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This paper presents the results of an experimental investigation of concrete columns confined by wound
pretensioned epoxy-impregnated carbon filament yarns. The yarn winding equipment, with the ability to set
the desired pretension force and thereby to produce confined concrete specimens with different initial lateral
pressure, was developed at the Institute of Polymer Mechanics. It is shown that the pressure increases the axial

stress at which intense internal cracking of concrete develops.

Introduction

During the last decade, more and more research efforts have been focused on the use of CFRPs (carbon-fiber-rein-
forced plastics) as a reinforcement for concrete elements. The deterioration of old structures, the need for strengthened struc-
tural members because of increased loads, and the rehabilitation of existing structures (especially in highly seismic regions) are
some of the applications where the CFRP reinforcement can be efficiently utilized.

In particular, CFRPs can be used to confine the lateral deformation of concrete columns subjected to axial compres-
sive loadings. Confined concrete possesses a greatly enhanced strength and ultimate strain [1]. CFRP is linearly elastic up to
failure, and when used as a confinement, it creates an ever-increasing lateral confining pressure on the concrete. As a result, a
triaxial compressive stress state is created in it. The axial stress—axial strain curves of the confined concrete can be roughly con-
sidered bilinear. The first part of the curve corresponds to undamaged concrete. When the transition point, or knee point, is
reached, intense internal cracking of the concrete begins. Due to the confinement, concrete does not fail, and the curve
continues as a straight line with a greatly reduced slope.

The axial stress at the knee point is considerably higher if the column contains a longitudinal steel bar reinforcement
[2]. This effect is caused by redistribution of the axial stress between the concrete and reinforcing bars, which lowers the stress
level in concrete.

The knee point can be raised by laterally pretensioning the confining element, so that there arises an initial lateral
stress acting on the column. One of the ways to achieve this is the chemical pretensioning [3]. In this method, a preformed con-
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TABLE 1. Concrete Properties

Concrete target (iompretssiveth Ultimate axial Ultimate lateral Yé)ulng’g Poisson

strength, MPa co I}IZ: ISVIrSZg strain €.,, % strain g, % mo é}‘)l; b> ratio v
20 18.7 0.30 0.16 24.1 0.21
35 38.1 0.26 0.15 29.7 0.20
50 44.6 0.24 0.10 32.6 0.20

TABLE 2. Split-Disk Test Results

Cross-sectional area

Number of layers | of the composite, Strength of the | Tensile modulus of

. o
composite, MPa | the composite, GPa Ultimate strain, %

mm?
12.04 513 37.2 1.14
4 15.61 901 57.2 1.30

fining tube (jacket) is placed around an existing concrete column, and then a mix comprising cement, sand, and an expansive
agent is inserted between the concrete column and the jacket. The jacket confines expansion of the grout during the hardening
period, and thus a chemical pretensioning occurs in the jacket, reacting against the concrete core.

The main objective of this work is to study the mechanical behavior of confined concrete columns if the confinement
is created by winding initially pretensioned carbon filament yarns onto a rotating concrete specimen.

1. Experimental Program

1.1. Concrete properties. The compressive behavior of concrete of three different target compressive strengths (20,
35, and 50 MPa) were investigated on specimens in the form of cylindrical columns. The concrete was prepared in laboratory
and was allowed to harden in forms under ambient conditions for 28 days. Six unconfined plain concrete columns were tested
in a monotonic compressive loading to estimate their compressive strength. The diameter of all columns (both confined and un-
confined) was 152 mm and length 300 mm. During the tests, axial and lateral strains were measured by strain gages glued at the
column midheight. The results are summarized in Table 1.

1.2. Composite confinement properties. The concrete specimens were confined by winding a carbon yarn, impreg-
nated with epoxy resin, tangentially around them. The yarn was a collection of parallel continuous carbon filaments.

Properties of the Tenax-J UTS 7731 carbon yarn (manufacturer’s data): tensile strength 5193 MPa, tensile modulus
244 GPa, elongation at break 2.13%, density 1.79 g/cm3, filament diameter 7 um, number of filaments 24,000, and cross-sec-
tional area of the yarn 92.4 - 102 mm?.

Such data are usually exaggerated and therefore cannot be used directly for estimating the strength of a composite.
Therefore, split-disk tests according to the ASTM D 2290 standard were performed to determine the hoop properties of the
composite jacket created. Two types of ring-shaped specimens (with two and four yarn layers) were prepared with a diameter
of 157 mm and overlap length of 120 mm. All the rings were tested at a displacement rate of 2 mm/min up to failure. The results
obtained are summarized in Table 2. A comparison of the experimental strength and modulus of the carbon yarn, calculated by
the simple rule of mixtures (neglecting the strength and modulus of matrix), with manufacturer’s data is shown in Table 3. It is
seen that the values obtained for its elastic modulus, tensile strength, and ultimate tensile strain in the composite are by about 3,
33, and 43%, respectively, lower than the data given by the manufacturer.

1.3. Winding process and the confined specimens. Yarn winding is a technique for confining with a FRP, which
consists in winding resin-coated fibers onto a rotating concrete specimen. The winding equipment used is shown in Fig. 1. A
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TABLE 3. Experimental Values of Properties of the Tenax-JUTS7731 Carbon Yarn

Tensile strength, MPa Young's modulus, MPa Ultimate axial strain, %
Ratio
between the Ratio between Ratio between Ratio between
Cross-sec- the average the average the average

tional areas . experimental . experimental . experimental
of the yams Experiment| Average and Experiment| Average and Experiment| Average and
and the ring manufacturer's manufacturer's manufacturer's
data data data
0.16 3206 233 1.14
3480 0.67 236 0.97 1.22 0.57
0.24 3754 238 1.30

Fig. 1. Winding equipment: 1 — dynamometer; 2 — specimen; 3 — pretension device.

schematic diagram of the yarn winding process is depicted in Fig. 2. Continuous flow of the yarn is supplied from the bobbin to
the pretension device. The pretension device is composed of four rubber-coated wheels. Each wheel is separately adjustable to
obtain the pretension force desired. The placement of yarns was controlled by traversing the pretension device along the longi-
tudinal axis of the specimen at a step of 8 mm per rotation. The resin was applied to the concrete surface and yarns before wind-
ing. The winding process was conducted carefully in order not to damage the yarns in the course of winding. The confined
specimens were left to dry for a 10-day period at the temperature of 22°C.

Altogether, 26 confined specimens were tested in this study. The confining jacket consisted of two and four layers of
wound yarns. The pretension force P of the yarn was equal to 0, 245, and 490 N. The axial and lateral strains were measured by
both strain gages and linear variable displacement transducers (LVDT). The placement of the gages and LVDT is shown in Fig.
3. The loading rate was 10 MPa/min, following the ASTM C 39/C39M-99 standards.

2. Estimation of the Effect of Lateral Pretensioning of CFRP

It was shown in [4] that the increase in the compressive strength due to the confinement can be well estimated by the
simple formula

Sy, B

Jeo Jeo (1
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Fig. 2. Schematic diagram of the yarn winding equipment: 1— fixture of the rotating specimen;
la — specimen; 2 — horizontal platform, moving along the longitudinal axis of the specimen;
3 — pretension device attached to the platform; 3a — dynamometer; 3b — yarn bobbin.
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Fig. 3. Arrangement of strain gages (1) and LVDTs (2).

where f,. is the confined concrete strength, f,,, is the plain concrete strength, and £}, is the ultimate lateral pressure. X ; is de-
fined as

where vis the initial Poisson ratio of concrete. For the typical value of the initial Poisson ratio 0.2, K ; =4. The ultimate lateral
pressure is expressed as

__J —
flu_ R € ju _Elatgjw

where E J is the elastic modulus of the CFRP jacket, /4 is the thickness of the jacket, R is the column radius, € Ju is the ultimate
hoop strain of the jacket, and £;,, =E ;h / R is the so-called “lateral modulus”. The ultimate lateral strain €;, of the confined
concrete is equal to the ultimate hoop strain of the jacket: &;, =& ;. If the jacket is made from a wound yarn, its thickness is

I’ZSO
=
t

h
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Fig. 4. Loading paths of confined concrete specimens [5].

where S is the average cross-sectional area of the yarn, ¢ is the winding pitch of the yarn, and # is the number of yarn layers.
It can be shown that, assuming Hook’s law for concrete, the slope of the initial loading path in the stress space is
do, 1+k(1-v)

>

do; kv ()

where o, is the axial stress, o, is the lateral stress, and £ is a parameter that characterizes the stiffness of the jacket:

ELR
where £}, is the initial elastic modulus of plain concrete.

When the initial loading path reaches the strength line [Eq. (1)], intense internal cracking of concrete starts. However,
the confining jacket acts in such a way that the concrete column does not fail, but the loading path bends and becomes roughly
parallel to the strength line. The failure of concrete occurs when the hoop stress in the composite jacket reaches its ultimate
value. The intersection point of the initial loading path and the strength line is called the knee point or the limit of linearity. An
example of loading paths in the axes of nondimensional normalized axial stress 6, and normalized lateral stress o; for speci-
mens with different plain concrete strengths and different confinement thicknesses is shown in Fig. 4 [5]. It is remarkable that
all the loading paths follow a single master curve, which can be described by

M =1+K G M . (3)

co co
From Eq. (2) it follows that the lateral stress in the elastic regime is

kv

T k) 77 @)

Insertion of Eq. (4) into Eq. (3) leads to the expression for the axial stress at the knee point

0% [=[1+ k(1-V)] fp - (5)

This stress |G™, | can be increased by laterally pretensioning the CFRP jacket. The pretensioning creates an initial lat-
eral stress o, therefore, the initial loading path will intersect the strength line at a higher axial stress (Fig. 5). The initial lateral

stress can be written as

_npP

b =Ry
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Fig. 5. Schematic representation of the influence of lateral stress on the knee point: 1 — loading
of nonpretensioned specimens; 1" — loading path of pretensioned specimens; 2 — the strength
line.
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Fig. 6. Determination of the knee point from experimental data.
where P is the pretension force applied to the yarn. Now, the lateral stress in the elastic region is

oOj=—0,+07y_.
D i k(=y) 270 ©)

Insertion of Eq. (5) into Eq. (3) leads to the expression for the axial stress at the knee point in prestressed concrete
o =1+ k(-] feo +K 5|0, |]
or

o2 |':[1+k(1_v)]{fco +1_VV~';§] )

In reality, there is no sharp transition from the first to the second part of the loading path, therefore, the knee point is
defined as the axial stress at the intersection of continuations of linear sections of the first and second parts of the paths (Fig. 6).

3. Results

The averaged stress—strain curves o€ of the confined concrete specimens are shown in Fig. 7. The loading paths in the
normalized stress space are depicted in Fig. 8. Table 4 lists the experimental characteristics of confined and unconfined con-
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Fig. 7. Stress—strain curves o—¢ of columns with 2 (1) and 4 (2) layers at P =0 (—), 245 (- - -),
and 490 N (---). The strength of the unwrapped columns (3) f., = 18.7 (a), 38.1 (b), and 44.6
MPa (c).
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Fig. 8. Loading paths in the present study: (- - -) — the strength line.

crete specimens. The relative increment of the axial stress at the knee point due to the initial prestress, A”, is calculated as fol-
lows:

BT ®

The estimated relative increment A" * is obtained by inserting Eqs. (5) and (7) into Eq. (8):
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TABLE 4. Experimental Results

oo MPa n PN | [0l MPa | g % & % Jeel Jeo | 1651/ fog | 1G5 S
18.7 2 0 0 3.15 1.29 3.36 1.04 1.02
245 0.81 3.15 1.33 3.31 1.08 1.20
490 1.61 2.99 1.23 3.21 1.16 1.38
18.7 4 0 0 4.39 1.41 5.26 1.00 1.05
245 1.61 3.74 1.09 4.45 1.11 1.41
490 3.22 4.08 1.17 4.74 1.24 1.77
38.1 2 0 0 2.28 1.50 2.10 1.06 1.02
245 0.81 1.96 1.26 2.05 1.16 1.10
490 1.61 1.82 1.28 1.94 1.16 1.19
38.1 4 0 0 2.88 1.39 2.70 1.05 1.04
245 1.61 291 1.23 2.89 1.16 1.21
490 3.22 2.90 1.23 2.88 1.27 1.39
44.6 2 0 0 1.91 1.41 1.90 1.19 1.02
245 0.81 1.73 1.30 1.90 1.24 1.09
490 1.61 1.76 1.26 1.91 1.29 1.17
44.6 4 0 0 2.66 1.38 2.80 1.24 1.04
245 1.61 2.49 1.30 2.67 1.29 1.19
490 3.22 2.28 1.28 2.61 1.40 1.34

Note: .. and g, are the average ultimate axial and lateral strains, respectively, of confined specimens; f../ f., is the normalized compres-
sive strength of confined specimens; |o% [P / .., is normalized axial stress at the knee point for confined specimens; |o% |* / [0 18 the esti-

mated normalized axial stress at the knee point.

1-v nP

A* est —
v Rt

The experimental and estimated relative increments of axial stress at the knee point due to the initial prestress, for all
the confined specimen configurations tested, is shown in Fig. 9.

4. Discussion

It is seen form Fig. 9 that the pretensioning of CFRP can increase the knee point by up to 24%. According to [6], the
compressive stresses in a plain structural concrete element should not exceed the limiting one:

feo

6, <06—,
Y

where v is the safety factor (y > 1). For confined structural elements, f., is replaced by the knee point |67 | In most cases,

los |~ Jeo for nonprestressed confined elements. Since 6% > Jeo for prestressed structural elements, they have higher limit-

ing stresses and can be subjected to higher service loads.

There is a significant difference between the estimated and experimental increments of the knee point for some of the
configurations tested (Fig. 9). This indicates that the prestress level achieved was much lower than intended. This can be ex-
plained by a possible stress relaxation and creep in the confined specimens during the drying period, which reduced the pre-
stress level. This effect is especially pronounced for the low-strength concrete (f,, = 18.7 MPa).
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Fig. 9. Experimental (M) and estimated (L)) relative increments of the axial stress at the knee
point due to the initial prestress. The following labeling of confined specimens is used: plain
concrete strength [MPa] — initial prestress [MPa] — L (number of confinement layers).

TABLE 5. Estimated Relative Increase in the Compressive Strength due to the Yarn Winding

Technique
Jeo» MPa Ejg» MPa (Joe = Joo) Joen %
27 1170 37
27 2730 50
48 1170 28
48 2730 42

The drawback of the initial pretension of CFRP is a reduction in the deformation capacity of the composite jacket, be-
cause it contains already prestretched yarns. It is seen from Fig. 9 that most of the prestressed confined specimens have a lower
ultimate lateral strain than those without an initial prestress. The lowered deformation capacity of CFRP leads to a lower
strength and a lower ultimate axial strain. However, this is of no importance in practical applications, because the service load
of structural concrete elements is lower than the knee point.

The compressive strength depends on the ultimate hoop strain of the CFRP jacket [see Eq. (1)]. Itis found in [1, 5] that
the ultimate CFRP hoop strain in confined concrete tests is about 40% lower than that in the split-disk test if the concrete is con-
fined manually by winding a continuous carbon yarn tape impregnated with epoxy resin around a column, with yarns oriented
in the hoop direction. Tests show that, for concrete confined by a wound carbon yarn, the ultimate hoop strain is about the same
or even higher than that obtained from the split-disk test. This means that yarn winding produces a more qualitative confine-
ment by providing a better fiber distribution and minimizing the fiber waviness. From two specimens having the same plain
concrete strength and lateral modulus, the specimen with a prestressed jacket will have a higher compressive strength than that

wrapped manually. If f:c and sj-u are the compressive strength and ultimate hoop strain of the manually wrapped concrete col-

umn (eju = 0.68714 , where siu is ultimate hoop strain in the split disk test), and f,. is the compressive strength of the concrete
column with a prestressed winding, then, according to Eq. (1), the relative increase in the compressive strength due to the pre-

stressed winding can be roughly estimated by the formula
Jee = f:L _ 067K 5 E S#]i”

%

.fcc fco +K6Elat8ju

465



The relative increase in the compressive strength is greater for the concrete of lower strength. As reported in [5] d =

8 . =
> ju
1.2% and £ ; = 225,000 MPa for the CFRP. The estimated relative increase in the compressive strength due to the pretensioned
yarn winding, for some of the specimens tested in [5], is reported in Table 5.

Conclusions

The pretensioning of CFRP creates an initial later stress which delays the start of intense internal cracking of confined
concrete.

The pretensioning increases the axial stress at the knee point by up to 24% compared with that without pretensioning.
This means that laterally prestressed structural concrete elements can be subjected to higher service loads than nonprestressed
ones.

To fully utilize the deformation capacity of CFRP yarns, winding is recommended instead of manual wrapping of a
resin-impregnated tape around the column. For the same plain concrete strength and lateral modulus, the specimen with a pre-
stressed jacket will have a higher compressive strength than the manually wrapped one (Table 5).
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