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INTRODUCTION

Research has shown that closely spaced transyverse reinfore-
menl in the potcntal plastic hings sone of conerele bridpe col-
umnns substanciadly  increases the compressive strength and
elfective ulimate compressive struin in the core conerete, The
guin in the ultimate compressive strain significantly increases
the ductility capacity of conerete columns., Thus, many recent
research cfforts on seismic retrditing of concrete columns
have heen direcied to providing additional confiement to the
core concrele by means of external reinforeement,

The use of composite materials in construction industry
and infriastruciore-relsted applications has greatly increased
in recent yeuars {e.g.. References | and 23 This is primarily
due to their high strength, light weight, resistance o cor-
rosion. low cost. versatility, ete. Katsumata et al. reporred
selsmic retrofitting of concrete cofumns with carbon fiber
composite materials.® The st results of this new technigue
showed that winding of carbon fibers around concrete col-
umns greatly mereased their sarthquake-resistant capacity,
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To obtain complete stress-sirain curyes in compression lor
comerete reinforced ransversely with fiberglass filaments, a
total of 33 conerete cylinders conlined with fiberglass wires
(FGW were tested by Ahimad and K haloo.* The wires were
80 percent pglass (iber by volume and 20) percent polyvester
resin nuatriz, and bad a tensile strenpeh of 2068 MPa (300
ksil. The test results indicated that the wse of FGWs w con-
fine concrele resulted in significant increase 1o strenpth and
ductility, both of which increased with decreasing FOW
spacing around the concrete cylinders.

Sandatmanesh et al.” conducted a theoretical study on the
behuavior of reinforced concrele columns externally confined
with high-strength fiber composite straps. Both glass fiber
reinforced plastic {GFRPY and carbon Nber reintorced plastic
{CEFRP) confining straps were investigated in a study 1w en-
hance the sirength and duetility of cxisting concreie col-
umns. They concluded that concrete compressive strength
and sirain would increase substantially when it is wrapped
with GFRP or CFRP straps. The modified stress-strain be-
havier of concrele was used in a parametric study of concrete
colunas rerrofitted with GFRP and CFRP wraps. An exam-
ination of the behavior of concrele coluinns through their
ductility and interaction diagrauns revealed that the strength
and ductility capacity of the columns significantly increased
when wrapped with the composiw straps.

An experimental program conducted at the University of
Calilornia at San Dicgo involved another type of fiber com-
posite matenals called Tyﬁrjns.t:r This type of composite was
wrapped like a blankel in layers around a 91 5-mm-(3-ft)-
diameter and 3.66-m-{12-f)-high 1est column. The 1est
showed that the fiber wrap provided the desired ductility for
the reirafitted concrete columis.
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The repair of carthquake-damaged conerete members m
high-rizk scixmic zones is Mreguenly necessary. Very little it
any information is available on Tateral load resistance and
ductility capacity of repaired concrete members, Howewver,
such design information is i high demand for the evaluation
of the behavior of repaired conerele structures during subse-
quent carthiguakes.

1o this paper, an eflective echnigue for repaining carthyuoake-
dumaged columns with FRP composite wraps is prosented.
FRE compaosite wrups, comstrueted from high-strength glass
libers weaved w form a fabrie-like material of speciiied
width and length, we cxlermally wrapped around the da-
aged regions of columns m continueus rings. @ shown o
Fig. I. The desired confinement t the core concrete at the
eritical sectiony is achicved by hoop stresses developed o
the composite wrap as o result of the dilation vf the core con-
crele undergoing inclastic deformations. It (s noted that the
filaments of gluss are very strong in tension and could reach
an ultimate strength of abowt 3447 MPa (300 ksi) and a en-
sile modolus of cluseicity of 72.4 GPa 10,500 ksi). The com-
posile straps. which were fabricated in the  Struwtural
Engineering Laboratory of the University of” Arizona. pos-
sesseel sufficient flexibility 1o be easily wrapped around cir-
cular as well as rectangular colunns. Fig, 2 shows typical
composite wraps used i this stady.

RESEARCH SIGNIFICANCE

Considering the large number of conerete columng requiring
seismic strengthening and the need tor economical weehnigues
for upgrading these structures, the iechnigque described in this
piper provides an etfective allemative. Furthermaore. the utili-
zation of new madcrials such as fiber composites in this study
provides an insight ing alternative materials for many ditfer-
enl applications in the construction indusicy,

FRP COMPOSITE WRAPS FOR SEISMIC REPAIR

To assess the effectivencss of this repair weehnigue, dam-
aged column specimens rom another experimental study '
were repaired with FRP composite wraps, E-plass fibers in
the form ot a unidirectionad fabric were used in the construction
ol the compaosite wraps. The Tubrication of the composite
wraps involved Taving flat a long strip of unidirectional L-
luss Fabric and saturating it with polyester resin matrix. A
layer of mylar sheat was then placed on the wet strip. and
then the strip was rolled arouid o mandrel representing the
size and shupe of the colunin cross section and placed inan
uven o cure, The mylar sheet was provided o prevent bonding
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of the compuosite strip {wrap) to itself while curing. The wet
composite wrap was cored at 160 F for 40 min. Fig. 2 shows
the finished FRP wraps ready to be used in the columm re-
pair. Duc to the srmall thickness, the cured wrap was flexible
enough to be wrapped around circular as well us reclangular
colunus,

The mechanical properies of FRP wrap were determined
through tests conducted on specimeny designed according o
ASTM DR039-76. The dat obtained from (hese lests were
used 1 cvaluate vanous matertal paramcters necessary for the
analysis and design of test columns,

Sinee the FRF wraps are primarily subjected to uniaxial
tension in this application. the mgonty of the fabric fibers in
the straps were unidirectionally armanged and impregnated
with the resin mixture during the fabrication process, Only a
small amaount of fibers wis used in the transverse direction to
hold the fibers together during the menuiascturing of the com-
posiie wraps. As a resul, the uniaxial tension test, in aceor-
dance with ASTM D3039-76, was sclected for wsting of the
marterial properties of the FRP wraps. The tension tests
were performed on Mal specimens and a uniaxial load was
applied through the ends by providing serrated juw-type
end connections.

The stress-strain curves throughout the entire range of
loading up to failure were plotted fir the specimens with
different fiber volume ratios as shown in Fig. 3. In this

-
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figure, Vdefines the ratio of volume of fibers over the total
volume of the sirap. The data for the stress-strain curves
were obtained by averaging the test results from three iden-
tical specimens for each of the three fiber volume ratios. The
material properties determined from the tests are summa-
rized in Tabic 1. Composite wraps with V= 502 percent
were used in this study.

Fiber composites are in general durahie materials. They
are nonconductive and corrosion resistant. For exterior
applications. coalings are svailabie to protect the composile
wraps from harmiful uliraviolet rays. If desired, stucco or other
archiiectural finishes can also be used.
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Table 1—Measured properties of FRP composlite
straps
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Tahle 2—Material properties of column specimens

COLUMN SPECIMENS

Each specimen consisted of a single column bent with a
strong tooting details. as shown in Fig. 4. The design details
simulated the existing seismic deficicncies such as the lack
of adequate (ransverse reinforcement and insufficient starter
bars lap length. Four colimn specimens wetre used in this
study. Columns C-1 and C-2 were circular, while R-1 and R-2
were reclangular, These specimens were tested to failure
under simulated sarthquake loading (reverscd inelastic cy-
clic Toading). They were then repaired with the composite
wrap and designated as C-1/R, C-2/R, R-I/R, and R-2/R,
/R indicating a repaired column. A summary of the mate-
rial and design propertics of these columns is given in Table 2
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fig. 4—Design detuils of test columny

. Langiudinal stec Transverse stecl I'RY compesibe wraps
Concrete
Codumn strength, o Pt F. Pere Spacing, F- Thickness,
specimen (5151 : M percent MPa percent M MPa layer, mm Total layers
-1 A5 354 248 2H 1170 RE.0 — — —
C IR 6.3 338 248 il mL7s B 532 ns 8
Lol Jah 15§ 2.4% Ml 01704 HA — — —
C-1R Bl 1) 354 248 Bl 0174 HR.0 532 0.8 £
R-l 349 139 270 301 0133 1143 e — —
R-I/R EER isg 270 kL] k133 1143 532 0.4 A
R-X i34 thih 543 30 Mgaz IEN] — — o—
R-2/R 334 159 545 1 3m 013 114.3 532 n.8 8

Mote | ksi = G859 MPa; | i — 254 mm.
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All column specimens were l!_s, scale of proterype bridge
columns, The dimensions of concrete footings were deler-
mincd so thar the est units fit the hold-down points in the
Structuial Engineering Laboratory. The overall height of the
test units was 2,413 m (711 11 in.). The height of the columns

qas 1892 m 10 f1) from the center of pins where the cyelic
loading was applied to the top of the footing. A 1067 x 914
x 381 mm (42 x 36 x 15 in.) concrete block was designed as
the footing for the specimens, as shown in Fig_ 4.

The major design parameters in the specimens were col-
wmh ¢ross section, longitudinal reinforcement ratio, and
reinforcement development details that extended into the
footing. The use of different column cross sections atternpted 1w
show the effectiveness of the proposed repair wechnigue for
circular as well as rectangular bridge columns, Both lap-
spliced starter bars and continuous longiludinal reinforce-
rment were used in the design for the columns Lo examine the
bond failure mechanisms in the lapped region and longitudi-
nal bar buckling during the test. Columns C-1 and R-1 2ach
had starter bars with a lap length equal o 20 tmes the bar di-
ameter. 254 imum (10 in.) for cireular columns reinforeed with
No. 4 bars (diameter = 13 mm [V inDand 318 mm (12,5 in.)
for rectangular columns reinforced with Noo 5 bars (diameter
= 16 mm [0.625 in.]). Columns C-2 and R-2 hud continuous
reinforcement consisting of No. 4 and No. 5 bars, respectively.
Based on the selected design scale of g, 9-gage sicel wires
{dinmeter = 3.5 mm [0.135 in.]) were used as the ransversc
reinforcement for the columns.

The materials used in the construction of columns inchuded
concrete with £ = 34.5 MPu (5000 psi} and Grade 40 sweel
(nominal vield stress = 276 MPa [30 ksi]). Although the spec-
itied concrete compressien strengih for the prototype columns
was 21 MPa (3000 psi), ready-mixed concrete with design
= 345 MPa (3000 psi) was used to include the effect of ex-
pected overstrength resulting from normal conservative mix
proportions and strength gain with concrete aging.

EXPERIMENTAL PROGRAM AND REPAIR
PROCEDURES
Each column (-1, C-2, R-1, and R-2) was first tested lal-
erally subjected 1o inelastic earthyuake load reversals in a re-
action frame, as shown in Fig. 3. Hydraulic rams at the base
of the specimens were usad to apply a constant axial load of
445 kN (100 kips) to simulate the dead load. A typical loading
sequence for one of the specimens (Column C-1}is shown in

Slrength\
Rods

2 Hydraulic Jacks
Fip, S5—Test setup
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Fig 6. The loading cycles were divided into two phases: Toad
conirol and displacement control. Load control phase was
used up o yielding of the longitudinal bars; beyond that
puint, a displacement control loading sequence was used. In
Fig. 6, u. defined as the displacement ductility Facror, is the
ratio of the applied displaccment at the top of the column
over the displacement at first yield. At the end of the initial
tests to fatlure, the original specimiens {C-1, C-2, R-1, and R-2)
expericneed severe damage, such as debonding of starter
bars, spalling and crushing of concrete in the comipression
zone, local buckling of longitudinal steel, and the separcation
of the main bars from the colunin core concrete, 45 shown in
Fig. 7 through 10, The column specimens to be repaired were
pushed back o the original position tie., zero lateral dis-
placement) before the cepalr operation began,

The repair procedures consisted of chipping ot loose con-
crete in (he failure zones, filling the gap with fresh concrete,
and applying an active retrofit scheme, An active retrofit
scheme consists of wrapping the column with slightly over-
sized FRP straps (3 mm [y in_] wway (rom column face) and
filling the gap between the column and the composite wrap
with pressurized epoxy, Fig. 11{a) through 11(¢) illustrate
various steps of the repair operation for a typical damaged
calomn. The first step in repair involved replacing spalled
and damaged concrete with quick-selling new concrete and

u

Ll Contral thase Bisplacament Control Phace

DISPLACEMENT DUCTILITY FACTOR

[ L L TV N S VA T S S S S S S |

! + ] ] 1] 5! " 1B 1] L]
NUHBER OF CYCLES

Fig - Loading sequence for Civealar Coliwmn C-1

Fig. 7—Buned fuilure of fupped starter bars it Colimn C-}
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Fig. 8 -Buckling of continnous longiiudine! bars i of-
winn C-2

Fip, [0—Separation of main bars fron core concrels i
Cojumn R-2
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fimishing the surface to the original shape and dimension
|Fig. 11{a}}. The replaced concrete was not vibrated: however,
effort was made 1o 11l the cavity as Tully as possible, 3 mm
{ 'IH iy rubber spacers were bonded to the fiished surtice
of the columns te altow for the gap W be pressurized later;
the composite strap was then wrapped on top ol the spacers
as shown in Fig. 11ib). Based on dusign requireients. cither
six or cight plies of the strap were wrapped around circubar
and rectangular columns, respectively. The number of layers
ol wraps was selected based on the additional confinement
pressure required o bring the columm tw current design stan-
dards. A thin layer of two-component, low-viscosing eposy
was brushed onle the strap while it wis being wrapped
around the columm. Bach strap was 131 mm (6 in) wide and
wais placed butt-1o-burt along the height of the columm. “The
[inab step of the repuir was pressurc-injecling cpoxy in the
gap butween the composite wraps and the conerele sUrtace.
Howme clamps were provided al the top and boltomn of the re-
pair zone o prevent outflowing of the epoxy during pressur-
ization |Fig, 114c)]. The four repaired column specimens,
CoURLC-HR, R- 1R and R-2/R, were subjected w the same
loading sequences as those For the original columns, approx-
jmately | week after the repair uperation wis completed,

TEST RESULTS

During testing of the original specimen. spalling of the
conerele cover. opening of the Y0 deg hooks of transverse re-
inforcetnent, yielding of stirrups, buckling of lungitudinal
hars. and dropping of the lateral load were marked and re-
corded. Columns C-1 and R-1 Ffailed as a result of debonding
of the longitudinal reinforeing bars in the lapped region, Col-
umn C-2 lailed by buckling of the continuous Tongiudinal
reinforeing bars, Column R-2. with high longitudinal rein-
forvement ratio. fuiled 10 shear, with longitudina) bars sepa-
rating from the core conerete, as shown in Fig. 1. Detailed
descriptions of the behavier of the tfour ongmal column
specimens are given in References 7and 8.

Tn genceal. all repaired columns performed exircnely well
pnder the simulated carthquake loading. Load-vorsws-
displacement results tor these columns are prescoted 1o
IFg. 12 through 135, In these ligures, 8, indicaies lateral dis-
placemient at the 1op ol the column at first vielding of the lon-
gitudinal steel reinforcing bars und ¥, 05 the caleulated
[ateral strength of the column.

Fig. [2ta} shows the hysteresis loaps ol the ariginal col-
ur C-1. As can be seen Trom this figure, the laeral toad
dropped significanty atter the displacement ductility Tevel
of = 1.5, In subsequent load cycles. the resistance to Tateral
Joad dropped unlil failure reached as a result of debonding in
the lapped region. as was shown in Fig, 7. Fig. 12(b} shows
the hysteresis loops of the failed column after 10 was wrapped
with the composile straps in the failure region. that is, in the
635 e (25 in.) from the top surace of the footing along the
height of the column. Clear improvements in the response (o
cyclic lateral Joads can be seen from this ligure. Al the dis-
placement duetility level of & = 3, where the original colunn
had failed, no stroctural degradation was ohserved in the re-
paired column. In fact, the response of the repaired column
had improved over the original. undamaged column, The re-
maiming colwmns had similar of even more improved
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respoise us compared to the behavior of Column C-1 afer
repair. The measured and calculated lateral strength (baseq
on ACE 318} of the repaired columns are summarized in
Tahle 3.

In general, 1ypical characteristics of the repaired columns
were as {ollows:

1. The repaired columns exhibiicd relatively larger faterai
displacements at low foad levels compared o the original
eolumns, This appeared 1o be due to pre-cxisting damage in
the form of bond deterioration betwoen rein forcing stee! and
concrele in the original column, and cracks induced during
ariginal testing. However, the |aweral strength ol repaired
columns increased compared to the original control columns,
as shown in Table 3,

2. The repaired columns showed a signiticant improve-
ment o the hysteresis loops of latery] load versus displuce-
ment. Both Columns C-1/R und R-1/R, which included
insufficient fap lengths at the starter bars., developed stabic

loaps up to a displacerment ductility level of =2 4. and for

C-2/R und R-2/R, with continueus longitudinal bars, the hys-
1eresis loops were significantly better even Up tow =5 and 6,
respectively, Columns C-2/R und R-2/R with continaous ro-
inforcement bus in (he original design showed no steuctural
degradation at the conclusion of the tes, Comparing Fg 15(a)
and 15{b) reveals marked improvement in the Latera] resis-
tance to cyclic loads of Column R-2. which had failed in
shear under the original design. No reduction in the lateral
load-carrying vapacity was abserved for this colutnn even up

(o a displacement ductitity level of 5, a1 which point the ac-
tator reached its limit stroke and the test had o be stopped,
Repaired columns C-1/R and R- I/R with lapped starter bary
tn the original design, however, showed small reduction in
lateral load-carrying capacity during the Tast two cycles. The
striap i all repaired columns remained intact throughout
testing, excepl Column C-2/R, where some bulging and ap-
proximitely a 50 mm (2 in0) Fructure in the strafr im the hoop
direction was observed in the last cyele of loading.

b ¥

{b)

)

Fig. 11—Various steps of repdis operafion: fa) repluce spadled concrete and finisk cotumn surface to original shape; () Wrap
continuois FRP composite strap in mudlitude of fuvers ot faifiere zone of column, (c) Pressurize gap Detween composite

wrag and column with epoxy resin
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For each test cyele. the overall stiffness for hoth positive
anel negative directions was defined as shown in Fig. 18.
The estimated value of the stiffness was determined by di-
viding the maximum load reached within a cycle by the dis-
placement at the peak of the load cycle in the direction
considered. The final stiffness for each cycle was then cal-
culated as the average of the stiffnesses Tor the positive and
negative directions, Tables 4 and 5 summarize average
stiffncsses for the circular and rectanguiar columns.

I'ar comparison. the caleulated stiffness for each cycle was
normalized with respect to the stiffness of the first cvele and
was plotted versus the storey dnft ratio as shown in Fig. 19
and 2(} for Specimens C-1 and R-1 before and after repair. A
close examination of these plots indicates that the colunin
retrofitiing has miluenced the rate of stiffness degradation.
The columns repaired with the composite sraps show o
slower rate of stiffness degradation than the unretrofitted
specimens. Due (o conerete crushing and bond failure in lon-
gitudinal bars. Columns C-1 and R-1. both designed with
lapped starter bars. exhibited a sudden drop in stiffness when
the storey drift reached approximately 1.0 percent. They
both lost approximately 85 percent of thetr initial stiffness at
the end of the test. The repaired specimens had more than
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twice the stiffness of the original columns at the conclusion
of the tests.

CONCLUSIONS

The following conclusions are drawn from the tost results
of the seismically deficient columns before and after repair:

I, FRF compuosite wraps are effective in restoring the flex-
ural sirength and ductility capacity of carthquake-damaged
concrete columns.

2. After repair with FRF wrap, columns with lapped starter
bars developed stable hysteresis oops up o the displacement
ductility of & = 4 4 In columns with continuous reinforee-
ment, the hysteresis loops were stable even up to 4 = 6 with-
out showing any sign of structural degradation.

3. In all repaired specimens, the rate of stiffness deteri-
oration under large reversed cyche loading was lower than
that of the comesponding orginal columns, However, the
initial stiffness of repatred columins was lower than that of
the onginal columns.
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Table 4—Stiffness of circular ¢columns at each load

cycle
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Table 5 - Stlffness of rectangular ¢columns at each

load cycle
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