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Abstract. The current paper aims to present the results of an experimental investigation into the compressive strength of pre-
stressed steel tube-confined compressed concrete (PSTC) stub columns. Here, to prestress the confined concrete, an innovative 
technique is utilized, in which the fresh concrete is subjected to compression while the steel tube is simultaneously preten-
sioned laterally by applying external pressure to the fresh concrete. A total of 135 confined specimens were tested under axial 
compressive loading to determine the confinement strength of the specimens. Moreover, new confinement relationships for the 
load-carrying capacity of the PSTC columns were proposed in terms of the prestressing ratio ( rP ), reference concrete strength 
( cf ), and tube outer diameter to wall thickness ratio ( /D t ). Finally, a parametric study was conducted to evaluate the effect 
that the parameters rP , cf , and /D t  have on the compressive strength of the prestressed confined concrete. The results indi-
cate that the confined concrete prestressed by the present technique demonstrates significantly enhanced load-carrying capacity; 
however, increasing the prestressing level slightly affects it.
Keywords: active confinement, steel tube, compressed concrete, prestressing, confinement relationships, load-carrying 
capacity, STCC.

Introduction 

Concrete-filled steel tube (CFST) columns have been 
widely used in many engineering structures in that the 
CFST columns combine the best characteristics of both 
steel and concrete materials including high strength, high 
ductility, and high stiffness (Dundu 2012). In a CFST col-
umn, the steel tube and the concrete core are loaded si-
multaneously; however, the steel tube in these columns 
will be less effective in confining the concrete in com-
parison with the steel tube-confined concrete (STCC) 
columns in which only the concrete core is loaded (Yu 
et al. 2010). Hence, the STCC columns provide greater 
strength and ductility as well as the lower chance of steel 
tube buckling compared to the CFST columns (Yu et al. 
2010). STCC columns were first investigated by Tomii 
et al. (1985, 1987), and since then, several research re-
sults on the STCC columns have been reported by differ-
ent researchers in the literature (Han et al. 2005, 2009; 
Zhang et al. 2013; Xiao 2005; Dong, Ho 2015; Lee et al. 
2014). 

In the STCC columns with passive confinement, the 
steel tube has no initial lateral stress, therefore, for an ef-
fective confinement, a large deformation of the concrete 
core in the lateral direction and consequently in the axial 

direction is required. This fact increases micro-crack for-
mation in the concrete. For this reason, in many codes of 
practice, the strength improvement due to the confinement 
is either neglected (ACI 318M-08:2008; AS3600:1994; 
CSA A23.3-04:2004) or insignificantly considered (EC4 
part1-1:2004; ANSI/AISC 360-05:2005; CAN/CSA S16-
01:2001). One way to prevent large deformations of con-
crete and the subsequent damage is to apply an initial 
lateral pressure to the concrete core by prestressing the 
steel tube, known as “active confinement”, as opposed 
to “passive confinement”. Applying active confinement 
to the concrete leads to an improvement in its compres-
sive behavior in terms of strength and ductility. Currently, 
there are various methods for prestressing the confining 
devices (Feeser, Chinn 1962; Martin 1968; Krstulovic-
Opara, Thiedeman 2000; Mortazavi et al. 2003; Mokari, 
Moghadam 2008; Shinohara 2008; Chang et al. 2009; 
Janke et al. 2009; Moghaddam et al. 2010; Tran et al. 
2015).

During the 1960s, Feeser and Chinn (1962), as well 
as Martin (1968), carried out experiments on concrete 
cylinders, which were laterally prestressed using thin 
continuous wires. Their results showed that prestress-
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ing the wires at very low levels of confining pressure 
extended the elastic range while negligibly affecting the 
axial capacity. However, the findings of Gardner et al. 
(1992) suggested that prestressing the confining wires can 
significantly increase the load-carrying capacity. Janke 
et al. (2009) in an experimental study conducted on the 
prestressed external confinement in the concrete com-
pressive members confirmed the beneficial influence that 
prestressing the confinement had on the concrete residual 
capacity. The mechanical behavior of prestressed circular 
CFST columns made of expansive cement was studied in 
the work of Chang et al. (2009), and the improvement of 
load-carrying capacity due to pre-tensioning the confining 
member was revealed.

This study proposes an innovative technique in order 
to create active confinement in the STCC columns, in 
which the steel tube prestressing and the concrete com-
pressing are both carried out simultaneously by applying 
pressure on the fresh concrete. This technique was first 
proposed by Nemati (2006), subsequently employed and 
investigated by Nematzadeh (2012). Although the fur-
ther investigation and experimental work are necessary 
to employ this technique in practical engineering applica-
tions, the performance of prestressed STCC columns pro-
duced on a small scale using a laboratory method, which 
was first conducted in this research, is a prerequisite for 
achieving this goal. In this research, the load-carrying ca-
pacity of prestressed steel tube-confined compressed con-
crete (PSTC) stub columns is experimentally investigated 
under axial compressive loading, and the results are com-
pared with those of the normal STCC ones. Subsequently, 
confinement equations are proposed for the active and 
passive STCC specimens and are compared with those 
reported by others in the literature. A parametric study is 
also performed to assess the effects of prestressing ratio 
( rP ), reference concrete strength ( cf ), and outer diam-
eter to wall thickness ratio of the steel tube ( /D t ) on 
the compressive strength of the PSTC specimens. The 
results of this research indicate that the confined concrete 
prestressed by the present technique demonstrates signifi-
cantly improved load-carrying capacity.

1. Experimental program

1.1. Test specimens
For this study, 15 groups of specimens with different 
values of rP , cf  and /D t  were tested. Eighteen test 
specimens were produced for each group, which were 
divided into six categories each containing three speci-
mens (in triplicate), namely long-term prestressed steel 
tube-confined compressed concrete (LPSTC), short-term 
prestressed steel tube-confined compressed concrete 
(SPSTC), non-prestressed steel tube-confined concrete 
(NPSTC), reference concrete (RC), long-term pressure-
compressed concrete (LPCC), and short-term pressure-
compressed concrete (SPCC). The LPCC and SPCC 
specimens represent the unconfined compressed concrete 
ones and serve as the concrete core of the LPSTC and 

SPSTC, respectively. The compressive strength of these 
concrete specimens is obtained by using the equations 
proposed in the previous article (Nematzadeh, Naghipour 
2012a) in terms of the compressive strength of reference 
concrete (RC). According to the above definitions, the 
LPSTC and SPSTC have an active confinement while 
the NPSTC has a passive one. In addition, the long-
term pressure applied to the fresh concrete lasts for up 
to 6 days while the short-term pressure in the prestressed 
specimens lasts only 15–30 min during which a stable 
pressure must be established. The compressed concrete 
specimens are removed from their tubes in order to sepa-
rately assessing the contributions that compressing the 
fresh concrete, prestressing the steel tube, and confining 
the concrete core have on the improvement of the load-
bearing capacity. The detailed information on all the con-
fined specimens is given in Table 1.

In the notation system chosen for identifying the 
specimens, the first letter represents the type of the con-
fined concrete (with L, S, and N representing the LP-
STC, SPSTC, and NPSTC specimens, respectively), and 
the first number denotes the design compressive strength 
of the associated unconfined concrete in MPa. The letter 
P along with the second number demonstrate the initial 
lateral pressure applied to the fresh concrete, expressed 
in terms of the circumferential strain of the steel tube in 
microstrain; however, for the passively-confined concrete 
specimens having no initial pressure, this notation is used 
only to distinguish them from other similar specimens. 
Also, the third number specifies the wall thickness of the 
steel tube in mm.

1.2. Materials
The design compressive strength of the uncompressed 
concrete in seven different batches was selected ranging 
from 15 to 55 MPa, according to the concrete mix design 
recommended by the ACI 211 (ACI Committee 211.1-
91:2000). In all the concrete mixtures, the crushed stone 
with a maximum size of 12.5 mm was utilized as coarse 
aggregate, and also the fluvial sand and Type I Portland 
cement were used as well. Moreover, no additive was 
used in the concrete mixes.

Steel tubes used in this research were of a hot-rolled 
and seamless type. The steel tubes were all of the same 
type and had the length and internal diameter of 150 and 
55.5 mm, respectively, with four different values for the 
steel tube thickness, i.e. 1.0, 1.5, 2.0, and 2.5 mm. To ob-
tain different values for the steel tube thickness, the outer 
surface of the tubes was shaved by a metal lathe while the 
inner diameter of the steel tubes remained constant. The 
mechanical properties of the steel tube were determined 
using the standard test ASTM A370 (2003), and the ob-
tained results are given in Table 2.

1.3. Instrumentation and test setup
Prestressing the confined concrete was performed in a 
pressure apparatus manufactured by the authors; full de-



Journal of Civil Engineering and Management, 2017, 23(6): 699–711 701

Table 1. Specimen information

Specimen 
identifier L×D×t (mm)

Initial circumferential strain of 
steel tube in µs (Initial lateral 

pressure in MPa)

Final circumferential strain of 
steel tube in µs (Final lateral 

pressure in MPa)

Total pressure 
loss ratio (%)

L25P350-2.5 150×60.5×2.5 367.2 (6.9) 233.3 (4.4) 36.5
S25P350-2.5 150×60.5×2.5 367.2 (6.9) 98.4 (1.9) 73.2
N25P350-2.5 150×60.5×2.5

L25P950-1.5 150×58.5×1.5 1006.6 (11.4) 729.4 (8.3) 27.5
S25P950-1.5 150×58.5×1.5 1006.6 (11.4) 179.0 (2.0) 82.2
N25P950-1.5 150×58.5×1.5

L25P650-1.5 150×58.5×1.5 628.0 (7.1) 399.7 (4.5) 36.4
S25P650-1.5 150×58.5×1.5 628.0 (7.1) 100.7 (1.1) 84
N25P650-1.5 150×58.5×1.5

L35P650-1.5 150×58.5×1.5 658.0 (7.5) 400.5 (4.5) 39.1
S35P650-1.5 150×58.5×1.5 658.0 (7.5) 119.5 (1.4) 81.8
N35P650-1.5 150×58.5×1.5

L15P650-1.5 150×58.5×1.5 658.0 (7.5) 400.5 (4.5) 39.1
S15P650-1.5 150×58.5×1.5 658.0 (7.5) 119.5 (1.4) 81.8
N15P650-1.5 150×58.5×1.5

L25P950-2.5 150×60.5×2.5 964.0 (18.2) 596.0 (11.3) 38.2
S25P950-2.5 150×60.5×2.5 964.0 (18.2) 168.7 (3.2) 82.5
N25P950-2.5 150×60.5×2.5

L50P650-2.5 150×60.5×2.5 629.7 (11.9) 321.8 (6.1) 48.9
S50P650-2.5 150×60.5×2.5 629.7 (11.9) 115.3 (2.2) 81.7
N50P650-2.5 150×60.5×2.5

L15P550-2.5 150×60.5×2.5 543.5 (10.3) 267.8 (5.1) 50.7
S15P550-2.5 150×60.5×2.5 543.5 (10.3) 109.3 (2.1) 79.9
N15P550-2.5 150×60.5×2.5

L35P550-2.5 150×60.5×2.5 543.5 (10.3) 267.8 (5.1) 50.7
S35P550-2.5 150×60.5×2.5 543.5 (10.3) 109.3 (2.1) 79.9
N35P550-2.5 150×60.5×2.5

L25P500-2.5 150×60.5×2.5 483.9 (9.2) 268.9 (5.1) 44.4
S25P500-2.5 150×60.5×2.5 483.9 (9.2) 64.5 (1.2) 86.7
N25P500-2.5 150×60.5×2.5

L25P650-2.0 150×59.5×2.0 604.9 (9.2) 336.2 (5.1) 44.4
S25P650-2.0 150×59.5×2.0 604.9 (9.2) 80.6 (1.2) 86.7
N25P650-2.0 150×59.5×2.0

L45P650-1.5 150×58.5×1.5 597.0 (6.8) 343.0 (3.9) 42.5
S45P650-1.5 150×58.5×1.5 597.0 (6.8) 203.3 (2.3) 65.9
N45P650-1.5 150×58.5×1.5

L25P2000-1.0 150×57.5×1.0 1614.3 (12.2) 1159.0 (8.8) 46.1
S25P2000-1.0 150×57.5×1.0 1614.3 (12.2) 420.3 (3.2) 80.5
N25P2000-1.0 150×57.5×1.0

L47P650-1.5 150×58.5×1.5 607.6 (6.9) 315.2 (3.6) 48.1
S47P650-1.5 150×58.5×1.5 607.6 (6.9) 90.5 (1.0) 85.1
N47P650-1.5 150×58.5×1.5

L55P650-2.5 150×60.5×2.5 689.2 (13.0) 346.0 (6.5) 49.8
S55P650-2.5 150×60.5×2.5 689.2 (13.0) 51.0 (1.0) 92.6
N55P650-2.5 150×60.5×2.5
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tails of which are given in the previous papers (Nemat-
zadeh, Naghipour 2012a, 2012b). This apparatus can be 
employed to achieve a given prestressing level for the 
successive specimens equally by applying pressure to the 
fresh concrete for a specified period of time. A general 
view of the apparatus is shown in Figure 1.

Fig. 1. General view of the pressure apparatus

The values of the initial and final pressure, and the 
pressure loss during a 28-day period for the prestressed 
specimens were measured by installing the strain gauges 
on the exterior surface of the steel tubes at the mid-height.

The tests were carried out using a 2000 kN capac-
ity ELE testing machine after a minimum 28-day cur-
ing time from the date of concreting. The load was in-
creased based on a load-controlled strategy until the 
specimen failure occurred. The axial load was increased 
monotonically with an average load rate of 42 kN/min 
equivalent to 0.29 MPa/s which falls within the range of 
0.15‒0.35 MPa/s complying with the ASTM C39 (ASTM 
C39/C39M 2003) recommendations for concrete speci-
mens. The end constraint effects of the loading platens on 
the compressive strength results of the confined concrete 
specimens are neglected. A schematic view of the loading 
conditions for the experimental STCC specimens together 
with a view of STCC columns in a concrete frame are 
shown in Figure 2.

2. Test results and discussion

2.1. Prestressing loss
The initial prestressing level (initial lateral confining pres-
sure) of the prestressed confined concrete is gradually lost 

during hardening of the concrete, which may be attribut-
ed to the shrinkage and creep of the compressed concrete. 
The initial prestressing level on the first day and the final 
prestressing after 28 days, as well as the total prestressing 
loss ratio, are listed in Table 1. The average values ob-
tained for the total prestressing loss ratio ( ( ) /i f iP P P− ) are 
42% and 81% for the LPSTC and SPSTC specimens, re-
spectively. The final prestressing level which is required 
for evaluating the compressive strength of the actively-
confined concrete can be predicted in terms of the initial 
prestressing as follows:

 0.19f iP P=  for SPSTC; (1)

 0.58f iP P=  for LPSTC, (2)

where iP  and fP  are the initial and final prestressing 
levels, respectively.

It can be found from Eqns (1) and (2) that the pre-
stressing value of the LPSTC is about 3 times higher than 
that of SPCTC. The variation of the circumferential strain 
of steel tube (prestressing level) with respect to time is 
graphically illustrated in Figure 3.

2.2. Compressive strength of confined concrete
The most commonly used relationships for predicting the 
compressive strength of confined concrete are the equa-
tions developed by Richart et al. (1928) and Mander 
et al. (1988), which are written in the form of Eqns (3) 
and (4), respectively:

 4.1cc c l

c c

f f f
f f
−

= ; (3)

Table 2. Mechanical properties of steel tube

Yield strength 
(MPa)

Ultimate 
strength (MPa)

Modulus of 
elasticity (GPa)

Poissons’ 
ratio

Strain hardening 
modulus (GPa)

Ultimate 
strain (%)

339 480 210 0.28 4.75 11.44

Fig. 2. A schematic view of: (a) loading conditions of the 
experimental STCC specimens (b) STCC columns in a 
structural concrete frame

(b)(a)
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 2.254 1 7.94 2 2.254cc c l l

c c c

f f f f
f f f
−

= + − − , (4)

where ccf  and cf  are the compressive strength of con-
fined and unconfined concrete, respectively, lf  is the lat-
eral confining pressure applied to the concrete core, and 

/l cf f  is referred to as confinement ratio ( rC ).

2.2.1. Passively-confined concrete
The compressive strength of the passively-confined con-
crete specimens is given in Table 3. The relative increase 

in the compressive strength of the confined concrete com-
pared with the corresponding unconfined concrete is pre-
sented in Table 3.

The confining pressure applied to the concrete core 
of passively-confined specimens corresponding to the 
compressive strength is determined based on the follow-
ing equation which can generally be used for specimens 
confined with thin-walled circular tubes:

 
2

2
y

l
tf

f
D t

=
−

, (5)

where D  and t  are the outer diameter and wall thickness 
of the steel tube, respectively, and yf  is the yield stress of 
steel. It should be noted that this equation is used for the 
confined concrete when the longitudinal stress of the steel 
tube is zero. Given the presence of a shear stress at the 
interface between the steel tube and concrete core due to 
the friction between the two, a compressive longitudinal 
stress is produced in the steel tube of the NPSTC speci-
mens. According to von-Mises yield criteria, circumfer-
ential stress of the steel tube ( θσ ) can be calculated in 
terms of its longitudinal to circumferential stress ratio  
(α ) as follows:
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The longitudinal to circumferential stress ratio can 
be obtained by using the elastic‒plastic theory and having 
the longitudinal and circumferential strain of steel tubes. 

Table 3. Results of passively-confined concrete 
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N25P350-2.5 111.6 (1.7) 270.0 28.2 295.7 17.6 0.625 74.7 165.1 250.5 0.93
N25P950-1.5 74.8 (1.3) 181.0 31.7 136.0 10.6 0.333 53.1 67.4 185.1 1.02
N25P650-1.5 75.0 (3.0) 181.4 28.3 165.0 10.6 0.374 53.3 88.2 176.9 0.98
N35P650-1.5 83.3 (1.6) 201.5 42.4 96.5 10.6 0.249 61.6 45.2 211.0 1.05
N15P650-1.5 63.7 (1.5) 154.1 20.5 210.7 10.6 0.516 42.0 104.7 158.0 1.03
N25P950-2.5 99.3 (3.9) 240.2 30.0 231.0 17.6 0.587 62.4 108.2 254.9 1.06
N50P650-2.5 132.7 (1.2) 321.0 50.5 162.8 17.6 0.349 95.8 89.8 304.5 0.95
N15P550-2.5 90.3 (6.9) 218.5 16.7 440.7 17.6 1.054 53.4 220.0 222.7 1.02
N35P550-2.5 113.0 (1.9) 273.4 37.1 204.6 17.6 0.475 76.1 105.2 272.0 1.00
N25P500-2.5 99.5 (1.2) 240.7 27.2 265.8 17.6 0.647 62.6 130.3 248.1 1.03
N25P650-2.0 83.6 (2.2) 202.2 27.2 207.4 14.1 0.518 54.4 99.9 211.0 1.04
N45P650-1.5 99.7 (3.1) 241.2 45.4 119.6 10.6 0.233 78.0 71.7 218.3 0.90
N25P2000-1.0 58.1 (5.1) 140.6 25.9 124.3 7.0 0.272 43.7 68.9 134.6 0.96
N47P650-1.5 101.1 (0.6) 244.6 46.9 115.6 10.6 0.225 79.4 69.2 221.9 0.91
N55P650-2.5 132.1 (3.1) 319.6 52.6 151.1 17.6 0.335 95.2 81.1 309.5 0.97

Fig. 3. Relationship of circumferential strain of steel tube 
(prestressing level) versus time
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The confining pressure at the compressive strength of the 
NPSTC specimens in a biaxial stress condition for the 
steel tube is determined by substituting yf  from Eqn (6) 
for that in Eqn (5), which gives:

 
2

2

( 2 ) 1

y
l

tf
f

D t α α
=

− + +
. (7)

The experimental results of this study indicate that 
the longitudinal to circumferential stress ratio of the steel 
tube at mid-height for the NPSTC specimen is about 1. 
Hence, lf  and rC  at the compressive strength of the 
NPSTC are calculated by Eqn (8):

 
2 2

;
3( 2 ) 3( 2 )

y y
l r

c

tf tf
f C

D t D t f
= =

− −
. (8)

To obtain the confinement relationships of the axial 
load-carrying capacity for the passively-confined con-
crete, only the circumferential strength contribution of 
the steel tube which is related to the confining pressure 
should be considered. This is done by subtracting the lon-
gitudinal strength contribution of the steel tube from the 
total compressive strength of the confined concrete, which 
is defined in this study as the “confinement strength”. The 
confinement strength of the NPSTC specimens and its 
increase relative to the compressive strength of the cor-
responding unconfined concrete are given in Table 3.

The relationship between the relative increase in the 
confinement strength of the NPSTC and the confinement 
ratio is illustrated in Figure 4. As shown, the relative in-
crease in the confinement strength is improved as rC  in-
creases. Using the regression analysis based on the least 
squares method, a linear equation is proposed to predict 
the relative increase in the confinement strength in terms 
of the confinement ratio, written as follows:

 22.17 ; 0.89pc c l

c c

f f f
R

f f
−

= = , (9)

where pcf  is the confinement strength of the passively-
confined concrete defined as the ratio of the load-carrying 
capacity lacking the longitudinal strength contribution of 
the steel tube to the concrete cross-sectional area of the 
NPSTC. For comparison, the confinement relationships 
developed by Richart and Mander are also added to Fig-
ure 4. Due to experiencing biaxial stress by the steel tube 
in the NPSTC, a reduction in the effective confinement 
occurs. Note that Richart and Mander’s confinement re-
lationships were experimentally obtained for the concrete 
confined with the hydraulic pressure of the fluid and stir-
rup, respectively; in both of which there is no shear stress 
at the interface between the confining means and the con-
crete core.

The ratio of the relative increase in the confinement 
strength to the confinement ratio is known as the “con-
finement effectiveness coefficient” ( k ). The results of 
this research indicate that the confinement effectiveness 
coefficient of the NPSTC is almost constant and equal to 
2.17, which is about half the value in Richart’s relation-
ship ( 4.1k = ). Also, the confinement effectiveness coef-
ficient in Mander’s relationship varies between 2.4 and 
4.7, which is nearly 1 to 2 times greater than that of the 
present relationship. 

The total load-carrying capacity of the NPSTC can 
normally be obtained through combining the strength val-
ues of the composite components as follows:

 
2 2

2
( )

1 ( 2 ) 1

y
pc s y c c

t f
P A f A f k

D t

α

α α α α
= + +

+ + − + +
. 

  (10)

In this study, k  and α  were equal to 2.17 and 1, 
respectively. Therefore, the load-carrying capacity of the 
NPSTC takes the following form:

 0.58 (1 2.51 )
( 2 )

y
pc s y c c

c

t f
P A f A f

D t f
= + +

−
. (11)

The results obtained from the proposed model as 
well as their ratios to those of the experiments are listed 
in Table 3, in which as can be seen, these ratios are in the 
range of 0.90 and 1.06, indicating the reasonable accu-
racy of the proposed model. The experimental, as well as 
the proposed load-carrying capacity of the NPSTC speci-
mens, are also shown in Figure 5.

2.2.2. Actively-confined concrete
The test results of the actively-confined compressed con-
crete are shown in Table 4, where the ratio of the com-
pressive strength of the actively-confined concrete to that 
of the passively-confined one is given as ranging from 1.5 
to 2 for the LPSTC and from 1.4 to 1.9 for the SPSTC. 
These results suggest that changing the confinement type 
to active one can significantly increase the load-carrying 
capacity of the confined concrete.

Fig. 4. Relationship of relative increase in confinement 
strength of NPCFT versus confinement ratio
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With respect to Table 4, the compressive strength 
of the LPSTC is only 0.1%‒7.5% higher than that of the 
SPSTC demonstrating that maintaining the initial pres-
sure in the LPSTC up to 6 days negligibly affects the 
compressive strength of the actively-confined concrete.

A significant part of the difference observed in the 
compressive strength between the two types of the con-
fined concrete, i.e. LPSTC and SPSTC, comes from the 
difference in the compressive strength of their corre-

sponding unconfined compressed concrete; hence, just 
a small part of it belongs to the difference in the pre-
stressing value. To prove this, the compressive strength 
of the unconfined compressed concrete in the LPSTC 
and SPSTC specimens is obtained using the equations 
developed in the previous work (Nematzadeh , Naghipour 
2012a), the results of which are given in Table 4. The 
contribution of the compressing concrete core to the rela-
tive increase in the actively-confined concrete strength is 
determined as the ratio of the compressive strength dif-

Table 4. Compressive strength results of actively-confined concrete 

Specimen
identifier

Compressive 
strength of 
PSTC in 

MPa (COV 
in %)

Experimental 
load-carrying 

capacity 
(Pexp in kN)

Ratio of 
compressive 
strength of 
PSTC to 
NPSTC

Relative 
increase in 

compressive 
strength 

of LPSTC 
compared with 

SPSTC (%)

Compressive 
strength of 
LPCC and 

SPCC (MPa)

Portion of 
compressing 

concrete 
in relative 
increase 
of PSTC 

strength (%)

Relative increase 
in compressive 

strength of 
PSTC compared 
with compressed 

concrete (%)

L25P350-2.5 166.8 (2.0) 403.5 1.49 2 63.5 1.3 162.7

S25P350-2.5 163.5 (3.0) 395.5 1.47 61.3 166.7

L25P950-1.5 134.9 (1.3) 326.4 1.80 2.9 67.7 2.2 99.3

S25P950-1.5 131.1 (2.6) 317.2 1.75 64.8 102.3

L25P650-1.5 127.0 (2.7) 307.2 1.69 3.6 63.6 1.8 99.6

S25P650-1.5 122.6 (2.8) 296.6 1.63 61.4 99.7

L35P650-1.5 140.1 (1.9) 338.9 1.68 0.1 75.5 4 85.5

S35P650-1.5 139.9 (1.4) 338.4 1.68 69.9 100.2

L15P650-1.5 103.9 (1.0) 251.4 1.63 1.2 51.4 1 102.3

S15P650-1.5 102.7 (1.3) 248.5 1.61 50.4 103.9

L25P950-2.5 171.6 (1.1) 415.1 1.73 0.6 65.7 1.5 161.1

S25P950-2.5 170.6 (1.4) 412.7 1.72 63.2 170.0

L50P650-2.5 200.4 (1.7) 484.8 1.51 6.4 76.4 4.4 162.2

S50P650-2.5 188.4 (3.5) 455.8 1.42 68.1 176.6

L15P550-2.5 141.8 (1.1) 343.0 1.57 1.9 44.0 0.4 222.1

S15P550-2.5 139.1 (0.5) 336.5 1.54 43.5 220.1

L35P550-2.5 178.9 (3.4) 432.8 1.58 3.8 72.6 2.4 146.3

S35P550-2.5 172.3 (1.3) 416.8 1.52 68.4 151.8

L25P500-2.5 159.0 (1.6) 384.7 1.60 5.2 62.1 1.3 155.9

S25P500-2.5 151.2 (0.7) 365.8 1.52 60.1 151.6

L25P650-2.0 142.6 (0.8) 345.0 1.71 0.5 62.1 1.4 129.6

S25P650-2.0 141.9 (1.2) 343.3 1.70 60.1 136.0

L45P650-1.5 147.8 (1.2) 357.6 1.48 3.6 76.4 4.6 93.5

S45P650-1.5 142.6 (1.3) 345.0 1.43 69.8 104.4

L25P2000-1.0 117.0 (0.8) 283.0 2.01 7.5 60.2 1.7 94.2

S25P2000-1.0 108.8 (1.6) 263.2 1.87 58.4 86.2

L47P650-1.5 150.6 (0.7) 364.3 1.49 4.7 76.6 4.9 96.7

S47P650-1.5 143.9 (3.8) 348.1 1.42 69.5 107.1

L55P650-2.5 204.2 (4.0) 494.0 1.55 2.4 76.0 4.6 168.9

S55P650-2.5 199.4 (1.1) 482.4 1.51 66.9 198.1
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ference between the LPCC and SPCC to the compressive 
strength of SPSTC ( ( ) /LPCC SPCC SPSTCf f f= − ). Accord-
ing to Table 4, this ratio ranges from 0.4% to 4.9%. The 
approximate contribution of prestressing to the relative 
increase of the actively-confined concrete strength can 
be calculated by subtracting the portion of compressed 
concrete core from the relative increase of the compres-
sive strength, both of which were obtained previously. 
The portion of prestressing in the relative increase of the 
actively-confined concrete strength is obtained about 2% 
on average.

To develop the active confinement relationship, 
a comparison should be made between the compres-
sive strength improvement of the actively-confined 
compressed concrete and that of the unconfined com-
pressed concrete. The relative increase in the compres-
sive strength of actively-confined concrete compared with 
that of the unconfined compressed concrete is presented 
in Table 4. The resulted values include both portions be-
longing to prestressing the steel tube and confining the 
concrete core; however, the contribution that compressing 
the concrete core has is not included. 

Based on the test results, the value of α  at the com-
pressive strength of the actively-confined compressed 
concrete is obtained as about 0.5. The circumferential 
stress and the confining pressure of the steel tube at the 
compressive strength of the PSTC can be determined by 
employing Eqns (6) and (7) with 0.5α = , thereby the 
corresponding confinement ratio is achieved as follows:

 
2 4 4

; ;
7 7( 2 ) 7( 2 )
y y y

l r
uc

f tf tf
f C

D t D t fθσ = = =
− −

, 

  (12)
where ucf  is the compressive strength of the unconfined 
compressed concrete. The prestressing ratio in actively-
confined concrete is defined in this paper as Eqn (13) in 
which fP  (the final prestressing value) is assumed to be 
constant along the height of the STCC columns:

 f
r

uc

P
P

f
= . (13)

Table 5 provides the values of prestressing ratios. 
To determine the confinement strength of the actively-
confined concrete, only the circumferential stress of the 
steel tube which produces the lateral confining pressure 
should be considered (similar to section 2.2.1). The con-
finement strength of the LPSTC and SPSTC specimens 
and their relative increase compared with the compres-
sive strength of the unconfined compressed concrete are 
presented in Table 5.

The relationship between the relative increase in the 
confinement strength and both of the confinement ratio 
and the prestressing ratio is achieved for the LPSTC and 
SPSTC using the regression analysis of the experimental 
data as follows:

0.7 22.31( ) (1 ); 0.91ac uc l
r

uc uc

f f f
P R

f f
−

= + =

 for LPSTC; (14)

 0.7 22.31( ) (1 2.9 ); 0.91ac uc l
r

uc uc

f f f
P R

f f
−

= + =  

 for SPSTC, (15)

where acf  is the confinement strength of actively-con-
fined concrete. 

In these two equations, the rP  plays different roles, 
with the portion of rP in the relative increase of the con-
finement strength of the SPSTC being about 3 times 
greater than that of the LPSTC. The low effectiveness of 
prestressing the steel tube in the LPSTC than that of the 
SPSTC is due to the differences in preparing these two 
concrete types. Furthermore, the compressive strength of 
the unconfined compressed concrete in the PSTC speci-
mens is measured after removing the confined concrete 
from the steel tube, which leads to emergence of  micro-
cracks in the concrete (Nematzadeh, Naghipour 2012a) 
as well as reduction of the compressive strength of the 
unconfined compressed concrete in the LPSTC due to 
its considerable final pressure. Therefore, the experimen-
tally-measured compressive strength of the compressed 
concrete is lower than the actual value. This leads to a 
lower value of prestressing effectiveness coefficient in the  
LPSTC with respect to that of the SPSTC specimens. 
In this study, the prestressing effectiveness coefficient is 
defined as the ratio of the relative increase in the con-
finement strength resulting from the prestressing to the 
prestressing 

ratio ( , 0 , 0( ) /
r rac ac P ac P

r

f f f

P
= =−

= ), which is equal to 1.0 

and 2.9 for the LPSTC and SPSTC, respectively.
The total load-carrying capacity of the actively-con-

fined concrete can generally be determined by combining 
the strength of the composite components written as:

Fig. 5. Experimental and proposed load-carrying capacity of 
NPSTC specimens
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where 0.32.31[ / ]l uck f f −= , and k ′  is the prestress-
ing effectiveness coefficient. In the present study, 1k ′ =  
for the LPSTC, and 2.9k ′ =  for the SPSTC. Hence, the 
load-carrying capacity of the LPSTC and SPSTC can be 
estimated as follows:

Table 5. Confinement strength and load-carrying capacity results of actively-confined concrete

Specimen
identifier

Confining 
pressure 
(MPa)

Confinement 
ratio

Prestressing 
ratio

Confinement 
strength 
(MPa)

Relative increase in 
confinement strength 

compared with compressed 
concrete (%)

Proposed 
load-carrying 

capacity  
(Ppro in kN)

Ppro/
Pexp

L25P350-2.5 23.1 0.363 0.0695 142.7 124.7 398.9 0.99
S25P350-2.5 23.1 0.376 0.0304 139.4 127.4 394.8 1
L25P950-1.5 13.8 0.204 0.1223 120.7 78.2 338.0 1.04
S25P950-1.5 13.8 0.213 0.0314 116.9 80.4 325.4 1.03
L25P650-1.5 13.8 0.218 0.0713 112.8 77.3 319.3 1.04
S25P650-1.5 13.8 0.225 0.0186 108.4 76.5 310.5 1.05
L35P650-1.5 13.8 0.183 0.0602 125.9 66.7 353.6 1.04
S35P650-1.5 13.8 0.198 0.0194 125.7 79.8 336.4 0.99
L15P650-1.5 13.8 0.269 0.0885 89.7 74.5 283.6 1.13
S15P650-1.5 13.8 0.274 0.0269 88.5 75.5 279.3 1.12
L25P950-2.5 23.1 0.351 0.1716 147.5 124.5 424.2 1.02
S25P950-2.5 23.1 0.365 0.0505 146.5 131.8 411.3 1
L50P650-2.5 23.1 0.302 0.0797 176.3 130.7 442.7 0.91
S50P650-2.5 23.1 0.339 0.032 164.3 141.2 418.2 0.92
L15P550-2.5 23.1 0.524 0.1151 117.7 167.4 339.4 0.99
S15P550-2.5 23.1 0.53 0.0475 115.0 164.3 341.1 1.01
L35P550-2.5 23.1 0.318 0.0698 154.8 113.2 428.6 0.99
S35P550-2.5 23.1 0.337 0.0302 148.2 116.6 418.2 1
L25P500-2.5 23.1 0.371 0.0819 134.9 117.2 396.4 1.03
S25P500-2.5 23.1 0.383 0.0203 127.1 111.4 385.8 1.05
L25P650-2.0 18.4 0.297 0.0819 123.5 98.8 357.2 1.04
S25P650-2.0 18.4 0.307 0.0203 122.8 104.3 347.4 1.01
L45P650-1.5 13.8 0.181 0.051 133.6 74.8 355.0 0.99
S45P650-1.5 13.8 0.198 0.0331 128.4 83.9 341.1 0.99

L25P2000-1.0 9.2 0.153 0.1456 107.6 78.7 272.1 0.96
S25P2000-1.0 9.2 0.158 0.0544 99.4 70.2 267.9 1.02
L47P650-1.5 13.8 0.181 0.0467 136.4 78.0 355.1 0.97
S47P650-1.5 13.8 0.199 0.0148 129.7 86.6 333.5 0.96
L55P650-2.5 23.1 0.303 0.0854 180.1 136.9 442.4 0.9
S55P650-2.5 23.1 0.345 0.0143 175.3 162.0 405.1 0.84
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The load-carrying capacity obtained from the pro-
posed models as well as its ratio to the experimental re-
sults is listed in Table 5 where it is observed that the aver-
age value of this ratio is 1.0. Moreover, the experimental 
and proposed load-carrying capacities of the PSTC speci-
mens are depicted in Figure 6.

2.3. Parametric study
To conduct a parametric study, the compressive strength 
of the actively- and passively-confined concrete ( ccf ), de-
fined as the ratio of the total load-carrying capacity of the 
confined concrete to the concrete cross-sectional area, can 
be calculated in terms of the three variable parameters in 
this study including cf , /D t  and rP  using the follow-
ing equations. The range of these parameters is between 
16.7 and 52.6 MPa for cf , 24.2 and 57.5 for /D t , and 
0.01 and 0.17 for rP :  
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 for NPSTC. (21)

Based on Eqns (19)‒(21), the relationships between 
the compressive strength and /D t , cf , and rP  for the 
actively- and passively-confined concrete are demonstrat-
ed in Figures 7‒9. It can be seen from Figure 7 that with 
increasing /D t , the compressive strength of the LPSTC, 
SPSTC, and NPSTC decreases with a similar trend. Also, 
for all values of /D t , the compressive strength of the 
actively-confined concrete is significantly higher than that 
of the passively-confined one. Nevertheless, increasing 
the rP  slightly raises the curve, and insignificantly im-
proves the compressive strength of the confined concrete. 
Therefore, it can be found that applying a minimum level 
of prestressing ( 0.01rP = ) is enough to achieve a high 
degree of strength improvement, thus further increasing 
it does not seem cost effective. It can also be seen from 
Figure 7 that the compressive strength of the SPSTC is 
very close to that of the LPSTC for lower values of cf , 
while the difference between the two becomes more  

Fig. 6. Experimental and proposed load-carrying capacity of 
PSTC specimens

Fig. 7. Relationship of compressive strength of confined 
concrete ( ccf ) versus tube outer diameter to wall thickness 
ratio ( /D t )
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significant for higher cf , due to the considerable differ-
ence in their compressed concrete strength.

The relationship between ccf  and cf  is shown in 
Figure 8 in which it can be seen that with increasing cf , 

ccf of the passively-confined concrete experiences a lin-
ear increase, which is in accordance with the Richart’s 
equation. However, the compressive strength of the ac-
tively-confined concrete increases nonlinearly and with a 
sharper curve slope values for lower cf , with the curve 
slope decreasing gradually with the increasing cf .

The relationship between the compressive strength 
of the confined concrete and the prestressing ratio is il-
lustrated in Figure 9. 

In the first part of the curves, for the prestressing 
ratio ranging from 0.01 to 0.05, the results of the SPSTC 
are employed, and in the second part of the curves, for the 
prestressing ratio ranging from 0.05 to 0.17, the results 
of the LPSTC are utilized. Moreover, for the prestress-
ing ratio of zero, the compressive strength of the NPSTC 
is applied in the curves. It can be seen from the figure 
that there is a significant improvement in the compressive 
strength for low levels of the prestressing ratio, while it 
is slightly affected by higher levels of the prestressing 

ratio (greater than 0.01), as discussed earlier. Also, there 
is a spike in the curves at the connection point between 
the first and second part of the curves ( 0.05rP = ), which is 
due to the fact that the LPSTC and SPSTC specimens ex-
hibit different behaviors when subjected to prestressing. 
The spike of curves is upward for higher cf , and for the 
lower values, it is the opposite.

Conclusions

Based on the experimental results of this study, the fol-
lowing conclusions may be drawn:

1. The confinement effectiveness coefficient value of 
the NPSTC in the proposed relationship is about 
half of that in Richart’s model and is nearly 0.5 to 
1 times that of the Mander’s. Also, the confinement 
effectiveness coefficient of the actively-confined 
concrete is about 1.5 times greater than that of the 
passively-confined specimen.

2. Converting the confinement type to active by using 
the present technique can noticeably increase the 
load-carrying capacity of the confined concrete. The 
ratio of the compressive strength of the actively-con-
fined concrete to that of the passively-confined one 
varies from 1.5 to 2 for the LPSTC and from 1.4 to 
1.9 for the SPSTC. 

3. While there is a substantial difference in the final 
pressure and the prestressing ratio between the LP-
STC and SPSTC, the compressive strength of the 
LPSTC is only 0.1% to 7.5% higher than that of 
the SPSTC.

4. The contribution of prestressing to the relative in-
crease in the compressive strength of the LPSTC 
compared with that of the SPSTC is obtained as 
about 2% on average. This indicates that applying 
long-term pressure to the confined concrete in or-
der to reach a higher level of prestressing negligibly 
affects the compressive strength improvement, and 
hence a minimum level of prestressing ( 0.01rP = ) 
is enough to achieve a high degree of strength im-
provement.

Fig. 8. Relationship of compressive strength of confined concrete ( ccf ) versus reference compressive strength ( cf )

Fig. 9. Relationship of compressive strength of confined 
concrete ( ccf ) versus prestressing ratio ( rP )
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5. The relative increase in the confinement strength 
of the actively-confined concrete in relation to the 
compressive strength of the corresponding uncon-
fined compressed concrete tends to improve with 
the increase in both the confinement ratio and the 
prestressing ratio.

6. As the tube /D t  ratio increases, the compressive 
strength of the LPSTC, SPSTC, and NPSTC de-
creases with a similar trend. 

7. With increasing cf , the compressive strength of the 
passively-confined concrete increases linearly, while 
that of actively-confined concrete increases for low-
er  values and decreases for higher ones. This sug-
gests that improvement of the compressive strength 
of the actively-confined concrete prestressed using 
the present technique is more effective for lower ref-
erence concrete strengths.
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Nomenclature
Concrete Filled Steel TubeCFST
Long-term Pressure-Compressed ConcreteLPCC
Long-term Prestressed Steel Tube-Confined 
Compressed ConcreteLPSTC

Non-Prestressed Steel Tube-Confined ConcreteNPSTC
Prestressed Steel Tube-Confined Compressed 
ConcretePSTC

Short-term Pressure-Compressed ConcreteSPCC
Short-term Prestressed Steel Tube-Confined 
Compressed ConcreteSPSTC

Steel Tube-Confined ConcreteSTCC
Notation

Cross-section area of concretecA

Cross-section area of steel tubesA

Confinement ratiorC

Outer diameter of steel tubeD

Confinement strength of actively-confined 
concreteacf

Compressive strength of concretecf

Compressive strength of confined concreteccf

Lateral confining pressurelf

Compressive strength of LPCClpccf

Confinement strength of passively-confined 
concretepcf

Compressive strength of SPCCspccf

Compressive strength of unconfined compressed 
concreteucf

Yield strength of steelyf

Confinement effectiveness coefficientk

Prestressing effectiveness coefficientk ′

Load-carrying capacity of PSTCacP

Final prestressing levelfP

Initial prestressing level iP

Load-carrying capacity of NPSTCpcP

Prestressing ratiorP

Wall thickness of steel tubet

Longitudinal to circumferential stress ratio of 
steel tube

α

Circumferential stress of steel tubeθσ
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