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The me chan i cal be hav ior of round con crete cyl in ders con fined by a car bon-ep oxy com pos ite wrap ping is an a -

lyzed con cern ing the in creased con crete com pres sion strength due the wrap ping. It is shown that the load ing

tra jec to ries in the nor mal ized stress space fit into a sin gle mas ter curve for all the con crete batches and jacket

thick nesses in ves ti gated. The load ing paths ended at fail ure of the com pos ite wrap ping from the in creased in -

ter nal lat eral pres sure. The strength of the com pos ite was de ter mined by split-disc tests of com pos ite rings, but 

the strength of com pos ite jack ets re al ized on con crete spec i mens did not reach the strength of the rings. There -

fore, a co ef fi cient of com pos ite strength re duc tion was in tro duced. A sim ple for mula for pre dict ing the strength 

of con fined con crete is de rived, and a com par i son with fib (fédéra tion internationale du béton) rec om men da -

tions for strength pre dic tions is given.

1. In tro duc tion

A com pre hen sive re view and an anal y sis of ex per i men tal re sults on the con fine ment of con crete cyl in ders has been

given by Lorenzis and Tepfers [1], there fore, a re peated re view is omit ted here. A wide pro gram [2] of ex per i men tal stud ies on

con crete con fined by a car bon-ep oxy com pos ite was car ried out, the re sults of which are presented in [3]. A full set of ex per i -

men tal data is also available in [4].

Five dif fer ent batches of con crete of var i ous strength and three thick nesses of com pos ite wrap ping were used to pro -

duce spec i mens for tests in mo not o nous and re peated com pres sive load ings. An anal y sis of the ex per i men tal data ob tained [3]

is given in the pres ent pa per, where it is as sumed that the com pres sive stresses and strains are pos i tive and the tensile ones are

negative.

1. In flu ence of Lat eral Pres sure on the Com pres sive Strength of

Con crete. 

Tests on plain con crete in triaxial com pres sion have been re ported by many au thors [5-11]. In [12], re sults for the con -

crete strength s z
u  as a func tion of the lat eral pres sure s l  ap plied, nor mal ized to the uni ax ial com pres sion strength of plain con -
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crete fco , are sum ma rized in one fig ure (Fig. 1) It is seen that all the data roughly fit into a sin gle mas ter curve. For a mod er ate

lat eral pres sure, it is con ve nient to use an ap prox i ma tion by a straight line [13]: 

s sz
u

co

l

cof f
= +1 41.     or   s sz

u
co lf= + 41. . (1)

This line fol lows the well-known strength con di tion for brit tle ma te ri als, which states that the fail ure oc curs when the

max i mum strain emax  reaches its crit i cal value 

emax = =c const.

The lat eral strain e l  in the elas tic un dam aged state is 
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where Eb  is the ini tial Young’s modulus and n is the ini tial Poi son ra tio of con crete. The max i mum-strain con di tion states that 
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This equa tion co in cides with Eq. (1) at n  = 0.196. 

2. Ex per i men tal Strength of Con fined Con crete

In [2-4] are given data on the com pres sive be hav ior of cy lin dri cal con crete spec i mens of five dif fer ent strengths and

three thick nesses of the com pos ite jacket. The tests were per formed with four Tef lon interlayers inserted be tween the end faces

of the spec i mens and the load ing plat ens to elim i nate the fric tion and to better sim u late the con di tions in a con crete col umn. In

this re gard, these tests dif fer from those done by other au thors. The ax ial and lat eral de for ma tions and the ax ial com pres sion
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Fig. 1. Ex per i men tal data for the max i mum strength scc fc  vs. the lat eral stress s l fc  [12];

solid line — ap prox i ma tion by Eq. (1) [13].



load were mea sured dur ing the tests. The typ i cal stress stain–curves are dis played on Fig. 2 both for monotonous and repeated

loadings. 

The lat eral stress s l  is caused by the pres sure of the com pos ite con fine ment and is cal cu lated ac cord ing the formula 

s
s e

l
j l jh

R

E h

R
= - = - , (3)

where s j  is the stress of the com pos ite jacket, R is the ra dius of spec i mens, h is the thick ness of the com pos ite wrap ping (only

the thick ness of car bon tapes, with out the ma trix, is taken into ac count), E j  is Young’s modulus of the car bon tape, and e l  is the 

ex per i men tal lat eral strain. 

The max i mum lat eral stress is 

f
h

R

E h

R
l

j l j
= - = -

* *s e
, (4)

where s j
*  is the ul ti mate stress of the com pos ite jacket, and e l

*  is the ul ti mate ex per i men tal lat eral strain. 

Strength val ues are nor mal ized to the char ac ter is tic com pres sive strength of plain con crete, which de pends on the

spec i men ge om e try (cu bic or cy lin dri cal) and load ing con di tions (the pres ence or ab sence of Tef lon interlayers be tween spec i -
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TABLE 1. Experimental Strength Data of All the Concrete Batches Investigated

Nom i nal
strength,

MPa

Cube strength,

MPa

Cyl in der
strength,

MPa

Cyl in der strength of
spec i mens with 

Tef lon interlayers,
MPa

Cyl in der strength cal cu -
lated from the cube

strength,

MPa

20 34.2 25.2 20.5 26.6

40 60.5 47.4 40.7 43.7

60 76.2 51.8 44.3 52.6

80 81.4 70.6 49.7 55.3

100 104.1 82.1 61.6 65.7
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Fig. 2. Com pres sive be hav ior of the CFRP-con fined con crete of batch 40 in cy clic load ing

(     ).  For com par i son, the be hav ior of the cor re spond ing spec i men in monotonic load ing is

also shown (- - -).



men ends and load ing plates). The strength val ues ob tained are sum ma rized in Ta ble 1. All tests on the con fined con crete were

car ried out by us ing Tef lon interlayers, there fore, in ini tial cal cu la tions, the strength val ues for nor mal iza tion were taken from

iden ti cal load ing con di tions, namely the strengths of cy lin dri cal spec i mens with Tef lon interlayers, fcot , was used, which are

given in the fourth column of Table 1.

The strengths fcc  and the cor re spond ing lat eral ul ti mate stresses fl  for all the five batches tested and three wrap ping

thick nesses, nor mal ized to the strength fcot , are sum ma rized in Fig. 3. The points lie along the straight line 

f f f fcc cot l cot= +138 394. . . It is seen that the lim it ing nor mal ized strength re mains greater than unity when the lat eral stress 

fl  ap proaches zero. This means that the frac ture mode of the con fined con crete, even at a low con fine ment pres sure, dif fers

from that of plain con crete spec i mens with Tef lon interlayers. Re ally, cracks in plain con crete with Tef lon interlayers start at

spec i men ends and prop a gate par al lel to the com pres sion load ap plied. In con trary, when plain con crete with out Tef lon

interlayers is tested, the fric tion at spec i men ends pre vents the crack ing, and the dam age arises some what later in the mid dle of

spec i mens. The same ef fect is caused by the con fine ment — the lat eral pres sure pre vents a pre ma ture fail ure at spec i men ends,

and the dam age arises more evenly along the spec i men length. There fore, the strength of the con fined concrete specimens

should be normalized rather to fco  than to fcot .

On Fig.3b are shown strength data in the nor mal ized co or di nates f fcñ co  vs. f fl co . The least-square de vi a tion line

for the set of ex per i men tal points is 
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Fig. 4. Strength of con crete cyl in ders vs. the nor mal ized stregth, cal cu lated by Eq. (6). Des ig na -

tions as in Fig. 3.
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Fig. 3. Strength of con crete cyl in ders nor mal ized to the strengths of plain con crete cyl in der

with and with out Tef lon interlayers, fcc / fcot  and, fcc / fco  of batches 20 (m), 40 (F), 60 (o),

80 (v), 100 (G). (- - -) — Eq. (1); (     ) — àpproximation.
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(5)

Ac cord ing to the method of cal cu lat ing the con crete cyl in der strength from its cube strength [14],

f f fcube cubeco, cube = - × -( . . )085 21 10 3 . (6)

The re sults are shown in the last col umn of Ta ble 1. It is seen that for mula (6) works fine for the con crete batches of

nom i nal strength 20-60, but it un der es ti mates the cyl in der strength for batches 80-100. By us ing these val ues for nor mal iz ing

ex per i men tal data, the graphs pre sented in Fig. 4 were ob tained. Since the rel a tive max i mum lat eral pres sure of con cretes

80-100 is low, the ini tial point of the ap prox i ma tion line is moved up too much, and Eq. (6) becomes

f f f fcc co, cube l co, cube= +126 348. . .

There fore, in what fol lows, we will use for mula (5), with the free term rounded to unity. 

3. Load ing Paths of Con fined Con crete Spec i mens in Com pres sion

The mea sure ments of load and strain al lowed us to draw load ing paths in the stress space for all test spec i mens. On

Fig. 5, the paths are dis played as s z fco  vs. s l fco . Its is re mark able that all the load ing paths can be de scribed by a sin gle

mas ter curve. 

At the ini tial stage of load ing, the con crete is elas tic. By us ing Eqs. (2) and (3), it can be shown that the slope of load ing 

paths is

d

d k
z

l E

s

s n n
= + -

1 1
1,

where k
E

E

h

R
E

j

b

=  is a pa ram e ter which char ac ter izes the stiff ness of con fine ment; kE ® ¥  for a com pletely stiff con fine ment, 

and kE ® 0  in the ab sence of con fine ment. The val ues of the pa ram e ter kE  are given in Ta ble 2 for all the spec i mens tested. 

Ac cord ing to (6) and the val ues of kE  (Ta ble 2), the ini tial slope of the load ing paths is about arctan ( )100 89» o , i.e.,

the load ing path ap proaches the strength line in Fig. 5 at a rather small lat eral pres sure s sl co » 0001. . When the load ing tra jec -
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Fig. 5. Ex per i men tal load ing paths for all tested sam ples. (- - -) — the strength of con fined con -

crete ac cord ing to Eq. (5); (-.-)  — ac cord ing to the Spoelstra–Monti for mula (11). 



tory reaches the strength line, the fail ure of con crete be gins, the ini tial Poi son ra tio in creases ow ing to the in ter nal crack ing of

con crete, and the load ing path be comes roughly par al lel to the concrete strength line.

4. Strength of Com pos ite Jacket and the Pre dicted Strength of

Con fined Con crete

The fi nal fail ure of a con fined spec i men oc curs when the com pos ite jacket dis rupts ow ing to the grow ing lat eral pres -

sure. Thus the load ing paths on Fig. 5 end at the lat eral pressure s l lf= , ac cord ing to Eq. (4). 

For mu las (4) and (5) lead to the sim ple for mula for the strength of con fined con crete 

f

f

h

f R

jcc

co co

= +

*

1 4 2.
s

, (7)

i.e., the strength of con fined con crete fcc  is pre dicted as 

f f scc co= +( . )1 4 2k ,
(8)

where the co ef fi cient 

k
s

s
j h

f R
=

*

co

char ac ter izes the strength ef fec tive ness of com pos ite con fine ment.

For cor rectly pre dict ing the strength of the con fined con crete spec i mens, the cor rect value of the com pos ite jacket

strength s j
*  must be de ter mined.

In our tests [2-4], the wrap ping ma te rial was a BPE Com pos ite 33s made from Grafil car bon fi bers and ep oxy resin.

The data pro vided by the sup plier are cited in Ta ble 3. 

Un for tu nately, the in for ma tion on the strength of fi bers and its scat ter (the Weibull pa ram e ters) were not avail able. It

is well known [15] that the re al iza tion of fi ber strength in a com pos ite highly de pends on the fi ber vol ume frac tion, the mean fi -

ber strength (fixed at a cer tain length), and the scat ter of fi ber strength. There fore, the sup plier’s data could not be used with out

cor rec tion, and the strength of the com pos ite had to be de ter mined in spe cial tests. The most suit able one turned out to be the

split-disk test of ring spec i mens ac cord ing to ASTM D2290 for es ti mat ing the ef fec tive ul ti mate lat eral strain and the ul ti mate

stress of the composite jacket.

In Ta ble 4, the data ob tained from the split-disk test are sum ma rized, where the re duc tion fac tor is the ra tio of the ex -

per i men tal ten sile prop erty of CFRP to the ten sile prop erty of CFRP in uni ax ial ten sion given by the man u fac turer (Ta ble 3).

The re sults show that the ac tual ten sile strength of the CFRP ring was lower with a re duc tion fac tor rang ing from 0.45 to 0.60,

while for the elas tic modulus this fac tor was scattered around unity.
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TABLE 2. Experimental of Values  kE

Con fine ment
Con crete

20 40 60 80 100

1 layer 0.017 0.012 0.011 0.012 0.011

2 lay ers 0.040 0.027 0.027 0.027 0.026

3 lay ers 0.061 0.042 0.041 0.042 0.040



Un for tu nately, the true strength of the com pos ite jacket and its ul ti mate strain were even less than that de ter mined in

the split-disk test. A com par i son be tween the pre dicted val ues (from Ta ble 4 and Eq. (4)) and the mea sured ones for the nor mal -

ized max i mum lat eral stress of con fined con crete sam ples is shown on Fig. 6. A rather good cor re la tion is seen, but the val ues

pre dicted based on the split-disk test are over es ti mated. There fore, to ob tain the ac tual strength of the com pos ite jacket, an ad -

di tional re duc tion fac tor cb  was in tro duced. The value cb  = 0.57 gave the best fit with experimental data (Fig. 6, solid line). 

Equa tion (3) now can be re writ ten in the form

f f cb scc co= +( . )1 4 2 k . (9)

A com par i son be tween the pre dicted and mea sured val ues of the strength of con fined con crete sam ples is shown on

Fig. 7. The line of ideal co in ci dence lies within the 95% con fi dence interval. 
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TABLE 4. Strength Reduction Factors for CFRP Sheets

Confinement Strength (MPa) Re duc tion fac tor cs Modulus (GPa) Re duc tion fac tor cE

1 layer 2017 0.45 189.5 0.81

2 lay ers 2445 0.54 219.0 0.94

3 lay ers 2670 0.60 224.9 0.96

0.2 0.4 0.6 0.80

Predicted f /fl co

0.8

0.6

0.4

0.2

 Experimental f /fl co

Fig. 6. Com par i son be tween the pre dicted and mea sured val ues of the nor mal ized max i mum lat -

eral stress of con fined con crete. Dot ted line — the ideal cor re spon dence; solid line — the best

fit; cb  = 0.57. Other designations as in Fig. 3. 

TABLE 3. Properties of Grafil Inc. Unidirectional 340-700 Carbon Reinforcement 

Ten sile strength (MPa) 4500

Ten sile modulus (GPa) 234

Ten sile elon ga tion (%) 1.9

Sheet thick ness (mm) 0.17

Sheet width (mm) 300

Den sity (g/cm3) 1.8

Fi ber di am e ter (mm) 7



5. Com par i son with the Spoelstra and Monti For mula. 

The rec om men da tions for ex ter nal strength en ing and the code for de sign given by fédéra tion internationale du béton

[16] and the guide doc u ment by ACI [17] are based on the Spoelstra and Monti [18] ap proach. 

The cor re spond ing for mula for pre dict ing the strength of FRP-con fined con crete has the form [16] 

f f
f

f
cc co

l

co

= +
æ

è

ç
ç

ö

ø

÷
÷

02 3.  ,
(10)

where fcc  is the ul ti mate strength of con fined con crete with Tef lon lay ers; this strength is re al ized in col umns; fco  is the ul ti -

mate strength of un con fined con crete de ter mined on stan dard cyl in ders with out Tef lon lay ers; fl  is the ul ti mate lat eral con crete 

strength. 

For mula (10) can be in ter preted in terms of the load ing path in the co or di nates of nor mal ized com pres sive stress 

s z fco  and nor mal ized lat eral stress s l fco : 

s sz l

f fco co

= +02 3. . (11)

The fail ure oc curs at s z f= cc , when the stress in the com pos ite jacket reaches the crit i cal value s j
*  and the nor mal -

ized lat eral stress in con crete s l  reaches fl . Then

f

f

h

f R

j
s

l

co co

= - =

*s
k ,

and for mula (10) can be re writ ten in the form sim i lar to (9) 

f f cb scc co= +( . )02 3 k . (12)

Re la tion (10) is plot ted on Fig.6 to gether with the ex per i men tally de ter mined load ing paths of con fined spec i mens and 

the strength line of con fined con crete. It is seen that the ax ial stress is un der es ti mated by Eq. (10). A com par i son be tween the
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Fig. 7. Com par i son be tween the pre dicted by Eq. (8) and mea sured val ues of the strength of

con fined con crete. (...) — the ideal cor re spon dence; (- - -) — the 95% con fi dence in ter val;

(     ) — lin ear re gres sion. Other des ig na tions as in Fig. 3.



pre dic tions by Eq. (12) and the cor re spond ing mea sured val ues for all tested spec i mens is shown on Fig. 8. Al though Eq. (12)

also underestimates the strength, it is more re li able for practical applications. 

6. Con clu sions 

1) The load ing paths of all the con fined con crete spec i mens in ves ti gated fit into one mas ter curve, which in the non lin -

ear re gion fol lows the strength line of plain con crete un der the in flu ence of lat eral pressure.

2) The nor mal iza tion of strength data for con fined con crete should be done for the strength of plain con crete with out

Tef lon interlayers. 

3) For pre dict ing the strength of con fined con crete, for mula (7) is rec om mended. 

4) The ex per i men tally mea sured ul ti mate lat eral stress is sig nif i cantly lower than that pre dicted from the fi ber strength 

given by the man u fac turer and is be low the strength mea sured in the split-disc test. There fore, in the for mula for strength pre -

dic tion, the re duc tion fac tor cb  must be used. 

5) The strength of con fined con crete pre dicted by the Spoelstra–Monti for mula is con sis tently lower than that mea -

sured ex per i men tally. 
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