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TEST AND ANALY SIS OF REINFORCED CONCRETE COLUMNS
STRENGTHENED WITH POLYESTER SHEET

Toshimi KABEYASAWA?! Akira TASAIZ? Shun’ichi IGARASHI?,

SUMMARY

A new economical and efficient method of strengthening reinforced concrete columns was developed and
was verified through a serious of seismic tests. Static tests on columns were conducted for eight
specimens in the first phase, and fourteen and ten in the second and the third, which represents reinforced
concrete columns in old buildings of Japan or worldwide. Some of the columns were strengthened using
polyester sheet by which the cost of retrofit would remarkably be reduced from traditional methods. The
columns strengthened by the new method could maintain relatively high gravity load until more than ten
percent inter-story drift, while the bare specimens without strengthening failed in shear at small drift
simultaneously losing axial load capacity. Various types of concrete prisms and cubes confined with the
sheet were also tested, based on which the resistance mechanisms of the columns were interpreted.
Through these test series, the method has been improved to be effective to prevent the loss of capacity not
only against axial load but also against lateral load reversals. The new method has been verified to be
efficient, effective and economical, which has started to be used in seismic retrofit practice for Japanese
existing buildings.

INTRODUCTION

A lot of casualties have been caused due to the collapse of building structures even by recent major
earthquakes in the countries with advanced earthquake engineering technologies. Although research
themes in earthquake engineering are being oriented to innovative technology for new structures,
continuous efforts are still important to reduce loss-of-life by developing an economical way of retrofit for
existing buildings. To prevent the casualties due to structural failure during major earthquakes, it is
primarily important to maintain the gravity load carrying capacity even in the cases that the response
would exceed the limit state expected from design earthquake intensity. In some cases of old reinforced
concrete buildings, the columns would lose the capacity due to inadequate amount of confining hoops or
shear reinforcement, then the buildings would collapse in the weak story or totally like so-called pancake.
The development of an economical and simple strengthening method would be very much worthwhile for
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preventing these brittle columns from the gravity load collapse during strong earthquakes. A new method
of strengthening reinforced concrete columns against axial failure was developed and verified through
seismic tests on column and frame specimens. The purpose of the strengthening was specially focused on
the maintenance of axial load capacity of the columns until the excessive lateral deformation in the first
stage, although the lateral load capacity could aso be improved. In this paper, the method is introduced
and the results of a series of static verification tests are reported.

PRISMSAND CUBES CONFINED WITH POLYESTER SHEET

The concrete prisms or cubes confined with the polyester sheet were tested to investigate the basic stress-
strain relation of confined concrete (Tanabe[1] and Kabeyasawa[2]). The thickness and number of layers
of the sheet were varied systematically. The concrete prism and cube were made using the same concrete
with column specimens, the compressive strength of which was 18.25MPa. The height was 300mm
commonly and the shapes of the base were also varied as: (a) R-type, rectangular of 210 mm X 75mm, (b)
Stype, square of 150 mm X 150mm, and (c) C-type, circular with diameter of 150mm. The prism and
cube specimens with the sheet layers are shown in Figure 1.

The thickness of the used sheets was 0.5mm(A), 0.9mm(B) and 1.2mm(C). The number of the sheet layers
was varied as 1, 2, 3 for 0.5mm(A), 2, 3 for 0.9mm(B), and 2 for 1.2mm(C). The results from the tensile
test of the sheets were listed in Table 1. The measured strengths were a little less than the nominal
strengths. The observed elongation strain at the maximum strength were in proportion to the thickness
varying from 0.11 to 0.21, whereas the nominal value is commonly 0.15. The observed stress strain
relations were shown in Figure 2.

The stress strain relations from the compression tests of the prisms and cubes are shown in Figure 3. The
specimens failed in compression at the first peak strains of 0.003 to 0.007. The specimens without sheet
failed after the peak. The axial stress of the specimens with sheet decreased after the first peak down to 5
MPato 15 MPaat the strain of 0.01 to 0.05, and then recovered gradually with progress of the axial strain.
The stress reached the second peak up to 30 MPa at the strain of 0.1 to 0.3, where the sheet ruptured with
avertical gap.

The measured strengths were analyzed with the amount of the sheet, which is the sheet strength measured
from the tensile test and multiplied with number of layers. The amount sheet was not effective to the first
peak strength (c,), which was determined essentially by the unconfined concrete strength. The second
peak strength (c,) had clear relations with the amount of the sheet, as shown in Figure 4, where the
horizontal axial isthe amount of the sheet in . The observed second peak strength was in proportion to the
amount of the sheet regardless of number of layersin case of each specimen types(R, S, C). The increment
of the second peak strength to the amount of the sheet was almost equal in cases of R, rectangular, and S,
square, whereas it was 1.6 times larger generaly in case of C, circular. The least square linear relations
were shown in solid linesin the figures.

The relations were analyzed as follows reflecting the amount of the sheet and the shapes of the specimens.
The normal stress for expansion or passive confinement stress (c;) can be related with the measured
second peak stress (6,) as:

o, =K 0, 1)
Under the normal stress o, in the cube with the radius of re, the passive tensile stress of the sheet per unit
thickness in the tangential direction o4« arein the form as:



O-sheet =re'0'(/hs

2
where, hs is the sheet thickness, therefore the value - o4 . expresses the sheet strength per unit height.

From the equations (2) and (3), the observed peak can be related to the amount of the sheet introducing
the effective factor o. on the effective working stress of the sheet:
o, = o (3)
KT,

If smply «=1.0 and k=1/4 are assumed, the dashed line for the cube (type C) could be derived from
above equation, which is a fair approximation for the measured strengths. As for the rectangular (type R)
and sguare (type S) prisms, the same values were assumed and the effective radius was defined simply
replacing the section as equivalent circular, which has the same peripheral length of the rectangular and
the square, resulting: rg=90.7mm for 210x75 rectangular, rs=95.5mm for 150mm X 150mm sguare. The
approximation was aso shown in Figure 4 with dashed lines, where a fair correlation can be derived,
although a dlight overestimate is observed especially in cases of rectangular specimens. In that case, the
effective factor « may be introduced, for example o =2/3 with x=1/4, for the estimation of the lower
bounds.
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Figurel Prism and cube specimens confined with sheet

Tablel Resultsof thetensiletest of the polyester sheet

Mark Thickness Weight Nominal Nominal Measured Measured
(mm) (g/m?) Strength Elongation Strength Elongation
(N/mm) Strain (N/mm) Strain
A 0.50 310 105 0.15 90 0.11
B 0.90 550 183 0.15 164 0.14
C 1.20 860 278 0.15 263 0.21
300
—A
250 - O-shea ------------------------------ —B|-
Strengthi gy Lo 0 —
of sheet
per unit 150 [=--eeeemmee e e S AR e By e
length
O .....................................................
(N/mm) "
B0 [romrrr g e M AR g
0
0 5 10 15 20 25 30
Strain (x0.01)

Figure2 Tensilestress-strain relations of the polyester sheet for strengthening
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Figure4 Relations of the second peak
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FIRST PHASE COLUMN TEST

Specimens

Eight one-half scale reinforced concrete column specimens were tested in the first phase(Koizumi[3] and
Kabeyasawd[4], [5]), five of which were strengthened using polyester fiber sheet aslisted in Table 1. Two
types of column sections for the specimens were designed representing those in old buildingsin Turkey or
Japan: A-type was rectangular section of 420mmx150mm with 1260mm height based on Turkish style
and B-type was square section of 300mmx300mm with 900mm height based on Japanese code before
1971. The specimens were subject to constant axial load and cyclic anti-symmetric bending and shear.
The material strengths of concrete and steel are also given in Table 1. Anti-symmetric cyclic seismic load
was applied with the constant axial load N: N=333kN for type A and N=476kN for type B, both of which
corresponded to the axial load ratio of about 0.3 for the gross section of the column A, i.e., N/(Af:)=0.3.

Sheet Strengthening

Two methods of the sheet confinement were used: (a) Norimaki (Rolled-Sushi) type by the sheet width of
the inner column height in the paste state and (b) Bandage-type for obliquely winding sheet of 30cm width
to the test specimen, which became equivalent three layers. The polyester fiber sheet can be wound
around the column by manpower, and the parts of the sheet were bonded each other by epoxy urethane
adhesive. An original and innovative feature in the method, which is different from the conventional
strengthening, such as with carbon fiber sheet, is that the sheet is softly bonded to the concrete surface so
that the sheet would be prevented from local rupture with inelastic deformation of the concrete column.
The strengthening could be finished within one hour for a specimen, which was very easy, although
curing time of about 24 hours was required afterwards. Some of the specimens, specimens A-2, A-4, and
B-2, were strengthened with sheet before the loading test, while the specimens A-3, A-5, B-3 were
subjected to seismic loading without strengthening and damaged to some extent, and then strengthened
with sheet and subjected again to seismic loading up to larger deformation. The nominal tensile strength
of the polyester fiber sheet was 278 N/mm with thickness of 1.2mm, whereas the strength from the test
was 263N/mm at the strain of 0.21.

Table2 List of column specimensin the Phase 1 test (July - Sept, 2000)

Specime | Size Axial | Main bar Hoop Sheet strengthening
n (mm) | Load (MPa) (MPa) stage layers type
(kN)
A-1 - - -
A-2 Y 8-D10 5mm@200 before test 4 Norimaki
A-3 7'42:01;28 334 py=0.009 | p,=0.0013 | after damage 3 Bandage
A-4 (fy=349) (fy=289) before test 2 Norimaki
A-5 after damage 3 Bandage
B-1 12-D13 - - -
B-2 339;3(’)%0 477 pg=0.017 s dio@ 010%% before test 4 Norimaki
B-3 - (fy=338) Evfyzzgg) after damage 3 Bandage

Results of The First Phase Test

The specimens A-1 and B-1 without sheet could not bear the axial force and horizontal force after the
shear cracking and succeeding typical tensile shear failure at relatively small drift angles. On the other
hand, in the final states of the specimens A-2 and B-2 strengthened with sheet, the axial deformation
progressed up to 240mm, the axial strains of 0.18 for A-2 and 0.27 for B-2, maintaining the constant load.
The relations between the shear force and the horizontal displacement of A-1 and A-2 are shown in Figure



5. In the specimens confined with sheet, the first brittle behavior was substantially similar to those without
sheet, athough the shear failure was retarded slightly. However, the axia load capacity and the lateral
load carrying capacity of the specimens with sheet decayed temporarily but recovered soon. Though the
axial deformation progressed gradually, the stable behavior was observed under the constant axial load of
0.3. The lateral resistance recovered gradually up to half or more of the first peak with the progress of the
axial deformation. The columns specimens strengthened with sheet failed in shear after shear cracking
similarly to the specimens without sheet. However, as for the specimens with sheet, the lateral resistance
and the axial load capacity were recovered remarkably with the progress of axial deformation, while those
of the specimens without sheet decayed rapidly after the shear failure. Both confinement details were
effective. The post-damage strengthening was effective as well as the pre-damage strengthening, if the
residual deformation was not large. It was verified in the first phase test that the strengthening method was
surprisingly effective to the maintenance of the axial load capacity and could be an economical, effective
and efficient way of retrofit.
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Figure5 Hysteresisrelations between shear force and lateral displacement(Phase 1)



SECOND PHASE COLUMN TEST

Specimens

Fourteen column specimens, No.1 through 14 as listed in Table 3, were tested as the second phase in
2001(Ohsugi[6] and Kabeyasawa[2]). The column section was commonly B-type of the first phase with
square section of 300mmx300mm and 900mm height. Hoops were increased for No. 4 through 14
following the Japanese code of practice in 1970's. The material strengths of concrete and stedl are aso
given in Table 2. Seven specimens, Nos. 1-7, were deliberately made using low strength concrete
(fc=13.5MPa) to apply the method to existing buildings of relatively low quality. Some of the specimens
were subject to constant axial load and lateral force, while the others were tested under varying axial load,
which are controlled in proportion to the measured restoring shear force Q, as listed in the table. The
constant axial load N=476kN or 317kN corresponded to the axial force ratio of about 0.2 or 0.3, while
axial force ratios was varied from -0.15 in tension to +0.85 in compression consequently.

Sheet Strengthening

Relatively thick and stiff belt-type polyester sheet was used for strengthening in the second phase to
improve not only axial capacity at large drift but also lateral shear resistance after shear cracking. The
width and nominal thickness of the polyester belt is 64mm and 4mm. Obliquely winding bandage-type
with single layer was used as the standard type of confinement. At the two ends, one layer was wound
additionally for anchorage. Only epoxy urethane adhesive is used to bond the belt to concrete and as
anchorage. Some other types were also tried as listed in Table 1, although the standard type was good
enough. The new method using the sheet belt is named as SRF method. The nomina tensile strength
484N/mm?, whereas the strength from the tensile test was 412N/mm? for actual thickness of 4.7mm at the
strain of around 0.26, as shown in Figure 6.

Table 3 List of column specimensin the Phase 2 test (July - Sept, 2001)

fc . : . Strengthenin
: . Main Hoops Axial loading*
No (cylinder, Section g
Mpa) bars (py) (pw) [N/Acfc](N kN) Method
1 5mm@160 N
2 SR295 [0 (é‘,]o rzgtla;I:N) Sheet+Sheet
3 (fy=587) ' SRF+Sheet
4 13.5 Constant N
5 | (144-14.7) [0.3] (317kN) SRF
6 B=300 12-D13 Variable N
7 _ (0.0056) [0.2+4.5Q/Acfc] SRF
D=300 D6@75
8 H=900 SD345 (0.0036) Constant N
9 (fy=344) y [0.3] (476kN) SRF
SD345 -
10 18 (fy=373) Variable N
11 (22.3-24.4) [0.15+4.5Q/Acfc] SRF
12 ' ' Constant N
13 [0.2] (317kN) SRF
14 Variable SRF+Epoxy

N: Axial force, Q: measured restoring shear force, Ac:column section, fc:concrete strength

Prism Test

The compression test was also conducted on prisms and cubes confined also with the belt-type sheet used
in the phases 2 and 3. The stress-strain relations of the cubes are shown in Figure 7. The results were not
much different basically from the cube tests in the first phase. However, the amount of confinement is



relatively large in these cases with the belt type, the loss of strength after peak 1 is small and the peak 2
strengths were high up to 40 to 90MPa. It should be noted that the peak 2 strengths were almost same for
both levels of concrete strength(13.5 or 18MPa), which were mainly dominated by the amount of
confinement.
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Figure 7 Stress-strain relations from axial test of cubes confined with the belt

Results of The Second Phase Test

In the second phase, al the sheet strengthened specimens showed remarkably tough and ductile behavior
against the axial load until the end of testing up to drift of about 24/100 rad., which was limited by the
stroke of the horizontal jack. Typical failure modes, in cases of specimens No.12 and Nol13, are compared
as shown in Photo 1. Specimen No. 1 failed in shear before yielding as in the case of B-type of the first
phase test. All the other bare reinforced concrete specimens failed in shear after yielding and lost the axial
load carrying capacity under cyclic lateral load reversals within relatively low levels of story drift, while
the specimens with sheet failed in flexure and could sustain the axial load until the end of test. Especially
the new SRF method with the belt improved not only axial load capacity but also the maintenance of
lateral resistance after yielding. Typical hysteresis relations are compared for bare and SRF specimens, as
shown in Figure 8(a) for No. 12 and No. 13 under constant axial load ratio of 0.2, and in Figure 8(b) for
No. 10 and No. 11 under varying axia load. In the second phase, axia deformations were made small
enough, for example, less than 1mm (average strain of 0.001) at the story drift of 64/400 rad. in case of
No.13. In the first phase, the decay of lateral strengths once observed after shear cracking of concrete,
while the strength decay could be made gradual.
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Photo 1 Typical failure modes of specimens with/without sheet
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Figure 8 Hysteresisrelations between shear force and lateral displacement(Phase 2)



After the seismic test to maximum drift of 24/100, some of the specimens were returned to the origin and
axial compression test was conducted. The specimen could sustain more than axial load ratio of 1.0
(N=Acfc), which was limited by the capacity of vertical jacks.

THIRD PHASE COLUMN TEST

Specimens

Ten column specimens, Nos.1 to 10, listed in Table 4, were tested as the third phase in 2002(Tamurg[7]).
The proto-type reinforced concrete column specimens without sheet are four specimens Nos. 1, 5, 7, 9, (1)
No. 1: short column case with shear span ratio of 1.0, (2) No. 4: bond failure case with main bars of 12-
D16, (3) round bar case with main bars of 12-13¢, and (4) case with an orthogonal wing wall. The column
section was sguare section of 300mmx300mm. The amount of SRF sheet was varied for the specimens
Nos. 2, 3 and 4 by strengthening No. 1 type with 1, 2, and 3 layers, respectively. The specimens Nos. 6
and 8 were strengthened Nos. 5 and 7 types with two layers SFR sheet. A thin-type four layers polyester
sheet used in the first phase was used for strengthening No 10 with awing wall. Hoops were increased for
No. 1 through 6 following the Japanese code of practice in 1970's. Less amount of hoops before 1970 was
assumed for No. 7 through 10. The material strengths of concrete and steel are also given in Table 4.
Normal concrete strength concrete of fc=25 to 28Mpa was used. All the specimens were subject to
constant axial load N=540kN corresponding to the axial force ratio of about 0.25.

Table4 List of column specimensin the Phase 3 test (July - Sept, 2002)

fc : . . Strengthenin
. . Main Hoops Axial loading*
No (cylinder, Section g
Mpa) bars (py) (pw) [N/Acfc](N kN) Method
1 B=300 12-D13 D6@50 N
2 24 D:300 (0.0056) (0.0043) SRF 1llayer
3 | (25.5-28.9) H;GOO SD390 SD295A SRF 2 layers
4 (fy=447) | (fy=398) SRF 3 layers
5 _ 12-D16 D6@50 N
g;ggg (0.0089) (0.0043)
6 24 H=750 SD390 SD295A Constant SRF 2 layers
(27.6-29.7) B (fy=446) (fy=398) [0.25] (540kN)
7 ' ' B=300 N
D=300 | 12-13¢ 46 @100
8 H=900 | (0.0054) | (0.00083) SRF 2 layers
o# 24 B=300 | SR295 SR295 N
i D=300 | (fy=321) (fy=428) Sheet 4
10# | (25.8-27.6) H=900 layers

N: Axial force, Q: measured restoring shear force, Ac:column section, fc:concrete strength
#: column with a wing wall of 300mm in orthogonal to the loading direction

Resultsof The Third Phase Test

In the third phase, most of the columns strengthened with SRF showed remarkably higher deformability
than that of proto-type specimens as was expected at the plan of testing, except for Specimen No. 10,
where the anchorage detail on the wing was not good enough. Hysteresis relations of No. 1 through No. 4
are shown in Figure 9. The specimen No. 1 attained maximum strength at the rotation angle R of 3/400
followed by shear cracking and strength deterioration down to 80% of the maximum at R=6/400, and
collapsed with loss of the axial load carrying capacity on the way to loading to the lateral peak
deformation of R=16/400. The specimens Nos. 2, 3, and 4 with 1,2 and 3 layers of SRF sheet attained the
maximum strengths of 1.10, 1.15, and 1.19 times higher than that of No.1 at the deformation angles of



R=4/400, 6/400, and 6/400 respectively. Although the lateral strength deterioration after the maximum
strength was also observed, the deformation angles at 80% strength of the maximum was 8/400, 16/400,
24/400, from which the amount of SRF sheet improved not only shear strength but also the peak
deformation and ductility. Compressive axial deformations of the three specimens were negligibly small
up to the lateral deformation of 16/400, while it increased much at 6/400 in reinforced concrete specimen
No. 1. These three specimens with SRF showed remarkable deformability after the reduction of lateral
resistance because of passive confinement became effective. The constant axial load could be carried until
the end of testing up to the deformation angle of 128/400. The residual axial load carrying capacity was
more than 1920kN (axial load ratio of 0.8 ), which was limited by the capacity of vertical loading jacks.
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Figure9 Hysteresisrelations between shear force and lateral displacement(Phase 3)



EVALUATION OF THE COLUMN TESTS

Flexural Analysis

The behavior of the SRF columns was simulated by flexural analysis using fiber model (Ohsugi[6]).
Stress-strain relations were idealized, especially after peak 1, shown as in Figure 9(b), referring to the
results of the prism tests, example of which is shown in Figure 9(a). Bilinear model is used for steel. The
moment-curvature relations were calculated under cyclic loading by simple flexural analysis at the critical
section, from which the shear force vs. drift relations were derived by assuming an appropriate curvature
distribution along the height. Skeleton curves are compared with the test results as shown in Figure 10 for
the specimens No. 9 and 10 under constant axial load. A fair correlation is observed to peak and gradual
decay until around 16/400 rad., where strength recovered in the analysis, while strength continue to decay
in the test. This might be due to insufficiency of assumptions or due to shear or bond.
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Figure 10 Observed and analytical skeleton of load-displacement curves

Shear Resistance M echanism

The amount of the sheet or the belt for strengthening the specimen seems to be enough to ensure the
ductile behavior during possible major earthquake. For example, the specimen No. 13 could sustain the
lateral load of more than 0.9 times the maximum strength at the drift of 4/100 rad. The performance would
be good enough in most cases. By this method, the ultimate sheet strength can be supplied as high enough
compared, for example, with the amount to satisfy equilibrium at the shear resistance mechanism at
flexural yielding. The SRF column would sustain the axial load in any cases. Therefore, the amount may
be required to maintain the shear resistance at large drift.  After the shear cracking occurs and the
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Figure 11 Strain of the sheet measured at perimeter vs. lateral drift
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Figure 12 Measured maximum strength and calculated shear strength based on AlJ design
equation using equivalent shear reinforcement ratio

crack width opens, then the resistance by the sheet become effective. If the resistance from the sheet is
higher, the crack would be wider and the passive confinement could become larger. Therefore, the tensile
force could be supplied for the sheet so that the shear resistance mechanism would be satisfied. However,
simultaneously the bond strength to form the truss mechanism would decay by the progress of shear
cracking. Also effective concrete compressive strength would also decay with the cracking in the
orthogonal direction. The gradual strength decay observed in the specimens in very large drift level would
be due to these mechanisms. Further studies might be needed to control this strength decay rationally.
However, in the retrofit design, the required amount of the sheet to various types of existing column must
be calculated. Figure 11 shows average strain vs. story drift measured during the test along peripheral at
five levels of mid-height. The strain is calculated by assuming expansion only in the loading direction. It
is estimated from the data that the average strain is around 0.01. However, it can be derived from the
strength of the adhesive and stiffness of the belt that the strain around the crack could be more that 0.02
by the local strain concentration. By assuming the effective stress of 30M Pa corresponding to the strain of
0.02 in the belt, the calculated shear strength Vscal based on the design equation from AlJ
guidelines(AlJ 8]) are compared with the measured maximum strength Vuexp in the phase two test, both
normalized with calculated flexura strength Vfcal as shown in the Figure 12. The assumption would give
a conservative estimation of shear strength and may be used in practical design.



CONCLUSIONS

A new method using polyester fiber sheet or belt (SRF method) was developed for strengthening columns
in existing reinforced concrete buildings. The seismic performance of the strengthened columns was
verified through a series of static test on column specimens, prism tests and dynamic test. It may be
concluded from the test and analytical results that the SRF method is surprisingly effective to the
maintenance of the axial load capacity as well as the lateral load capacity and can widely be applied in
practice as an economical, effective and efficient way of retrofit.
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