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SUMMARY 
 
During the recent destructive earthquakes in Japan and other earthquake countries, a large 
number of brittle shear failure, flexural compression failure and crushing by high axial 
compression have been observed in reinforced concrete (R/C) rectangular columns in building 
structures as shown in Figs. 1, 2 and 3. On the contrary, if the R/C rectangular columns are 
confined laterally by steel plates (SP) or carbon fiber (CF) sheets, then brittle shear failure can be 
prevented and the column can develop its ultimate flexural moment capacity (Yoshimura [1], [2], 
[3]). Herein, in order to investigate the effectiveness of the seismic strengthening methods by 
using circular steel plate- or CF sheet-jackets for existing R/C rectangular columns, ten different 
columns with and without jacketing are tested under different constant high axial compression of 
13.2MPa and 19.4MPa, and alternately repeated lateral forces. Results of the experiment indicate 
that the ultimate flexural strength and deformation capacity of the R/C rectangular columns 
which are confined laterally by the circular cross-sectional steel plate- and CF sheet-jacketing are 
quite effective, especially when the columns are subjected to high axial compression. 
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Fig. 1 Shear failure 
(1999 Chi-Chi, Taiwan) 

Fig. 2 Flexural failure 
(and shear failure)  
(1995 Kobe, Japan) 

Fig. 3 Crushing by high 
compression 

(1999 Chi-Chi, Taiwan) 



INTRODUCTION 
 
Since the 1989 Loma Prieta earthquake attacked a large number of R/C highway bridges located at 
around the San Francisco Bay Areas in the United States (US), more than seven hundred R/C bridges 
have been retrofitted by circular and/or elliptic steel jackets filled with concrete materials. During the 
1994 Northridge earthquake, it can be noted that more than 50 bridges with those steel plate-jacketed 
columns were subjected to peak ground acceleration of 0.3g or higher, however, none of those bridges 
suffered any structural damage to their columns (Priestley [4]). 
 
Herein, in order to prevent the R/C rectangular building columns with poor seismic resistance from the 
extensive earthquake damage as shown in Figs. 1, 2 and 3, the effectiveness of the circular steel plate- and 
CF sheet-jackets is investigated by using ten different column specimens with and without seismic 
strengthening. Fig. 4 is one of the application examples of the seismic strengthening using a circular steel-
plate jacket adopted to the first story rectangular columns of a nine-story R/C office building in Oita City, 
Japan, which was designed in 1973 in accordance with the old Japanese Building Standard Law and 
related Structural Design Standards of the building structures. Since this building did not have sufficient 
seismic resistance against future big earthquakes, seismic strengthening was conducted in 2000 by 
adopting the three different seismic strengthening methods of steel reinforced concrete (SRC) composite 
shear walls, steel braced frames, and circular steel-plate jackets 
filled with concrete for independent rectangular R/C columns as 
shown in Fig. 4. For investigating the seismic performance of 
the R/C rectangular columns strengthened by four different 
strengthening methods using the steel plate- and CF sheet-
jackets as being presented in this paper, we have already 
conducted some preliminary experiments by using the one-third 
scale model column specimens, which were subjected to two 
different constant axial compression of 5.6MPa and 13.2MPa, 
and alternately repeated lateral forces, and the effectiveness of 
the circular steel plate- and CF sheet jacketing was investigated 
(Yoshimura [5] ,[6]). 
 
By adopting the circular or elliptical steel plate- and CF sheet-
jackets, a large number of experimental and theoretical studies 
have been conducted for retrofitting the R/C highway bridges 
located in the California State of US (Priestley [4]), however, 
there are quite few systematic studies on the effectiveness of 
those seismic strengthening for existing R/C building columns 
by using the circular or elliptical steel plate- and CF sheet-
jackets (Tagiguchi [7], and Joh [8], [9]). 
 
 

METHOD 
 
Specimens 
Details including size and shape, and bar arrangement of all the test specimens are shown in Table 1 and 
Fig. 5. Test specimens are approximately one-third scale model of the actual existing R/C columns and 
their cross-sectional dimensions are 210 mm by 245 mm. Eight D10 bars (or #3 bars in the US) are 
provided for the longitudinal (or main) reinforcement, in which the ratio of the total cross-sectional area 
of the main Re-bars to the R/C column section (pg) is 1.1 percent. Transverse (or hoop) reinforcement is 
D6 (#2) bars provided with a spacing of 130 mm and shear reinforcement ratio (pw) is 0.23 percent. 

Fig. 4 Seismic strengthening 
for R/C rectangular column by 
circular steel-plate jacketing 

 (2000, Oita, Japan) 



Each of the test specimens is designated by the three symbol codes, where the first letters “R” or “C”, 
represent the rectangular or circular cross-sectional shapes, second letters “SP” or “CF” represent that the 

Table 1 List of test specimen 

R-H-13.2 210x245 22.3 ---

R-SP-13.2 230x265 3.91 13.57 19.0 47.6

C-SP-13.2 Circular φ 350 (5.14) (17.84) 20.1 53.1

R-CF-13.2 Rectangular 210x245 0.53 12.16 22.7 ---

C-CF-13.2 Circular φ 350 (0.63) (14.59) 21.1 54.0

R-H-19.4 210×245 25.6 ---

R-SP-19.4 240×255 3.75 13.01 28.1 50.1

C-SP-19.4 Circular φ 350 (5.14) (17.85) 22.9 55.1

R-CF-19.4 Rectangular 210x245 0.53 12.16 26.8 ---

C-CF-19.4 Circular φ 350 (0.63) (14.59) 22.7 54.8

Remarks:

σ wy      :   yield strength of strengthening material          ρ s σ wy : amount of shear reinforcement index (circular column)

 f' m       :  compressive strength of non-shrinkage mortar    σ o  : applied constant axial stress in original column section

Rectangular

Rectangular

b          :   breadth of R/C rectangular columns                     D    : depth of R/C rectangular columns

t           :   thickness of strengthening material                       d    : column diameter

p w         :   shear  reinforcement ratio                                     ρ s   : volumetric ratio of strengthening plate (circular column)

p w σ wy :   amount of shear reinforcement index                  f' c     : compressive strengthening of column concrete

19.4

---

Steel plate t =4.5mm

Carbon fiber
sheets

t =0.2mm
(2 pieces)
t =0.1mm
(1 piece)

13.2

Seismic strengthening

Amount of
reinforcement

Jacketing
material

p w

(or ρ s )
(%)

p w σ wy

(or ρ s σ wy )
(MPa)

Steel plate t =4.5mm

Carbon fiber
sheets

t =0.2mm
(2 pieces)
t =0.1mm
(1 piece)

                ( p w  = 2t/b )              (ρ s =4t /d )

Specimen 

Cross-section of column

Cross-section
shape

b xD
(or d )
(mm)

σ o =N /bD
(MPa)

f' m

(MPa)
f' c

(MPa)

---

Fig. 5 Details of test specimen 



original rectangular columns (H) with hoop reinforcement only are strengthened by the steel plates or 
carbon fiber sheets as their transverse reinforcement, and the last numerals are the applied constant axial 
compression in MPa. Two specimens (R-H-13.2, R-H-19.4) are the models of the original R/C 
rectangular hooped columns without any other seismic transverse strengthening, and in other eight “SP” 
and “CF” specimens, the specimens (R-H-13.2, R-H-19.4) are strengthened by steel-plates or CF-sheets 
with rectangular (R) or circular (C) cross-sections, respectively. 
 
Material properties used for all the specimens are given in Table 2, where the amount of seismic 
strengthening provided by the rectangular and circular steel plate- or CF sheet-jackets is represented by 
the values of pw and pwσwy (or ρs and ρsσwy), where pw is the shear reinforcement ratio (pw = 2t/b, t = 
thickness of shear reinforcement material, and b = breadth or diameter of the columns), ρs is the 
volumetric ratio of the circular strengthening plate (ρs = 4t/d, and d = column diameter), and σwy is the 
yield strength of steel plate (=347MPa) and design yield strength of CF sheet (=2300MPa), respectively. 
In case of the (C-SP-13.2, C-SP-19.4) specimens, non-shrinkage mortar was filled inside the circular steel 
tube after steel plates were welded and installed in circular cross-sectional shape around the original 
rectangular (R-H-13.2, R-H-19.4) column, while in case of the (C-CF-13.2, C-CF-19.4) specimens, non-
shrinkage mortar was cast within the circular 
form around the rectangular (R-H-13.2, R-H-
19.4) column sections first, and then CF-
sheets were bonded on the perimeter surface 
of the circular columns after curing the 
mortar and removing the circular forms. 
Between upper- and lower-stubs, and, top- 
and bottom-edges of the steel plate- and CF 
sheet-jackets in the strengthened specimens, 
10 mm clearance was provided as shown in 
Fig. 5. This is to avoid the direct touch of the 
stubs to the top- and bottom-edges of the steel 
plate- and CF sheet-jackets filled with mortar 
during the application of lateral loading 
reversals to the column specimens. 
 
Test setup 
Test setup adopted in the present study is 
shown in Fig. 6 together with one of the test 

Bar size
 Yield

strength
(MPa)

Tensile
strength
(MPa)

Elongation
(%)

Thickness of
steel plate

(mm)

 Yield
strength
(MPa)

Tensile
strength
(MPa)

Elongation
(%)

Unit weight
of CF sheets

(g/m2)

Thickness
of CF sheet

(mm)

Tensile
strength
(MPa)

Elastic
modulus

(GPa)

D10
(Main reinforcing bars)

357 502 25 400 0.222 4187 258

D6
(Hoop)

387* 505 24 200 0.111 4110 246

D10
(Main reinforcing bars)

357 502 25 400 0.222 4187 258

D6
(Hoop)

374* 506 30 200 0.111 4843 240

13.2

19.4

Carbon fiber sheetReinforcing bar  Steel plate

σ 0

(MPa)

4.5 347 472 36

Table 2 Material properties 

*: The yield strength of 0.2% offset 

Fig. 6 Test setup and specimen 



specimens. Lower-stub of the specimen was fixed to the laboratory test floor by using high strength steel 
tendons. A constant vertical axial load and alternately repeated lateral forces were applied by two 
different oil jacks with the capacity of 2000kN and 1000kN, respectively. 
 
All the specimens were tested under different constant axial loads of 678kN (13.2MPa) and 1000kN 
(19.4MPa), respectively, and alternately repeated lateral forces. Those two different high axial 
compression loads of 13.2MPa and 19.4MPa are the expected values to which the retrofitted R/C columns 
shown in Fig.4 are subjected in case when the adjacent non-retrofitted rectangular R/C columns have lost 
their axial load-carrying capacities, and then, the prototype nine-story building as mentioned above has 
finally reached its ultimate failure mechanism mode, respectively. 
 
Height of the application point of the repeated lateral forces is the location of the inflection point of 
flexural deformation of the column specimens, and was kept to be located at the mid-height of the whole 
column height measured from the top-surface of the lower-stub. According to this applied lateral loading 
position, shear span ratio of the tested columns becomes to be 2.7, which is corresponding to the actual 
strengthened R/C columns shown in Fig. 4.  
 
Important displacements and strains in reinforcing bars and jacketing materials were measured by using 
the displacement transducers and strain gages, and all the measured information was processed 
simultaneously by a personal computer. 
 

RESULTS OF EXPERIMENT 
 
Test results under constant high axial compression of 13.2MPa 
 
Q-R relation of non-strengthened specimen (R-H-13.2) 
Lateral force (Q) versus story-drift (R) relation of the (R-H-13.2) specimen, which is not strengthened by 

any jacket, is shown in Fig. 7(a). 
Initial shear cracks were observed 
at R=+0.47x10-2, and then a number 
of shear cracks propagated into the 
column sections. The ultimate 
lateral strengths in positive and 
negative loadings were observed at 
R=+0.82x10-2 and R=-0.72x10-2, 
respectively, and then the cover 
concrete at around the top and 
bottom of the column was spalled -200
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Fig. 7 Lateral force (Q) - story drift (R) relations of 13.2MPa Specimens 
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off when R=-1.46x10-2 or more. And then, on the way from R=-1.5x10-2 to R=+2.0x10-2, rapid strength 
deterioration took place in the lateral load carrying capacity at about R=+1.51x10-2. This was due to the 
extensive shear cracking and then immediately after this, the specimen lost its axial load-carrying 
capacity, and thus, the test was finished at this moment. 
 
Q-R curves of strengthened specimens (R-SP-13.2, R-CF-13.2, C-SP-13.2, C-CF-13.2) 
The Q-R hysteresis loops of the specimens with steel plate- and CF sheet-jackets are shown in Figs. 7(b) 
through (e) represent. In these specimens, the flexural tension cracks were observed first at the top and the 
bottom of each column specimen during the second or third loading reversals. The ultimate lateral 
strengths of the rectangular jacket specimens (R-SP-13.2, R-CF-13.2) in positive loadings were 
respectively observed at R=+1.95x10-2 and R=+1.38x10-2, and the ultimate lateral strengths of the 
specimens (R-SP-13.2, R-CF-13.2) in negative loadings were observed at R=-1.89x10-2 and R=-1.47x10-2, 
respectively. On the contrary, the ultimate lateral strengths of the circular jacket specimens (C-SP-13.2, 
C-CF-13.2) in positive loadings were developed at R=+2.65x10-2 and R=+2.00x10-2 respectively, and the 
ultimate lateral strengths of the specimens (C-SP-13.2, C-C F-13.2) in negative loadings were observed at 
R=-2.80x10-2 and R=-1.96x10-2, respectively. Both of the lateral load-carrying capacity and deformation 
behavior of all the specimens retrofitted by the steel plate- and CF sheet-jackets were well improved at 
least until the story-drift, (R), reached to 5.0x10-2. 
 
Q-R envelope curves 
Fig. 8 shows the envelope curves obtained from the average of the positive and negative Q-R hysteresis 
loops shown in Figs. 7(a) through (e). The non-strengthened specimen (R-H-13.2) failed in brittle shear 
failure mode within the small story-drift (R) less than 1.0x10-2 both in positive and negative loadings, 
while in the strengthened specimens with steel plate- or CF sheet-jackets, their lateral load carrying 
capacity and deformation behavior are well improved from the non-strengthened specimen of (R-H-13.2). 
In addition, the ultimate lateral strengths and deformability of the circular jacket specimens (C-SP-13.2, 
C-CF-13.2), are little bit higher and much more excellent than the rectangular jacket specimens (R-SP-
13.2, R-CF-13.2). 
 
δv-R relation of column 
Axial deformations (δv) versus story-drift (R) relations observed during the positive loadings are shown in 
Fig. 9. Here, elongation of axial displacement (δv) is presented in the positive direction. In case of the 
non-strengthened specimen (R-H-13.2) which was failed in brittle shear failure mode, the rapid 
shortening initiated at R=+1.51x10-2 just after the occurrence of brittle shear failure in its column section. 

Fig. 8 Q - R envelope curves 
of 13.2MPa Specimens 
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In addition, the shortening in axial deformation was observed in the rectangular CF-sheet jacket specimen 
(R-CF-13.2) with the increase of story-drift, however longitudinal shortening or elongation in the axial 
deformation were not observed in the rectangular steel-plate jacket specimen (R-SP-13.2). On the 
contrary, longitudinal elongation of the axial deformation was observed in both of the circular steel plate- 
and CF sheet-jacket specimens (C-SP-13.2, C-CF-13.2) with the increase of their inter-story 
displacements. This is due to the higher confining effect which is expected in circular jacket specimens 
than the rectangular column specimens. 
 
Test results under constant high axial compression of 19.4MPa 
 
Q-R relation of non-strengthened specimen (R-H-19.4) 
Lateral force (Q) versus story-drift (R) relation of the (R-H-19.4) specimen, which is not strengthened by 
any jacket, is shown in Fig. 10(a). Initial shear cracks were observed at R=+0.21x10-2, and then a number 
of shear cracks propagated into the column sections. The ultimate lateral strengths in positive and 
negative loadings were observed at R=+0.43x10-2 and R=-0.37x10-2, respectively. And then, on the way 
from R=-0.5x10-2 to R=+1.0x10-2, rapid strength deterioration took place in lateral load carrying capacity 
at about R=+0.44x10-2. This was due to the extensive shear cracking and then immediately after this, the 
specimen lost its axial load-carrying capacity, and thus, the test was finished at this moment. 
 
Q-R curves of strengthened specimens (R-SP-19.4, R-CF-19.4, C-SP-19.4, C-CF-19.4) 
Figs. 10(b) through (e) represent the Q-R hysteresis loops of the specimens with steel plate- and CF sheet-
jackets. In these specimens, flexural tension cracks were observed first at the top and bottom of each 
column during the first loading reversals. The ultimate lateral strengths of the rectangular CF-sheet jacket 
specimens (R-CF-19.4) were observed at R=+0.95x10-2 and R=-0.96x10-2 during the positive and negative 
loading reversals, respectively. On the contrary, the lateral strengths of the rectangular steel plate-jacket 
specimens (R-SP-19.4) were increased after R=+2.0x10-2. This was caused by the direct touch of the top 

of the steel plate to the lower 
surface of the upper-stub of the 
column specimen. In addition, the 
lateral strengths of the specimens 
with circular steel plate- and CF 
sheet-jackets (C-SP-19.4, C-CF-
19.4) increased little by little until 
the experiments had been 
finished. 
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Fig. 10 Lateral force (Q) - story drift (R) relations of 19.4MPa Specimens 
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Q-R envelope curves 
Fig. 11 shows the envelope curves obtained from the average of the positive and negative Q-R hysteresis 
loops shown in Figs. 10(a) through (e). The non-strengthened specimen (R-H-19.4) failed in brittle failure 
mode at R=+0.44x10-2, while in the strengthened specimens with steel plate- or CF sheet-jackets, their 
lateral load-carrying capacity and deformation behavior are well improved far from the non-strengthened 
specimen (R-H-19.4). In addition, the ultimate lateral strengths and deformability of the specimens with 
circular steel plate- and CF sheet-jackets (C-SP-19.4, C-CF-19.4) became much higher and more 
excellent than the rectangular jacket specimens (R-SP-19.4, R-CF-19.4). Furthermore, it can be noted that 
the ultimate lateral strengths of the steel-plate jacket specimens are little bit higher than the CF sheet-
jacket specimens. 
 
δv-R relation of column 
Axial deformations (δv) versus story-drift (R) relations observed during the positive loadings are shown in 
Fig. 12. The non-strengthened specimen (R-H-19.4) failed in brittle shear failure mode at R=+0.44x10-2, 
and just after the occurrence of this brittle shear failure in its column section, rapid shortening of the 
column initiated in the longitudinal direction of the column specimen. In addition, shortening in axial 
deformation was also observed in both of the rectangular steel plate- and CF sheet-jacket specimens, (R-
SP-19.4, R-CF-19.4). With the increase of the inter-story displacements, however, it is worthy of note that 
there was almost no axial shortening observed in both of the circular steel plate- and CF sheet-jacket 
specimens, (C-SP-19.4, C-CF-19.4) even in those columns 
under quite high axial compression and alternately 
repeated flexural and lateral shear forces, and in the very 
large story-drift of R=+0.4x10-2 or more. This is due to the 
considerable high confining effect, which is given by the 
circular steel plate- and CF sheet-jackets. 
 

DISCUSSIONS 
 
Stress-strain relations of concrete 
Before evaluating the ultimate flexural strengths of all the 
columns in tested specimens, it is necessary to determine 
the stress-strain relations of the concrete within the column 
sections, which are not confined and confined laterally by 
the rectangular and circular steel-plate or CF-sheet, as well Fig. 13 (σ) – (εc) relations of concrete 
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as the compressive strength, (fc’), of the column concrete. Herein, the compressive stress-strain relations 
of all the column concrete were modeled by considering the confining effects given by the different 
strengthening techniques, mechanical property of the used materials as well as the cross-sectional shapes 
of the column specimens. Resulted compressive stress (σ) versus strain (εc) relations of the concrete for 
all the specimens (σ0=19.4MPa) are shown in Fig. 13, which were determined based on the existing 
proposed equations, Park [10], Komure [11], Morita [12]. 
 
Theoretical prediction of ultimate lateral strengths 
The ultimate lateral strengths obtained from all the test specimens (Qmax) were determined by using the Q-
R hysteresis loops shown in Figs. 7 and 10, and are presented in Table 3 together with the predicted 
ultimate flexural strengths, (Qmu1) and (Qmu2), and lateral shear strengths, (Qsu), respectively, which are 
determined based on the existing proposed methods or equations as mentioned below. 
 
The observed ultimate lateral strengths, (Qmax), in Table 3 are defined as the average of the positive and 
negative ultimate lateral strengths which were observed less than the story-drifts of R=±2.0×10-2rad. 
 
The values of (Qmu1) in Table 3 are the corresponding ultimate flexural strengths when the tested columns 
developed their ultimate flexural strengths, (Mu1), which are calculated by assuming the stress blocks of 
the unconfined concrete based on the popular ACI criteria (AIJ [13]). On the contrary, values of (Qmu2) in 
Table 3 are the corresponding ultimate flexural strengths when the tested columns developed their 
ultimate flexural strengths (Mu2), which are determined by considering the confining effects of concrete 
(Park [10], Komure [11] and Morita [12]). Herein, the flexural strengths, (Mu2), of the rectangular CF-
sheet specimens, and circular steel plate- and CF sheet-jacket specimens are defined as the flexural 
moment capacity of the corresponding columns when the longitudinal reinforcing bars in the column 
sections reached at the strains when the strain-hardening initiated during the material testing given in 
Table 2. Solid circles shown in Fig. 13 are the stress-strains of extreme fiber concrete at their ultimate 
flexural strengths for all the specimens under high axial compression of 19.4MPa. 
 

*: The top of the steel –plate contacted the lower surface of the upper stub of the specimen 

Table 3 Evaluation of ultimate lateral strengths 

Q max Q R =4% Q mu1 Q mu2 Q su Q max Q max

(kN) Q max (kN) (kN) (kN) Q mu1 Q mu2

R-H-13.2 22.3 105 0 71.7 77.1
112
81

1.46 1.36

R-SP-13.2 19.0 122 0.94 59.1 93.5 385 2.07 1.31

C-SP-13.2 20.1 132 0.98 63.5 131.6 --- 2.07 1.00

R-CF-13.2 22.7 103 0.87 73.3 124.2 259 1.41 0.83

C-CF-13.2 21.1 130 0.98 67.3 120.6 --- 1.93 1.08

R-H-19.4 25.6 89 0 61.1 69.3
141
89

1.45 1.28

R-SP-19.4 22.7 117 1.20* 45.0 97.3 412 2.61 1.20

C-SP-19.4 22.9 158 1.01 46.2 159.2 --- 3.42 0.99

R-CF-19.4 26.8 116 0.78 66.9 161.8 295 1.74 0.72

C-CF-19.4 28.1 148 1.04 73.1 166.1 --- 2.02 0.89

Specimen

RatioPredicted valueStrength of
concrete
(MPa)

Experimental value



The values (Qsu) of the non-strengthened specimens which are shown in Table 3 are the corresponding 
lateral shear strengths in shear failure mode, and were determined based on the existing proposed 
equations, AIJ [14] and AIJ [15]. 
 
The values (Qsu) of the rectangular steel plate- and CF sheet-jacket specimens (R-SP-13.2, R-SP-19.4, R-
CF-13.2, R-CF-19.4) in Table 3 are the corresponding lateral shear strengths which were determined 
based on the existing proposed equations, AIJ [16] and Kumamoto [17]. 
 
Since the ultimate lateral strengths of all the specimens were determined by the flexural failure mode, test 
results of the ultimate lateral strengths (Qmax), were compared with the calculated flexural strength Qmu1 
and Qmu2, respectively, and the results are given in Table 3. In case of the specimens with axial 
compression of 13.2MPa and 19.4MPa, the ratios of Qmax to Qmu1 are 1.41~2.07 and 1.45~3.42 
respectively, while the ratios of Qmax to Qmu2 become 0.83~1.36 and 0.72~1.28 respectively. Since the 
ratios of Qmax to Qmu2 in the circular jacket specimens become to be 0.89~1.08, the observed ultimate 
lateral strengths, (Qmax), can be well evaluated by the values of Qmu2. On the contrary, the ratios of Qmax to 
Qmu2 in the rectangular CF-sheet jacket specimens are between 0.83 and 0.72, which are little bit 
conservatively evaluated by the existing proposed equations. 
 
On the other hand, the ratios of Qmax to Qmu2 in the non-strengthened rectangular specimens, (R-H-13.2 
and R-H-19.4) and rectangular steel plate-jacket specimens, (R-SP-13.2 and R-SP-19.4) in Table 3 
become to be 1.36 and 1.28, and 1.31 and 1.20, respectively. These show that the experimental ultimate 
lateral strengths seem to be evaluated too small. One of the main reasons to this cause is coming from the 
location of the flexural yield hinges, which were assumed to be located at the top and bottom of the tested 
columns. Regarding to this point, further discussions are made in the subsequent Section. 
 
Interaction between ultimate flexural strength and axial compression 
Interaction between ultimate flexural strengths and axial load-carrying capacity can be evaluated by 
conducting a simple analysis. Results are given in Fig. 14, where interaction diagrams between the 
ultimate flexural moment (Mu2) and column axial load capacity (N) are shown for all the columns of the 
tested specimens. The (Mu2) – (N) interaction curves in Fig.14 are obtained from the bending moment (M) 
versus curvature (φ) relations which were determined by using the (σ) - (ε) relations shown in Fig.13. 
Open squares and open circles in Fig. 14 represent the 
ultimate flexural moments, which were determined by 
multiplying the ultimate lateral strengths (Qmax) by the 
clear column-height of the tested specimens. Of 
course, P-∆ moment caused by the axial compression 
load and lateral story-drift is included in those values 
shown by the open squares and open circles in Fig. 14. 
 
Because of the different strengthened methods 
adopted in each specimen, the test results of all the 
specimens are far beyond the theoretical values given 
by the (Mu2)–(N) interaction curves. Furthermore, 
remarkable differences in ultimate flexural strengths 
were observed between the non-strengthened 
specimens (R-H-13.2, R-H-19.4) and other jacketed 
specimens. The reason to this is caused by the 
confining effect of the concrete given by the jacket 
materials of the retrofitted specimens under high axial 
compression. 
 

Fig. 14 Ultimate flexural strength (Mu2) 
versus axial compression (N) interaction 
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The experimental and predicted values of the ultimate flexural strengths for all the specimens are shown 
in Table 4. In the circular jacket specimens, it can be understood that the experimental values are well 
predicted by the calculated values, because the ratios of the experimental values, (Mue), to the calculated 
values, (Mu2), become to be from 1.00 to 1.19.  
 
On the contrary, the ratios, (Mue/Mu2), of the non-strengthened specimens (R-H-13.2 and R-H-19.4) and 
rectangular steel plate-jacket specimens, (R-SP-13.2 and R-SP-19.4) in Table 4 become to be 1.43 and 
1.34, and 1.45 and 1.30, respectively, in which the experimental values are conservatively predicted by 
the calculation. One of the main reasons to this cause is coming from the location of the flexural yield 
hinges, which were assumed to be located at the top and bottom of the tested columns, or on the bottom- 
and top-surfaces of the upper- and lower-stubs, respectively. In the actual cases, however, the flexural 
yield hinges of the rectangular R/C long columns as being tested here are not formed just at these 
locations as mentioned above, but seems to be formed at the inner locations toward the mid-height of the 
columns, which are little bit apart from the upper-most or lower-most ends of the tested columns. Due to 
this reason, it is possible that the calculation values of ultimate lateral strengths, (Mmu2), of the rectangular 
column specimens except for the CF-sheet jacketed columns became to be higher than the experimental 
values, (Mue). And thus, the calculation values of the ultimate flexural strengths of the rectangular 
specimens were modified by using the following equation, which was proposed by Sun [18]. 
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Mu3  : modified value of the ultimate flexural strength       n  : ratio of axial compression 
Mu2  : predicted value of the ultimate flexural strength      N  : axial compression 

fc
’  : compressive strengthening of column concrete       Ac  : cross-section area of column 

Table 4 Experimental value and predicted value of ultimate flexural moment 

Experimental
value

Predicted
value

Modified value

M ue M ue

M u2 M u3

R-H-13.2 22.3 0.59  64.4  45.1  52.7 1.43 1.22

R-SP-13.2 19.0 0.69  79.2 54.7  66.9 1.45 1.18

C-SP-13.2 20.1 0.66 84.1 77.0 1.09

R-CF-13.2 22.7 0.58 66.0  72.4  84.2 0.91 0.78

C-CF-13.2 21.1 0.62 84.0 70.7 1.19

R-H-19.4 25.6 0.76  54.2  40.5  51.4 1.34 1.05

R-SP-19.4 22.7 0.86  74.1 56.9  76.7 1.30 0.97

C-SP-19.4 22.9 0.85 103.8 93.1 1.11

R-CF-19.4 26.8 0.73 73.5  94.7 117.9 0.78 0.62

C-CF-19.4 28.1 0.69 97.5 97.2 1.00

Ratio

Specimen
Strength of

concrete
(MPa)

ratio of axial
compression

n M ue

（kN・m）

M u2

（kN・m）

M u3

（kN・m）



Here, Mue are the experimental values of the ultimate flexural strengths of the non-strengthened 
specimens, (R-H-13.2 and R-H-19.4), and the rectangular steel-plate jacket specimens, (R-SP-13.2 and R-
SP-19.4), while (Mu3) are the modified values that were determined by Equation (1).  
 
In Table 4, the modified values of the ultimate flexural moment, (Mu3), are given together with the values 
of the ratios, (Mue/Mu3), for all the rectangular specimens. As being observed, experimental values, (Mue),  
can be predicted by using the (Mu3) better than (Mmu2), because the ratios, (Mue/Mu3), of the non-
strengthened specimens (R-H-13.2 and R-H-19.4) and rectangular steel plate-jacket specimens, (R-SP-
13.2 and R-SP-19.4) in Table 4 become to be 1.22 and 1.05, and 1.18 and 0.97, respectively. 
 
Finally, the values of (Mue/Mu3) in the rectangular CF-sheet jacket specimens (R-CF-13.2 and R-CF-19.4) 
are 0.78 and 0.62, which are quite higher than the experimental values. At this point, further discussion 
will be needed including the compressive stress (σ) versus strain (εc) relations of the concrete which is 
confined by the rectangular CF sheet-jacketing. 
 

CONCLUSIONS 
 

In order to investigate the effectiveness of the seismic strengthening methods by adopting the circular 
steel- and CF sheet-jackets for existing R/C rectangular columns with poor seismic resistance, ten 
different specimens with and without jacketing were tested under different high constant axial 
compression loads of 13.2MPa and 19.4MPa, and alternately repeated lateral forces. Results of the 
experiments indicated that; 
1. The ultimate lateral strengths and deformation capacity of the R/C rectangular columns which are 
confined laterally by circular steel plate- and CF sheet-jackets are quite effective even under quite high 
axial compression loads. 
2. The ultimate lateral strengths of the circular jacket specimens are much higher than the rectangular 
jacket specimens. 
3. In the rectangular jacket specimens, shortening of columns in longitudinal direction was observed with 
the increase of inter-story displacement, however there was no or only slight shortening was observed in 
the circular jacket specimens even under quite high axial compression loads. 
4. The ultimate lateral strengths of the circular jacket specimens can be well predicted by the existing 
proposed equations by considering the confining effects given by the circular steel plate- and CF sheet-
jackets. 
5. The ultimate lateral strengths of the rectangular steel-plate jacket specimens can be also well predicted 
by the existing proposed equations by considering the location of the flexural yield hinges.  
6. In case of the rectangular CF-sheet jacket specimens, the ultimate lateral strengths are evaluated quite 
lower than the predicted values by the existing proposed equations. Especially, investigation on the 
compressive stress-strain relation of the concrete which is confined by the rectangular CF sheet-jacketing 
will be needed furthermore. 
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