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Abstract

This article presents the influence of carbon fibre reinforced polymer sheets (CFRP) on the strength
of normal and fibre concrete columns determined in uniaxial compression. Fibre reinforced
concrete (FRC) belongs to a special concrete group which is characterised by special properties
without strength [12]. By using CFRP, we can modify the process of work of these composites,
which are adhered to a prepared surface using a high performance resin, especially as is shown in
this article. This composite material works in an elastic-plastic range with strengthening.

Keywords: composite column, fibre reinforced concrete, carbon reinforced polymer material,
stress-strain, strengthening

Streszczenie

W artykule przedstawiono wpltyw stosowania mat z wtdkien weglowych na wytrzymatosé
kolumn z betonu zwyktego i fibrobetonu okreslong w probie jednoosiowego $ciskania. Fibro-
beton nalezy do grupy betonow specjalnych, ktore cechujg si¢ specjalnymi wiasciwosciami
oprocz wytrzymatosci [12]. Modyfikacje sposobu pracy kolumn z tego betonu mozemy uzy-
skac¢, stosujac maty z wiokien weglowych, ktore sa przyklejane do odpowiednio przygotowa-
nej wezesniej powierzchni elementow stupowych przy uzyciu wysokowytrzymatych zywic,
co zostato wykazane w pracy. Powstaly w ten sposob element zespolony pracuje w zakresie
sprezysto-plastycznym ze wzmocnieniem.

Stowa kluczowe: stup zespolony, fibrobeton zwykly, wiokna weglowe, naprezenie—odksztalcenie,
wzmocnienie
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1. Introduction

In recent years, we have observed a significant increase in the use of carbon fibres for
reinforcing concrete structures. This is due to the many advantages of this material which
include its high strength and Young’s modulus, resistance to aggressive environments,
a high strength-to-weight ratio and good fatigue properties [9, 16].

Cracking and spalling of concrete columns often accompany the corrosion of inner steel
reinforcements. The loss of cementitious material causes the corrosion of steel reinforcement
and leads to reductions in the structural integrity and load-carrying capacity of columnar
supporting elements [11].

Until recently, the most common method of strengthening was to install reinforced
steel jackets around circular sections. The use of a steel encasement to provide lateral
confinement to concrete in compression has been extensively studied and has been shown to
be able to significantly increase the compression load-carrying capacity and deformation of
the columns. However, the major drawbacks of using steel jackets are their low resistance to
corrosion, high cost and high dead-weight [6].

As the result, CFRP presents a very attractive option as an alternative and extremely
efficient retrofitting technique in such cases through the use of composite jackets or wraps
around a degraded column [10]. Carbon sheets have been applied to increase the concrete
confinement and loading resistance of concrete columns. The confinement effectiveness of
externally bonded fibre reinforced polymer (FRP) sheets depends on different parameters,
such as the type of concrete, steel reinforcement, thickness of the FRP jackets (number of
layers), stiffness (type of FRP) and loading conditions [1].

The use of CFRP sheets can be of significant importance for the strengthening of historical
buildings and monuments where change of use is considered as this often causes an increase
of loads. The experience of the authors indicate that many historical buildings were built using
low performance concrete which corresponds to the current C15/20 class. Strengthening it
with CFRP confinement can increase bearing capacity and maximum strains.

Due to the increasing usage of concrete with steel microfibres in load-carrying concrete
elements [5, 7, 8], the authors present a study of FRC columns for comparative purposes.

2. Experimental programme

2.1. The specimens and materials

A total of twelve circular columns were manufactured in a local laboratory and tested
under uniaxial compression. All specimens were produced using normal concrete — half of
them contained fibre reinforcement at an amount of 1.5% by volume. Table 1 presents details
of the mixture used in the research. In this study, the constituent materials making up the
normal concrete were Portland-fly ash cement type II — CEM 11/B-V 32.5R with a 0.5 water
cementitious ratio. Diabase (¢2—8) and fine sand ($0-2) were used as aggregate. Hooked end
steel fibre (50 mm long and 1mm in diameter, tensile strength greater than 1050 MPa) was
used throughout the experimental programme.
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All specimens were divided into four groups: normal concrete columns (NCC); fibre
reinforced concrete columns (FRCC); reinforced normal concrete columns by CFRP (NCC-
CFRP); fibre reinforced concrete columns confined by CFRP (FRCC-CFRP). As a result,
three specimens from normal concrete and three specimens from fibre reinforced concrete
were tested for comparison purposes — the remaining 6 CFCT wrapped columns were tested
to evaluate the effect of CFRP sheets. All of the specimens were 400mm in height and
150mm in outer diameter.

Table 1
Proportions of concrete mixture
Mix o Cement Sand Gravel Water w/c ratio Steel fibres
typ [kg/m?) [kg/md] [kg/m?] [kg/m?) -] [% by vol.]
Normal 366 942 942 183 0.5 -
Concrete
Fibre Reinforced | 3¢ 942 942 183 0.5 15
Concrete

2.2. Specimen preparation

The concrete specimens were ripened in a water bath for twenty-eight days and then
dried out for seven days. A proportion of them were then wrapped with CFRP-Sikawrap301c
by using epoxy resin — Sikadur330. The process of resin hardening took the next seven days
at 20°C, which provided a full cure of the epoxy resin. To ensure adequate bond strength
between the fibre sheets and the concrete surface, the concrete surface was sanded, cleaned
and thoroughly dried. The moisture level of the concrete surface was 5%. Each of the six
specimens was wrapped with one layer in a continuous manner. To achieve a reliable bond,
a 150mm overlap was provided in the direction of the fibres in all the reinforced specimens.
The fibre sheets with fibres orientated in the hoop direction were wrapped onto the concrete
tube using a manual dry layup process. The age of the concrete specimens at the moment of
testing was six weeks. The strength parameters of the CFRP and epoxy resin according to
the manufacturer are shown in Tables 2 and 3, respectively.

Table 2

Characteristic parameters of Sikawrap301c [18]

Areal Weight 300 gm” + 5%

Fibre Density 1.80 g/cm’®

Fabric Design Thickness 0.17 mm (based on carbon content)

Mechanical / Physical Properties

Dry Fibre Properties Tensile strength 4'900 Nmm (nominal)
Tensile E-modulus  230°000 N/mm? (nominal)
Elongation atbreak  2.1% (nominal)
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Table 3
Characteristic parameters of epoxy resin Sikadur330 [18]

Density Mixed Resin: 1.31 kg/lt (at +23°C)
Tensile Strength 30 N/mm? (7 days at +23°C) (DIN 53455)
Bond Strength Concrete fracture on sandblasted substrate: = 1 day (EN 24624)
E-Modulus Flexural:

3800 N/fmm? (7 days at +23°C) (DIN 53452)

Tensile:

4500 N/mm? (7 days at +23°C) (DIN 53455)
Elongation at Break 0.9% (7 days at +23°C) (DIN 53455)

2.3. Instrumentation and testing

The uniaxial compression tests of the concrete columns were performed using
a servo-controlled MTS Rock and Concrete Mechanics Testing System. The testing
system, equipped with a high-capacity and high-stiffness load frame coupled with servo-
hydraulics and digital control technology, provided a versatile tool for the investigation of
the deformation behaviour of the concrete samples over a wide range of conditions.

The research was carried out at room temperature and humidity, with the constant axial
strain rate of the columns in all of the experiments being approximately 5x10-° [s™']. The
measurement of the axial force was carried out by means of a force transducer, while the
displacements were measured by LVDT sensors. Radial and axial displacements were
determined through the measurement of the whole columns’ dimension changes, where the
LVDT sensors were mounted directly between compression plates (Fig. 1).

Fig. 1. MTS testing system for uniaxial compression tests and measurements of axial
and radial column displacements

3. Results and discussion
3.1. Observations and failure modes

The experimental results from the tests are summarised in Table 4. Moreover, Figures 2
to 4 show the typical failure modes of the unconfined and the confined specimens.



149

09°1 1T°Cl 89°C 059 SY've LO'1 90°08 ddd0-00d4d
LET Ly'Cl 8Y'€ 09°¢ 65'vC 870 8CCL ddID-D0ON
- SYIl 19°C 6¢°S 6¢°S 8C'1 (434 00dd
- 8C01 9C'C 8¢ 8¢ €9°C YL IE JON
[094] 93010U00 JO | [094] 93010U00 [094] suwunjoo
z [edO] | [edO] Qimjoely Surnp Jo aamoely Jo aamoely [edN] upow [ed] wEuons suow1oads
q Aionse? Jo q Ayonsed jo : oy} Jo uoneIAdp |  aAIssardwoo :
urens 9sI10AsuUen} | Juunp urens Sump urens Jo dnoin
snnpour 93eI2AL | snjnpow I3eIoAe plepue)s oFerone
o3eroAe [e1xe oFeIoAL [eIxe oFe1oAe
Arewuing
9¢°1 orel 661 &9 0€°S¢ €508 Y0¥ 1 €dd4D-00dd
Yo'l 00°TT1 9L'C 6€9 8TYC 0C'18 91¥1 ¢ddd0-00d4
09°1 Ly'Cl 0¢¢ L99 8L'E€C Sv'8L 98¢l [dddD-00d4
dMAD Aq pauyuod suwnjo)) 333.19U00) PIAIOJUIRY IqI
(U (Uad! LS€ 10°¢ 98°CC L8 1L 9¢Cl €dd4D-D0ON
9¢'1 0€°01 Iy vE9 1T°ST L6 1L 991! ¢dddD-O00N
9¢'1 el SLT 1489 69°S¢ 66'CL 06¢1 1dddD5-D0N
JAAD Aq sumnjo)) 339.19U0)) PILIoJUINY
- 89°¢l LTV (14 (14 YTy LTL €20d4d
- (143 9C'C SI'9 S1'9 98¢ 89 [408). !
- Yl I¢1 6LV 6LV €rov 069 10044
SUWN[0)) 932.19U0)) PIIIOFUINY AL
- <ol LL'E 8L'E 8L'¢ 8C°6¢ LIS €OON
- 0C'Cl 861 €L'C €LE 69°6¢ 9 COON
- [ ! S6'¢ S6°¢ §T0¢ 0¢CS [DON
SUMWN[0)) 3J2.19U0)) [EULION
[edD] [edD] '7 [094] 93010U00 JO | [094] 93010U00 JO | [09] suwnjod Jo | [edIA] YISUANS
7 Kionsed Kyonsed imjoely Suump | QInjoeyj Suump | rmoely Junmp JAI-ssa1dwoo - szhb uowoadg
Jo snjnpow Jo snjnpowr UIen)S 9SIOASURT) urens [erxe urens [erxe [euTwoN. peOl FEWHIN

v °919qBL

S)[NSAJ [BIUIWLIdAXD 3Y) Jo Arewrwing




150

Fig. 2. Typical failure modes of NCC (a) and FRCC (b)

b)

Fig. 3. Typical failure modes of NCC-CFRP

As we see, the fracture of NCC and FRCC can be considered as normal and typical. In the
cases of NCC-CFRP and FRCC-CFRP, we cannot predict the location of the fracture. The
rapid destruction of the columns with CFRP occurs in the weakest location of the specimens
with the release of huge amounts of energy.
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Fig. 4. Typical failure modes of FRCC-CFRP

3.2. Axial and transverse stress—strain response

Figures 5 (a) to (d) show axial stress versus axial and transverse strains for specimens
with unconfined concrete columns (a), (b), and confined concrete columns (c), (d). The
nominal axial stresses were calculated by dividing the axial loads by the total cross-
sectional areas of the columns, and the small thickness of the CFRP was negligible in this
calculation. The modulus of elasticity £, and £, were designated without preloading cycles;
therefore, the results are qualitative. The modulus of elasticity £, and E, were determined
in a range of stress ranging from 15% to 33% [3] and from 75% to 95% value of maximum
stress, respectively. Axial and transverse strains during the fracture of concrete in the case
of CFRP columns were determined at the point of inflection on the stress-strain curve.

The average compressive strength of NCC is 31.74 MPa. The average longitudinal and
transverse strains of NCC at the time of destruction are 3.82%o and 2.26%., respectively.

The average compressive strength of FRCC is 40.32 MPa. The average longitudinal and
transverse deformations at the time of FRCC destruction are 5.39%o and 2.61%o, respectively.
The destruction is less fragile in comparison to NCC.

The average compressive strength of NCC-CFRP is 72.27 MPa and is 128% higher
than the NCC. The average value of the longitudinal strains at failure is more than six times
greater in comparison to NCC. CFRP leads to the occurrence of a tri-axial state of stress in
concrete which receives a higher strength. After crossing the border of concrete strength,
the CFRP sheets begin to work actively until the time of destruction which is explosive
in nature, though the manner of conducting this test (axial strain control) enabled a post-
failure analysis of the columns. The NCC-CFRP columns are treated as composite material
working as elastic-plastic with strengthening. The average modulus of elasticity £, is 21%
higher than for NCC and more than nine times greater than the modulus of elasticity £,
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The behaviour of FRCC-CFRP, until its destruction, is similar to NCC-CFRP. The
average compressive strength of FRCC-CFRP is 11% higher than NCC-CFRP and nearly
100% higher than unconfined FRCC. The average values of the longitudinal strains at
failure are the same and increment of the transverse strains is similar in both cases. The
failure process is also explosive in nature, but in the case of CFRP-FRCC, we do not observe
residual strength values immediately in each case due to the presence of the steel fibres. The
average modulus of elasticity £, is 6.6% higher than FRCC and nearly eight times greater
than the modulus of elasticity £,
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Fig. 5. Axial stress—strain relationships for specimens: NCC (a), FRCC (b), NCC-CFRP ¢),
FRCC-CFRP (d)

3.3. Adhesion of CFRP to the concrete surface

The most crucial aspect determining the full performance of the CFRP sheets is the good
adhesion of CFRP to the concrete surface [13]. On the basis of the macroscopic analysis, we
can claim that the debonding, which generally occurs in the externally bonded reinforcement
technique, was avoided. Figure 6 shows the laminate which was breaking away from the
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concrete. We can observe that the epoxy resin which was used adhered perfectly to the
concrete surface. The grain aggregates and cement paste were torn from the concrete in
the case of NCC-CFRP. In the case of FRCC-CFRP steel microfibers were torn from the
concrete additionally, what proves a good connection of CFRP with the concrete surface. It
is worth noting that the rupture of the jacket can be accompanied by a slight delamination of
the layers [17].

Fig. 6. CFRP sheets which were torn from NCC-CFRP (a) and FRCC-CFRP (b)

4. Conclusions

This paper presents an experimental investigation of the performance of short, circular
concrete columns confined with CFRP under uniaxial compression. The following
conclusions may be drawn from the work presented in this paper:

1. The confined specimens made from normal concrete fail via rupture of the CFRP in
the region of weakness. In contrast with the unconfined specimens, external CFRP
confinement effectively increases the compressive strength and axial strains.

2. The stress—strain curves of the confined specimens can be divided into two distinct
regions, which is in line with the literature [2, 4, 11, 15]. These regions include,
firstly, the elastic stage involved with the transfer of stresses by the concrete and
secondly, the hardening stage, where stresses are carried by CFRP confinement,
which provides the columns with post-yield stiffness for load carrying. In the case
of NCC-CFRP and FRCC-CFRP, we received similar values of compressive strength
and maximum strains during fracture — this may indicate that usage of fibre concrete
reinforced by CFRP in new constructions is not justified.
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3. The efficiency of the CFRP sheets depends largely on the proper preparation of the
concrete surface before the lamination process.

4. The use of steel microfibre can cause a lack of total immediate destruction of the
columns after reaching the critical stresses in comparison with unreinforced concrete
with CFRP. To clearly confirm this proposal, further testing needs to be conducted on
a larger number of samples.

5. The different character of the stress—strain curves for unconfined concrete and
concrete confined by CFRP causes that during design of concrete structures
reinforced by CFRP, use of standard model of stresses distribution under compression
as a function of the strains which EC2 shows [14], is not appropriate in this case.

One of the drawbacks of the presented solution is the low fire resistance of the composite.

The properties of the carbon fibres do not change even at 2000°C [9], and are more heat
resistant than steel and concrete. Unfortunately, in the case of fire, the epoxy resin burns
relatively quickly, causing relaxation of the CFRP confinement. Therefore, when using this
solution, we need to protect the composite surface from heat and fire, for example, by the use
of an additional insulation layer.
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