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Abstract

The behavior of concrete subject to variable levels of confining pressure under concentric axial loading is presented. An extensive

experimental investigation of this behavior, using FRP-confined concrete cylinders, is used to develop an understanding of the relationships

required to accurately model the behavior of concrete subject to passively induced varying levels of confinement. In particular, the relationship

between transverse and longitudinal strains—the dilation relationship—is investigated and a model for this behavior, based on the stiffness of

the confining materials, is proposed.

Concrete compressive strength is observed to increase with increasing confinement. Axial strain capacity is observed to increase to a greater

degree than the compressive strength resulting in a more ductile axial stress–strain behavior for confined concrete as compared to unconfined

concrete. The axial stress–strain behavior is also observed to change from parabolic to bilinear as the level of confinement is increased.

D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In order to accurately model the behavior of reinforced

concrete structures, it is necessary to understand the material

behavior of the constituent concrete. While the uniaxial

unconfined stress versus strain relationship for plain concrete

is well established [1–3], most in situ concrete is confined in

some manner. Confinement may take the form of conven-

tional internal reinforcing steel or external steel or fiber-

reinforced polymer (FRP) composite jackets. Indeed, core

concrete, located in the interior of a structural element, is

confined simply by the surrounding concrete. Accurate

structural modeling therefore requires a sound understanding

of the stress–strain behavior of confined concrete.

The axial stress–strain behaviors of unconfined and

confined concrete differ significantly. Furthermore, the

nature of the confinement provided also significantly affects

the concrete behavior. In conventionally reinforced and

externally jacketed concrete columns, confining pressure is

passive in nature. That is, confining pressure is engaged by

the transverse dilation of concrete resulting from principal

axial strains—the Poisson effect (shown schematically in

Fig. 1). There are cases where an initial active confining

pressure is present, as is the case when an expansive grout is

injected between a column and an external jacket. In these

cases, however, the active pressure is generally quite small in

comparison to the additional passive pressure generated by

concrete dilation.

Passive confinement may be constant or variable through

an axial load history. Constant confining pressure is gener-

ated in cases where the confining material behaves in a

plastic manner. This is typically assumed to be the case

where confinement is provided by conventional transverse

reinforcing steel. Variable confining pressure is generated

when the confining material has an appreciable stiffness.

FRP jackets and steel that are still elastic generate variable

confining pressures. Variable passive confinement is depend-

ent on the axial and transverse behavior of the concrete,

which in turn is dependent on the amount and stiffness of

confinement provided.

1.1. Conventional models of the axial stress– strain

behavior of confined concrete

Traditionally, models of the behavior of confined concrete

are based on an assumption of constant confining pressure.

This is a valid assumption assuming that the concrete is

being confined by steel that is yielding and therefore may be

assumed to be providing a constant confining pressure. This
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is the assumed design criterion for reinforced concrete

confined with steel ties or spirals.

Richart et al. [4] first investigated the behavior of concrete

in biaxial and triaxial compression by conducting axial

compression tests of concrete specimens under hydraulic

confining pressure. Richart’s model for confined concrete

behavior has been empirically modified to reflect additional

experimental data [5,6]. Additionally, a number of constitu-

tive models of concrete behavior when subject to biaxial and

triaxial loading have been proposed [7–10]. Depending on

the nature of the structure, however, simplifying assumptions

regarding a suitable concrete model can be made. For most

typical cases, a confinement dependent uniaxial model is

sufficiently accurate to model the behavior of confined

concrete.

For reinforced concrete columns, a number of investi-

gations of large-scale column specimens have been carried

out and confined concrete behavior models have been

proposed based on the results of these tests [11–14]. The

most commonly used model is that proposed by Mander et

al. [15] All extant models assume a constant confining

pressure generated by the yielding of the confining steel.

Fig. 2 shows the predicted confined ultimate concrete

compressive stress, fcmax, as a function of the constant

confining pressure, fcon, provided (both normalized by the

compressive strength of unconfined concrete, fc
0). Consid-

erable variability between models is evident reflecting the

generally inappropriate assumptions of constant confining

pressure and constant dilation ratio used. Also shown in Fig.

2 are the data obtained in this study; these are discussed

further below.

It can be seen from Fig. 2 that a model proposed by

Mirmiran and Shahawy [16] very accurately captures the

observed experimental responses over a wide range of peak

confining pressures. Mirmiran and Shahawy’s model, unlike

the others shown, accounts for the passive variable nature of

confinement provided by external FRP jackets.

Fig. 2 also provides an indication of the level of confining

pressure that may be reasonably obtained using external

jackets. Conventional transverse steel hoops or spirals are

reasonably only able to generate confining pressure up to

about 0.2fc
0. External FRP jackets, on the other hand, may be

designed to provide confining pressure upwards of fc
0. The

level of confinement will be discussed later.

1.2. Dilation ratio of concrete

To understand the behavior of concrete having variable

levels of confinement and to determine the confining pres-

sure generated, the dilation ratio, defined as the ratio of

transverse to axial strains, must be clearly defined. The

dilation ratio, h, is a generalized interpretation of Poisson’s

ratio. Poisson’s ratio, a constant, may be interpreted as the

initial dilation ratio, or the dilation ratio at very low axial

strain levels.

The dilation ratio for axially loaded unconfined concrete

is typically assumed to have a constant value, equal to

Poisson’s ratio for concrete, up to an axial stress level of

about 70% of the compressive strength of concrete, fc
0.

Beyond 0.7fc
0, the dilation ratio increases rapidly to a value

of about 0.5 at fc
0 and is unstable in the postpeak response as

the concrete dilates in an uncontrolled manner [17]. Elwi and

Murray [18] proposed an empirical relationship for the

dilation ratio of unconfined concrete as a function of prin-

cipal axial strain. This proposed relationship, however, is

exceptionally unsuited to determining the dilation relation-

ship for confined concrete and does not reflect experimental

observations [19]. Fig. 3 shows the concrete dilation ratio

Fig. 1. Confining pressure engaged by dilation of concrete.

Fig. 2. Maximum compressive strength of confined concrete. Fig. 3. Proposed and observed dilation behavior of concrete.
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versus axial compressive strain relationships for unconfined

concrete proposed by Elwi and Murray [18] and by Chen

[17]. Also shown in Fig. 3 is an example of the experiment-

ally determined dilation relationship for unconfined concrete

found in this study. Fig. 3 also shows examples of the

experimentally determined dilation relationship for confined

concrete having different levels of confinement. These

relationships will be discussed further below. It can be seen

that the Elwi and Murray equation does not capture the

experimentally determined behavior of unconfined or con-

fined concrete. Furthermore, it is not suitable to apply the

dilation relationship for unconfined concrete to the case of

confined concrete. An empirical dilation relationship based

on confining jacket stiffness developed in this research

program is presented below.

In this study, extensive experimental data are introduced

to establish empirical relationships necessary to understand

the behavior of concrete subject to variable confining pres-

sure. In particular, the relationships between confining

pressure and peak concrete response and between axial and

transverse strains (the dilation relationship) are established.

An iterative, semi-empirical algorithm for modeling the axial

stress–strain relationship from variably confined concrete

has been presented elsewhere [20].

2. Experimental program

A series of 152-mm diameter by 305-mm tall concrete

cylinders were tested [21] using standard test methods [22].

Variable passive confinement was provided by jacketing the

cylinders in lightweight glass and carbon materials. The

jackets were applied leaving a gap at the top and bottom of

the cylinders to ensure that the jackets were not directly

subject to axial load. The amount to confinement available

(stiffness of jacket) was controlled by the number of plies

used to wrap the cylinders.

Lightweight materials were used so that confinement

levels (transverse reinforcing ratios) representative of

what may be found in real-world applications may be

modeled in the smaller-scale test specimens. It is import-

ant to note that FRP materials were used in order to

generate variable passive confining pressure, as such the

jackets should be seen as part of the test setup. This study

should not be interpreted as a study of FRP confinement

per se.

Table 1 provides jacket material properties for the raw

material (manufacturer’s data) and for tensile coupons tested

as part of this study. Both materials exhibited a linear

response to a sudden rupture failure. Coupon tests corres-

ponding to all tested jacket stiffnesses (plies) were per-

formed, the average values are reported in Table 1.

Contrary to previous observations [19], the average jacket

strength and stiffness was not significantly affected by the

number of plies. It is believed that since the lightweight FRP

materials were rather fragile and thus required great care in

handling, superior quality control during the application was

achieved. It is further noted that the tensile tests on the FRP

materials demonstrated excellent repeatability; a standard

deviation no greater than 6% was reported for any test series.

The discrepancy between manufacturers’ reported data and

experimentally obtained strength and stiffness values are

commonly observed [19]. These discrepancies may be par-

tially attributed to quality control and lay-up procedure and

partially to in situ effects [19]. These effects are the subject of

further work by the author. In the current work, the experi-

mentally obtained values are used as a basis of all calcu-

lations and comparisons.

As noted in Table 1, in this study, the FRP jacket material

is characterized in terms of strength, f̄fr, tensile modulus, Ef,

and strain at rupture efr. Strength and modulus are given in

units of force per unit dimension perpendicular to the

principle direction of the fibers per ply (N/mm ply). Such

units permit jacket designs to proceed without consideration

of the specific jacket material or the final thickness of the

jacket. This is particularly useful where hand layed-up

material is used since, in such cases, thickness depends on

parameters such as fiber volume ratio, fabric geometry, and

lay-up technique.

3. Test apparatus and instrumentation

The cylinders were tested in uniaxial compression [22] in

a 2225-kN capacity concrete cylinder test machine. Instru-

mentation recorded the applied axial load, axial and trans-

verse strains and strains on the FRP material itself. At least

five cylinders of each material (glass or carbon) and each

level of confinement (number of plies) were tested (see

Table 1).

All confined cylinders had electrical resistance strain

gages located at midheight, oriented perpendicular to the

longitudinal axis of the cylinder to measure hoop strain in the

jackets. A standard compressometer–extensometer was used

to measure the axial and the transverse deformation of the

cylinder [22]. Values obtained from this instrument were

used in determining the modulus and dilation parameters of

the cylinders.

Table 1

FRP jacket material properties and test matrix

Parameter E-Glass Carbon

Manufacturer’s reported data

Areal weight 117 g/m2 97 g/m2

Strength, f̄fr 154 N/mm�ply 350 N/mm�ply
Tensile modulus, Ēf 10.3 kN/mm�ply 25 N/mm�ply
Strain at rupture, efr 0.015 0.014

Experimentally determined data

Strength, f̄fr 75 N/mm�ply 174 N/mm�ply
Tensile modulus, Ēf 4.9 kN/mm�ply 15.7 kN/mm�ply
Number of plies tested, n 1, 2, 3, 6, 9, 12, 15 1, 2, 3
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4. Experimental results

Table 2 gives average values of the major parameters

measured and the ratios of these parameters to those meas-

ured for unconfined concrete. The values presented are

averaged over at least five specimens. Fig. 4 shows repres-

entative stress versus axial and transverse strain curves for the

cylinders tested. Fig. 5 shows the dilation versus axial strain

relationships for the cylinders tested. The following conclu-

sions may be drawn from the experimental results presented:

1. Maximum concrete stress, fcmax, increases with an in-

crease in the confinement provided.

2. The strain corresponding to the maximum concrete stress,

ecmax, generally increases with an increase in confinement

used. This increase is greater than that exhibited by

concrete stress, therefore it may be said that the ductility

capacity (measured as the ratio of ultimate deformation to

the deformation corresponding to ‘‘yield’’) increases with

increased confinement.

3. The initial modulus of the confined and unconfined con-

crete is similar. The expected decay in modulus (softening

of the response) accompanying increased axial strain is

reduced when confinement is present.

4. From Fig. 5, it can be seen that dilation ratio varies with

axial compressive strain. The observed initial dilation

ratio is approximately equal to Poisson’s ratio and

remains essentially constant through an axial strain of

about 0.0018, 60% of the unconfined concrete axial strain

corresponding to fc
0, ec

0. Beyond 0.6ec
0, the dilation ratio

increases with increasing axial strain. At an axial strain of

approximately 2ec
0, the dilation ratio appears to stop

increasing. This limiting dilation ratio is referred to as hu.
5. The limiting dilation ratio is inversely proportional to the

level of confinement provided. It is noted that for all

specimens tested, the limiting dilation ratio exceeded 0.5,

indicating volumetric expansion of the concrete within

the jacket.

Table 2

Summary of average experimental results

Plies

(n)

fcmax

(MPa)

fcmax/

fc
0

ecmax ecmax/

ec
0

ecu etu hu = etu/ecu

0 fc
0 = 32.1 1.00 ec

0 = 0.0028 1.00 0.0039 unstable at hu>0.50

E-Glass

1 36.8 1.15 0.0021 0.75 0.0044 unstable at hu>0.50
2 36.6 1.14 0.0022 0.78 0.0040

3 36.6 1.14 0.0023 0.81 0.0050 0.012 2.41

6 37.6 1.17 0.0031 1.10 0.0057 0.0103 1.81

9 46.7 1.46 0.0068 2.40 0.0068 0.0111 1.63

12 50.2 1.56 0.0082 2.89 0.0082 0.0109 1.32

15 60.0 1.87 0.0087 3.05 0.0087 0.0111 1.28

Carbon

1 32.9 1.03 0.0024 0.85 0.0060 0.0103 1.72

2 35.8 1.12 0.0022 0.76 0.0086 0.0119 1.38

3 52.2 1.63 0.0138 4.86 0.0138 0.0155 1.12

Fig. 4. Representative axial stress versus axial and transverse strain

responses.

Fig. 5. Representative dilation versus axial strain relationships.

K.A. Harries, G. Kharel / Cement and Concrete Research 33 (2003) 873–880876



From Fig. 4, two distinct types of axial stress–strain

behaviors can be seen. These depend on the stiffness of

the confining material. These two behaviors and the

transition between them are described in the following

sections.

4.1. Lightly confined concrete

In the case of lightly confined one- and two-ply E-Glass-

confined cylinders, the jackets did not fail at the peak axial

load. A significant postpeak behavior is observed. This is

because the jacket is not stiff enough to provide sufficient

confining pressure at lower axial strains to increase the load

carrying capacity of the concrete. To rupture the jacket, axial

strain is increased until rupture strain of the jacket is

achieved. The ‘‘confined concrete’’ at this point is ‘‘confined

rubble.’’ For lightly confined concrete, the limiting dilation

ratio is not reached due to the limited strain capacity of the

jacket.

4.2. Heavily confined concrete

In the case of heavily confined 12- and 15-ply E-Glass

and 3-ply carbon-confined cylinders, the jackets are stiff

enough to provide enough confining pressure to increase the

load capacity resulting in larger dilation strains. When the

confining material fails, the now overloaded unconfined

concrete experiences a very brittle failure. In this case, no

postpeak behavior is seen.

In the case of heavily confined concrete, an approxi-

mately bilinear stress–strain behavior is seen. In these cases,

the dilation ratio is observed to increase to some limiting

value after which it remains essentially constant. The ulti-

mate axial stress and strain achieved is therefore related to

the rupture strain of the confining material by the dilation

ratio.

4.3. Moderately confined concrete

For moderately confined concrete, falling between the

behaviors described above, a relatively smooth transition of

response parameters between lightly and heavily confined

concrete is observed. In these tests, this transition between

responses appears at around the six-ply E-Glass-confined

specimens.

5. Discussions

5.1. Maximum concrete stress

For comparison, Fig. 2 shows commonly used relation-

ships between confining pressure, fcon, and maximum com-

pressive strength, fcmax, of confined concrete proposed by

others [4–6,15,16]. Also shown in Fig. 2 is the data

generated in this study. It is clear that the model proposed

by Mirmiran and Shahawy [16] provides the best estimate of

fcmax from fcon.

fcmax ¼ f 0c þ 4:269ðfconÞ0:587 ðMPa unitsÞ ð1Þ

The values of fcon shown in Fig. 2 were derived from

experimental data using the following relationship for

cylindrical confinement:

fcon ¼
4nEf

D
etu ð2Þ

where n = number of plies of FRP used; Ef = experimentally

determined FRP material stiffness; D = diameter of the

concrete cylinder; etu = experimentally determined ultimate

transverse strain in the concrete.

5.2. Confining material and ‘‘slackness’’

From Table 2 it appears as though the confinement

provided by one layer of carbon is approximately equivalent

to that provided by three layers E-Glass. This ratio is

consistent with that reported in Table 1 for jacket tensile

moduli.

At similar levels of confinement (determined by fcmax)

the dilation ratio for the E-Glass specimens is greater than

that for carbon specimens. This observation may be due to

‘‘slackness’’ in the glass confinement. The slackness may be

envisioned as a gap between the concrete and the confining

jacket. The confining jacket is not engaged until the trans-

verse stain resulting from dilation closes this gap. Only at

this point is confining pressure engaged.

In the case presented here, there is no gap, however, the

behavior of the woven E-Glass fabric is similar to that of a

gap. The longitudinal strands of a woven fabric are

‘‘kinked’’ as they pass over and under the transverse strands.

In order to engage the tensile capacity of the longitudinal

strands, they need to be ‘‘straightened.’’ The stiffness of the

confining material is negligible until the strands are straight-

ened. Thus, confining pressure is also negligible until this

point. For this reason, transverse strains measured on the

exterior of the jacket are greater for a woven fabric. This is

not an issue with the carbon fabric used, which is a

unidirectional tow sheet.

The effect of ‘‘slackness’’ or an initial gap between the

dilating concrete and the confining jacket are the subjects of

the second part of this investigation [23].

5.3. Dilation ratio, �

Confining pressure is generated through transverse strain

associated with the principal axial strain, which engages the

confining material, causing confining pressure to be deve-

loped. The relationship between transverse strain, et, and
axial strain, ec, is given by:

et ¼ hec ð3Þ
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where h is the dilation ratio, determined as a function of the

axial strain, ec, as discussed below.

The dilation ratio, h, is determined as a function of the

ratio of principal axial strain in the concrete to axial strain at

peak axial stress of the unconfined concrete, that is ec/ec
0. This

ratio was selected as it appears to allow convenient points at

which the dilation behavior changes. Fig. 6 is a schematic

representation of the experimentally determined dilation

plots shown in Fig. 5. As can be seen from Figs. 5 and 6:

� At ec/ec
0= 0.6, the dilation ratio begins to increase from its

initial value, hi; and,
� at ec/ec

0 = 2, the dilation ratio stops increasing and remains

constant at its ultimate value, hu.

Between these values of ec/ec
0, a linear relationship

between dilation ratio and ec/ec
0 may be assumed. Thus,

the relationship used to determine the dilation ratio, h, for a
given axial strain, ec, is given as:

h ¼ hi for ec < 0:6e0c

h ¼ hu�hi
1:4e0c

� �
ðec � 0:6e0cÞ þ hi for 0:6e0c < ec < 2e0c

h ¼ hu for ec > 2e0c

ð4Þ

In Eq. (4), the initial dilation ratio, hi, is taken as Pois-

son’s ratio for concrete. If very large amounts of confine-

ment are present, a lower value may be appropriate [24].

This was not the case in the present study.

Finally, the transverse strain, et, in Eq. (3) is limited by

the rupture strain of the confining jacket, ejr, as shown by

the heavy dashed line in Fig. 6. For lightly confined

concrete, rupture of the confinement may occur prior to

the ultimate dilation ratio being reached. This is shown

schematically in Fig. 6 as the uppermost curve.

Fig. 7 shows the relationship between the limiting

dilation ratio, hu, and the confining jacket stiffness, nEf.

As can be seen from this figure there is a difference between

E-Glass and carbon. Theoretically, there should not be any

difference between the materials since the plot is normalized

by Ef. The observed difference is due to the ‘‘slackness’’

described previously.

The value of the limiting dilation ratio, hu, is a function

of the confinement provided. Eqs. (5a) and (5b) give the

empirical relationships relating ultimate dilation ratio, hu, to
confinement stiffness, nEf, for the E-Glass and carbon

materials, respectively:

hu ¼ �0:99lnðnEÞ þ 12 ðR2 ¼ :95Þ ð5aÞ

hu ¼ �0:66lnðnEÞ þ 8 ðR2 ¼ :95Þ ð5bÞ

Further investigation, beyond the scope of the present

work, is necessary to establish a single relationship account-

ing for FRP material geometry (‘‘slackness’’).

6. Summary and conclusions

The axial stress–strain behavior of concrete subject to

variable confining pressure through the use of FRP

jackets has been presented. Such jackets provide passive

variable confinement. This confinement is engaged by the

lateral expansion of the concrete associated with the

applied axial compression. The following conclusions can

be made from the experimental results obtained in this

study:

1. In concrete confined with FRP jackets, maximum con-

crete stress, fcmax, increases with an increase in the

confinement used.

2. The strain corresponding to the maximum concrete stress,

ecmax, increases with an increase in confinement used.

This increase is greater than the increase in maximum

concrete stress.Fig. 6. Schematic representation and idealization of dilation behavior.

Fig. 7. Observed limiting dilation ratios versus jacket stiffness.
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3. Axial concrete stiffness is not significantly affected by

the presence of confinement.

4. As the level of confinement is increased, the axial stress–

strain behavior of the concrete progresses from essen-

tially parabolic (unconfined and low levels of confine-

ment) to elastic–plastic having little postpeak stiffness

(moderate confinement) to bilinear having significant

postpeak stiffness (high levels of confinement).

5. The dilation ratio of axially loaded confined concrete

varies with compressive strain. The observed initial

dilation ratio is approximately equal to Poisson’s ratio

and remains essentially constant to an axial strain of about

0.6ec
0. Beyond this point, the dilation ratio increases with

increasing axial strain. At an axial strain of approximately

2ec
0, the dilation ratio appears to stop increasing. This

limiting dilation ratio is referred to as hu.
6. The limiting dilation ratio is inversely proportional to the

level of confinement provided.

7. Further research

Through the course of this research, the following have

been identified as areas for further investigation.

1. A strain efficiency factor, relating in situ FRP jacket

strains and the strains obtained from tensile coupon tests,

has been previously described [19]. Experimental

verification of this relationship is necessary.

2. The effect of confinement on larger-scale specimens and

those having conventional internal reinforcement is

required to calibrate the model and conclusions pre-

sented for larger specimens.

3. As discussed previously, slackness of the E-Glass

material is believed to have affected the dilation

behavior. Further research needs to be done to verify

this. This may be accomplished by debonding the jacket

and providing a gap between the jacket and the confined

concrete. Furthermore, FRP materials having different

weave geometries should be investigated. This is

discussed in the companion paper [23].

4. FRP jackets have very high in-plane tensile stiffness but

as they are typically quite thin, they have very small out-

of-plane stiffness. Therefore, effective confining pressure

is only generated where the jacket is engaged in tension.

Unlike circular sections, rectilinear sections having

external confinement do not experience uniform confin-

ing pressure from external confinement. Dilation of the

concrete section results in significant confining pressure

developed across the diagonals of rectangular sections.

The jacket sides provide smaller levels of confinement

since confining pressure at this location is engaged more

by the flexural stiffness of the jacket. Further study needs

to be done with rectangular cross-section specimens to

investigate this effect. This is discussed in the companion

paper [23].

Notation Used

D diameter of concrete cylinder

Ef tensile modulus of FRP material

f̄fr strength of FRP material

fcmax maximum strength of confined concrete, for uncon-

fined specimens fcmax = fc
0

fc
0 unconfined concrete compressive strength

fconconfining pressure

n number of plies of FRP material

ecmax strain in confined concrete corresponding to fcmax, for

unconfined concrete ecmax = ec
0

ecu ultimate axial strain of concrete (for heavily confined

concrete ecu = ecmax)

ec
0 concrete compressive strain corresponding to fc

0

efr rupture strain of FRP coupon

ejr in situ rupture strain of FRP jacket

et transverse strain in concrete

h dilation ratio

hi initial dilation ratio = Poisson’s ratio

hu ultimate or limiting dilation ratio of concrete
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