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Bridge failures in recent earthquakes such as the 1989 Loma Prieta earth-
quake have attracted the attention of the bridge engineering community to
the large number of bridges with substandard seismic design details. Many
concrete columns in bridges designed before the new seismic design provi-
sions were adopted have low flexural ductility, low shear strength, and
inadequate lap length for starter bars. These problems, compounded by
flaws in the design of structural systems, have contributed to the cata-
strophic bridge failures in recent earthquakes. In this paper, a new tech-
nique for seismic strengthening of concrete columns is presented. The
technique requires wrapping thin, flexible high-strength fiber composite
straps around the column to improve the confinement and, thereby, its duc-
tility and strength. Analytical models are presented that quantify the gain in
strength and ductility of concrete columns externally confined by means of
high-strength fiber composite straps. A parametric study is conducted to
examine the effects of various design parameters such as concrete com-
pressive strength, thickness and spacing of straps, and type of strap. The
results indicate that the strength and ductility of concrete columns can be
significantly increased by wrapping high-strength fiber composite straps
around the columns.

Keywords: columns (supports); concretes; ductility; fibers strapping;
strength.

The 1971 San Fernando earthquake, the 1987 Whittier
earthquake, and the 1989 Loma Prieta earthquake inflicted
substantial damage on a number of older bridge structures.
One of the major causes of the failure of those bridges was
the substandard detailing of those structural components de-
signed before the current seismic design provisions had been
adopted. The inadequate detailing of these structures has re-
sulted in many bridges having columns with low flexural
strength, low shear strength, and low flexural ductility. The
inadequate starter bar lap lengths and insufficient lateral ties
in these columns are the major contributors to their insuffi-
ciency in resisting earthquake forces.

The work of many researchers has indicated that increas-
ing the confinement in the potential plastic hinge regions of
the column will increase the compressive strength of the core
concrete and ultimate concrete compression strain and duc-
tility. Therefore, strengthening techniques typically involve
methods for increasing the confining forces either in the po-
tential plastic hinge regions or over the entire column.!
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In this paper, a new technique for seismic strengthening of
concrete columns is presented. Columns in existing struc-
tures are externally reinforced by means of high-strength fi-
ber composite straps. The reinforcement is performed by
wrapping straps of desired width and thickness around the
columns. The straps can be wrapped in a continuous spiral
and/or in discontinuous rings. The straps are constructed
from high-strength fibers woven to form a flexible fabric-
like material. The fabrics can be made very thin, resulting in
flexibility sufficient for them to be wrapped around circular
aswell asrectangular columns. For improved structural per-
formance as well as protection against environmental fac-
tors, the straps can beimpregnated with resin either before or
after the wrapping operation. The ends of the straps can be
mechanically coupled or they can be epoxy-bonded to the
column. Fig. 1 shows typical concrete columns externaly
confined with fiber composite straps. This method is a
spinoff of another study performed by the authors, where
concrete girders were strengthened by means of composite
laminates bonded to the tension face of the girders.>* In
some of the girders tested, the ultimate strength was in-
creased by afactor of 4. The salient benefits of strengthening
concrete columns with fiber composite straps are summa-
rized in the following:

Increased ductility—As a result of the confinement pro-
vided by the straps, the concrete will fail at a larger strain
than if unconfined. Depending on the degree of confinement,
significant increases in ductility can be achieved.

Increased strength—The lateral pressure exerted by the
straps will increase the compressive strength of the concrete
in both the core and shell regions, resulting in higher load-
carrying capacity. The lateral confinement provided by the
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straps will also provide additional support against buckling
of the longitudinal bars.

Circular and square sections—T he flexibility of the straps
allows wrapping around circular as well as rectangular col-
umns.

Low maintenance—Because of their resistance to electro-
chemical deterioration, fiber composites do not corrode and
are not affected by salt spray, and other aggressive environ-
mental factors. Ultraviolet light, however, can adversely af-
fect some fiber composites. This problem can be eliminated
by providing a protective coating for the straps during or af-
ter the manufacturing process.

Low weight—The low density of composites (typically
one-fifth that of steel) significantly simplifies the construc-
tion procedure and reduces cost.

Temporary versus permanent—T he proposed method will
cause no disturbance to the integrity of the existing structure;
i.e., no anchor bolts, dowels, etc., will be required when the
ends of the straps are mechanically coupled. As aresult, this
method can be used as a permanent or temporary solution.
For example, if, at a later time, more effective alternatives
are developed, the straps can be easily removed.

Esthetics—The straps are very thin, i.e., lessthan 100 mils
thick; therefore, they will not alter the appearance of the
structure.

In this paper, analytical models are presented for the anal-
ysis of concrete columns under monotonic loading and exter-
nally confined with fiber composite straps. A parametric
study is also conducted to examine the effectiveness of this
technique for increasing the strength and ductility of con-
crete columns.

RESEARCH SIGNIFICANCE

The devastation caused by the 1989 Loma Prieta earth-
quake clearly attests to the need for effective seismic
strengthening techniques to prevent such failure in the fu-
ture. The method presented in this paper will provide an eco-
nomical and effective alternative for increasing the strength
and ductility of columns with inadequate transverse rein-
forcement. Furthermore, the utilization of such advanced
modern materials asfiber compositeswill provide anew out-
look on design of concrete structures. Fiber composites gen-
erally have higher strength-to-weight ratios than con-
ventional materials and are unaffected by electrochemical
deterioration.
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Fig. 1—Column wrapped with composite straps

PREVIOUS WORK
External confinement with steel (steel jacketing) has been

used to improve the shear strength and ductility of columns.

To investigate the performance of the columns retrofitted
with steel jacketing, six large-scale column models were
tested at the University of Californiaat San Diego.! The col-
umns were 0.4-scale models of a prototype 1524-mm- (60-
in.)-diameter bridge column. They were 610 mm (24 in.) in
diameter and 3657 mm (12 ft) in height. The test columns
were constructed with a footing to allow foundation influ-
ence or interaction to be monitored. The tests included mod-
elswith the pre-1971 reinforcing details without retrofitting,
columns retrofitted with steel jackets, and a post-damage ret-
rofitted column to determine whether adamaged column can
be salvaged after an earthquake. The longitudinal steel rein-
forcement ratio was 2.53 percent. Transverse reinforcement
consisted of circular hoops (No. 2 Grade 40 plain bars)
placed at 127 mm (5 in.) on centers uniformly along the lon-
gitudinal line of the column. The confining steel reinforce-
ment ratio was 0.18 percent. The hoops were spliced with a
lap length of 305 mm (12 in.) in the cover concrete. Steel
jackets for the columns were fabricated from 4.76-mm- (% -
in.)-thick A36 hot-rolled steel. A 6.3-mm (%,-in.) gap was
provided between the column and jacket. The gap was pres-
sure-injected with water/cement grout.

From the test results, it was concluded that a lap length of
20 timesthelongitudinal bar diameter wasinsufficient to de-
velop yield stress of the longitudinal bars; columns without
retrofitting degraded rapidly due to bond failure. The con-
finement provided by a fully grouted steel jacket could com-
pletely contain the cover concrete to eliminate bond failure.
Also, because there was only a 10 to 20 percent increase in
lateral stiffness due to additional confinement from the steel
jacket, a ductile mode of flexural failure with good energy
dissipation could be achieved. The steel jacket enabled adis-
placement ductility factor of greater than 6 to be achieved.

Katsumata, K obatake, and Takeda,® tested 10 one-quarter-
scale column specimens with square cross sections of 200 x
200 mm (7.87 x 7.87 in.). The columns were strengthened
with carbon fiber wraps before testing. They were tested un-
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Fig. 2—Stress-strain curves of composite straps

der cyclic lateral loads and a constant axial load. It was con-
cluded that winding of carbon fiber has ample effect on
increasing seismic capacity. In particular, the following fac-
tors were determined: 1) ultimate displacement and energy
dissipation was increased approximately linearly in accor-
dance with carbon fiber quantity; 2) the earthquake-resistant
capacity of acarbon fiber-strengthened column can be corre-
lated roughly with an ordinary reinforced concrete column
with only hoop reinforcement; and 3) carbon fiber quantity
and steel hoop reinforcement quantity could be mutualy
convertible by effective strength ratio.

Recently, atest conducted by the University of California
at San Diego involved a new type of fiberglass-epoxy com-
posite material ,® made of high modular and regular glass fi-
bers, and wrapped like a blanket in layers around a 3657-mm
(12-ft)-high test column. The column size and reinforcement
were representative of many of the columns built on the Cal-
ifornia State Highway system prior to 1971.

Two tests of columns retrofitted with this material were
conducted. For the first test, the column was wrapped with
eight layers of the material [2.44-mm (0.096-in.) nominal
thickness] and pressure-grouted to 1.76 MPa (250 psi) by
pumping epoxy between the concrete and the wrap. The sec-
ond involved wrapping atest column with four layers of the
material pressurized to 1.06 MPa (150 psi). A vertical load
of 1816 kN (400 kips) was applied to the column in each test.

Application of lateral load and displacement consisted of
aseries of cycles of imposed inelastic displacements from +
2.5410 254 mm (x1to 10in.). The columnswere pushed and
pulled far beyond their yield point, which probably exceeds
the displacement expected in maximum credible earth-
quakes. Even though the concrete crushed and some steel re-
inforcing bars ruptured in tension during the test, the fiber
wrap remained intact.

FIBER COMPOSITES
The use of composites for a variety of industrial applica-
tions has been rapidly increasing in recent years. The main
reasons for using these types of materials are their superior
strength-to-weight ratio, and durability in corrosive environ-
ments, as compared with conventional materials. In addition
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to the superior strength properties, many composites have
shown much better fatigue performance than structural met-
als.

Fiber composites have been used extensively in the air-
craft and aerospace industries. Thefirst recorded application
of glass-fiber composites in the aircraft industry dates as far
back as 1944.7 Since then, avariety of composites have been
used in such industries as ship building, chemical process-
ing, medical, automotive, etc.

Composites are made up of short fibers or filaments of
glass, carbon, etc., bonded together with aresin matrix. The
fibers provide the composites with their unique structural
properties. The matrix serves only as a bonding agent.

Two types of resin-impregnated unidirectional composite
straps will be used in this study. The following is a brief de-
scription of the mechanical properties of the two types of
straps: namely, E-glass and carbon fiber straps.

E-glass strap

Glass fiber reinforced composites are among the oldest
and least expensive of all composites. Fiberglass is widely
used in automotive, marine, sporting goods, and aerospace
applications. E-glassis the most common type of glass fiber
used in resin matrix composite structures. The individual fi-
bers of E-glass have tensile strength in excess of 3.45 GPa
(500 ksi).2 These fibers range from 3 to 5 microns in diame-
ter. The principal advantages of E-glass are low cost, high
tensile and impact strengths, and high chemical resistance.
The disadvantages of E-glass, compared to other structural
fibers, are lower modulus, lower fatigue resistance, and
higher fiber self-abrasion characteristics. The modulus of
elasticity of E-glassinthefiber formis72.4 GPa(10.5 "~ 10°
ksi). The density and coefficient of thermal expansion of E-
glassare 2.5 g/lcm?® (0.092 1b/in.®) and 5~ 10°® cm/cm/C (2.8
" 10%in./in./F), respectively.

In general, fiber composites behave linearly elastic to fail-
ure. The tensile strength and modulus of elasticity of com-
posites, i.e., resin plus fiber, based on gross cross-sectional
area, are smaller than the strength and modulus of the con-
stituent fiber itself. The manufacturer provided the following
information on unidirectional E-glass composite (resin plus
fiber) tapes that could be used to wrap concrete columns:®
tensile strength = 1103 MPa (160 ksi) and modulus of elas-
ticity = 48.2 GPa (7~ 10° ksi). Fig. 2 shows the stress-strain
behavior of E-glass tapes used in this study.

Carbon fiber strap

Carbon fiber is another suitable material for retrofitting of
concrete columns. It is convenient to classify carbon fiber
into four different performance groups, based on tensile
modulus, strength, or precursor type. They are standard
modulus, intermediate modulus, high modulus, and pitch fi-
bers.10

The following is a brief description of the properties of
those four groups.

Standard modulus—Standard modulus fibers have tensile
strengths in the 2.4 to 3.1 GPa (350 to 450 ksi) range. Ad-
vancesin fiber technology have brought about high-strength
fibers, those with tensile strength greater that 3.445 GPa
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(500 ksi). Ultimate strain-to-failure ranges from 1.4 to 1.8
percent.

Intermediate modulus— ntermediate modulus fiber has
typical modulus values ranging from 274 to 315 GPa (40 to
46~ 10° ksi). Ultimate strain-to-failure ranges from 1.5 to
2.0 percent.

High modulus—High modulusfiber'stypical modulusval-
ues extend over 345 GPa (50 ~ 10° ksi). Ultimate strain-to-
failureislow, ranging from 0.3 to 0.5 percent.

Pitch fiber—Pitch fibers generally fall into categories of
high modulus, 345 to 485 GPa (50 to 70~ 10° ksi), or ultra-
high modulus, 485 to 825 GPa(70t0 120~ 10%ksi). Ultimate
strain-to-failure ranges from 0.3 to 0.5 percent.

To obtain higher confinement pressure and ductility in
concrete columns, unidirectional tapes of intermediate mod-
ulus carbon fiber will also be used in this study. The follow-
ing information is obtained from the data provided by the
manufacturer for intermediate carbon tapes:® tensile
strength = 2.862 GPa (415 ksi); modulus of elasticity = 172
GPa(25" 10%ks). Fig. 2 showsthe stress-strain curve of the
carbon tape used in the study.

ANALYTICAL MODELS
Stress-strain models for confined concrete, developed by

Mander, Priestley, and Park* and based on an equation pro-
posed by Popovics,*2 were used in the analysis of circular
and rectangular columns confined with composite straps.
The models were included in a computer program devel oped
to predict the ultimate moment and curvature at failure of the
columns from pure compression to pure bending. The fol-
lowing assumptions were made in the analysis: linear strain
distribution through full depth of the cross section; small de-
formations; no creep and shrinkage deformations; no shear
deformation; no tensile strength for concrete; complete com-
posite action between confining composite materials and
concrete column, i.e., no slip; no confinement contribution
from original stirrups; and uniform confinement at corners
and along sides of rectangular sections.

Stress-strain relationships of materials
Concrete for circular columns—The stress-strain models

of confined and unconfined concrete in circular sectionsin
compression proposed by Mander et al.,'**3 and based on
the work of several other researchers'?'416 will be summa-
rized here and adopted for the analysis of concrete columns
externally reinforced with fiber composite straps. The stress-
strain model shown in Fig. 3 is based on an equation pro-
posed by Popovics.? For a slow strain rate and monotonic
loading, the longitudinal compressive concrete stressf. isde-
fined by the following equation

¢ =TT (1)
c r
r—1+x
where
e
X = —¢% (2)
eCC
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Fig. 3—Stress-strain model proposed for unconfined and
confined concrete
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where f ¢ = compressive strength of confined concrete;
f.o,¢ = unconfined concrete strength; e. = longitudinal
compressive strain of concrete; e.. = strain al maximum
concrete stressf . ¢ of confined concrete; e, = 0.002, strain
at maximum concrete stress f,¢ of unconfined concrete; E,
= tangent modulus of elasticity of concrete E., = secant
modulus of confined concrete at peak stress; and f|¢ = effec-
tive lateral confining pressure from transverse reinforce-
ment, assumed to be uniformly distributed over the surface
of the concrete core.

Mander et al.'! proposed an effective lateral confining
pressure by transverse reinforcements on the circular con-
crete section. This effective pressure is defined as

fie="fk ()
where
A
k = —£ (8)
¢ A
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Fig. 4—Confinement of circular column

Fig. 5—Confining action of composite strap

where f| = lateral pressure from transverse reinforcement; kg
= confinement effectiveness coefficient; A, = area of effec-
tively confined concrete core; and A, = effective area of
concrete enclosed by composite strap given by

Acc = Ac(l —f cc) (9)

where r .. = ratio of area of longitudina reinforcement to
gross area of concrete; and A, = area of concrete enclosed by
composite strap.

A technique proposed by Sheikh and Uzumeri'” is used to
determine the area of effectively confined concrete between
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the composite straps. As shown in Fig. 4, it is assumed that
an arching action occurs between strapsin the form of a sec-
ond-degree parabola with an initial tangent slope of 45 deg.
The concrete within this parabola is assumed to be ineffec-
tive. The smallest area of confined concrete occurs midway
between the straps and is calculated from

2 2
- 0% _S®” _ %dggq_S_‘F (10)

where st= clear vertical spacing between straps; and d, = di-
ameter of column.

From Eq. (8) through (10), the confinement effectiveness
coefficient for circular sections can be calculated as

q _ Ste?
€ 249
Ke = ——— 11)

1-r.

The confining pressure induced on the concrete core by
the composite strap is calculated by considering the free
body of the circular cross section confined by the strap, as
shown in Fig. 5. The outward expansion of the core concrete
is prevented by the action of the strap placed in circumferen-
tial tension. From equilibrium of forces, the confining stress
f, can be calculated as

2f
f, = —;S: 2t (12)

where f ¢ = ultimate strength of composite strap; Ay = cross-
sectional areaof strap; and s= width of strap. The volumetric
ratio of confining strap to concrete core r ¢ isgiven by

_ AgPdg _ 4A

S

= T 13
s %

Solving Eqg. (13) for theratio Ay /dss and substituting into
Eq. (12) resultsin

NP
—h

f1 S ‘us (14)

The lateral pressure f; cal culated from Eq. (14) can be sub-
stituted into Eq. (7) to determine the effective lateral confin-
ing pressure f,¢.

To calculate the longitudinal compressive strain of con-
fined concrete at failure e, the approach proposed by
Mander et a.** and Scott, Park, and Priestley,® based on an
energy balance concept, is used. In this approach, the addi-
tional ductility available when concrete is confined is con-
sidered to be dueto energy stored in the confining composite
straps.

In Fig. 3, for unconfined and confined concrete, the area
under each stress-strain curve represents the total strain en-
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ergy per unit volume of concrete at failure. The difference
between these two areasis provided for by the confining ef-
fect of the composite strap, as given by the following equa-
tion

Ust: Ucc+ Usl - Uco (15)

where U, = ultimate strain energy per unit volume of uncon-
fined concrete given by

2e.,
Uco = ACQ fucdec (16)

Uq = energy required to maintain yield in longitudinal steel
in compression given by

‘eCU
Ug = rccAcQ fsldesl 17)

U, = ultimate strain energy per unit volume of confined con-
crete

&u
Uce = Ay fedle; (18)

U = ultimate strain energy per unit volume of composite
strap given by

‘eUS
Ug = rsAcQ fsideg (19)

where e ¢ = ultimate strain of composite strap; e, = strain
in concrete at the point when composite strap ruptures; fg
and e, = stressand strainin composite strap; and fy = stress
in longitudinal reinforcement.

Substituting Eq. (16) through (19) into Eg. (15) and solv-
ing for e, the ultimate compression strain of concrete at
the point of fracture of the confining composite strap can be
calculated, resulting in complete determination of the stress-
strain curve of the confined concrete throughout the entire
range of loading, up to the fracture of composite strap and
consequent failure of the column.

Concrete for rectangular sections—To extend the stress-
strain relationship of concrete described in the previous sec-
tion to that for rectangul ar cross sections, it will be necessary
to modify the effective lateral confining pressure f|¢. As-
suming again that arching action occursin the form of a sec-
ond-degree parabola, as was shown in Fig. 4 for circular
columns, the area of effectively confined concrete core mid-
way between the levels of straps can be calculated from

= Sloag _ 56 - _ S _ 5%
Ae_g%_zfaé% 20 _hbgq Zh%‘q 202 (20)

where b and h = cross-sectional dimensions.
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Substituting Eq. (9) and (20) into Eqg. (8) resultsin the con-
finement effectiveness coefficient for rectangular sections
given by the following

_ Stoem _ S%
&~ 2hod " 268
ke = B P — (21)
—Tece

The rest of the procedure for determining the effective lat-
eral confining pressure f|¢ is similar to that of the circular
columns and will not be repeated here.

The stress-strain behavior of steel is idealized as elastic-
perfectly plastic.

Composite straps—Composite straps behave linearly elas-
tic to failure. Fig. 2 shows the stress-strain relationships for
E-glass and carbon fiber composite straps used in this study.

The strain compatibility method was used to calculate the
strains across the depth of the cross section. Given the value
of concrete strain in the extreme compression fiber, the steel
strain in reinforcing bars can be described in terms of the
concrete strain and depth of the neutral axisc. The depth of
the neutral axisc isthen obtained by considering the equilib-
rium of forcesacrossthe cross section. Knowing thelocation
of the neutral axis, the strains in the concrete and steel rein-
forcing bars can be calculated from similar triangles in the
strain diagram. The stressesin concrete and steel reinforcing
bars may then be found from the stress-strain curves of con-
crete and steel. The forcesin the concrete and steel reinforc-
ing bars are calculated by multiplying their stresses by their
corresponding areas. Knowing the forcesin the concrete and
steel reinforcing bars, the axial load is obtained from equilib-
rium of forces. The moment is calculated by multiplying the
forcesin the concrete and steel reinforcing bars by distances
between their corresponding locations and the plastic cen-
troid of the column. The curvature is obtained by dividing
the strain in the extreme compression fiber of concrete by the
depth of the neutral axis. A computer program was devel-
oped to carry out the numerical calculations.

PARAMETRIC STUDY
A parametric study was conducted on the behavior of cir-

cular and rectangular columns strengthened with composite
straps.

The following are the major variable parameters used in
the study.

Three values of unconfined concrete compressive
strengths were used: f ¢ = 20.67, 27.56, and 34.45 MPa
(3000, 4000, and 5000 psi).

Three strap thicknesses were used in this study: t = 5, 10,
and 15 mm (0.197, 0.394, and 0.591 in.).

Three values of clear spacings were used: s* = 0.0, 152.4,
and 305 mm (0.0, 6.0, and 12.01in.).

Two types of straps were used in the study: E-glass and
carbon fiber. The stress-strain relationship to failure for
these strapsis shown in Fig. 2.

Axial load-moment-curvature diagrams as well as plots of
ductility factor j , 4 y versus axial load ratio P/P, , strap
thicknesst, and clear spacing between straps s’; and plots of
moment ratio, M, / My versus strap thickness t were generat-
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Fig. 6—Cross section and reinforcement details of circu-
lar column used in parametric study

ed using different combinations of variable parameters dis-
cussed previously. The variables shown onthe plotsare: P =
axial load; P, = ultimate axia load of unconfined column;
i y = curvature at first yield of tension steel; j , = curvature
at failure of confined column; My = moment at first yield of
tension steel of unconfined column; M, = moment at failure
of confined column; t = thickness of composite strap; and s
= clear spacing between straps. In these plots, each column
isidentified with an acronym, where the first symbol stands
for the cross section type, i.e., C = circular column and R =
rectangular column; the second symbol stands for compres-
sive strength of concrete, i.e., 3 indicates 20.67 MPa (3000
psi), 4 indicates 27.56 MPa (4000 psi), and 5 indicates 34.45
MPa (5000 psi); the third symbol stands for thickness of
strap, i.e., TS indicatest =5 mm (0.197), T10 indicatest =
10 mm (0.394 in.), and T15 indicates t = 15 mm (0.591 in.);
and the fourth symbol stands for clear spacing between
straps, i.e., S 0indicatess’ =0.0mm (0.0in.), S 18 indicates
s =152.4mm (6in.), and S'12 indicates s" = 305 mm (12.0
in.).

Circular columns

A prototype bridge column was used in the parametric
study. Fig. 6 shows the reinforcement details of the column.
A 152-mm (6-in.)-wide strap was used for retrofitting. Grade
60 steel reinforcing bar was used for the longitudinal rein-
forcement.

Fig. 7(a) through (c) shows the plots of the interaction di-
agrams and curvature ductility for the column for three dif-
ferent concrete compressive strengths. The interaction
diagrams and curvature ductility curvesfor the same section
without strap are shown with dotted lines in each graph.
From the interaction diagrams in the figures, it can be seen
that the ultimate axial load is increased by 103, 92, and 82
percent for the column strengthened with E-glass strap, and
171, 162, and 151 percent for the column strengthened with
carbon fiber strap, respectively, compared with the strength
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of an unretrofitted column. The maximum moment capacity
is increased by 53, 48, and 45 percent for the column
strengthened with E-glass strap, and 87, 83, and 79 percent
for the column strengthened with carbon fiber strap, respec-
tively, compared with the moment capacity of an unconfined
column. The increase in maximum moment capacity is less
than that in the ultimate axial load. Thisis not a shortcoming
of this strengthening technique, since the majority of col-
umns requiring strengthening lack adequate ductility, not
flexural capacity. In fact, it is desirable to increase the duc-
tility without increasing the moment capacity to prevent a
brittle failure. From the plots of curvature ductility, it can be
seen that the ductility factor j 4 y increases significantly
as a result of confinement provided by the composite strap.
However, this value does not change appreciably for the
three different concrete compressive strengths.

Fig. 8(a) through (c) shows the plots of the interaction di-
agrams and curvature ductility for the three different values
of clear spacing between straps. A 152-mm (6-in.)-wide
strap was used for these figures. As can be seen from thefig-
ures, the ultimate axial load is increased by 82, 44, and 29
percent for strengthening with E-glass strap, and 151, 92,
and 63 percent for strengthening with carbon fiber strap, re-
spectively, compared with the values prior to strengthening.
The maximum moment capacity is increased by 45, 25, and
17 percent for strengthening with E-glass strap, and 79, 47,
and 33 percent for strengthening with carbon fiber strap, re-
spectively. As before, the increase in the maximum moment
capacity isless than that in the ultimate axial load. From the
plots of curvature ductility, it can be seen that larger strap
spacings decrease the ductility factor significantly. In Fig.
8(c), when a clear spacing of s = 304.8 mm (12.0 in.) is
used, the ductility factor of the section strengthened with E-
glass is almost the same as that before strengthening.

Fig. 9(a) through 9(c) shows the plots of interaction dia-
grams and curvature ductility for the section for different
thicknesses of the E-glass and carbon fiber straps. The fig-
ures show that the ultimate axial load isincreased by 82, 130,
and 163 percent for the section strengthened with E-glass
strap, and 151, 208, and 235 percent for the same section
strengthened with carbon fiber strap, respectively, compared
to the ultimate axial load before strengthening. The maxi-
mum moment capacity isincreased by 45, 75, and 98 percent
for E-glass strap, and 79, 120, and 148 percent for the carbon
fiber strap, respectively. From the plots of the interaction di-
agrams and curvature ductility, it can be seen that the ductil-
ity factor increases significantly as the thickness of strap
increases.

Fig. 10 shows the relationship between ductility factor
jy y and strap thickness t for E-glass and carbon fiber
straps for atypical retrofitted column. As can be seen from
these graphs, the ductility factor isincreased almost linearly
with increasing thickness of the strap. However, the rate of
increase of ductility factor decreases with an increase in the
clear spacing between straps. A similar trend was also ob-
served for other columns with different f.,¢ and P/P,; how-
ever, the ductility ratio j , 9 y decreases for higher concrete
compressive strengths.
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Fig. 7 nteraction diagram and ductility factor of circular column for three different concrete compressive strengths
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Fig. 10—Ductility versus thickness for circular column
[f.0¢= 20.67 MPa (3000 psi), P/P, = 0.1]: (a) E-glass; (b)

carbon fiber

Fig. 11 shows the relationship between the moment ratio
M, /M, and strap thickness t where M, is the moment of un-
confined column at first yield of tension steel, and M, is the
ultimate moment of confined column. From thisgraph, it can
be seen that, as the thickness of the strap increases, the mo-
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Fig. 12—Cross section and reinforcement details of rectan-
gular column used in parametric study
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Fig. 11—Moment versus thickness for circular column
[ f.o¢= 20.67 MPa (3000 psi), P/P, = 0.2]: (a) E-glass; (b)
carbon fiber

ment ratio is also increased. The rate of increase in the mo-
ment ratio, the slope of the curve, decreases slightly as the
strap thickness increases.

Rectangular columns

Fig. 12 shows the cross section of the rectangular column
used in the parametric study. Grade 60 longitudinal steel re-
inforcement was used in the analysis of this column. Fig.
13(a) through (c) shows the interaction diagrams and curva-
ture ductility curves for atypical retrofitted column. Fig. 14
shows the relationship between the ductility factor j , 4 y
and thickness t. As can be seen from these figures, the same
benefits as those discussed for circular columns can be ob-
served for rectangular columns strengthened with high-
strength composite straps. The plots of the curvature of duc-
tility versus strap thickness also indicates that the ductility
increases as the strap thickness increases, athough, howev-
er, at aslower rate for wider spacings of the strap, asindicat-
ed by the smaller slopes as spacing increases.

To compare the effectiveness of E-glass and carbon fiber
straps for retrofitting of concrete columns, the column
shown in Fig. 6 was analyzed for a case where the confining
force of the strap was kept constant. The strap was 152 mm
(6 in.) wide and fully confined the column, that is, the clear
spacing between straps was zero. Due to the higher strength
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Fig. 14—Ductility versus thickness for rectangular column
[f.,¢= 20.67 MPa (3000 psi), P/P, = 0.1]: (a) E-glass; (b)
carbon fiber

of the carbon fiber strap, and to keep the confining force con-
stant, a larger thickness was used for the E-glass strap. The
thickness of the E-glass strap was 25 mm (1 in.), and the
thickness of the carbon fiber strap was 10 mm (0.4 in.).

Fig. 15 shows, with the dashed line, the interaction dia-
gram and curvature ductility curve of the column confined
with E-glass strap. The solid and dotted lines represent
curves belonging to the column confined with the carbon fi-
ber strap and the column prior to strengthening, respectively.
Comparing the solid and dashed lines, it can be seen that
confinement with E-glass results in a slight increase in both
strength and ductility beyond those for confinement with
carbon fiber straps. Considering that the cost of carbon fiber
is significantly more than that of E-glass, well in excess of
the thickness ratio of 2.5, E-glass straps apppear more prom-
ising for field application of this technique.

CONCLUSIONS
The analytical studies performed on concrete columns
strengthened with composite straps indicate that this
strengthening method can be used to increase effectively the
strength and ductility of seismically deficient concrete col-
umns. The following conclusions are drawn from the results
of the study.
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Fig. 15— nteraction diagram and ductility factor of col-
umn C5xSIO for E-glass and carbon fiber straps with the
same tensile strength

1. The stress-strain models for concrete confined with
composite straps indicate significant increases in compres-
sive strength and strain at failure when compared with the
stress-strain behavior of unconfined concrete.

2. Although E-glass has alarger elongation at failure than
carbon fiber, carbon fiber has a larger energy-absorbing ca-
pacity, indicated by its larger area under the stress-strain
curve. Based on an energy balance approach, this resultsin
an increase in ultimate axial load and ductility for strength-
ening with carbon fiber that is larger than that for strength-
ening with E-glass, if the volumes of straps are equal.

3. The increase in the maximum moment capacity is less
than that in the ultimate axial load and ductility factor. This
behavior is desirable in seismic strengthening of concrete
columns because it results in a ductile flexural failure mode
rather than a brittle shear mode of failure.

4. Therate of increase in the ultimate axial 1oad, ductility,
and maximum moment capacity decreases for increasing
concrete compressive strength.

5. The ductility factor increases linearly with increase in
strap thickness; however, therate of increase in ductility fac-
tor decreases as strap spacing increases.

At the present time, a number of circular and rectangular
concrete columns are being retrofitted and tested under re-
versed inelastic cyclic loading at the University of Arizona.
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The analytical models described in this paper will be modi-
fied to include the effects of cyclic loading, and their results
will be compared with measured results from the experi-
ments.

ACKNOWLEDGMENTS
Thiswork was sponsored by the National Science Foundation (Grant No.
MSS-9022667 and M SS-9257344). The support of the National Science
Foundation is greatly appreciated.

NOTATION

A__ = grossareaof concrete
= effective area of concrete enclosed by composite strap
= area of effectively confined concrete core
A_ = cross-sectional area of composite strap
b = width of rectangular cross section
d_ = diamter of column
E. = modulus of elasticity of concrete
E = secant modulus of elasticity of confined concrete at peak stress

f. = compressive strength of concrete
c

fi = lateral pressure from transverse reinforcement
fy = stressin longitudinal steel reinforcing bars
f = stressin composite strap

= ultimate strength of composite strap
f ¢ = compressive strength of confined concrete
f ¢ = compressive strength of unconfined concrete
fi¢ = effective lateral confining pressure

h = height of rectangular cross section

kg = confinement effectiveness coefficient
My = moment at first yield of tension steel of unconfined column
M, = moment at failure of confined column
P = axial load
p = ultimate axial load of unconfined column

S = width of composite strap
S¢ = clear spacing between composite straps

t = thickness of composite strap

Ug = ultimate strain energy per unit volume of confined concrete

Uy = unconfined concrete

U, = energy required to maintain yieldin longitudinal steel in com-
S pression

U. = ultimate strain energy per unit volume of composite strap

e - longitudinal compressive strain of concrete

€c = strain at maximum concrete stress fccﬂ:
€. _ Strainat maximum concrete stess f ¢

6y = ultimate strain of confined concrete
u

ACI Structural Journal / July-August 1994

e = straininlongitudinal steel reinforcing bars

eq = strain in composite strap

ey ultimate strain of composite strap
r = ratio of area of longitudinal reinforcement to gross area of con-
€€ crete
rg = volumetric ratio of confining strap to concrete core
f y = curvature at first yield of tension steel
f, = curvature at failure of confined column
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