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This pa per pres ents the re sults of an ex per i men tal in ves ti ga tion of con crete col umns con fined by wound

pretensioned ep oxy-im preg nated car bon fil a ment yarns. The yarn wind ing equip ment, with the abil ity to set

the de sired pre ten sion force and thereby to pro duce con fined con crete spec i mens with dif fer ent ini tial lat eral

pres sure, was de vel oped at the In sti tute of Poly mer Me chan ics. It is shown that the pres sure in creases the ax ial 

stress at which in tense in ter nal crack ing of con crete de vel ops.

In tro duc tion

Dur ing the last de cade, more and more re search ef forts have been fo cused on the use of CFRPs (car bon-fi ber-re in -

forced plas tics) as a re in force ment for con crete el e ments. The de te ri o ra tion of old struc tures, the need for strength ened struc -

tural mem bers be cause of in creased loads, and the re ha bil i ta tion of ex ist ing struc tures (es pe cially in highly seis mic re gions) are

some of the ap pli ca tions where the CFRP re in force ment can be efficiently utilized.

In par tic u lar, CFRPs can be used to con fine the lat eral de for ma tion of con crete col umns sub jected to ax ial com pres -

sive load ings. Con fined con crete pos sesses a greatly en hanced strength and ul ti mate strain [1]. CFRP is lin early elas tic up to

fail ure, and when used as a con fine ment, it cre ates an ever-in creas ing lat eral con fin ing pres sure on the con crete. As a re sult, a

triaxial com pres sive stress state is cre ated in it. The ax ial stress–ax ial strain curves of the con fined con crete can be roughly con -

sid ered bilinear. The first part of the curve cor re sponds to un dam aged con crete. When the tran si tion point, or knee point, is

reached, in tense in ter nal crack ing of the con crete be gins. Due to the con fine ment, con crete does not fail, and the curve

continues as a straight line with a greatly reduced slope.

The ax ial stress at the knee point is con sid er ably higher if the col umn con tains a lon gi tu di nal steel bar re in force ment

[2]. This ef fect is caused by re dis tri bu tion of the ax ial stress be tween the con crete and re in forc ing bars, which low ers the stress

level in concrete.

The knee point can be raised by lat er ally pretensioning the con fin ing el e ment, so that there arises an ini tial lat eral

stress act ing on the col umn. One of the ways to achieve this is the chem i cal pretensioning [3]. In this method, a pre formed con -
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fin ing tube (jacket) is placed around an ex ist ing con crete col umn, and then a mix com pris ing ce ment, sand, and an ex pan sive

agent is in serted be tween the con crete col umn and the jacket. The jacket con fines ex pan sion of the grout dur ing the hard en ing

pe riod, and thus a chem i cal pretensioning oc curs in the jacket, reacting against the concrete core.

The main ob jec tive of this work is to study the me chan i cal be hav ior of con fined con crete col umns if the con fine ment

is cre ated by wind ing ini tially pretensioned car bon fil a ment yarns onto a ro tat ing concrete specimen.

1. Ex per i men tal Pro gram

1.1. Con crete prop er ties. The com pres sive be hav ior of con crete of three dif fer ent tar get com pres sive strengths (20,

35, and 50 MPa) were in ves ti gated on spec i mens in the form of cy lin dri cal col umns. The con crete was pre pared in lab o ra tory

and was al lowed to harden in forms un der am bi ent con di tions for 28 days. Six un con fined plain con crete col umns were tested

in a monotonic com pres sive load ing to es ti mate their com pres sive strength. The di am e ter of all col umns (both con fined and un -

con fined) was 152 mm and length 300 mm. Dur ing the tests, ax ial and lat eral strains were mea sured by strain gages glued at the

col umn midheight. The results are summarized in Table 1.

1.2. Com pos ite con fine ment prop er ties. The con crete spec i mens were con fined by wind ing a car bon yarn, im preg -

nated with ep oxy resin, tan gen tially around them. The yarn was a col lec tion of par al lel con tin u ous car bon fil a ments.

Prop er ties of the Tenax-J UTS 7731 car bon yarn (man u fac turer’s data): ten sile strength 5193 ÌPà, ten sile modulus

244 GPa, elon ga tion at break 2.13%, den sity 1.79 g/ñm3, fil a ment di am e ter  7 mm, num ber of fil a ments 24,000, and cross-sec -

tional area of the yarn 92.4 × 10
–2 

mm
2
.

Such data are usu ally ex ag ger ated and there fore can not be used di rectly for es ti mat ing the strength of a com pos ite.

There fore, split-disk tests ac cord ing to the ASTM D 2290 stan dard were per formed to de ter mine the hoop prop er ties of the

com pos ite jacket cre ated. Two types of ring-shaped spec i mens (with two and four yarn lay ers) were pre pared with a di am e ter

of 157 mm and over lap length of 120 mm. All the rings were tested at a dis place ment rate of 2 mm/min up to fail ure. The re sults

ob tained are sum ma rized in Ta ble 2. A com par i son of the ex per i men tal strength and modulus of the car bon yarn, cal cu lated by

the sim ple rule of mix tures (ne glect ing the strength and modulus of ma trix), with man u fac turer’s data is shown in Ta ble 3. It is

seen that the val ues ob tained for its elas tic modulus, ten sile strength, and ul ti mate ten sile strain in the composite are by about 3,

33, and 43%, respectively, lower than the data given by the manufacturer. 

1.3. Wind ing pro cess and the con fined spec i mens. Yarn wind ing is a tech nique for con fin ing with a FRP, which

con sists in wind ing resin-coated fi bers onto a ro tat ing con crete spec i men. The wind ing equip ment used is shown in Fig. 1. A
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TABLE 1. Concrete Properties

Concrete target
strength, ÌPà

Compressive
column strength 

fco , ÌPà

Ultimate axial
strain eco , %

Ultimate lateral
strain el0

, %

Young’s
modulus Eb ,

GPà

Poisson

ratio n

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

Number of layers
Cross-sectional area 

of the composite,
mm2

Strength of the
composite, ÌPà

Tensile modulus of
the composite, GPa

Ultimate strain, %

2 12.04 513 37.2 1.14

4 15.61 901 57.2 1.30



sche matic di a gram of the yarn wind ing pro cess is de picted in Fig. 2. Con tin u ous flow of the yarn is sup plied from the bob bin to

the pre ten sion de vice. The pre ten sion de vice is com posed of four rub ber-coated wheels. Each wheel is sep a rately ad just able to

ob tain the pre ten sion force de sired. The place ment of yarns was con trolled by tra vers ing the pre ten sion de vice along the lon gi -

tu di nal axis of the spec i men at a step of 8 mm per ro ta tion. The resin was ap plied to the con crete sur face and yarns be fore wind -

ing. The wind ing pro cess was con ducted care fully in or der not to dam age the yarns in the course of wind ing. The con fined

spec i mens were left to dry for a 10-day pe riod at the tem per a ture of 22°C.

Al to gether, 26 con fined spec i mens were tested in this study. The con fin ing jacket con sisted of two and four lay ers of

wound yarns. The pre ten sion force P of the yarn was equal to 0, 245, and 490 N. The ax ial and lat eral strains were mea sured by

both strain gages and lin ear vari able dis place ment trans duc ers (LVDT). The place ment of the gages and LVDT is shown in Fig. 

3. The load ing rate was 10 MPa/min, fol low ing the ASTM C 39/C39M-99 standards.

2. Es ti ma tion of the Ef fect of Lat eral Pretensioning of CFRP

It was shown in [4] that the in crease in the com pres sive strength due to the con fine ment can be well es ti mated by the

sim ple for mula

f

f
K

f

f
cc

co

lu

co

= +1 s ,
(1)
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Fig. 1. Wind ing equip ment: 1 — dy na mom e ter; 2 — spec i men; 3 — pre ten sion device.

TABLE 3. Experimental Values of Properties of the Tenax-JUTS7731 Carbon Yarn

Ratio
between the 
cross-sec -

tional areas
of the yarns 
and the ring

Tensile strength, MPa Young's modulus, ÌPà Ultimate axial strain, %

Experiment Average

Ratio between 
the average

experimental
and

manufacturer's 
data

Experiment Average 

Ratio between 
the average

experimental
and

manufacturer's 
data

Experiment Average 

Ratio between 
the average

experimental
and

manufacturer's 
data

0.16 3206 233 1.14

3480 0.67 236 0.97 1.22 0.57

0.24 3754 238 1.30



where fcc  is the con fined con crete strength, fco  is the plain con crete strength, and flu  is the ul ti mate lat eral pres sure. K s  is de -

fined as

K s
n

n
=

-1
,

where n is the ini tial Pois son ra tio of con crete. For the typ i cal value of the ini tial Pois son ra tio 0.2, K s  = 4. The ul ti mate lat eral

pres sure is ex pressed as

f
E h

R
Elu

j
ju lat ju= =e e ,

where E j  is the elas tic modulus of the CFRP jacket, h is the thick ness of the jacket, R is the col umn ra dius, e ju  is the ul ti mate

hoop strain of the jacket, and E E h Rlat j=  is the so-called “lat eral modulus”. The ul ti mate lat eral strain e lu  of the con fined

con crete is equal to the ul ti mate hoop strain of the jacket: e elu ju= . If the jacket is made from a wound yarn, its thick ness is

h
nS

t
= 0 ,
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Fig. 3. Arrangement of strain gages (1) and LVDTs (2).

3a
3b

3

2

1a
1

Fig. 2. Schematic diagram of the yarn winding equipment: 1— fixture of the rotating spec i men;  

1a — specimen; 2 — horizontal platform, moving along the longitudinal axis of the specimen;

3 — pretension device attached to the platform; 3a — dynamometer; 3b — yarn bobbin.



where S 0  is the av er age cross-sec tional area of the yarn, t is the wind ing pitch of the yarn, and n is the num ber of yarn lay ers.

It can be shown that, as sum ing Hook’s law for con crete, the slope of the ini tial load ing path in the stress space is

d

d

k

k
z

l

s

s

n

n
=

+ -1 1( )
,

(2)

where s z  is the ax ial stress, s l  is the lat eral stress, and k is a pa ram e ter that char ac ter izes the stiff ness of the jacket:

k
E h

E R

j

b

= ,

where Eb  is the ini tial elas tic modulus of plain con crete.

When the ini tial load ing path reaches the strength line [Eq. (1)], in tense in ter nal crack ing of con crete starts. How ever,

the con fin ing jacket acts in such a way that the con crete col umn does not fail, but the load ing path bends and be comes roughly

par al lel to the strength line. The fail ure of con crete oc curs when the hoop stress in the com pos ite jacket reaches its ul ti mate

value. The in ter sec tion point of the ini tial load ing path and the strength line is called the knee point or the limit of lin ear ity. An

ex am ple of load ing paths in the axes of nondimensional nor mal ized ax ial stress s z  and nor mal ized lat eral stress s l  for spec i -

mens with dif fer ent plain con crete strengths and dif fer ent con fine ment thick nesses is shown in Fig. 4 [5]. It is re mark able that

all the load ing paths fol low a single master curve, which can be described by

s s
s

z

co

l

cof
K

f
= +1  . (3)

From Eq. (2) it fol lows that the lat eral stress in the elas tic re gime is

s
n

n
sl z

k

k
=

+ -1 1( )
. (4)

In ser tion of Eq. (4) into Eq. (3) leads to the ex pres sion for the ax ial stress at the knee point

| | [ ( )]s nz cok f* = + -1 1 .  (5)

This stress | |s z
*  can be in creased by lat er ally pretensioning the CFRP jacket. The pretensioning cre ates an ini tial lat -

eral stress s l0
, there fore, the ini tial load ing path will in ter sect the strength line at a higher ax ial stress (Fig. 5). The ini tial lat eral

stress can be written as

s l
nP

Rt0
= - ,
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Fig. 4. Load ing paths of con fined con crete spec i mens [5].



where P is the pre ten sion force ap plied to the yarn. Now, the lat eral stress in the elas tic re gion is

s
n

n
s sl z l

k

k
=

+ -
+

1 1 0( )
.

(6)

In ser tion of Eq. (5) into Eq. (3) leads to the ex pres sion for the ax ial stress at the knee point in pre stressed con crete

| | [ ( )][ | | ]s n ssz co lk f K* ¢ = + - +1 1
0

or

| | [ ( )]s n
n

n
z cok f

nP

Rt

* ¢ = + - +
-

×
é

ëê
ù

ûú
1 1

1
 . (7)

In re al ity, there is no sharp tran si tion from the first to the sec ond part of the load ing path, there fore, the knee point is

de fined as the ax ial stress at the in ter sec tion of con tin u a tions of lin ear sec tions of the first and sec ond parts of the paths (Fig. 6).

3. Re sults

The av er aged stress–strain curves s–e of the con fined con crete spec i mens are shown in Fig. 7. The load ing paths in the 

nor mal ized stress space are de picted in Fig. 8. Ta ble 4 lists the ex per i men tal char ac ter is tics of  con fined and un con fined con -
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sl0

sl

sz

Fig. 6. De ter mi na tion of the knee point from ex per i men tal data.

sl0

sl

sz

*sz
fco

2

Fig. 5. Schematic representation of the influence of lateral stress on the knee point: 1 — load ing 

of nonpretensioned specimens; ¢1 — loading path of pretensioned spec i mens; 2 — the strength

line.



crete spec i mens. The rel a tive in cre ment of the ax ial stress at the knee point due to the ini tial pre stress, D* , is cal cu lated as fol -

lows:

D*
* *

*
=

¢ -
×

| | | |

| |
%

s s

s

z z

z

100 .
(8)

The es ti mated rel a tive in cre ment D* est  is ob tained by in sert ing Eqs. (5) and (7) into Eq. (8):
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Fig. 7. Stress–strain curves s–e of columns with 2 (1) and 4 (2) layers at P = 0 (     ), 245 (- - -),

and 490 N (×××). The strength of the unwrapped columns (3) fco  = 18.7 (à), 38.1 (b), and 44.6

ÌPà (c).
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Fig. 8. Load ing paths in the pres ent study: (- - -) — the strength line. 



D* =
-

×est 1 n

n

nP

Rt
.

The ex per i men tal and es ti mated rel a tive in cre ments of ax ial stress at the knee point due to the ini tial pre stress, for all

the con fined spec i men con fig u ra tions tested, is shown in Fig. 9.

4. Dis cus sion

It is seen form Fig. 9 that the pretensioning of CFRP can in crease the knee point by up to 24%. Ac cord ing to [6], the

com pres sive stresses in a plain struc tural con crete el e ment should not ex ceed the lim it ing one:

s
g

z
cof

< 06. ,

where g is the safety fac tor (g > 1). For con fined struc tural el e ments, fco  is re placed by the knee point | |s z
* . In most cases, 

| |s z cof* »  for nonprestressed con fined el e ments. Since | |s z cof* ¢ >  for pre stressed struc tural el e ments, they have higher lim it -

ing stresses and can be sub jected to higher ser vice loads.

There is a sig nif i cant dif fer ence be tween the es ti mated and ex per i men tal in cre ments of the knee point for some of the

con fig u ra tions tested (Fig. 9). This in di cates that the pre stress level achieved was much lower than in tended. This can be ex -

plained by a pos si ble stress re lax ation and creep in the con fined spec i mens dur ing the dry ing pe riod, which re duced the pre -

stress level. This ef fect is es pe cially pro nounced for the low-strength concrete ( fco  = 18.7 MPa). 
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TABLE 4. Experimental Results

fco , ÌPà n P, N |sl0
| , ÌPà ecc, % elu , % f fcc co | |expsz cof* | |sz cof* est

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 2.91 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

Notå: ecc and elu  are the av er age ultimate ax ial and lat eral strains, re spec tively, of con fined spec i mens; f fcc co  is the nor mal ized com pres -

sive strength of con fined spec i mens;  | |expsz cof*  is nor mal ized ax ial stress at the knee point for con fined spec i mens;  | |sz cof* est  is the es ti -

mated nor mal ized ax ial stress at the knee point.



The draw back of the ini tial pre ten sion of CFRP is a re duc tion in the de for ma tion ca pac ity of the com pos ite jacket, be -

cause it con tains al ready prestretched yarns. It is seen from Fig. 9 that most of the pre stressed con fined spec i mens have a lower

ul ti mate lat eral strain than those with out an ini tial pre stress. The low ered de for ma tion ca pac ity of CFRP leads to a lower

strength and a lower ul ti mate ax ial strain. How ever, this is of no im por tance in prac ti cal ap pli ca tions, be cause the ser vice load

of struc tural con crete elements is lower than the knee point.

The com pres sive strength de pends on the ul ti mate hoop strain of the CFRP jacket [see Eq. (1)]. It is found in [1, 5] that

the ul ti mate CFRP hoop strain in con fined con crete tests is about 40% lower than that in the split-disk test if the con crete is con -

fined man u ally by wind ing a con tin u ous car bon yarn tape im preg nated with ep oxy resin around a col umn, with yarns ori ented

in the hoop di rec tion. Tests show that, for con crete con fined by a wound car bon yarn, the ul ti mate hoop strain is about the same

or even higher than that ob tained from the split-disk test. This means that yarn wind ing pro duces a more qual i ta tive con fine -

ment by pro vid ing a better fi ber dis tri bu tion and min i miz ing the fi ber wav i ness. From two spec i mens hav ing the same plain

con crete strength and lat eral modulus, the spec i men with a pre stressed jacket will have a higher com pres sive strength than that

wrapped man u ally. If fcc
*  and e ju

*  are the com pres sive strength and ul ti mate hoop strain of the man u ally wrapped con crete col -

umn (e eju ju
d* = 06. , where e ju

d  is ul ti mate hoop strain in the split disk test), and fcc
*  is the com pres sive strength of the con crete

col umn with a pre stressed wind ing, then, ac cord ing to Eq. (1), the rel a tive in crease in the com pres sive strength due to the pre -

stressed wind ing can be roughly es ti mated by the for mula

f f

f

K E

f K E

cc cc

cc

lat ju

co lat ju

-
=

+

*

*

*

*

067. s

s

e

e
.
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Fig. 9. Experimental (m) and estimated (n) 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

fco , ÌPà Elat , ÌPà ( )f f fcc cc cc- * * , %

27 1170 37

27 2730 50

48 1170 28

48 2730 42



The rel a tive in crease in the com pres sive strength is greater for the con crete of lower strength. As re ported in [5], e ju
d  =

1.2% and E j  = 225,000 MPa for the CFRP. The es ti mated rel a tive in crease in the com pres sive strength due to the pretensioned

yarn wind ing, for some of the spec i mens tested in [5], is re ported in Table 5.

Con clu sions

The pretensioning of CFRP cre ates an ini tial later stress which de lays the start of in tense in ter nal crack ing of con fined

con crete.

The pretensioning in creases the ax ial stress at the knee point by up to 24% com pared with that with out pretensioning.

This means that lat er ally pre stressed struc tural con crete el e ments can be sub jected to higher ser vice loads than nonprestressed

ones.

To fully uti lize the de for ma tion ca pac ity of CFRP yarns, wind ing is rec om mended in stead of man ual wrap ping of a

resin-im preg nated tape around the col umn. For the same plain con crete strength and lat eral modulus, the spec i men with a pre -

stressed jacket will have a higher com pres sive strength than the man u ally wrapped one (Ta ble 5).

Ac knowl edg ments. The au thors would like to thank Mr. J. Silis (In sti tute of Poly mer Me chan ics) for mak ing the wind -
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