrophic. The mechanical properties of CFRP sheet
are given in Table (2) according to manufacturing specifications of Sika Company.

Table (2) Technical properties of CFRP sheet.*

Tensile . . . .

. E Elongation Width | Density | Thickness
SR ?R;epnegth (GPa) | Atbreak (%) | (mm) | (glemd) | (mm)
SikaWrap®-

300 C/60 3900 230 15 600 1.79 0.166

*Provided by manufacturer.

9. Bonding Materials

The building and construction industries represent some of the largest users of
adhesive materials. Many applications were non-structural in the sense that the
bonded assemblies were not used to transmit or sustain significant stresses (e.g. crack
injection and sealing, skid-resistant layers, bonding new concrete to old). Sikadur®-
330 was used in this work for the bonding of CFRP sheet. The product data is listed
in Table (3).




Table (3) Technical properties of bonding materials.*

Properties Sikadur®-330

Tensile strengths (MPa) 30
Concrete fracture on sandblasted
substrate: >1 day

Bond strengths

E-modulus (MPa) 4500

Elongation at break (%) 0.9

Open time (minute) 30 minutes at +35°C

Full cure (days) 2 days at +35°C

Mixing ratio part A : part B =4 : 1 by weight

*Provided by manufacturer.

Concrete Trial Mixes
Four types of RPC trial mixes were tested in the present work, as listed in Table
(4). The variable used in these mixes was w/cm ratio. For RPC, The mix B from
Table (4) is used to cast the main beam specimens in the present investigation as well
as their control specimens.
Table (4) Properties of the different types of RPC mixes.

Concrete mixes
Parameter Mix A Mix B MixC | MixD
Cement (kg/m°) 900 900 900 900
Fine aggregate (kg/m°) 990 990 990 990
Silica fume (%)* 25 25 25 25
Silica fume (kg/m°) 225 225 225 225
Water to cementitious ratio 0.14 0.16 0.18 0.2
w/cm
Water (L/m°) 157.5 180 202.5 225
Admixtures (Sika® 6 6 6 6
ViscoCrete-5930) (%)**
Admixtures (Sika®
ViscoCrete-593§J) (kg/m?) 67.5 67.5 67.5 67.5
Steel fibers (%)*** 2 2 2 2
Steel fibers (kg/m®) 156 156 156 156
Cube compressive | 7 days 119.7 107.4 91.7 76.8
strength (MPa) 28 days 126.2 115.3 103.6 91.9

* Percent by weight of cement.
** Percent by weight of cementitious materials (cement + silica fume).
*** Percent of mix volume.

Mixing Procedure

RPC was mixed by using a horizontal rotary mixer with (0.1) m® capacity. The
mixing sequence was as follows: the desired quantity of silica fume was mixed in dry
state with the required quantity of cement. This operation was continued for 3
minutes to ensure that silica fume powder was thoroughly dispersed between cement
particles. Then, fine sand was loaded into the mixer and mixed for 5 minutes. The




superplasticizer was dissolved in water and the solution of water and superplasticizer
was added to the rotary mixer and the whole mix ingredients were mixed for a
sufficient time. The mixer was stopped and mixing was continued manually
especially for the portions not reached by the blades of the mixer. The mixer then was
operated for 5 minutes to attain reasonable fluidity. Fibers were uniformly distributed
into the mix slowly in 5 minutes during mixing process, and then the mixing process
continued for additional 3 minutes. In total, the mixing of one batch requires
approximately 30 minutes.

Casting and Curing Procedure

Before casting, all molds, cylinders, and cubes were well cleaned and steel
reinforcement was placed on the bottom face of the beam's mold. The concrete was
placed in the molds in three equal layers, each layer was compacted by using
electrical vibrating table for one minute.

All specimens were demolded after 24 hours, and then they were heat cured at
about 90° C for 48 hours in a water tank. After that they were left to be cooled at
room temperature, and then they were placed in water and left until the end of water
curing at 28 days.

Surface Preparation

1. Grinding the concrete surface by scraper machine at the location of gluing the
CFRP on the concrete to remove the weak surface.

2. Rounding the edges of the beam (approximately 15 mm) to prevent stress
concentration in the CFRP sheets.

3. Cleaning and removing the dust from the concrete surface by water.

CFRP System Installation

First of all, the CFRP was cut into the required lengths. According to
manufacturer technical data, the two-part adhesive (white and black) (comp. A and
comp. B, respectively) was mixed first separately each one alone with an electrical
mixer (here slow speed electrical drill was used) and mixed in 4:1 proportion, for
approximately 3 minutes until the color was a uniform gray. Apply a thin layer of
mixed epoxy on the concrete surface (approximately 1.5 mm). This will impregnate
the carbon fiber sheet after they were placed on the concrete element. The adhesive
was also applied to the sheet with the same thickness. The sheet was then placed on
the concrete, epoxy to epoxy, and a rubber roller was used with direction of the sheet
to remove air bubbles that are trapped behind the carbon fiber sheet and to properly
seat it by exerting enough pressure so the epoxy was forced out on both sides of the
sheet.

Testing of Beams

All beam specimens were tested under a static two- points load to study their
flexural behavior and to compare the experimental results with the analytical
predictions. A hydraulic jack with a capacity of 2000 kN is used. The universal
testing machine is a closed loop servo hydraulic testing system controlled manually.
The machine was calibrated by "lIragi Central Organization for Standardization and
Quality Control" in 2014. It was used to apply the load to the test beam through a
spreader steel beam, the frame has a high degree of stiffness and can be modified to
accommodate different configurations of beams as well as other structural elements.



The experiments were executed in load control with manual data monitoring,
standard steel supports with 200 mm wide contact plates were used to support the
beam ends. The load was applied at a load rate of 4 KN/min.

Control Specimens

The control specimens were cast from the same concrete batch used for casting the
beams. The control specimens were tested immediately after the beam test, consisting
of:
1. Three 100 mm cubes for compressive strength test according to B.S: 1881: part
116 [10].
2. Three 100 x 200 mm cylinders for compressive strength test according to ASTM
C 39/C 39M-05 [11].
3. Three 100 x 200 mm cylinders for splitting tensile strength test according to
ASTM C 496/C 496M-04 [12].
4. Three 100 x 200 mm cylinders for modulus of elasticity test according to ASTM C
469-02 [13].
5. Three 100 x 100 x 500 mm prisms for flexural strength test (modulus of rupture)
according to ASTM C 78-02 [14].
The mechanical properties for the control specimens are shown in Table (5).

Table (5) Properties of tested control specimens.

Beam Compressive | Compressive FuIf Tensile Modulus Mod_ul_us of
No strength, f., | strength f. c/reu | strength, | of rupture | elasticity
) (MPa) (MPa) fo(MPa) | f,(MPa) E.(MPa)
B1 117.50 108.95 0.93 14.35 19.17 48994
B2 117.50 108.95 0.93 14.35 19.17 48994
B3 117.50 108.95 0.93 14.35 19.17 48994
B4 123.95 110.20 0.89 14.80 20.20 49510
B5 123.95 110.20 0.89 14.80 20.20 49510
B6 123.95 110.20 0.89 14.80 20.20 49510
B7 124.56 111.35 0.89 15.40 20.85 49741

Beams Result

The evolution of the crack width of the first appearing crack and the load-
deflection curves for different load stages of the seven tested beams were obtained
and studied extensively. The cracks pattern for all beam specimens is shown in Figure
(3). Figures (4 to 9) compare the crack width of the first appearing crack for beam
specimen Bl and other beams. Figures (10 to 15) compare load versus midspan
deflection of beam specimen B1 and other beams.




Figure (3) Cracks pattern for all tested beams.
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Table (6) shows the cracking, ultimate loads, increase in the cracking and ultimate
loads percentages and P/ P, percentages for all the tested beams as a summary of

the results obtained.



Table (6) Percentage increase in the cracking and ultimate loads.

Bea | Crackin | Percen | Ultimat Etercc;f

m g load t of | e load increa P.. /| mode at ultimate loa

No. P increa | Py se Py Failure mode at ultimate load

(kN) se (%) | (kN) (%) (%)
B1 50 ) 140 ) 3571 yielding of the tension steel
' reinforcement

B2 70 40 177 2643 | 3955 steel vyielding followed by CFRP
' ' rupture

B3 75 50 188 3429 | 39.89 steel vyielding followed by CFRP
) ) rupture

B4 80 60 201 4357 | 39.80 steel vyielding followed by CFRP
) ) rupture

B5 90 80 213 5214 | 42.95 steel vyielding followed by FRP
) ) rupture

B6 05 9 292 5857 | 42.79 steel vyielding followed by FRP
) ) rupture

B7 100 100 230 6429 | 43.48 steel vyielding followed by FRP
) ) rupture

Figure (16) shows the first cracking load and the ultimate load for all tested beams.
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Figure (16) Cracking & ultimate tested loads.

Load Capacity

To predict the nominal bending moment capacity of a singly reinforced
rectangular RPC section strengthened with CFRP sheets, the proposals presented by
Aied [15], which essentially are close to the proposals of Danha [16], were adopted.
Figure (17) shows a rectangular RPC section reinforced in the tension zone with steel
bars and strengthened with CFRP sheets at the bottom tension face. The section is
subjected to a positive bending moment (M) such that at ultimate stage the strain and
actual stress distributions are as shown in the same figure. The figure also shows a
conversion of the actual stress blocks to equivalent bi-linear stress blocks for both
compression and tension.

b




Figure (17) Actual and proposed equivalent stress distributions at ultimate stage
through a singly reinforced rectangular RPC section with CFRP subjected to
pure bending moment [15].

The location of the neutral axis measured from top compression fiber is calculated
from the following equation:

c= (fte b h+Asfy+Afffe) Ecu (1)
- [l b(09ec,~045¢ec)+fre b (Eut05€e) Y
Where:
0.9,
gCl = e e (2)
£,=1.17x10°(f,) + 4.59x107(Vy) + 1.92x10° ..
3)
Ey=15¢ L 4
fe =0.0243(f') +1848(Vg) L
®)
ee=2.17*10°(f,) + 1.75*10° L
(6)
_ fe
Sfd =041 TlEftf < 0-9€fu ...... (7)
df—c
Efe = EC‘LL( fC ) S gfd ...... (8)
ffe = Ef.‘gfe ...... (9)
Xeq = ZLI cC (10)
xtl == & C (11)



Then, the nominal ultimate bending moment capacity of a singly reinforced
rectangular RPC section can be determined by summing up the moments around the
neutral axis caused by all the compressive and tensile forces on the section such that;

MTL =MC1 +MC2 +MTC1 +MTC2 +MS+Mf ...... (12)
My = 045f" b (2 = *2) + 05f,, b (h +c? - 2he — ) + Ayfy(d —
O+ Asfre(dp—c) L (13)

Where:

A = area of FRP external reinforcement, mm?.

A, = area of longitudinal steel bars, mm?.

b = width of compression face of member, mm.

¢ = distance from extreme compression fiber to the neutral axis, mm.

C, = compressive force in concrete for triangular part of equivalent stress
distribution, N.

C, = compressive force in concrete for rectangular part of equivalent stress
distribution, N.

d = distance from extreme compression fiber to centroid of longitudinal tension
reinforcement, mm.

d; = effective depth of FRP flexural reinforcement, mm.

E. = modulus of elasticity of concrete, MPa.

E; = tensile modulus of elasticity of fiber, MPa.

f’. = specified compressive strength of concrete cylinder, MPa.

fr. = effective stress in the FRP; stress level attained at section failure, MPa.

fi = first cracking tensile strength of concrete, MPa.

f, = specified yield strength of steel reinforcement, MPa.

h = height of beam cross section, mm.

M, = nominal flexural strength, N.mm

n = number of plies of FRP reinforcement.

T¢1 = tensile force in concrete for triangular part of equivalent stress distribution, N.
T, = tensile force in concrete for rectangular part of equivalent stress distribution, N.
T: = tensile force in CFRP, N.

t; = nominal thickness of one ply of FRP reinforcement, mm.

T, = tensile force in steel reinforcement, N.

V; = volumetric steel fibers ratio.

£, = concrete compressive strain corresponding to /.

&cu = Ultimate compressive strain of concrete.

g¢ = strain level in FRP reinforcement.

&rq = debonding strain of externally bonded FRP reinforcement.

&ry, = design rupture strain of FRP reinforcement.

g = strain level in the steel reinforcement.

& = concrete tensile strain corresponding to f

The ultimate load for all tested beams and the load capacity of the proposed method
are given in Table (7) and shown in Figure (18).

Table (7) Tested and proposed ultimate loads for all beam specimens.



Tested ultimate | Proposed ultimate | Pyprop) / Pugtest

Beam No. | load P st (KN) Load P y(prop) (KN) (%)

B1 140 116.04 82.88
B2 177 139.51 78.82
B3 188 162.60 86.49
B4 201 162.60 80.90
B5 213 154.95 72.75
B6 222 192.81 86.85
B7 230 192.81 83.83
Mean 0.818
SD 0.049
COV % 5.990

Where: SD = Standard deviation, COV = Coefficient of variation.

Table (7) leads to COV of 6 percent and a mean value of 0.82 for the ratio P yprop,) /
Pucesy - This low value is proposed for safety, because of the limited number of tests.
Further tests in the future may lead to a modification in P prop)-
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Figure (18) Tested & proposed ultimate load.

Conclusions

Based on the experimental and theoretical investigation of this study, the following
remarks can be concluded:

1. The mixing procedure used in this work presents a successful way to produce RPC
with a cylinder compressive strength exceeding 110 MPa with heat curing.

2. Using CFRP sheets to strengthen reinforced RPC beams is significantly effective
in increasing the first cracking load. The increase was up to 100 % for reinforced
concrete beams externally strengthened with CFRP sheets having external anchorages
at shear spans compared with the unstrengthened beam.

3. The externally strengthened reinforced concrete beams with bonded CFRP sheets
generally showed a significant increase in the ultimate loads. This increase reached
up to 64.29 % for reinforced RPC beams externally strengthened with two layers of
CFRP strip having external anchorages at shear spans compared with the
unstrengthened beam.



4. The reinforced RPC beams strengthened with CFRP sheets showed a lower
deflection at corresponding loads compared to the unstrengthened beam due to the
presence of CFRP sheets.

5. An increase in the number of CFRP layers from one layer to two layers led to an
average increase of 6.3 % & 5.2 % in the first cracking and ultimate loads
respectively.

6. Increasing of CFRP sheet width from (60 to 100 mm) led to an average increase of
26.7 % & 17.6 % in the first cracking and ultimate loads respectively.

7. The external anchorages are very effective in increasing the interaction between
the CFRP and the RPC section. External anchorages improve the structural behavior
of the strengthened beams (increasing first cracking load-6%, increasing ultimate
load-5.3%, and reducing beam deflection-9.4%).

8. A vyielding of steel reinforcement followed by CFRP sheets rupture failure
mode was the dominant mode for all RPC beams strengthened with CFRP.
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