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ABSTRACT

There is an increasing trend of using metal fimersynthetic fibers, such as polypropylene,
strengthening cement, creating favorable conditfon#ts use. An important application, mostly wgsin
carbon fibers, is one in which beams and columnsudflings and bridges are supported by the outer
casing of fabrics of this material, avoiding a plokesdemolition of the structure.

In the present study continuous carbon fiber stislkese inserted in concrete blocks and
pullout tests were performed to analyse the filgenent matrix interface. The test apparatus were
designed for this work and the specimens were nesbidnd adapted to the operational systems
according to the present technical standards.

Typically, polymer composites exhibit good adhesainfiber/matrix interface because the
fibers present a surface sizing that is compatilille the polymer matrix to be used in the manufeetu
of the composite, thus promoting adhesion of the tmaterials. However, cement is an inorganic
material and there is no mechanism that createsdimpatibility of cementitious matrices with glass
or carbon fibers.

Thus, to promote a good mechanical adhesion betdiben and cement matrix, it was
developed a technique that changed the surfadeeofdrbon fiber and some surface roughness was
created to ensure its adherence to the cementintdéréace performance was evaluated by pull out
tests.

1 INTRODUCTION

In the mid last century, the use of non-metalllzefs associated with mortar, bricks and floors
began to be effectively studied to obtain compsestteat would offer advantages over steel rebar
structures [1].

Today there are an increasing number of studiegrdéty applications of synthetic macro fibers,
fabrics or carbon fibers mats in civil constructiom compensate axial, flexural and shear
requirementg2]. From such knowledge, propositions arose fangidifferent types of fibers to
reinforce structural elements, such as beams diadspihat had undergone some kind of damage by
excessive overload, to make some structural adgqiuaccommercial buildings or to restore
architectural features of historic buildirfi@$.

In this innovative studythe insertion of a reinforcement element in tl@orete cube was
experimented in order to replace the traditionatatfie bar. So, rods containing continuous carbon
fiber filaments were manufactured in order to pdevia structure that resisted both to electrolytic
corrosion, due to leakage electrical current, angléctrochemical corrosion, caused by acid raioyor
sea environment, and also to chemical corrosiongtwiegards the action of some material directly
over the reinforcement element. The shear stressetshe fiber/cement matrix interface were
determined by pullout tests. Since no similar pspeere found in the literature, the results were
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compared to those obtained in equivalent testseppd specimens made with corrugated steel bars
that are daily used in civil construction.

2 FIBER/MATRIX INTERFACE

The fiber/matrix interface can be defined as theadhat is close to the fibers surface and next to
the matrix that involves them. Considering the niagfial difference between the elastic properties of
the composite raw materials, it will be up to theerface to make them compatible. It is important t
point out that the modulus of elasticity of a cemeamatrix is 30 GPa, whereas the modulus of
elasticity of a high strength carbon fiber is 23PaG

Knowledge on the interface properties, which aecsje for each fiber/matrix system, is essential
to lead to the understanding of physical and mechaproperties of composite materials and it is on
of the most important factors regarding the resistato material fracture [8]. The obtained resints
this analysis are important to evaluate the lareima¢chanical behavior.

In polymeric composites it is intended to createaffimity between the fiber and the polymer
matrix to provide efficient bonding between the enatls constituting the composite. This is possible
by introducing functional groups in the fiber sudalike in carbon fiber for example, where theg ar
introduced by electrolytical treatment after caikation. In cement matrix composites, however,
there is no feasible way to promote some chemicaiding to the carbon fiber reinforcement.
Therefore, a surface finishing was developed inpresent study to allow an efficient mechanical
bonding between those two materials

3 EXPERIMENTAL

3.1 Materials and processing

In case of concrete structures reinforced withrBpsome roughness must be created on their
surface in order to guarantee the adherence bettheefiber and the cement matrix since they are
different from polymer matrix composites in whichete is a chemical affinity between the
reinforcement element and the polymer matrix. Imeet matrix composites, since it is an inorganic
material, there is no affinity between the fibeddhe cement matrix, so it is mandatory make some
alteration on the fiber surface to guarantee itsesghce. Thus, the present study proposes, as a
solution, to fixate dry small aggregates on therfiburface by using a polymer matrix, which will be
called rods. Two different groups of rods were matgened as rods with thin roughness (RF), when
the aggregates retained in 0.3 to 0.6 mm sievem{d330 Mesh sieves) were used, and rods with thick
roughness (RG) when aggregates retained in 0.6mnXieves (30 and 10 Mesh sieves) were used.
Fig. 1 shows the rods in the oven, placed in tkatifbn device, which keeps them aligned and pulled
to cure the polymer matrix and fixate the smallraggte on the fiber surface.

Figure 1.Rods placed in the fixation device to dheepolymer matrix.
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3.2 Reinforcement of carbon fiber—rods

Rod, is the name given to a fiber segment thativedesurface finishing and that will resist to
resulting strains from loads acting on a concrééeent. It is a composite material consisting of
continuous filaments of carbon fiber and polymertriraand it has, as mentioned above, small
aggregates fixated on the fiber surface. Fig. 2wshthe three steps for a rod manufacturing, in
perspective and transverse section. A fiber rogegment Fig. 2a, its surface covered with polymer
matrix Fig. 2b and finally the rod showing surfaoeghness Fig. 2c.

@-0.55mm

a)

0-3.75-mm
b)

0-6.50mm
c)

Figure 2.Perspective and schematic cross of tiee thbeps of a reinforcement element:
(a) a fiber roving, (b) a section of a rod impregaawith polymer matrix, (c) a section of a
rod showing surface roughness

Conceptually, a composite material allows the eegi to quantify the percentages of each
constituent material in order to create a matdaakpecific application. In other words, the desig
can highlight some desirable characteristics amdmize other undesirable ones through a calculated
combination of components. When comparing a cafiloer rod to a construction steel bar, the
composite rod shows advantages since it is resittachemical attacks, it is neither magnetic nor
conductive, it is light-weighted and it has a hagsociation resistance/weight. Its disadvantageeis
low working temperature, below 200°C, due to th&/mer matrix[8]. Fig. 3 shows a rod segment
after testing, and on its right, it is possiblentiice the coating to increase the surface roughnes

Figure 3. Rod segment after testing.

3.3 Pull out test

The method that is used to determine the resistamtction was the pullout test. Such method
consists of determining the necessary tractioneftocrupture the bond between the composite phases
and move the reinforcement out of the cement madince the fiber/cement matrix bond is ruptured,
the test is interrupted and at that point the piilforce is considered the limit force for that gden
The shear or adherence stress may then be obtayngt relation between the traction force at the
sliding moment and the initial fiber friction argside the concrete cube. The known factors weze th
average resistance to concrete compressignthe dimensions of the concrete specimen (cmlaad
friction area of the fiber/cement interface (cmi)easured on the rod. During the specimens
preparation one of the difficulties was to find tmest suitable way to fixate the rod to the testing
device grip. At first, a method for rovings testsmased, according to ASTM 4018 “Standard test
methods for properties of continuous filament carlamd graphite fiber tows”, in which they are
fixated by thick cardboard tabs on the tips of ibds, Fig. 4, of a specimen with the thick carddoar
tab fixated on the tip of the rod Fig. 4a the app#s for pullout test with a concrete cube Fig.2be
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to the rod diameter, such method proved ineffici@hte conical-trunk shape of the grip end generates
a progressive lateral compression force on theshock the beginning of the test, leading to therfib
rupture before reaching the rupture value of fitemient matrix bond Fig. 4c.

a) b) C)

Figure4. Test according to ASTM 4018: (a) specimen withkhaardboard tab fixated on the
tip of the rod, (b) arrangement for testing witkilagle concrete cube, (c) lateral compression
on the rod in the testing device grip.

As a solution, it was attempted to have the rodtég by two concrete cubes instead of just one.
That new apparatus that was developed for the mregady, as it is shown in Fig. 5a, brought
important advantages since it eliminated the cartbetween the grip and the fiber, when just the
concrete cubes are placed into the metal suppibredso reduced the equipment adjusting steps
because the tabs pre-tensioning was no longer segesvhich made the results more reliable; and
finally, it decreased the number of wasted testdifier damage. In Fig. 5b, it is possible to idignt
the two concrete cubes with the fiber placed inceter of those cubes and the device to fixatethe

Fig. 5¢ shows a two-cube specimen whose dimensimnd 00 x 100 x 100 mm, with a carbon fiber
rod in its center.

Figure 5 Apparatus to fixate the rods with two cubes: (d@aidl®f the opening for the fiber to
go through it and the specimen centralizationafbgngement to test the concrete double
cube, (c) detail of the specimen with two concreibes to determine the shear stress.
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The set was pulled at constant speed of 1 thamsl the traction force evolution was measured up
to the rupture of the system balance. The congaagith of fiber/concrete interface was kept in 50,mm
and 50 mm were isolated by a plastic hose whoseealexr was superior to the reinforcement diameter,
as it is shown in Fig. 6.

synthetic
fiber

concrete

\,{\%4'1

fiber/ matrix
interface

Figure 6.Schematic specimen assembling with two concretesub

The contact surfaces between the cement matrixrensiteel bars diameters 6.3 mm (1/4”)
and 10 mm (3/8”) show respective areas of 989 md21&75 mm?, whereas in the rods of 3
and 9 rovings, they were respectively 393 mmz2 a8l tim2. Due to the irregular formation
of the rods external surfaces, it was difficulteasure accurately the diameters 2.5 mm and
3.75 mm.

4 RESULTS AND DISCUSSION

The adopted value as the strength limit on therfb&trix interface was the last measured value
before the fiber rod or the steel bar began slidisgle the concrete matrix. From the beginnintghef
sliding, there is a reduction in the adherencedanp to the rupture of rod/matrix interface. The
variables that represent the samples and the aveeaglts obtained for pullout forces,(Fand shear
stressestj are shown in Table 1.

The tests results showed there was an increasb%fi® the shear stress value by using cement
matrix cubes = 30 MPa compared to the values obtained betwegs RF® = 2.5 mm and steel
bars® = 6.3 mm, and an increase of 100% comparing rde®R 3.75 mm and steel bars 10 mm.
With cement matrix cubes,f= 40 MPa, results showed an increase of 87% betwEEnRGD = 2.5
mm and steel bad = 6.3 mm and an increase of 133% comparing rod8R&mm and steel bars10
mm. Fig. 7 shows the comparison between pullotitci@ves for concrete C40, varying the roughness
and the rod diameter, pointing the force in theutgpmoment for each test, and in Fig. 8, the pullo
test curves for concrete C40 and the steel bansad&x variation are compared.
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Batch of fom Kind of o Fmn T

samples (MPa) roughness (mm) (N) (MPa)
1 30 RF 2.50 5188 13
2 40 RF 2.50 5343 14
3 30 RF 3.75 9221 16
4 40 RF 3.75 9766 16
5 30 RG 2.50 5384 14
6 40 RG 2.50 5771 15
7 30 RG 3.75 11444 19
8 40 RG 3.75 12632 21
9 30 groove 6.30 7725 7
10 40 groove 6,30 8351 8
11 30 groove 10,00 11563 8
12 40 groove 10.00 14935 9

Table 1: Values of variable parameters and pulloue (F,) and shear stress) (on carbon
fiber/cement matrix interface.
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Figure 7 Curve of loadversus deformation of four pullout tests with concrete0Cdbughness
variation and rods diameter variation.
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Figure 8. Curve of loadersus deformation of two pullout tests with concrete Gdal steel
bars 10 mm (3/8”) and 6.3 mm (1/4”).

5 CONCLUSIONS

In the present study a carbon fiber reinforcemégment was developed to be used in concrete
structures as an alternative to the traditionalamftimes. The use of carbon fiber reinforcement
increased the shear stress significantly wherpdsmmeters were changed from= 30 MPa to
fer= 40 MPa, from RF to RG and frof= 2.5 mm to® = 3.75 mm, compared to the values obtained
in tests with corrugated steel bars diameters 843 mm) and 3/8” (10 mm). The possibility of
variation of those three parameters guaranteesiésgner flexibility to change the reinforcement
characteristics and to use specific rods for etrciotsire.
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