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Abstract 
 
Main objective of this research is to evaluate performance of high-strength concrete (HSC) columns for ductility and strength. Eight one-third 
scale columns with compressive strength of 69 MPa were subjected to a constant axial load corresponding to 30 % of the column axial load 
capacity and a cyclic horizontal load-inducing reversed bending moment. The variables studied in this research are the volumetric ratio of 
transverse reinforcement (ρs=1.58, 2.25 %), tie configuration (Type H, Type C and Type D) and tie yield strength (fyh =549 and 779 MPa). Test 
results show that the flexural strength of every column exceeds the calculated flexural capacity based on the equivalent concrete stress block 
used in the current design code. Columns with 42 % higher amounts of transverse reinforcement than that required by seismic provisions of 
ACI 318-02 showed ductile behaviour, showing a displacement ductility factor (µ∆u) of 3.69 to 4.85, and a curvature ductility factor (µφu) of over 
10.0.  With an axial load of 30 % of the axial load capacity, it is recommended that the yield strength of transverse reinforcement be held 
equal to or below 549 MPa.  
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1. INTRODUCTION 

 
The literature has documented application of high-

strength concrete (HSC) building columns [1]. Many 
studies [2] have demonstrated the economy of using HSC 
in columns of high-rise buildings; however, the use of 
HSC has not been limited to high-rise buildings. Studies 
[3] indicate that HSC also enhances the economy of low- 
to mid-rise buildings. In addition to reducing column size 
and producing a more durable material, use of HSC has 
been shown to be advantageous with regard to lateral 
stiffness and axial shortening. 

In recent years, there has been some corcern regarding 
the use of HSC in building columns in seismic areas. The 
application of HSC in high seismic regions has lagged 
behind its application in regions of low seismicity. One of 
the primary reasons has been concern over the ductility of 
HSC columns subjected to seismic forces. 

Seismic-resistant design of reinforced ductile frame 
buildings [4], provides the mandate condition of a strong 
column and weak beam at any junction. The intent is to 
encourage hinging in the beams rather than in the columns. 
However, building performance during seismic activity 
indicates that hinging can occur in columns. Therefore, the 
possibility of plastic hinge formation at column ends 
demands that building columns in seismic areas have 
sufficient ductility. 

Sakai and Sheikh[5] have summarized major research 
conducted on the subject of confinement of concrete 
columns constructed using NSC. However, information on 
the ductility of HSC columns has been limited[6-7], with 
most of the available information being based on 
experimental testing of small-scale columns subjected to 
concentric axial loads only. ACI-ASCE Committee 441[8] 
pointed out that columns subjected to axial loads of less 
than 20 % of column axial-load capacity exhibited a good 

level of ductility when confined according to current ACI 
confinement requirements. The scientific community has 
not yet reached a consensus on required confinement 
reinforcement for ductile HSC columns.  

This experimental investigation was conducted to 
examine the seismic behaviour of eight one-third scale 
HSC columns. The columns were subjected to a constant 
axial load corresponding to 30 % of the column axial-load 
capacity and a cyclic horizontal load-inducing reversed 
bending moment. The variables studied in this research 
were the volumetric ratio of transverse reinforcement, tie 
configuration and tie yield strength. 

 
2. SPECIMENS 
 

The dimensions and steel-bar-reinforcement layout of 
the reinforced concrete column are shown in Fig. 1. Each 
specimen consisted of a 200×200×600 mm column cast 
integrally with a 400×500×400 mm stub. The core size 
measured from the centre of the perimeter tie was kept 
constant at 174×174 mm for all specimens, giving a core 
area equal to 72 % of the gross area of the column. Table 1 
includes details of the test specimens. Each specimen 
contained eight D13 longitudinal bars providing a 
reinforcement ratio of 2.54 % of the gross-sectional area of 
the column. Yield strength of the longitudinal steel was 
431 MPa. The volumetric ratio of transverse reinforcement 
to concrete core, measured centre-to-centre of perimeter 
ties, varied between 1.58 % and 2.25 %, and spacing of the 
ties varied between 27 mm and 65 mm. Type C transverse 
reinforcement consisted of φ6 peripheral hoops and cross 
ties. Type D transverse reinforcement consisted of φ6 
peripheral hoops and diagonal hoops. However, Type H 
transverse reinforcement consisted only of φ 6 peripheral 
hoops (Fig. 2). 

S-series consisted of three specimens that were designed  
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Figure 1. Detail of Specimens and gaging arrangements (Unit : mm) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Tie shape (Unit : mm) 

 

in accordance with the provision ACI 318-02 and 
reinforced with a high yield strength (779 MPa) of 
transverse steel. For S-series, the spacing of lateral steel 
was 38 for Type H, 57 for Type C, and 65 mm for Type D 
(Fig. 2).  

 
(1) Materials 

Ready-mix normal-weight concrete with an average 
slump of 210 mm was used. Forty-eight standard cylinders 
were cast with the specimens, and tested at 3, 7, 14, 21, 28, 
and 42 days, and also during testing to monitor the 
strength of concrete. The 7-day strength of concrete was 
about 75 % of the 28-day concrete strength (Table 2), and 
afterwards, the 28-day concrete strength increased by 
about 10 % in the following six months. The measured 
compressive strengths of concrete cylinders at the date of 
testing are listed in Table 1. Two different types of 
reinforcing steel were used to construct specimens. 
Important properties of steel are also listed in Table 3. The 
parameters fy and fu represent the yield strength and 
ultimate strength, respectively; εy represent strain values at 
the onset of yield. 
 
(2) Instrumentation and test procedures 

Several electrical strain gauges were placed in the 
specimens on both the longitudinal and transverse bars 
(Fig. 1). Three or four sets of ties just above the stub were 
instrumented with electrical strain gauges. Curvatures 
were calculated from the readings of three sets of six linear 
variable displacement transducers (LVDTs). The LVDTs 
were supported by steel rods passing through the core and 
extending from one side of the column to the other.  

Test setup and loading conditions are shown schematically in 
Fig. 3. Axial compression in the column was applied by a 980 kN 
hydraulic jack. The horizontal load was applied with a 490 kN 
hydraulic jack. The applied horizontal force was measured by a 
load cell. The horizontal tip displacement was measured by an 
LVDT with a range of 300 mm. The test began with application of 
the axial load at the targeted value. For the first cycle of loading, the 
horizontal force reached 75 % of the expected yield load. 

 
 

Table 1. Properties of specimens 

Transverse reinforcement Longitudinal bar 

Specimen 
Bar 

S 
(mm) 

Detail (1) 
ρs 

(2) 

(%) 
)( ACI

S

ρ
ρ

 

f yh 

(MPa) 
Bar 

f y 

(MPa) 
ρ t

 

(%) 

f ck 
(MPa) 

Set 

C-S Φ6 57 C 1.58 1.00 779.10 8-D13 430.71 2.54 68.60 
D-S Φ6 65 D 1.58 1.00 779.10 8-D13 430.71 2.54 68.60 
H-S Φ6 38 H 1.58 1.00 779.10 8-D13 430.71 2.54 68.60 

S-series 

C-A Φ6 40 C 2.25 1.42 779.10 8-D13 430.71 2.54 68.60 
D-A Φ6 46 D 2.25 1.42 779.10 8-D13 430.71 2.54 68.60 
H-A Φ6 27 H 2.25 1.42 779.10 8-D13 430.71 2.54 68.60 

A-series 

L-C-S Φ6 40 C 2.25 1.00 548.80 8-D13 430.71 2.54 68.60 
L-D-S Φ6 46 D 2.25 1.00 548.80 8-D13 430.71 2.54 68.60 

L-series 

(1) Details of transverse reinforcements (C: Type C, D: Type D, H: Type H) 
(2) Ratio of transverse reinforcement over spacing S to core volume of concrete confined by transverse reinforcement (measure out-to-out) 

Section A-A'

Repeating
Load

8-D13

4
0
0

6
0
0

A A'

4
0
0

φ6

500

Strain  guage  location

2
0
0

200

2
0
0

1
0
0

1
0
0

LVDT

φ6

8-D13

(c) Type  C

(b) Type  D

(a) Type  H

16.5

16.5

200

200

167

180˚Bend 6 bar-dia 
Extension

135˚Bend 6 bar-dia 
Extension
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Figure 3. Test setup and loading condition 

 

 

 

 

 

 

 
 
 

Figure 4. Lateral displacement sequence 

The second cycle reached the yield load, and the yield 
displacement was defined as the point at which 
longitudinal bars first yield. Thereafter, each cycle was 
under displacement control with a maximum displacement 
equal to 2,3,4…, times the measured yield displacement up 
to failure (Fig. 4). All the experimental data were stored at 
predetermined steps and recorded at special occurrences 
such as cracking, and yielding. 

 
3. TEST RESULTS 

  
(1) Test observations  

In all the specimens, the first crack occurred in the 
direction perpendicular to the column axis in the plastic 
hinge region at lateral force of 0.5 Vif. As lateral force 
increased, flexural cracking spread to 50 % of the distance 
from the critical sections between the bottom end and the 
lateral loading point. Afterward, the inclined cracks were 
noted at lateral force of 0.85 Vif. At a displacement 
ductility of µ∆ = 1, the longitudinal bars yielded in tension. 
Incipient spalling of concrete developed in the plastic 
hinge region at a displacement ductility of  µ∆= 3. 
Spalling of cover extended as displacement increased (Fig. 
5). 

In most cases, during the last cycle, buckling of the 
longitudinal bars was observed after yielding of the 
perimeter ties (Fig. 6), which was an indication of the 
commencement of failure. The failure of the specimen was 
accompanied by extensive buckling of the longitudinal 
bars in all specimens. The failure mode for all specimens 
was dominated by flexural effects. 

 
(2) Hysteretic loops 

Lateral force-displacement hysteresis loops for the eight 
columns are shown in Fig. 7; this includes lateral force Vif 
at ideal flexural strength based on ACI 318-02 provisions, 
assuming rectangular concrete stress blocks, and shear 
force Vy at final yield of longitudinal reinforcement. 

The response for the A-series [Fig. 7(a),(c),(e)], with 
42 % higher amounts of transverse reinforcement than 
those required by seismic provisions of ACI 318-02, 
indicates a more ductile response than for the S-series up 
to µ∆ = 4 or 5. This is a result of the high transverse 
reinforcement, which enabled transverse steel to 
effectively confine the core concrete, thus reducing the 
drastic degradation of lateral strength. The maximum 
lateral force was between 84 and 92 kN, and the index 
Vmax / Vif, varied from 0.93 to 1.02. 

The response for the S-series [Fig. 7(b),(d),(f)], with the 
amounts of transverse reinforcement required by seismic 
provisions of ACI 318-02, indicates a ductile response up 
to µ∆= 3 or 4. On further loading to displace the specimens 
beyond µ∆=4, sudden degradation in strength and stiffness 
occurred. Excessive widening of diagonal cracks caused 
loss of aggregate interlock capacity and hence, demanded 
more contribution from transverse reinforcement to carry 
the applied lateral force. The maximum lateral force was 
between 92 and 98 kN, and the index Vmax / Vif, varied  

Table 2. Concrete compressive strengths 

Average strength (MPa) Ec (MPa) 

Age (days) 7 10 21 28 
Strength (MPa) 51.16 58.60 63.41 68.70 

33,124 

Table 3. Properties of reinforcement 

 
Es 

(MPa) 
f y 

(MPa) 
εy 

(×10-6) 
fu 

(MPa) 
Elongation 

(%) 
D13 175626 430.71 2,448 564.87 18.00 
Φ6 202860 779.10 5,700 847.70 15.20 
Φ6 205800 548.80 4,600 586.04 13.80 
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( a ) after 2 cycle to µ = 2 (R=0.0083 rad) 

 
 
 
 
 
 
 
 
 
 
 

( b ) after 2 cycle to µ = 4 (R=0.0166 rad) 

 
 
 
 
 
 
 
 
 
 
 

( c ) at the end of testing 

Figure 5. Column H-S at each stage of testing 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 6. Summary of observed behaviour 

from 1.02 to 1.08, which exceeded the ideal lateral force as 
a consequence of strain hardening of longitudinal 
reinforcement. 

The response for the L-series [Fig. 7(g),(h)], with a low 
yield strength (549 MPa) of transverse reinforcement, 
which satisfies seismic provisions of ACI 318-02, indicates 
a ductile response up to µ∆ = 4. The maximum lateral force 
was between 87 and 91 kN, and the index Vmax / Vif, varied 
from 0.96 to 1.01. 

 
(3) Ductility factor and energy dissipation 

To quantify the response of columns, it is desirable to 
define response indices that quantitatively describe the 
columns’ behaviour. In seismic design, the inelastic 
deformation is generally quantified by ductility parameters 
and by energy dissipation capacity. For long-period 
structures, it has been stated that ductility is directly 
related to the strength reduction factor used in most codes 
[9] to calculate the seismic base shear. The energy 
dissipation capacity is an important parameter in the 
design of short-period structures and structures subjected 
to a long-duration earthquake. The energy dissipation 
capacity also accounts for the history of loadings in 
addition to the maximum displacement attained. Both 
types of indicators are computed in this paper to compare 
the column behaviour on a rational basis. 

Because the behaviour of reinforced concrete structures 
is not elastic-perfectly plastic, it has been the general 
practice to define ductility parameters from a conventional 
diagram [10,11]. Hence, the load-displacement behaviour 
is idealized as a bilinear diagram, consisting of an elastic 
branch and an inclined post-elastic branch [Fig. 8(a)]. The 
elastic branch is secant to the real curve at 75 % of 
maximum horizontal load, and reaches the maximum 
horizontal load to define the yield displacement for ∆yI. 
The failure of the column is conventionally defined at the 
post-peak displacement ∆2, where the remaining capacity 
of the column has dropped to 80 % of the peak load. The 
idealized post-elastic branch starts at point (∆yI, Hmax) and 
goes to (∆2, H2). H2 is defined so that the idealized diagram 
and the real envelope curve have the same area under the 
curve, thus ensuring equal energy criteria. The sectional 
behaviour in terms of a moment–curvature diagram is 
idealized using the same procedure [Fig. 8(b)]. The 
ductility parameters are defined from the idealized 
diagrams. 

The ultimate displacement ductility is defined as 
              

 (1) 
  
 
and the ultimate curvature ductility is defined as  
 
                                          (2) 
 
A column is generally considered ductile if 

displacement ductility ranges from 4 to 6. Table 4 provides 
the values of µ∆u and µφu for each column.  

yI
u ∆

∆
=∆

2µ

yI
u Φ

Φ
=Φ

2µ
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Figure 7. Lateral load-displacement response 
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Figure 8. Idealized curvature definitions 

 
 
The energy dissipation is defined for a cycle i by the 

hatched area in Fig. 9, or mathematically by 
 
                                           (3) 
 
The total energy dissipated during the test until 80 % 

conventional failure is 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 9. Energy dissipation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                  
 

(4) 
 
where n is the number of cycles to failure. For compari-

son purposes, it is convenient to normalize the dissipated 
energy 

 
                          (5) 

  
where EN is the normalized dissipated energy. To 

determine EN, only cycles occurring before conventional 
failure are taken into account. These data are provided for 
each specimen in Table 4. 

 
(4) Strain distribution 

Figures 10 and 11 show the typical strain distribution for 
two test columns at different displacement ductility ratios. 
The yield strain of transverse reinforcement was approxi-
mately 2,100 microstrains. As noted in Fig. 10, for speci-
men C-A, which used higher-yield-strength steel for trans-
verse reinforcement, the yield strain in ties was reached at 
relatively high displacement (11.55 mm). However, when 
lower-yield-strength steel for transverse reinforcement was 
used ( Fig. 11), yielding was observed at a horizontal low 
displacement of 7.91 mm. Therefore, for axial -load 

Table 4. Summary of test results 

Specimen 
S 

(mm) 
Detail 

ρs 

(%)
)( ACI

S

ρ
ρ

 

f yh 

(MPa)
∆yl 

(mm)

ФyI 

(×10-4 
rad/mm)

∆2 

(mm)

Ф2 

(×10-4 
rad/mm)

µ∆u 

yI∆
∆

= 2

 

µφu 

yIΦ
Φ

= 2

 

EN 

C-S 57 C 1.58 1.00 779 2.35 0.17 7.64 1.66 3.25 9.75 7.8 
D-S 65 D 1.58 1.00 779 1.76 0.16 5.56 1.44 3.16 9.00 7.7 
H-S 38 H 1.58 1.00 779 2.35 0.17 8.34 2.45 3.55 14.40 7.9 
C-A 40 C 2.25 1.42 779 2.31 0.15 8.52 2.25 3.69 15.00 9.5 
D-A 46 D 2.25 1.42 779 3.11 0.20 13.62 3.56 4.38 17.80 9.6 
H-A 27 H 2.25 1.42 779 2.61 0.15 12.66 2.97 4.85 19.80 9.7 

L-C-S 40 C 2.25 1.00 549 2.26 0.20 8.23 2.94 3.64 14.70 10.0 
L-D-S 46 D 2.25 1.00 549 2.36 0.21 8.73 3.15 3.70 15.0 11.4 
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Figure 10. Strain in transverse reinforcement in critical region of test C-A  

 
 
 
 
 
 
 
 
 
 
 
 
 

                 

Figure 11. Strain in transverse reinforcement in critical region of test L-C-S 

levels below 30% of the column’s axial capacity, 
increasing the yield strength of transverse reinforcement 
would have little effect. 

4. DISCUSSION OF RESULTS 
 
As mentioned previously, the effects of three variables 

were investigated in the present experimental program: 1) 
the effect of steel configuration; 2) the volumetric ratio of 
transverse steel; and 3) the yield strength of transverse 
steel. It is possible to assess the effect of each variable 
graphically from Fig. 7. In this figure, HSC columns 
(fck=69 MPa) can be made to behave in a ductile manner 
under intermediate levels of axial load, provided that a 
sufficient amount of confining steel is used in an efficient 
configuration. Specimens H-A, C-A, and D-A which had 
42 % more steel than the amount listed in the ACI 318-02 
requirements, behave in a highly ductile manner, showing 
a displacement ductility factor (µ∆u) of 3.69 to 4.85, and a 
curvature ductility factor (µφu) of over 10.0. The noticeable 
differences between the responses of the tested specimens 
indicate that confinement is affected greatly by different 
variables. 
 

1) Effect of steel configuration 
The effect of steel configuration on the cyclic behaviour 

of HSC columns can be examined by comparing the be-
haviour of specimens C-A, D-A, and H-A, which con-
tained 42 % more steel than ACI 318-02 requirements and 
were tested under the same level of axial load. Curvature 
ductility factors (µφu) of specimen H-A are approximately 
11 and 32 % larger than those of specimens C-A and D-A, 
respectively. Total energy dissipated in specimen H-A, 
measured by EN, is a little larger than the energy dissipated 
in specimens C-A and D-A. Similar conclusions can be 
drawn from a comparison of the S-series with the amounts 
of transverse reinforcement required by the seismic 
provisions of ACI 318-02. Curvature ductility factors (µφu) 
of specimen H-S is approximately 48 to 60 % larger than 
those of specimens C-A and D-A (Table 4). 

 
(2) Effect of the volumetric ratio of transverse steel 

The volumetric ratio of confinement steel is assessed on 
three sets of columns. The first set comprises C-S and C-A. 
While both specimens are subjected to the same level of 
axial load, the volumetric ratio of confinement steel is 
1.58 % for C-S, and 2.25 % for C-A. Figure 7 illustrates 
that specimen C-A can sustain larger inelastic cyclic 
displacement than specimen C-S. The results presented in 
Table 5 indicate that specimen C-A has a curvature 
ductility one and a half times that of specimen C-S. The 
normalized dissipated energy of specimen C-A is 22 % 
higher than for specimen C-S. The second set comprises 
D-S and D-A. Both specimens have the same transverse 
reinforcement as C-S and C-A, respectively. Specimens in 
the second set, however, used detail D. Figure 7 illustrates 
that specimen D-A can sustain larger inelastic cyclic 
displacement than specimen D-S. The curvature ductility 
of specimen D-A is about twice that of D-S, and the 
normalized dissipated energy of specimen D-A is 25 % 
higher than that of specimen D-S. The same observations 
are made from an examination of the responses (Fig. 7) 
and the ductility parameters, as well as from the energy 
dissipation capacity from the third set (specimens H-S and 
H-A). This experimental program points to the influence of 
the volumetric ratio of confinement steel as an important 
parameter in controlling column responses. 

 
(3) Effect of the yield strength of transverse steel 

Table 6 shows the results of four test columns that were 
compared to determine the effect of the yield strength of 
transverse reinforcement. For these four test columns, the 
applied axial load was 30 % of each column’s axial load 
capacity. Results indicate that at this axial load level, an 
increase in the yield strength of the transverse 
reinforcement had little influence on either the curvature 
ductility or the normalized dissipated energy EN.  

One reason for using higher strength steel for transverse 
reinforcement in HSC columns is to allow larger spacing 
of ties. However, one should be very careful in using this 
approach, as can be seen by comparing the behaviour of  
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specimens L-C-S and C-S, in which transverse 
reinforcement spacing was 40 and 57 mm, respectively. 
Both specimens had 100 % of required areas of transverse 
reinforcement, as specified by the seismic provisions of 
ACI 318-02. However, the first specimen showed higher 
ductility. The use of higher grade steel for transverse 
reinforcement could satisfy ACI 318-02 requirements 
while having larger spacing of ties. However, at the same 
time, larger spacing could result in a lower ductile 
behaviour, as shown in Fig. 7. 

 
(4) Flexural strength 

There is not universal agreement on the applicability of 
ACI 318-02 code requirements for calculating the flexural 
strength of HSC column sections subject to combined axial 
load and bending moment. 

Columns are usually designed for combined axial load 
and bending moment using the rectangular stress block 
defined in ACI 318-02 Section 10.2.7. This stress block 
was originally derived by Mattock et al.[12], based on tests 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Concrete equivalent stress block 

 

 
of un-reinforced concrete columns loaded with axial load 
and moments. The concrete strengths ranged up to 52.5 
MPa. The stress block was defined by two parameters: the 
intensity of stress in the stress block, which was designated 
as α1; and the ratio of the depth of the stress block to the 
neutral axis, which was designated as β1 (Fig. 12). 

Mattock et al.[12] proposed α1 = 0.85, and β1 as follows: 
(6)  

 
for fc’ in MPa. That proposal was incorporated into Section 
1504g of ACI 318-63. Based on similar tests of concrete 
columns with concrete strength ranging from 79 to 98 MPa, 
Nedderman [13] proposed a lower limit on β1 of 0.65 for 
concrete strength in excess of 55 MPa. This limit was 
incorporated in ACI 318-77. 

Bing et al.[14] have suggested that an equivalent 
rectangular compressive stress block with an average 
stress, α1fc’, and a depth, a = β1c, be used in the design of 
HSC column cross-sections, where: 

                      (7) 
and 

   (8) 
 
Azizinamini et al.[15] recommend that the following 

equivalent rectangular compression block be adopted for 
calculating the nominal moment strength of concrete 
columns with fc’ exceeding 70 MPa and designed 
according to seismic provisions of ACI 318-02. When fc’ 
exceeds 70 MPa, the stress intensity of an equivalent 
rectangular compression block must be decreased linearly 
from 0.85 to 0.6, using the expression 

      (9) 
   

Table 5. Effect of the volumetric ratio of transverse steel 

Group 
No. 

Specimen 
S 

(mm) 
Detail 

ρs 

(%) 
)( ACI

S

ρ
ρ

 

∆2 

(mm) 

Ф2 

(×10-4 
rad/mm) 

µ∆u 

yI∆
∆

= 2

 

µφu 

yIΦ
Φ

= 2

 

EN 

C-S 57 C 1.58 1.00 7.64 1.66 3.25 9.75 7.8 1 
C-A 40 C 2.25 1.42 8.52 2.25 3.69 15.0 9.5 
D-S 65 D 1.58 1.00 5.56 1.44 3.16 9.0 7.7 

2 
D-A 46 D 2.25 1.42 13.62 3.56 4.38 17.8 9.6 
H-S 38 H 1.58 1.00 8.34 2.45 3.55 14.4 7.9 

3 
H-A 27 H 2.25 1.42 12.66 2.97 4.85 19.8 9.7 

Table 6. Effect of the yield strength of transverse steel 

Group 
No. 

Specimen 
S 

(mm) 
Detail 

)( ACI

S

ρ
ρ f yh 

(MPa) 
∆2 

(mm) 

Ф2 

(×10-4 
rad/mm) 

µ∆u 

yI∆
∆

= 2

 

µφu 

yIΦ
Φ

= 2

 

EN 

C-A 40 C 1.42 779 8.52 2.25 3.69 15.0 9.5 1 
L-C-S 40 C 1.00 549 8.23 2.94 3.64 14.7 10.0 
D-A 46 D 1.42 779 13.62 3.56 4.38 17.8 9.6 

2 
L-D-S 46 D 1.00 549 8.73 3.15 3.70 15.0 11.4 

85.0)/6.9'0.05(f-1.05  c1 ≤=β

MPa 55 'ffor    , 0.85   c1 ≤=α

MPa 55 'ffor    0.75,'-55)0.004(f- 0.85   cc1 >≥=α

MPa)in   'f (  0.6'-69)0.0073(f- 0.85   cc1 ≥=α

(b) Strain
    distribution(a) Cross section
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axis

b
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    stress  block
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Ibrahim et al.[16] compared the concrete component of 

the measured load and moment strengths of 94 tests of 
eccentrically loaded columns and proposed the following 
equation: 

    (10) 
and 

       (11) 
 
Table 7 gives a summary of maximum measured and 

calculated moments for test columns. In general, the ACI 
318-99 provisions gave a conservative prediction of the 
nominal moment capacity of test columns with fck at 69 
MPa. The ratios of measured to nominal moment 
capacities as predicted by ACI 318-02 provisions ranged 
from 1.10 to 1.24 for columns with fck at 69 MPa. Table 7 
also gives nominal moment capacity calculated using the 
stress blocks suggested by Bing, Azizinamini and Ibrahim 
[14-16]. As shown in Table 7, these approaches also result 
in conservative predictions of test column flexural capacity, 
as the ratios of measured over predicted values vary from 
1.13 to 1.34. 

For members subjected to pure flexural loads, it has 
been reported [17] that the current ACI 318-02 provision 
could be extended to predict moment capacities of HSC 
members. This could very well be true since, when a cross-
section is subjected to a bending moment only, the depth 
of the neutral axis at ultimate conditions is generally small 
and the shape of the compressive block becomes less 
important. However, in the case of columns, the depth of 
the neutral axis is a significant portion of the member’s 
overall depth, making the nominal moment capacity more 
sensitive to the assumed shape of the compression block. 

 
5. CONCLUSIONS 

 
Based on the experimental investigations reported, the 

following conclusions were reached. 
 
1. The hysteretic behavior of the HSC columns can be 

characterized by three distinct stages: 1) the initial stage 
with the full participation of both confined core concrete 
and unconfined cover concrete; 2) stable behavior with 
deformation contributed primarily by longitudinal steel 
yielding and straining of confined core concrete; and 3)  

 
final failure. 

 
2. Specimens made of high-strength concrete with fck 

around 69 MPa, confined with more than 42% of the 
transverse reinforcement required by the ACI 318-02, can 
be made to behave in a ductile manner, showing a 
displacement ductility factor (µ∆u) of 4 and a curvature 
ductility factor (µφu) of over 15. 

 
3. In general, the ACI 318-02 provisions give a 

conservative prediction of the nominal moment capacity of 
test columns with fck at 69 MPa as the ratios of measured 
over predicted values range from 1.10 to 1.24. Nominal 
moment capacity calculated using the stress blocks 
suggested by Ibrahim, Bing and Azizinamini also 
conservatively predict the nominal moment capacity of the 
test columns. 

 
4. The use of high-strength material for transverse 

reinforcement (779 MPa) in HSC columns was not 
beneficial when axial load ratio (P/PO) was 0.3. Therefore, 
for axial-load levels below 30% of the column’s axial 
capacity, it is suggested that the yield strength of 
transverse reinforcement be held equal to or below 549 
MPa. 

 
5. For specimens with the same volumetric ratio of 

transverse reinforcement, specimens with type-H ties 
display more ductile behaviour than specimens with type-
C or type-D ties. 
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NOTATION 
 
ρs = volumetric ratio of lateral reinforcement 
ρt = volumetric ratio of longitudinal reinforcement 
fy = yielding stress of longitudinal reinforcement 
fyh = yielding stress of lateral reinforcement 
fu = ultimate stress of reinforcing steel 
fc ‘ = cylinder compressive strength of concrete specimen 
Es = modulus of elasticity of reinforcing steel 
α1= coefficient that defines width of rectangular stress 

block 
β1= coefficient that defines height of rectangular stress 

block 
P= axial load carried by concrete 
Po = nominal axial-load capacity of column: Po =0.85(Ag-

Ast)fc’ + Asfy 
∆ = tip displacement of column 
∆2 = maximum displacement of column 
∆Iy = ideal yield displacement of column 
Φ = curvature 
Φ2 = maximum curvature 
ΦIy = ideal yield curvature 
µ∆u = ultimate displacement ductility 
µΦu = ultimate curvature ductility 
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