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An effective use of fiber reinforced plastic (FRP) shapes in infrastructure is in the form of composite
construction with reinforced concrete. A novel composite column is proposed that is similar to the classic
concrete-filled steel tubes, except that steel has been replaced with a hollow FRP shell. The FRP shell, while
an integral part of the structure, is also the pour form for concrete. The shell may be a filament-wound or a
multi-layer FRP pipe with a layer of longitudinal fibers sandwiched between two piles of circumferential
fibers. The proposed column offers high strength and ductility in addition to excellent durability. Behavior
of the proposed column is studied by developing two analytical tools; a new passive confinement model for
externally reinforced concrete columns, and a composite action model that evaluates the lateral stiffening
effect of the jacket. Results are compared with recent studies of fiber-wrapped columns.
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INTRODUCTION

Deterioration of the nation’s infrastructure has been well
documented and publicized'. FRP composites have
emerged as a potential solution to the problems
associated with the infrastructure. An economic appli-
cation of FRP materials is in the form of composite
construction with concrete, such that FRP could act as
load-carrying partner and protective measure for the
structural members. One such application has been
demonstrated in fiber jacketing technique, which is now
considered an effective retrofitting tool for existing
columns. Using the principles of fiber-wrapping and
steel-jacketing practice™?, classic steel-concrete compo-
site columns®, FRP pressure vessels®, and steel-encased
plastic piles®. a novel type of composite column is
proposed that consists of a reinforced concrete core
confined in a FRP tubular jacket (Figure 7). The main
advantage of FRP-concrete composite construction is
the optimal use of materials based on their mechanical
properties and resistance to corrosive environments.
Moreover, it results in composite members with pseudo-
ductile characteristics and high stiffness and strength
properties.

The composite shell may be a multi-layer FRP tube
that consists of at least two plies; an inner ply of
longitudinal fibers and an outer ply of circumferential
fibers. The longitudinal fibers are inhibited from outward
buckling by the outer circumferentially oriented fiber
ply, and from inward buckling by the concrete core.
Similar tubes have been made with a center ply of
longitudinal fibers sandwiched between two plies of
circumferential fibers. The FRP shell plays several
important roles in the composite column as follows:

1. It is the pour form for concrete, thereby reducing the
cost and time for formwork and removal of the
forms’:

. It acts as protective jacket and sealer for concrete and
the embedded reinforcing steel in corrosive environ-
ments. Glass fiber jackets have been used as insulators
in severe conditions. In a hot oil pipeline project that
ran over the water on the Gulf of Mexico, a glass fiber
jacket was chosen over aluminium and stainless steel
alternatives. After eleven years, reports indicate that
the jacket has withstood a harsh, salty environment
with over 140° F internal temperature, direct sunlight,
moisture, vapor, and seawater®;
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Figure 1 FRP-concrete composite column

3. It provides external reinforcement in the circum-
ferential direction and confines the concrete core,
thereby increasing its strength and ductility, and
further preventing the buckling of longitudinal
steel’;

4. Unlike fiber-wrapped columns with only circumfer-
ential reinforcement, the proposed system provides
external reinforcement in the longitudinal direction as
well. Therefore, it increases the flexural capacity of the
column similar to concrete-filled steel tubes’: and
finally

5. It improves the column’s shear strength similar to
steel hoops and spirals'’.

Currently, a complete experimental and theoretical
project is underway to investigate the feasibility and
benefits of the proposed composite column. There are
three main theoretical areas that need to be addressed;
confinement, effectiveness of composite action, and shear
strength. This paper focuses on the first two aspects of
analytical modeling for the composite columns with FRP
shells.

CONFINEMENT MODEL

Since fiber jacketing technology is relatively new,
theoretical works in this area are limited to the use of
models originally developed for transverse reinforce-
ment. For example, Saadatmanesh es al® used the
Mander es al.'' model for fiber-wrapped columns.
Mander and co-workers utilized an active confinement
model to establish the entire stress—strain curve for
confined concrete based on the peak stress. The peak
stress itself is calculated from the equilibrium of
the section. assuming that the jacket reaches its
maximum strength (fj,) at the same time that concrete
reaches its peak stress. As shown in the free body
diagram (Figure 2), the relation between the ultimate
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Figure 2 Confining action of FRP shell

confining pressure ( f,,) and the strength of the jacket is
given by

S i)

where ; = the jacket’s thickness, and D = the inside
diameter of the jacket. Based on Mander’s proposed
model, one can establish the confinement effectivencss
ratio as

C, = [2.254\/1 4+ 7.94C, — 2C, — 1.254] (2)

where C, = f /[ ¢o (compressive strength of confined
and unconfined concrete), and C, = confinement ratio
(fru/f ) The corresponding confinement effectiveness
ratio for strains is

¢ =5C, 4 (3)

in which C, = €. /€, (compressive strain of confined and
unconfined concrete at peak stress). Upon establishing
the peak point, a model by Popovics'? is used to define
the stress—strain curve for the material as follows

f eexr
L= - 4
Je F—14+xf (4)

where, x=e. /e, F=FE/(E. - Eg.), E.=tangent
modulus of elasticity of unconfined concrete, and
Ee. = f /€. Finally, the ultimate strain (ey) is
determined by an energy-balance method. In this
approach, the difference between the ultimate strain
energy of confined and unconfined concrete is set equal
to the strain energy of the confining agent minus the
energy required to maintain yield in the longitudinal
steel in compression.
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There are three major problems with the afore-
mentioned model. making its use in the present form
unsuitable for composite jackets:

1. The model assumes a constant lateral strain and
confining pressure throughout the loading history. In
reality, the jacketed columns (fiber-wrapped or
composite construction) do not provide a constant
active confining pressure, but rather a varying passive
confinement that increases as the lateral expansion of
concrete increases under axial loads.
The basic premise of the model is that the jacket
reaches its ultimate stress as soon as concrete reaches
its peak stress, irrespectively of type, thickness, or
spacing of the fiber straps. However, theoretical
stress—strain curves for fiber-wrapped columns®
show that the failure point as determined by energy
balance always occurs before the peak stress is
reached. Therefore, the peak point is off the curve,
and the failure assumptions are inconsistent.

3. The model does not take into account the brittle
failure, low modulus of elasticity, and higher strength
of FRP materials in a form suitable to trace the
stress—strain curve of the composite system.

(S

Here, Mander’s model is treated as an active
confinement model, and an incremental approach is
devised to alleviate these problems, and to render it
suitable for FRP jackets. A cubic polynomial relation is
proposed for the radial (lateral) and axial strains of
concrete, after Madas and Elnashai'*

€ = a6, + arer + aze. (5)
where €, = radial strain, ¢, = axial strain, and the g;
coefficients are determined from the initial and ultimate
conditions, i.e. at e, = 0, ¢, = 0, and at €, = €. € = €.
Also, slope of the strain curve at the initial and ultimate
conditions is calculated from

de, v

de, N

A (6)
E.de,

where v = Poisson’s ratio, and f, = confining pressure.
This equation is derived from elasticity stress—strain
relationships'>. When lateral strains and confining
stresses in both transverse directions are equal, axial
and lateral strains can be written as

_Je -2
cT T E
(I -v)f —vf

“ T E (8)

(1 —v—20%)

(7)

By eliminating the axial stress, f., from these two
equations, one can write

(1 —v =271 — E.e,

€= P ©)

Poisson’s ratio of concrete varies during the appli-
cation of axial strains. Here, the variation suggested by

Kupfer es al" is used as
v=u,[1 4+ 1.3763(eg) — 5.36(eg)” + 8.586(cx)’] (10)

where v, = initial Poisson’s ratio, and eg = ratio of axial
strain to the critical strain. Therefore, equation (9) can
only be applied incrementally as

(1 — v —=207)df, — E.de,
vE,

de. = (11)

Equation (11) can be re-arranged to yield the siope of
strain curve as shown in equation (6). In order to
establish the entire stress—strain curve, for each value of
€. the corresponding value of ¢, is calculated. Then, the
confining pressure, /; is determined from the equilibrium
of forces in the free-body diagram of the confined section
as

. I

where. Ej =the jacket's elastic modulus in the circum-
ferential direction. Upon establishing the corresponding
confining pressure, an incremental use of the model
by Mander can be followed. Also, to ensure that failure
points by the energy-balance approach and the equi-
librium method occur simultaneously, an iterative
scheme is adopted. The scheme is highly convergent,
and often no more than 3—4 iteration cycles is necessary.
As shown in Figure 3. the proposed scheme consists of
the following steps:

[. Assume ultimate strain of concrete, e,.

2. Find ultimate confining pressure and the peak stress—
strain (equations (1-3)).

3. Calculate the coefficients for ¢ from initial and
ultimate conditions (equations (6) and (10)).

4. For every axial strain ¢, calculate the lateral strain e,
(equation (5)).

5. Calculate the corresponding confining pressure f;
(equation (12)).

6. Determine the stress /. for ¢, from the corresponding
1: curve (equations (2-4)).

7. Check the strain energy of the confined and uncon-
fined concrete.

8. Repeat steps 4-7, until energy balance is achieved,
and €, 1s reached.
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Figure 3 Proposed confinement model for composite columns
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Figure 7 Interaction diagram with contribution of longitudinal fibers

9. Compare the ultimate strain (e,,) with the one
assumed at step 1, if the difference is greater than
the preset tolerance, go to step | and repeat steps 1-8
until convergence is reached.
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A computer program is developed that calculates the
stress—strain curves and the interaction diagrams for
concrete columns with any type of confinement. Models
by Mander, et al.'', Ahmad and Shah'>, Madas and
Elnashai'®, and the proposed scheme are included. Here,
the present model is compared with direct application of
Mander’s model for a circular column with a diameter of
1524 mm and longitudinal steel of 46 464 mm° (Figure 4).
Figure 5 shows the percent difference in ultimate stress
(fe) and ultimate strain (e,) and the maximum
difference between stresses (f.) for the two models in
terms of the confinement ratio (f,/f .,). As shown in the
figure, even though ultimate stresses and strains are
close, direct application of Mander’s model overesti-
mates intermediate stresses by as much as 17%.

BEAM-COLUMN BEHAVIOR

The stress—strain model developed in the previous section
is used to predict the ultimate moment and curvature at
failure of beam-columns for a range from pure axial
compression to pure flexure. The main assumptions in this
analysis are the linear strain distribution through full depth
of the cross section, and the strain compatibility of steel-
concrete and concrete-FRP. Also, the confinement con-
tribution of the interior hoops or spirals are neglected.
Two different sets of interaction diagrams are developed,
with and without contribution of the longitudinal fibers
of the jacket. Figure 6 shows the normalized interaction
diagrams for a reinforced concrete column jacketed with
various confinement ratios (C, = f;,/f &) In this figure,
the effect of longitudinal fibers on the axial-flexural
capacity of the column is neglected. One can easily relate
the confinement ratio to the jacket parameters such as
thickness and strength of the FRP shell. For example, for
the same confinement ratio a thicker glass fiber shell is
required as compared to a carbon fiber jacket. As shown,
the confining effect of the jacket is more pronounced in
pure compression rather than in pure flexure. For
example, for confinement ratios of 0.5, 1.0, and 1.5, the
maximum compressive force in the section is increased
by 126, 182 and 217%, respectively. On the other hand,
for the same confinement ratios the maximum moment in
pure flexure is only increased by 7.9, 10.2 and 11.7%,
respectively. Figure 7 shows normalized interaction
diagrams for confinement ratios of 0.0, 0.5 and 1.0,
including the contribution of longitudinal fibers, and
assuming a perfect bond. As shown in the figure,
substantial gain in both axial compression and flexural
capacity can be expected. The effect of bond strength on
the interaction diagrams is discussed in the following
section.

DEGREE OF COMPOSITE ACTION

In reality, the composite action between concrete and the
composite shell is between the 0 and 100% that were
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Figure 8 Lateral stiffening effect of FRP shell

assumed in the previous section. Furthermore, depend-
ing on the bond strength between concrete and the
jacket, the degree of composite action varies along the
column. It is recognized that the bond stress itself
depends on several factors including properties and
constituents of concrete (e.g. aggregate size, use of
expanding additives, etc.), magnitude of shrinkage
strains, and the contact surface of the composite shell.
Some manufacturers of FRP tubes have recommended
the use of mechanical shear connectors inside the tube as
part of the pre-fabricated tube. Of course, this will
greatly increase the composite action between concrete
and the shell. On the other hand, a recent study by Orito
et al.'® reported that unbonded concrete-filled steel tubes
would perform better than bonded tubes, simply because
in unbonded construction the shell is not under direct or
indirect longitudinal stresses. Therefore, it will not
buckle and will continue confining the concrete core up
to its maximum circumferential strength. However, in
unbonded construction the jacket does not contribute to
the flexural capacity of the column, and its only role is
the confining action.

Figure 8 shows the curvature distribution in
a laterally loaded composite column, where ¢, =
curvature of the column with no composite action,
and ¢, = curvature of the fully composite section. In
fact, composite action cannot be achieved until a finite
bond transfer length is developed. Moreover, the bond
transfer lengths on the tension and compression sides
of the column are different. On the flexural compres-
sion side, lateral expansion of concrete increases the
normal contact stresses, which in turn decreases the
bond transfer length. On the other hand, since concrete
does not expand on the tension side, a larger bond
transfer length will be required in that region. Here, an
analytical model similar to the one for steel-jacketed
columns® is developed for FRP-concrete composite
columns.

If one takes the average of absolute values of
longitudinal (axial) stresses along the extreme tension

and compression fibers of the jacket as

: |1 + 1)l
(,/lj)avgsz—z—lJ—— (13)
then, at each level of a laterally loaded composite
column, a composite action coefficient a (0 < a. < 1)

can be defined as

_ Sijl2)

f ‘1,1(5)
where f};(z) = average longitudinal stress in the shell at
level = (from base of the column) as developed by bond
stress, and f;(z) = average longitudinal stress in the shell
at the same level if a full composite action exists.
Therefore, one can compute the composite action
coefficient as follows

ac(2)

(14)

i Lz
Ij(L - :) (flj)avg

where L = length of the column, and &, = average bond
strength between concrete and the composite shell. Most
test data on bond strength between FRP materials and
concrete is either related to internal FRP reinforcement
or epoxy bonded plates. However, bond between FRP
shell and concrete is very different. Therefore, a series of
push-out tests is devised similar to the work of Hunaiti'’
on battened steel-concrete columns. Upon completion of
experimental work. an average bond strength will be
established and the above analytical model will be used
to extend the sectional interaction diagrams (Figures 6
and 7) to the entire length of the column.

(15)

O‘C(:) =

CONCLUSIONS

A novel type of composite column is proposed that
consists of reinforced concrete core cast in a composite
FRP shell. The proposed system is advantageous in
corrosive environments and seismic zones. A new passive
confinement model is developed that accounts for
varying lateral confining pressure. Comparison of the
proposed model with direct application of Mander’s
model shows that the latter overestimates intermediate
stresses by as much as 17%. The interaction diagrams
developed based on the proposed stress—strain model
demonstrate the advantages of the FRP shell. Degree of
composite action is rationally defined as a function of
bond strength of the material. Further research is in
progress to include shear strength of the composite
column, and to verify the analytical models with test
results.
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