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Theoretical and Experimental Study of Plate-Strengthened Concrete Columns

under Eccentric Compression Loading

Lu Wang', Ray Kai-Leung Su®

Abstract

Steel jacketing has been widely used for strengthening reinforced concrete (RC) columns in the past
four decades. In practice, the RC columns to be strengthened are usually subjected to eccentric pre-
compressed axial loads. Until now, there have been only limited studies conducted that address the
stress-lagging effects between the original column and the new jacket due to the pre-existing load. In
this paper, the precambered steel plate strengthening approach, which can alleviate the stress-lagging
effects, was adopted to improve the axial strength and moment capacity of the preloaded RC columns
subjected to eccentric compression loading. An experimental study that involved eight specimens with
different eccentricities, plate thicknesses and initial precamber displacements was conducted to examine
the ductility and moment-curvature response of strengthened columns and to validate the effectiveness
of this approach. A theoretical model was developed to predict the axial load capacity of the plate-
strengthened columns. A comparison of the theoretical and experimental results showed that the
theoretical model accurately predicted the axial load-carrying capacities of the plate-strengthened

columns under eccentric compression loading.
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Introduction

Due to the deterioration of materials and the demand for additional strength, a large number of
reinforced concrete (RC) columns may need to be retrofitted or strengthened. Steel jacketing, which is
executed by attaching steel plates or angles onto the concrete, has been widely used to strengthen RC
structures due to the cost effectiveness and simple construction. Although a number of studies (Oey et
al. 1996; Ersoy et al. 1993; Ramirez 1996; Wu et al. 2006; Fukuyama et al. 2000; Cirtek et al. 2001;
Adam et al. 2007, 2008 and 2009; Giménez et al. 2009) were conducted to investigate the performance
of the jacketed columns under axial compression loads, only a few considered the effects of pre-
existing loads on stress-lagging between the concrete core and the new jacket. Ersoy et al. (1993),
Takeuti et al. (2008) and Giménez et al. (2009) experimentally investigated the effects of pre-existing
loads on the strengthening efficiency. Their test results demonstrated that the stress-lagging effects can
significantly decrease the ultimate axial load capacity of the strengthened columns.

In real applications, many columns are subjected to various degrees of eccentric compression
loading. The effects of RC columns strengthened by steel jackets under eccentric compression loads
should be investigated. Li et al. (2009) and Garzén et al. (2011) studied the behavior of steel-caged
columns under combined bending and axial loads. Their experimental results revealed that the steel
strips and angles can increase the load resistance and ductility of strengthened columns. Montuori and
Piluso (2009) tested thirteen RC columns strengthened by steel angles and battens under eccentric
loading. Their study demonstrated that both the axial load-carrying capacity and the lateral
deformability of strengthened concrete columns can be enhanced. Furthermore, they proposed a
theoretical model that was able to predict the load-carrying capacity of the strengthened columns
based on a kinematic mechanism. In their model, the hoops were considered simple support restraints,
and the longitudinal bar was modeled as a continuous beam on simple supports that were subjected to
a compressive axial load. With increasing axial load, the section of the bar between the two hoops
developed a kinematic mechanism characterized by three plastic hinges. In addition, a comparison of

the moment-curvature responses was performed that showed the accuracy of the model in predicting
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the structural response within the whole deformation range. Our companion paper (Wang and Su 2012)
presented a test of nine preloaded RC columns strengthened by precambered steel plates under
eccentric loading. The test results showed that precambered steel plates could actively share the existing
axial loads with the original column. Stress relief in the original concrete column and post-stress developed
in the steel plates can alleviate the stress-lagging and displacement incompatibility problems. Both the
axial and moment capacities of strengthened columns were enhanced. The post-yield deformation was
substantially increased.

In this paper, new experimental results in terms of the ductility and moment-curvature response of
strengthened RC columns with precambered steel plates under eccentric compression loads are
presented. A theoretical model based on elementary structure mechanics with consideration of stress-
lagging effects was developed to predict the axial load-carrying capacity of plate-strengthened
columns under eccentric compression loading. The accuracy of the model was verified through a
comparison of the model with experimental results obtained by the authors and by Montuori and

Piluso (2009).

Theoretical model
Initial Precamber
Two stainless steel rods and bolts are used to control the initial deformation of the plates and to form
the required precambered profile as shown in Fig. 1. Because the bolts at both ends of the steel plates
restrain the end rotations of the plates, the initial lateral displacement (v) of the precambered plate can

be approximated by a cosine function (Su et al. 2011) as expressed in Eq.(1).

) 27X
V= E{l— cos (rpljil (1)

where ¢ is the initial precamber at the mid-height of the plate, L. is the clear height of the RC

column under preloading (Pp), x is the coordinate defined along the height of the column, and the
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subscript pl denotes the preloading stage. Eq. (1) satisfies the boundary conditions at both ends of the

rc,pl *

steel plates, i.e., v=0 and %:O when x=00r x=L
X

The difference in length of the steel plate and the RC column (4,) can be evaluated by Eq. (2).
2
A ZEJLW (ﬂj dx
270 dx (2)

Putting Eq. (1) into Eq. (2) gives

A, = 3)

rc, pl
Material Constitutive Laws and Simplified Stress Block Model

The stress-strain relationship of concrete in compression is represented by the parabolic relationship
proposed by Hognestad et al. (1955).

2¢,

' &
o, = f [~ ()]
co €0

(4)
where f. is the concrete compressive cylinder strength, o, and g, are the stress and strain of the
concrete, respectively, and & is the concrete compressive strain corresponding to f. .

Both the steel plates and steel bars are assumed to be elasto-plastic materials. In the initial elastic
stage, the stress-strain models of steel plates and steel bars can be expressed as

o, = Epgp (5)

o, =E.z¢, (6)
where o, and ¢, are the stress and strain of steel plates, respectively, and o, ¢,and Eare the stress,

strain and Young’s modulus of the steel bars, respectively.

Collins and Mitchell (1987) noted that, for a column section with a constant width, the parabolic
portion of the concrete stress distribution can be replaced by an equivalent rectangular block by
introducing the stress block factors « and g as shown in Fig. 2, which can be calculated using Eq. (7)

and Eq. (8).
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Preloading stage
The preloading force is resisted by concrete and steel bars before flattening the precambered steel
plates. The equilibrium equation of the RC column before flattening the plates can be obtained from

the sum of the internal forces.

. 2¢ 2 |
Ppl :aﬁb(CpI_Zdb)fc( gc, cp )+EscAsc cpl( PC ) EStASt Cpl( ) (9)

c0 cO pl pI

The equation obtained from taking moments about the tension steel is

P = (e, ~20) (oo Loy Py e a (o d-d) o

c0 c0 pl

where b is the width of the column section as shown in Fig. 2, d and d are the depths of the tension
steel and the compression steel measured from extreme compression fiber, respectively, dy is the
diameter of the bolt hole, Es. and E; are the Young’s moduli of the compression steel bar and tension
steel bar, respectively, Asc and Ag are the total cross-sectional areas of the compression steel bars and
tension steel bars, respectively, and e’ is the distance between the load point and the tension steel. The
depth of the compression zone (c,) and the concrete strain at extreme compression fibers (ec1) in the
preloading stage can be obtained from Egs. (7), (8), (9) and (10).

The axial stiffness of the RC column (K i) and a steel plate (Kp) can be determined by Eq.(11) and

Eq.(12), respectively.

Krc pl = ECA:
L
rc, pl (11)
E A
K, =2

P (12)
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where E¢ and E; are the values for the Young’s moduli of concrete and steel plates, respectively, A is
the cross-sectional area of the RC column considering the cracked section, A, is the cross-sectional

area of a steel plate and L, is the undeformed length of the steel plate.

Post-stressing stage

When the precambered steel plates are flattened, the preloading force is resisted by concrete, steel bars
and steel plates. Fig. 3 shows the lengths and deformations of the plates and the RC column at three
different loading stages, i.e., the undeformed stage, the preloading stage and the post-stressing stage.
By progressively tightening the bolts on both sides of the column, the precambered steel plates are
gradually flattened. Due to the arching action, a post-compressive force (Pys) is generated in the steel
plates, and an equal magnitude de-compressive force is generated in the RC column. Using Hooke’s
law, the total post-stressed force provided by the plates is

P, =2K A (13)

2 p,ps
where 4 ps is the axial shortening of the steel plate while tightening the bolts when compared to the
original undeformed state, and the subscript ps denotes the post-stressing stage.

The de-compressive force in the RC column can be written as

P =Kenh (14)

p.ps re,pl=rc, ps
where ¢ ps is the increase in length of the RC column during the post-stressing stage, as shown in Fig.
3.
The difference in lengths of the steel plate and RC column in the preloading stage can be expressed
as

A =L -L

p rc, pl (15)
According to the displacement compatibility model (Fig. 3), the difference in the lengths of the steel
plate and RC column in the preloading stage is equal to the sum of the axial stretching of the RC

column (Arcps) and the axial shortening of the steel plates (Apps). Hence,

AL :Arc,ps +Ap,ps (16)
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Substituting Eg. (13) and Eg. (14) into Eq. (16) gives

K. +2K
A, =%Ap,ps (17)

rc, pl
Putting Eq. (17) into Eq. (13), the post-compressive force in the plates can be obtained by

P, = A s (18)
ps AL
e 2K, +K

rc, pl

Meanwhile, the stress of steel plates (op,ps ) at the post-stressing stage can be expressed by
O s = (19)

By considering vertical force equilibrium, the preloading force is resisted by the concrete, the steel
bars and the steel plates. Hence,

P =0, 0A +0, A +20, A (20)

p.ps” p
where ocps, 0spsand op ps are the axial stresses in the concrete, the steel bars and the steel plates in the
post-stressing stage, respectively, and A is the total cross-sectional area of the vertical steel bars.
We assume that there is no bond slip between the steel bars and the concrete. Hence,

& =&

c,ps S, ps (21)
By considering the equivalent rectangular stress block, the equilibrium equation of the strengthened
column can be obtained from the sum of the internal forces.

2
ch’ps d- Cps

Ee.ps
- p2 )+ Esc'AEcgc,ps( )_ Est&tgc,ps( c

c0 c0 ps ps

Cps —d 22)

P, = apb(c,, - 20,)f,( )+ 2A0

p.ps

The equation obtained from taking moments about the tension steel is

c,, —d

1 ' 280 ps & p52 IBCps
Pye'=apb(c, —2d,) f (——-—7)(d - > )+ B Acse i

c0 c0 ps

)d—-d)+2A 0. d  (23)

P~ p,ps

where d " is the distance from the center of the compression block of the steel plate to the tension steel.
The depth of the compression zone (cps) and strain of concrete (scps) in the post-stressing stage can be

obtained by solving Egs. (7), (8), (22) and (23).
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Ultimate Load Capacity
Assuming that the compression steel has been yielded, the equilibrium equation can be obtained from

the sum of the internal forces.

I:)u = aﬂb(CU - 2db) fc‘ + A‘sc fscy - Ast fst + 2Ppcu - 2Pptu (24)

The equation obtained from taking moments about the tension steel is
Pe'=apb(c, —2d,).(d -L%)+ A f_(d—d)+2P _d _ —2P d 25
u€ _aﬁ (Cu_ b) c( _T)-’_&c scy( - )+ peu“peu — & ptu™ ptu ( )

where fs is the compression steel yield strength, fg is the stress in the tension steel, Pyey and Ppy, are
the forces defined in Fig. 4(c), and dycu and dpy, are the distances from the center of force Py, and
force Ppy, to the tension steel, respectively.

Force Py, at the ultimate load is

P =t fc (26)

where t, is the thickness of plate, f,y is the yield strength of steel plate, and ¢, is the depth of the
neutral axis measured from the extreme compression fiber of the steel plate, as shown in Fig. 4(b),

which can be calculated by

= 27)

h (Casel, ¢, >h)
Cpu = (6 —Ecps TEpps) /P (Case2, ¢, <h)

where h is the width of steel plate and ¢ is the change of curvature of RC column between the post-

stressing stage and the ultimate load stage, which can be expressed as

p=g,— =S Zom (28)
C C

u ps
where ¢, is the curvature of RC column at the post-stressing stage and ¢, is the curvature of the RC

column at the ultimate load stage, as shown in Fig. 4(a).
According to the assumption of curvature compatibility between the RC column and steel plates, the

force Ppy is

LS h)ﬂ (29)
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The depth of the compression zone (c,) and ultimate load-carrying capacity (P,) can be obtained from
Egs. (7), (8), (24) to (29). If a tension failure occurs, the tension steel yields, and Eq. (24) applies with

fst:fsty-

A Brief Description of Experimental Study

Because the detailed experimental procedure for preloaded RC columns strengthened with
precambered steel plates subjected to eccentric loading has been presented in our companion paper
(Wang and Su 2012), only a brief description of the test procedure is given in this paper. The new
experimental results on ductility and moment-curvature response of eight precambered steel plate—
strengthened column specimens, involving a new specimen ESC3-3, are presented.

All the tested concrete columns have the same dimensions and reinforcement arrangements. Fig. 5
shows the reinforcement and steel plate details. Specimens ESC1-1, ESC2-1 and ESC3-1 were control
specimens without any strengthening measures to demonstrate the structural performance of RC
columns prior to strengthening. The other five specimens were strengthened by precamber steel plates
with varying initial precamber and plate thicknesses. Table 1 shows the average concrete cube and
cylinder compressive strengths (f., and f.”) as well as the design parameters for each specimen. Table 2
summarizes the material properties of the steel reinforcements and steel plates. All plate-strengthened
columns were subjected to preloading before the plates were flattened, which was equal to 30% of the
ultimate axial load capacity of the corresponding control column. For the plate-strengthened
specimens, the axial load was applied under a force control with a loading rate of 2 kN/sec. After
tightening the bolts and flattening the precambered plates, the applied load was changed to a
displacement control with a displacement rate of 0.5 mm/min. The test was terminated when the post-
peak load reached 80% of the peak load.

Before installing the steel plates, 65 mm x 65 mm steel angles were welded to both ends of the
plates, as shown in Fig. 6. The gaps between the steel angles and the concrete at the bottom and top of

the steel plates were filled with an injection plaster, forming a layer of bedding between the steel
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angles and the concrete. The post-stress procedure described in Wang and Su (2012), which can avoid
warping or buckling of the steel plates during decompression of the RC column by flattening the

precambered steel plates, was adopted.

Results and Discussion

Ultimate Load Capacity and Bending Strength

Table 3 summarizes the ultimate axial load capacities of all of the specimens. Compared with the
control column in each of the groups, the strengthened specimens show various degrees of
strengthening from 13.9% to 64.0%. In group A, the ultimate load capacities of Specimens ESC1-2,
ESC1-3 and ESC1-4 are increased by 27.1%, 64.0% and 44.6%, respectively. In group B, the ultimate
load capacity of Specimen ESC2-2 is enhanced by 13.9%. In group C, the ultimate capacity of

Specimen ESC3-3 is increased by 49.0%.

According to the proposed theoretical model described in the previous sections, the predicted axial
load capacity (Ppre) Of the specimens was determined by Eq. (22) and Eq. (23). During the calculations
of the ultimate load capacity of the RC columns, the extreme fiber compression strain of concrete &,
was assumed to be 0.003 (Park and Paulay, 1975), and the gross sectional area of the concrete (A) did
not include the areas of the bolt holes. The predicted axial load capacity of the specimens is presented
in Table 3. Comparing the theoretical and experimental axial load capacities reveals that the proposed
design procedure is generally able to conservatively estimate the actual axial load capacities of the
plate-strengthened columns under eccentric compression loading with an average overestimation of
2.1%.

Due to the eccentricity of the applied axial load, a bending moment is always generated. The
ultimate moment (M) at the mid-height of the column is composed of the primary moment (M),
which is calculated based on the nominal eccentricity, and the secondary moment (M) caused by the
P-4 effect; both are summarized in Table 3. The definitions of the primary, secondary and ultimate

moments can be found in Wang and Su (2012). In Group A, the secondary moment of the
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strengthened columns ESC1-2, ESC1-3 and ESC1-4 due to the P-A effect increased by 27.6%, 49.2%
and 37.3%, respectively. In Group B, the secondary moment of the strengthened column due to the P-
A effect increased by 24.9%. In Group C, the secondary moment of the strengthened column due to
the P-A effect increased by 188.3%. It is evident that the bending moment of Specimen ESC3-3 is the
largest among the eight specimens due to the largest lateral displacement and degree of eccentricity as

listed in Table 3.

Deformation and Ductility
The deformability factor (1), proposed by De Luca et al. (2011), was adopted to evaluate the
deformation performance of the strengthened columns, which is defined as
A=A /A, (30)

where 4, is the axial shortening at the ultimate load and 4 is the axial shortening at the failure load,
which is equal to 75% of the ultimate load. In Group A, compared to the control column, the axial
shortening at the failure load of the strengthened columns ESC1-2, ESC1-3 and ESC1-4 improved by
61.7%, 160.2% and 103.9% respectively, as shown in Fig. 7(a), and the deformability factor of the
strengthened columns increased by 27.3%, 61.4% and 65.9% respectively. In Group B, compared to
the control column, the axial shortening at the failure load of the strengthened column improved by
49.0%, as shown in Fig. 7(b), and the deformability factor of the strengthened column increased by
31.8%. In Group C, compared to the control column, the axial shortening at the failure load of the
strengthened column improved by 222.2%, as shown in Fig. 7(c), and the deformability factor of the
strengthened column increased by 93.0%. Thus, the plate thickness plays an important role in
increasing the deformability of the strengthened columns, whereas the initial precamber and
eccentricity do not have a substantial effect on the displacement ductility of columns.

The displacement ductility factor () is introduced to evaluate the ductility performance of the
strengthened columns. The load-axial shortening responses of the specimens shown in Fig. 7 can be
idealized as a bi-linear curve (Fig. 8). The displacement ductility factor (Su et al. 2010) is defined as

the ratio of the axial shortening at peak load (4,) to the notional yield displacement (4y); thus,
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n=A,/A, (31)

As shown in Table 4, the displacement ductility factors range from 1.36 (for Specimen ESC2-1) to
1.94 (for Specimen ESC3-3). For each of the groups, the displacement ductility factor of the control
columns was the lowest. Compared with Specimens ESC1-4 (6 = 6 mm), the displacement ductility
factor of Specimens ESC1-3 (6 = 10 mm) was increased by only 3.4%. Hence, the increase in the
initial precamber cannot effectively enhance the displacement ductility. Compared with Specimens
ESC1-2 and ESC1-3 (e = 30 mm), the displacement ductility factors of Specimens ESC2-2 (e = 70
mm) and ESC3-3 (e = 100 mm) were increased by only 1.4% and 5.4%, respectively. Hence, the
displacement ductility is not sensitive to the eccentricity of the applied load. Using thicker plates (t, =
6 mm) for Specimen ESC1-3 instead of thinner plates (t, = 3 mm) for Specimens ESC1-2, the
displacement ductility of ESC1-3 was increased by 30.5 %. Hence, using thicker plates can effectively

improve the ductility of strengthened columns.

Moment-curvature Responses
Fig. 9(a) and Fig. 9(b) show the effects of eccentricity on the moment-curvature relationship of the
columns. For the specimens strengthened by 3 mm plates, the moment-curvature relationship of
Specimen ESC2-2 under 70 mm eccentricity was elastic until the moment reached 13.1 kNm, which
was 19.3% larger than the moment of Specimen ESC1-2 under 30 mm eccentricity. Specimen ESC2-2
failed when the curvature was 26.2x10°m™, which was 12.9% larger than that of Specimen ESC1-2.
For the specimens strengthened by 3 mm plates, the moment-curvature relationship of Specimen
ESC3-3 under 100 mm eccentricity was elastic until the moment reached 27.2 kNm, which was 97.1%
larger than the moment of Specimen ESC1-3 under 30 mm eccentricity. Specimen ESC3-3 failed
when the curvature was 38.3x10° m™, which was 13.7% larger than that of Specimen ESC1-3.

Fig. 9(c) shows the effects of the plate thickness on the moment-curvature relationship of the
columns. Under the condition of 30 mm eccentricity, the moment-curvature relationship of Specimen

ESC1-3 strengthened by the plates that were 6 mm thick was elastic until the moment and curvature
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reached 13.8 kNm and 5.8x10° m™, respectively, which were 21.1% and 99.7% larger than the
moment and curvature of Specimen ESC1-2 strengthened by the plates that were 3 mm thick.
Specimen ESC1-3 failed when the ultimate curvature was 32.3x10°m™, which was 38.1% larger than
that of Specimen ESC1-2.

Fig. 9(d) shows the effects of the initial precamber on the moment-curvature relationship of the
columns. The moment-curvature relationship of Specimen ESC1-3 with 10 mm initial precamber was
elastic until the moment reached 13.8 KNm, which was 8.7% larger than that of Specimen ESC1-4
with 6 mm initial precamber. Both of them had the same curvature (5.7x10° m™) during the elastic
stage. Specimen ESC1-3 failed when its curvature was 32.3x10°m™, which was 4.5% larger than that
of Specimen ESC1-4. The results demonstrated that the ductility of the column was mainly affected by
the plate thickness rather than the eccentricity and the initial precamber, and a larger plate thickness

can provide better ductility.

Comparison with Available Experimental Results

Montuori and Piluso (2009) tested eight RC columns strengthened with steel cages subjected to
eccentric compression loads. The steel cage consisted of steel angles and battens. The strengthened
columns can be divided into three different types according to the function of steel angles. The
ultimate capacity of the strengthened columns was evaluated using the proposed theoretical model.
The stress-strain relationship of confined concrete used by Montuori and Piluso (2009) was adopted in
our theoretical calculation.

Table 5 compares the ultimate load capacity presented in Montuori and Piluso (2009) with that
obtained from the theoretical model. As shown in the table, all the theoretical load capacities (Ppreq)
agree well with the experimental ultimate load capacities (Pmonexp). The average discrepancy of
Pwmon,exp/Ppred 1S Only 2%. Meanwhile, comparing the theoretical results (Pmonpred) pProposed by
Montuori and Piluso (2009) with the theoretical results obtained from our proposed model, the average
discrepancy of Pwon,pre/Ppred 1S also 2%. Hence, the proposed theoretical model is of a similar accuracy

when compared with that from Montuori and Piluso (2009).
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Conclusions

The paper presents a study on the strengthening of RC columns using precambered steel plates. The
theoretical and experimental findings are summarized as follows:

(1) The experimental results show that precambered plates can share the existing axial load in the
original column. Stress-lagging effects can be alleviated by controlling the initial precambered profile
of the steel plates.

(2) External steel plates can considerably enhance the axial strength and deformation capacity of
plate-strengthened columns under eccentric compression loading.

(3) Thicker steel plates and larger initial precamber can enhance the ultimate load capacity of
columns, and a larger plate thickness can also improve the axial deformation capacity and ductility of
columns significantly.

(4) The bending moment capacity of a column is significantly affected by the degree of eccentricity
because the larger degree of eccentricity can increase the lateral displacement at the mid-height of
columns and, hence, increase the secondary moment caused by the P-4 effect.

(5) An original theoretical model was developed based on the principles of force equilibrium and
the displacement compatibility between the steel plates and the RC column. The experimental and
theoretical results showed a good agreement with each other. The comparison between the available
test results of Montuori and Piluso (2009) and the predicted theoretical results was also presented. This
study demonstrates that the theoretical model is able to accurately predict the axial load-carrying

capacity of the plate-strengthened columns under eccentric compression loading.
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446

447 Table 1. Summary of strengthening details
. feu e E. Lrc e t ) Py
Group | Specimen | \1oay | (vPay | (GPa) | (mm) | (mm) | (mm) | (mm) | (kN)
[A] ESC1-1 | 31.3 | 25.6 | 23.8 | 600 30 - - -
ESC1-2 | 319 | 25.8 | 23.9 | 600 30 3 10 101
ESC1-3 | 31.6 | 25.9 | 23.9 | 600 30 6 10 101
ESC1-4 | 32.7 | 26.1 | 240 | 600 30 6 6 101
[B] ESC2-1 | 33.3 | 27.8 | 248 | 600 70 - - -
ESC2-2 | 32.0 | 25.7 | 23.8 | 600 70 3 10 63
[C] ESC3-1 | 29.7 | 24.2 | 23.1 | 600 100 - - -
ESC3-3 | 32.6 | 26,5 | 24.2 | 600 100 6 10 43
448
449
450 Table 2. Material properties of reinforcements and steel plates
Steel Plate
Thickness fyp(MPa) E, (GPa)
3mm 301 215
6 mm 327 219
451
Reinforcement bars
Specimen fy,(MPa) Es (GPa)
T10 497 198
T12 516 198
R6 464 186
R8 437 187
452
453
454 Table 3. Comparison of the theoretical and experimental results
: u M Ms Mu I:)ex P red I:)ex /P red
Group|Specimen (rré:m) kNm) [ (N m) [ GNm) | kN) | kN) o
[A] | ESC1-1 | 551 | 10.08 | 1.85 11.93 336 329 1.02
ESC1-2 | 553 | 12.81 | 2.36 15.17 427 390 1.09
ESC1-3 | 5.01 | 16.53 | 2.76 19.29 551 545 1.01
ESC1-4 | 523 | 1458 | 254 | 17.12 486 471 1.03
[B] | ESC2-1 | 9.62 | 14.63 | 2.01 16.64 209 208 1.01
ESC2-2 | 10.55 | 16.66 | 2.51 19.17 238 227 1.05
[C] | ESC3-1 (10.11 | 14.30 | 1.45 15.75 143 143 1.00
ESC3-3 | 17.36 | 24.10 | 4.18 | 28.28 213 222 0.96
455 Note: Peyp is the test result, Ppreq is the predicted result.

456



457

458 Table 4. Summary of deformability and ductility factors
A, A, At ;

(mm) | (mm) | (mm) !

[A] | ESC1-1| 071 | 097 | 128 | 1.32 | 1.37

ESC1-2 | 0.87 123 | 2.07 1.68 1.41

ESC1-3 | 0.85 156 | 3.33 2.13 1.84

ESC1-4 | 0.67 1.19 2.61 2.19 1.78

Group |Specimen

[B] ESC2-1 | 0.28 0.38 0.49 1.29 1.36
ESC2-2 | 0.30 0.43 0.73 1.70 1.43

[C] | ESC3-1| 014 | 021 | 027 | 129 | 150
ESC3-3 | 018 | 035 | 099 | 2.83 | 1.94

459
460
461 Table 5. Comparison of ultimate load capacities from Montuori and Piluso (2009) and the present
462 proposed theoretical model
Specimen PEII(OIQBXp PI\(/Ikor|1\,lp)red kalr\i()j I:)Mon,exp/ I:)pred I:)Mon,pred/ I:)pred

A-R1 513.95 | 527.02 | 507.08 1.01 1.04

B-Rla 703.23 | 683.62 | 683.38 1.03 1.03

B-R1b 662.71 | 649.75 | 656.56 1.01 0.99

C-R1 498.74 | 495.15 | 480.55 1.04 1.03

D-R1 545.19 | 553.24 | 528.23 1.03 1.05

D-R2 568.98 | 583.22 | 563.18 1.01 1.04

D-R3 483.63 | 453.84 | 462.86 1.04 0.98

E-R1 713.24 | 713.80 | 705.28 1.01 1.01

Mean - - - 1.02 1.02
463 Note: Pwionexp is the test result and Piion pred is the predicted result, both from Montuori and Piluso (2009).
464
465

466
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4} 4q
< [N, 0 A%
,——»
Anchor bolt / ° ¥8t661 angle The lateral
/ o \ displacement can be
. / ~ described by a
P bered / Initial / cosine function
treclanll tere precamber
steel plate
L | v:5[1_c0{2ﬁxn
\¥ : 2 ch,pl
RC column | a4 '

Front view Side view

Fig. 1. The configuration of the proposed strengthening method

db W2 db Wi ‘

Cross section Concrete stress Equivalent concrete
distribution stress distribution

Fig. 2. Stress-block factors



< 4 E:
a 4 2
. i , QL l
m r e e ”ff:’ff,ij?j
| ]
o . N , - . N
~ < ~ b o s
N ~
“ 4
S I A - _
aq 4 oo 4 a
4 < a 4 Aq
4 < a
Py Py

Un-deformed stage  Preloading stage  Post-stressing stage

Fig. 3. Lengths and deformations of RC column and steel plates at various loading stages



Post-stressing stage Ultimate load stage

I Ec,ps I Ecu
Esc,ps Esc
Concrete § &
Y @ps Vi Du
Est,ps Est
(a)
Epy Epy
| —&pe,ps — ‘ Ecu-Ec,ps+Epc,ps — — Ecu-Ec,ps+Epc,ps
=
_,
Steel plate  ~= § ©
D
n ' /
T D
Case 1 Case 2
(b)
Theoretical o EpvEpe - EpvEpe
stress
8,
3 Q
P, pcu @"
P fu
P
Case 1 Case 2
(c)

Fig. 4. Strain distribution and calculation; (a) Concrete strain distribution; (b) Steel plate strain
distribution; (c) Steel plate stress distribution in the theoretical calculation



— —
g 150
1 65
1 45_, 60, , 45 =
; BN ] !
1 g [==] —T I
i T10 S 2]
(=3 R6 & . L.
g g [ 7 ﬂ _ ] Initial
= g g > 4 - precamber
AL A 110 E
C 150 6| 1
[ A-A tg Ew ;I
(a) (b)

Fig. 5. Reinforcement and precambered steel plates; (a) RC details; (b) Steel plate details

(a) (b)
Fig. 6. Joint at the end of precambered steel plates; (a) Anchor bolts details; (b) Steel angle details



600

A
500 -
400}
4
<
T 300
=]
)
200 - —=—ESCI-1
—e—ESC1-2
100 —A—ESC1-3
—e—ESC1-4
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Axial shortening (mm)

(a)

300

250 -

200 -

150 -

Load (kN)

100

—A—ESC2-1
50 —m—ESC2-2

" 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Axial shortening (mm)

(b)

=

250

200

150

Load (kN)

100

50 —A—ESC3-1
—u—ESC3-3

0 " 1 " 1 " 1 "
0.0 0.5 1.0 1.5 2.0

Axial shortening (mm)
©
Fig. 7. Load-axial shortening curves; (a) Group A; (b) Group B; (c) Group C



Moment (kNm)

Moment (kNm)

25
20 -
= e=70 mm
15+
e=30 mm
10 -
5+ —A—ESC1-2
—n—ESC2-2
0 " 1 " 1 " 1 " 1 1 1
0 5 10 15 20 25 30 35
Curvature (0.001m'1)
(a)
20 -
1,=6 mm
15+
=5 mm
10 =3
5+ —n—ESC1-2
—A—ESC1-3
0 " 1 " 1 " 1 " 1 1 1
0 5 10 15 20 25 30 35
Curvature (0.001m'1)
(c)

Moment (kNm)

Moment (kNm)

35

30

=100 mm
25
20
15

e=30 mm
10
I —A—ESC1-3
5 —=— ESC3-3
0 1 1 I 1 I 1 I 1 1 1
0 10 15 20 25 30 35 40 45
Curvature (0.001m™))
(b)
25
20
0=10 mm
15
0=6 mm
10
5 —a—ESC1-3
—=—ESC1-4
0 1 1 " 1 " 1 1 1
10 15 20 25 30 35 40

Curvature (0.001m'1)

(d)

Fig. 8. Moment-curvature responses of columns; (a) #,=3 mm, =10 mm; (b) £,=6 mm, 6=10 mm;
(¢) =30 mm, 6=10 mm; (d) ,=6 mm, e=30 mm



	JSE ASCE 11g (2)
	Lu Wang1, Ray Kai-Leung Su2

	JSE ASCE 11 k Figures


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1800
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


