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Abstract 

This paper presents an experimental study on the behavior of low-strength concrete columns confined with cold-
formed steel under axial compression. The laboratory test specimens consist of four groups of rectangular concrete 
stub columns in the size of 130 × 200 mm cross section and 300 mm height; the first group composes of the uncon-
fined specimens, while the other three contain the confined specimens under 0%, 25% and 50% sustained axial loads. 
The jackets are made of two G450-grade channel cold-formed steel sections of 2.4 mm thickness welded together. No 
bonding material is used between the core concrete and the steel jacket. From the results, it is found that the cold-
formed steel jacketing can increase the axial strengths of the unconfined concrete specimens by approximately 
40-65%. The strength increase comes mainly from the confinement action, as only small axial deformation is detected 
in the jacket. Based on the given amount of prescribed preloads in this study, the presence of preload in the col-
umn does not have a significant effect on the increase in strength of the confined concrete columns. The measured 
strength enhancement ratio and the confinement ratio of the tested specimens are compared using five existing 
strength predictive equations. The performance of the unbonded cold-formed steel jacketing technique adopted 
in the stub columns is observed to closely conform with the predictive confinement model of the concrete-filled 
tubes.
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1 Introduction
Reinforced concrete buildings that have been in service 
for a long time frequently experience a variety of issues. 
Either it is due to material degradation, change of build-
ing functions, or emergence of new design standards, 
there are needs that building structures or various struc-
tural components must be strengthened in order for them 

to resist forces safely. Strengthening techniques may be 
either modifying the overall structure by including new 
elements to improve force distribution in the structure, 
or merely modifying some structural components that 
are likely to reach or exceed their force resistance capa-
bility (Thermou et al., 2012). While the global strength-
ening techniques can successfully upgrade performance 
of structures, the local strengthening techniques have 
some advantages for their simpler installation.

One of the popular techniques that is commonly used 
in upgrading axial compression capability of a concrete 
column is to provide lateral confinement to the column; 
the confining material acts as a jacket to the core con-
crete. In general, the confining material must have a high 
tensile strength along the circumferential direction so 
that it can help resisting lateral expansion that occurs in 
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the column during axial compressive loading. At present, 
there are various types of materials used for jacketing 
concrete columns, including reinforced concrete (Ersoy 
et  al., 1993; Minafó 2015), fiber-reinforced concrete 
(Elsayed et al., 2023), steel (Choi, 2009; Belal et al., 2015; 
Villar-Salinas et al., 2021), fiber-reinforced polymer (FRP) 
sheet (Mirmiran et al., 1998; Shahawy et al., 2000; Shehata 
et al., 2002; Almusallam, 2007), engineered cementitious 
composite (ECC) (Lai et al., 2023a, b, 2024), etc. Jackets 
made of concrete have an advantage over other confining 
materials in terms of fire resistance. Adding steel fiber to 
the concrete jacket also significantly improved the post-
heated column capacity (Abo-Zaid et al., 2019). However, 
the thickness of the concrete jacket, even at its minimum 
requirement, may increase the size and weight of the 
building to the extent that it may cause a major change 
in force distribution in the building structure, and con-
sequently affects details of the foundation and the archi-
tectural dimension of the building. This is why use of 
lightweight materials, such as the carbon fiber-reinforced 
polymer (CFRP) sheet, has become a preferred alterna-
tive in recent years. Despite its high cost, the CFRP sheet 
has a high tensile strength-to-weight ratio and also some 
corrosion resistance, which are suitable for many struc-
tural applications (Vijayan et  al., 2023). However, CFRP 
itself often raises the durability issue and requires peri-
odic maintenance.

Steel is another interesting alternative that has been 
commonly used for external confinement of concrete col-
umns for decades. Steel jackets do not increase the col-
umn size or add the extra weight to the column as much 
as concrete jackets. Compared to the externally bonded 
CFRP system, the steel jacketing is of the lower cost and 
has the ductile material behavior that is sufficient to give 
warning sign before it fails. According to the reviews by 
Chin et  al. (2019), there are mainly four types of steel 
confinement to concrete, including concrete-filled tubes 
and the other three types that provide external confine-
ment to concrete, i.e., by a continuous piece of steel, by 
steel caging, and by steel straps. Under axial compressive 
loading, concrete-filled steel tube provides axial contri-
bution with the concrete and confining action to the con-
crete, while the other three types are based only on the 
confining action.

Similar to the hot-rolled steel, the cold-formed steel 
can also be used to strengthen concrete in a variety of 
ways, including external bracing (Yu et  al., 2024) and 
jacketing. The previous research works have mainly 
focused on application of cold-formed steel in the form 
of concrete-filled tube, in which the tube mainly contrib-
utes to the axial compression and somewhat to the con-
finement (Chen et al., 2023). The resulting improved axial 
capacity depended on the thickness of the cold-formed 

steel and the shape of the concrete section (Lin, 1988). 
For square and rectangle cross sections, the tensile prop-
erties of the cold-formed steel were found to be differ-
ent on the flat portions and the corner portions (Men 
et al., 2024). It was also found that the confined concrete 
strength increased with the yield strength of the cold-
formed steel but the confinement effectiveness decreased 
with the increase of the unconfined concrete strength 
(Wang et  al., 2021). As the local buckling of the tubes 
also significantly reduced the confining effect, it was 
suggested to add welded stiffeners on the jacket (Huang 
et al., 2023), to create longitudinal stiffeners by arranging 
built-up patterns (Harrat et al., 2024; Zhang et al., 2024), 
or to place bonding material between the steel plate and 
the concrete (Taufiq and Lawson, 2020). Although being 
limited, there was also a work on using cold-formed steel 
sections for post-installation on concrete columns. In 
Kumar and Ramasamy (2017), two 1.4-mm-thick cold-
formed steel hat sections were bolted together to con-
fine the concrete columns of a predefined size, without 
applying any bonding material. The axial strengths of 
the columns were enhanced from 39-57% before failure 
by local crushing or vertical splitting at the middle sec-
tion. Behavior of the concrete specimens confined with 
the very thin version of the cold-formed steel, which is 
known as the metal sheet, has also been investigated 
experimentally (Khamthong, 2012; Positong et al., 2018; 
Pannachet and Boonpichetvong, 2018) and numerically 
(Boonpichetvong et al., 2016, 2018; Pannachet and Boon-
pichetvong, 2019). In these works, the metal sheet as 
thin as 0.23 mm was wrapped around the concrete speci-
mens. Using the epoxy resin as the bonding material, the 
improved stress–strain behavior of the specimens was 
not influenced by lateral confinement only, but also by 
ability of metal sheet in resisting axial compression along 
with the core. By using small strips instead of one large 
piece of metal sheet, local failure or wrinkles of the metal 
sheet could be avoided (Positong et al., 2018).

In this paper, external strengthening of concrete col-
umns using cold-formed steel is further investigated. The 
work is based on the previous works of the authors that 
use the thinner cold-formed steel sections in the form of 
metal sheet to wrap around concrete columns. The moti-
vation of this work comes from the observation that it 
requires more than one layer of thin metal sheet in order 
to get the column to the desired compressive strength. 
As it appears that the behavior of the confined concrete 
also depends on the thickness of the confining mate-
rial, using a thicker version of cold-formed steel instead 
of many layers of thinner sheets tends to provide a ben-
efit of simpler installation. Thus, the available research 
works have mainly put focus on the use of concrete-filled 
cold-form steel tube rather than the external jacketing 
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system. The cold-formed steel has some advantages to 
be another good alternative in the jacketing system; the 
sections are typically thin, therefore their lightweight 
facilitates the installation and do not add much weight to 
the existing structure. Other than that, the cold-formed 
steel products are always coated with aluminum–zinc, 
therefore higher durability than the hot-rolled steel can 
be expected.

The experiments given in the paper additionally take 
into account effect of axial preloads on compressive 
behavior of concrete columns, to address a crucial topic 
in strengthening practice. The vast majority of research 
in this subject is conducted without accounting for 
influence of the initial axial stress that practically exists 
in columns during jacket installation. The results from 
many research (Takeuti et  al., 2008; Shi and He, 2009; 
Papanikolaou et  al., 2013) have agreed that the sus-
tained axial load in concrete columns before being 
jacketed could result in less improved compressive 
strength of the jacketed columns, due to the decreased 
confinement effect. However, it was found that extent 
of the strength reduction could be marginal under low 
preload stress level, but becomes more pronounced for 
higher preload levels (Shi and He, 2009; Papanikolaou 
et al., 2013; Micelli et al., 2021). The results in a series of 
research works (Ferrotto et al., 2018a, b, c, 2021), based 
on laboratory tests and numerical experiments, also 
revealed that the level of sustained loads at the time of 
jacketing could affect axial strength of the strengthened 
column, and consequently the total performance of the 
retrofitted structure. The effects became more signifi-
cant for greater preloaded forces, as larger creep strains 
were developed resulting in micro-cracks in concrete 
and the strain-lag effects emerged in the confining 
material (Pan et  al., 2017; Ferrotto et  al., 2021). Some 
strength prediction equations that considered preload 
effects were proposed in (Pan et al., 2017; Micelli et al., 
2021; Lu et al., 2022). In order to account for the service 
axial loads, our experimental test consisted of the test 
specimens that were not-preloaded as well as the speci-
mens that were preloaded at two different levels before 
jacket installation. The results were also compared with 
the existing prediction equations.

2  The Test Specimens
In order to accomplish the objectives of our study, four 
groups of the test specimens, with three specimens in 
each group, were created. The first group consisted of 
the unconfined plain concrete specimens, to be used as 
the reference. The other three groups consisted of the 
plain concrete specimens that were put under three 
different levels of preload, including 0%, 25% and 50% 

preload levels, before being confined with cold-formed 
steel jackets. A preload level is defined as a percent-
age of the prescribed axial stress before installation of 
jacket on the specimen, in comparison to the axial com-
pressive strength of the unconfined specimen. Details 
of the test specimens are summarized in Table 1.

As the primary goal was to examine the pure confine-
ment effect utilizing cold-formed steel with a greater 
thickness than that of our prior studies, the jacketing 
system was created without any use of bonding materi-
als so that there was no resistance in the axial direction 
in addition to the confinement. To be able to install the 
jacket as closely to the core concrete, the concrete was 
cast in the prebuilt jackets which were used later on 
for confining the concrete specimens of the predefined 
shape. Properties of the concrete and the cold-formed 
steel section, as well as the preparation of the concrete 
specimens in all the groups are described in the follow-
ing subsections.

2.1  Concrete
The unconfined compressive strength of the standard 
cylindrical specimens was chosen to be around 17 MPa, 
representing concrete with a lower compressive strength 
after some period of usage. The designed concrete mix 
contained a water–cement ratio (w/c) of 0.56 and a slump 
of 100  mm, with the concrete mix ratio of 1.8:1:5:3.8 
representing the proportion of Portland cement type 
1:water:aggregates:sand, measured by weight. To obtain 
the mechanical properties of concrete, three stand-
ard cylindrical concrete samples, with the diameter of 
150 mm and the height of 300 mm, were tested in accord-
ance with ASTM C39 (2021) and ASTM C469 (2022) at 
28 days. As a result, the averaged compressive strength 
obtained from six standard cylindrical concrete samples 
was 17.85 MPa.

2.2  Cold‑Formed Steel Section
The cold-formed steel section used in this study was 
selected from the sections that are available in the market 
in Thailand. As one of the most widely used cold-formed 
steel products, a lipped channel cold-formed steel sec-
tion was selected. The section, specified as C20024 with 

Table 1 The test specimens

Group Confining material Level of 
preloading

Specimens in the group

C0 None None C0-1, C0-2, C0-3

CJ0 Cold-formed steel 0% CJ0-1, CJ0-2, CJ0-3

CJ25 Cold-formed steel 25% CJ25-1, CJ25-2, CJ25-3

CJ50 Cold-formed steel 50% CJ50-1, CJ50-2, CJ50-3
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the steel grade G450, has the minimum yield strength of 
450 MPa according to the standard tests AS/NZS 1365 
(2016), AS 1397 (2021) and JIS 3323 (2022). The geomet-
rical properties of the section are specified in Fig. 1(left).

To examine the tensile properties of the cold-formed 
steel materials used in this study, the test samples were 
prepared following the requirements of the standard test 
methods for tension testing of metallic materials (ASTM 
E8/E8M) (2022) to determine the tensile strengths at 
yield and peak, as well as the modulus of elasticity. In 
total, four test samples were divided into two groups, 
consisting of continuous (one-piece) samples and welded 
(two-piece) samples, of which the size and shape are as 
shown in Fig. 2. The tension testing was conducted using 
a universal testing machine. As shown in Fig.   3, one 
5-mm strain gauge was placed at the middle of the length 
for the one-piece samples, whereas two strain gauges 
were installed next to each side of the weld line for the 
welded samples. All the strain gauges were aligned along 
the loading direction.

The tensile strengths of the four samples are collected 
in Table  2, and the tensile stress–strain relationships 
of the specimens are shown in Fig.  4. The failure was 
observed at a position on the narrow part of all the speci-
mens, and exactly on the weld line in case of the welded 

test specimens, as shown in Fig. 5. The results from the 
tensile testing of the continuous pieces revealed the duc-
tile material behavior, with the yield strengths around 580 
MPa and the ultimate strengths around 610 MPa. The 
results from the welded specimens, on the other hand, 
reported the non-consistent values of the strengths, 
and also the brittle failures at the weld line. The weld 
strengths ranged from 50% to 75% of the steel strengths.

Fig. 1 Geometrical properties of the original C20024 cold-formed 
steel section (left) and the cut section (right). [Unit in mm.]

Fig. 2 Size of the cold-formed steel samples for tensile testing

Fig. 3 The tensile testing

Table 2 The tensile strengths of the cold-formed steel samples

Group Sample Yield 
strength 
(MPa)

Ultimate 
strength 
(MPa)

Continuous (one-piece) Samples SC-1 572.4 602.3

SC-2 595.5 624.8

Welded (two-piece) Samples SW-1 446.3 482.6

SW-2 289.4 311.4
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Fig. 4 The tensile stress–strain relationships of the cold-formed steel 
samples



Page 5 of 16Waenpracha et al. Int J Concr Struct Mater           (2024) 18:64  

2.3  Preparation of the Concrete Specimens
The concrete specimens were prepared to conform with 
the shape of the cold-formed steel sections that are avail-
able in the market, so that no special prefabrication was 
needed for making the jackets. Based on the shape of the 
C20024 section, the test specimens were of a rectangu-
lar shape with all four round corners. The cross sections 
were of 130  mm × 200  mm, with the corner radius of 
5 mm. The heights were 300 mm.

To prepare all test specimens, the prefabricated cold-
formed steel jackets were also utilized as molds to cre-
ate concrete specimens of a predefined size. The molds, 
which also served as the jackets, were built of two cold-
formed steel lipped channel sections with the lip por-
tions cut off (cf. Fig. 1 (right)). The two parts were then 
attached to the base plate to form a closed portion. All 
the assemblies were made by tack welding, to prevent 
concrete leakage during placement. The concrete was 
poured into these temporary molds and left to set before 
removing the molds. The molds, which would subse-
quently be used as jackets for the specimens, were labeled 
with symbols so that they could be fitted to their match-
ing concrete specimens.

2.4  Preloading
Assuming a factor of safety of two, the axial load lev-
els were selected not to exceed half of its ultimate axial 
capacity, in order to be within the design limit, accord-
ing to ACI 318-19 (2019). In this work, three preload lev-
els were selected for the test, including 0% (no preload), 
25% and 50%. The preloads were based on the expected 
axial capacity of the concrete specimens, determined 
from 0.85f ′c Ac , where f ′c  and Ac refer to the compressive 
strength of the standard cylindrical concrete samples and 
the cross section of the concrete specimen.

To apply the required axial compressive preload, the 
concrete specimens were set in a specially designed 
steel frame system made up of two 35-mm thick plates 

and four high strength steel rods. A strain gauge was 
mounted to one side of the concrete specimen to meas-
ure the strain in the axial direction. When the loading 
reached the specified value, which was slightly greater 
than the planned preload, the steel rods were tightened 
up to maintain the plates in place. At this stage, when the 
load was removed, the concrete column tended to lose 
some of the axial load. The process would be started over 
if the retained load did not meet the desired preload.

2.5  Jacketing
The molds for concrete casting were reused as cold-
formed steel jackets for the concrete specimens. This was 
done to ensure that the surfaces of the concrete sample 
and jackets fit together exactly, as no bonding agent was 
utilized between the two.

Before being installed on the concrete specimens, the 
steel jackets were cut 10 mm off the heights, so that the 
confined part of the specimens were left 5 mm at the top 
and 5  mm at the bottom ends. For jacket installation, a 
clamping tool was used to hold the two cold-formed steel 
parts as close to the surface of the concrete specimens 
as possible, to avoid creating space between the contact 
surfaces. The two cold-formed steel parts were then butt 
welded together. The procedure is illustrated in Fig. 6.

3  Experimental Setting
To obtain the necessary test data, each of the specimens 
was equipped with four strain gauges at the middle of 
its height. The strain gauges were aligned in axial and 
transverse directions, two on a narrow side and another 
two on a wide side of the specimens. The 70-mm strain 
gauges were used on the concrete surface for the uncon-
fined specimens, whereas the 5-mm gauges were placed 
on the steel jackets for the confined specimens. The axial 
deformation of each specimen was also measured using 
two linear variable displacement tranducers (LVDT) 
with a maximum measurement size of 50 mm, along the 

(a) The continuous sample (b) The welded sample
Fig. 5 Failure of the test samples
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loading direction. The LVDTs were used most of the time 
during the axial loading, and were removed when a sign 
of failure, either in the steel jacket or in the concrete, was 
noticed. The compression tests were performed on a uni-
versal testing machine. The test specimens were loaded 
axially through the concrete core only, not directly to the 
jacket. The experimental setting is shown in Fig. 7.

4  Results and Discussion
The axial compressive strengths of the test specimens are 
shown in Table 3. The axial compressive strengths of the 
unconfined specimens (Group C0) were approximately 
17.9 MPa. It was shown that use of the cold-formed steel 
jackets could improve the axial compressive strengths of 
the concrete columns up around 40-65% of the original 
strengths.

The failure patterns observed in the unconfined spec-
imens are shown in Fig.  8. For the confined specimens, 
compression failure of the concrete was observed. The 
crushing of concrete could also be associated with the 

jacket splitting after the peak load was attained, as shown 
for example in Fig. 9. However, if only concrete crushing 
failure was observed without the jacket failure, the cor-
responding stress–strain curve was cut off at the point to 
discard the rest of the curve which could end up rising 
again, as a result from the loading plate contacting the 
jacket and forming a composite section against the fur-
ther loading.

4.1  Confinement Effect
The failure modes of the test specimen could imply how 
effective the confinement action was on the specimens. 
From the laboratory test, the specimens associated with 
jacket splitting had lower confined compressive strength 
than specimens that failed due to concrete compression 
failure. In case that the jacket could provide a very strong 
confinement to the concrete, the axial strength of the 
concrete core could go up until it reached its axial com-
pression capacity.

Figs.  10 and  11 show the relationships between axial 
stress and axial/circumferential strains of all the test 

(a) Preloading (b) Frame fastening

(c) Jacket installation
Fig. 6 Procedure for steel jacketing under preloading
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specimens, measured by the axial strain gauges and the 
circumferential strain gauges. There, the axial compres-
sive strains are given as positive values, while the circum-
ferential tensile strains are denoted as negative values. 
The stress–strain curves on the right side of the y-axis 
refer to relationships between the axial stress and the 
axial strain, and the curves on the left side of the y-axis 
refer to relationships between the axial stress and the cir-
cumferential strain. It should be noted that, the strains 
were measured using the strain gauges attached on the 
concrete sides for the unconfined specimens, and using 
the strain gauges attached on the steel jackets for the 
confined specimens. The level of the ultimate axial com-
pressive strain of unconfined core concrete was in the 
range of 0.0020−0.0025. The level of the ultimate axial 
compressive strain in the steel jacket was in the range of 
0.0004 to 0.0006, regardless of the preload level equiva-
lent to the level of axial compressive stress of 81–122 
MPa in the steel jacket. The level of the ultimate circum-
ferential tensile strain in the steel jacket was in the range 

of 0.002 to 0.005 equivalent to the level of axial stress of 
408-610 MPa in the steel jacket.

In Fig.  12, the developed circumferential and axial 
strains in the cold-formed steel jacket are plotted against 
the axial strains in the core concrete determined from the 
LVDTs. The level of the ultimate axial compressive strain 
of confined concrete was in the range of 0.006−0.008. It 

Fig. 7 Experimental setting

Table 3 The axial compressive strengths and the failure patterns 
of the test specimens

Group Sample Compressive Average Remarks
Strength (MPa) Strength (MPa)

C0 C0-1 16.2 17.9 Reference

C0-2 19.0

C0-3 18.6

CJ0 CJ0-1 29.0 28.6 (+60.4%)

CJ0-2 29.0

CJ0-3 27.8

CJ25 CJ25-1 26.2 26.9 (+50.7%)

CJ25-2 25.0

CJ25-3 29.2

CJ50 CJ50-1 28.9 28.8 (+61.1%)

CJ50-2 27.9

CJ50-3 29.5

Fig. 8 Example of crushing failure of the unconfined concrete 
specimens

Fig. 9 Example of cold-formed steel splitting accompanied 
with crushing failure of the confined concrete specimens
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was observed that the axial strain in the steel jacket was 
much less than the circumferential tensile strain in steel 
jacket, indicating the domination of the confinement 
action over the axial resistance action. The axial strains 
obtained from the steel jacket showed large differences 
in comparison of the core concrete as shown in Fig. 12. 
The jacket did not deform axially together with the inner 
concrete core. It was likely that the contact between the 
jacket and the core relied only on friction at the con-
crete–jacket interface which could be increased with 
the lateral expansion of the concrete core. However, the 
friction was likely to be very marginal, in comparison to 
the case where the bonding material was applied (Kham-
thong, 2012; Pannachet and Boonpichetvong, 2019). It 
was also observed that, during the compressive loading, 
the lateral deformation of all the specimens appeared to 
be very small in the beginning. The larger lateral expan-
sions were revealed in the short sides than in the long 
sides of the specimens. The result was in agreement 
with the past observation, such as those in Saleem et al. 
(2018).

4.2  Preload Effect
From Table 3, the axial compressive strength of the con-
crete columns could be increased by cold-formed steel 
jacketing. However, the axial compressive strengths of 
the confined specimens under different preload con-
ditions did not provide any clear correlation with the 
preload levels. Although the declining compressive 
strengths were expected as the preload level increased 
(Pan et  al., 2017; Micelli et  al., 2021; Lu et  al., 2022), 
the strength did not show any obvious relation to the 
preload level, as shown in Fig. 13. To seek an explana-
tion, one might notice in Fig. 12 (right) that the circum-
ferential strains in the steel jackets started to increase 
earlier when the specimens were applied with higher 

preloads. The present unbonded jacketing technique 
might leave some very small space between the jacket 
and the concrete core, which could hardly be in con-
trol during the jacket installation, since no interfacial 
material was applied between the concrete core and 
the jacket. With the current technique, the imposed 
preload conditions did not affect the improved strength 
of the studied concrete specimens. The ideal confin-
ing mechanism was observed to be partially lost due to 
the limitation of the adopted unbonded jacketing tech-
nique. Regardless of the preload ratio level investigated, 
the lowest enhanced strength ratio was approximately 
1.4.

5  Comparative Analysis of Existing Predictive 
Equations for Confined Concrete

For analysis of the laboratory test results, five sets of equa-
tions for predicting the compressive strengths of confined 
concrete columns are used for comparisons. The first set 
of equations is suggested in the ACI 440.2R-17 standard 
(2017) that was originally derived for predicting the com-
pressive strength of the FRP-confined concrete, the second 
set is from the research by Pan et al. (2017) in which the 
preload effect is also included in the FRP-confined concrete 
model, the third set is taken from the experimental results 
of the concrete specimens confined with the thinner ver-
sion of the cold-formed steel by Khamthong (2012), the 
fourth set is the proposed equation for predicting strength 
of concrete-filled steel tubes (Gao et al., 2022), and the final 
is the model from Mander et  al. (1988) originally formu-
lated for concrete confined by reinforcing steel stirrups. 
The models are denoted as Models (a), (b), (c), (d), and (e), 
respectively.

Most of the selected models are based on the relationship 
between the compressive strength of the confined concrete 
and the lateral confining pressure, in the form of
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Fig. 10 Stress–strain curves for the unconfined specimens
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where f ′cc is the axial compressive strength of the con-
fined concrete column, f ′co is the axial compressive 

(1)
f ′cc
f ′co

= 1+ k
fl

f ′co
,

strength of the concrete column without confinement, 
and k the confinement coefficient. The lateral confining 
pressure for an equivalent circular section column fl , 
with the equivalent diameter of De is computed from
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Fig. 11 Stress–strain curves for the confined specimens
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Fig. 12 Development of axial and circumferential strains in the cold-formed steel jacket
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where n is the number of layers of the confining material 
of the thickness t and fθ is the tensile stress in the cir-
cumferential direction. For a rectangular section of b× h 
with a small corner radius of rc , the equivalent diameter 
may be estimated as:

It is noted that f ′cc/f
′

co denotes the strength enhancement 
ratio and fl/f ′co is known as the confinement ratio.

Specific details for all the selected predictive equations 
are given as follows:

5.1  Predictive Equation for FRP‑Confined Concrete
The standard equation given in ACI 440.2R-17 (2017) 
is mainly based on the research work of Lam and Teng 
(2003), which was derived from the carbon fiber-rein-
forced polymer (CFRP)-confined concrete. The normal-
ized compressive strength of a confined concrete column 
can be obtained from Eq.(1) using the confinement 
coefficient

where the reduction factor ψf  is taken as 0.95 and the 
shape factor κa is computed from

for a b× h rectangular section with the corner radius of 
rc.

The ratio of effectively confined area Ae to the concrete 
area Ac is

(2)fl =
2nfθ t

De
,

(3)De =

√

b2 + h2.

(4)k = ψf 3.3κa,

(5)κa =

Ae

Ac

(

b

h

)2

for the concrete column with the gross sectional area Ag . 
Note that, if there is no longitudinal steel reinforcement 
in the column, Ac is equal to Ag.

5.2  Predictive Equation for FRP‑Confined Concrete With 
Preload

Based on the research of Pan et al. (2017), the proposed 
confinement coefficient for a non-circular FRP-confined 
concrete specimens depends on the preload factor kf  , 
the corner (stress concentration) factor kc and the shape 
(effective confinement) factor ks , as confinement coeffi-
cient considering preload effect

where

The preload ratio p is defined as the ratio of the exist-
ing axial load in the column before being confined to the 
axial strength of the column.

5.3  Predictive Equation for Metal Sheet‑Confined Concrete
From the experimental test of Khamthong (2012), the 
plain rectangular concrete specimens were confined with 
1–3 layers of G300 metal sheet (cold-formed steel sheet) 
with the use of epoxy resins as the bonding material. 
From the experimental results, the confinement coeffi-
cients (cf. k in Eq. (1)) could be obtained by fitting each 
set of data points with a linear trend line. For the 22 MPa 
concrete specimen of 109  mm × 162  mm rectangular 
shape, i.e., the b  : h ratio is approximately 0.67, the con-
finement coefficient k was found to be 4.316.

This equation with the proposed coefficient was 
selected for comparison with the experimental result of 
the present study due to three reasons. Firstly, the equa-
tion was obtained from the concrete specimens confined 
with cold-formed steel. Although the thin sheet material 
might be regarded a different form of cold-formed steel 
and the confining system in Khamthong (2012) relied on 
the bonding material, it is nonetheless quite comparable 

(6)Ae

Ac
= 1−

((

b
h

)

(h− 2rc)
2
+

(

h
b

)

(b− 2rc)
2
)

3Ag

(7)k = 5.56kf kcks,

(8)kf =
(

1.0− p2.12
)0.86

,

(9)kc =0.30+ 0.35

(

2rc

De

)0.38

,

(10)

ks =
b

h
·

bh− 0.86rc
2
−

1

3

[

(h− 2rc)
2
+ (b− 2rc)

2
]

bh− 0.86rc2
.
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Fig. 13 Relationship between the strength enhancement ratio 
and the preload ratio
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to the material used in the current investigation. Sec-
ondly, the concrete strengths of the specimens in their 
study and the present study were considerably closed. 
Thirdly, the aspect ratios of the cross sections of the spec-
imens in their investigation and the current study were 
almost similar.

5.4  Predictive Equation for Concrete‑Filled Steel Tube
According to the research paper by Gao et  al. (2022), a 
confinement coefficient for the system of concrete-filled 
steel tube stub depending on various sectional shapes can 
be computed from

where α is the corner radius (r) to steel tube width (D) 
ratio. It should be noted that, in this paper, the origi-
nal equation was modified by replacing the steel tube 
width by the equivalent diameter of the column De (cf. 
Equation(3)).

5.5  Predictive Equation for Concrete Confined 
by Reinforcing Steel

Based on many test results on circular, square and rectan-
gular reinforced concrete columns, Mander et al. (1988) 
proposed a prediction equation in a nonlinear form

To understand the components in the given confine-
ment equations, the confinement coefficients for the 
aforementioned predictive equations are collected in 
Table  4. The original coefficients from these equations 
are originally based on axial compression experiments 
of cylindrical concrete specimens, the shape of which 
the most effective confinement effects are expected. As 

(11)k =

2(1− 2α)+ πα + 0.5π t/D

4α(1− 2α)+ (1− 2α)2 + πα2
,

(12)
f ′cc
f ′co

= 2.254

√

1+ 7.94
fl

f ′co
− 2

fl

f ′co
− 1.254.

the confinement effect depends on many factors includ-
ing shapes of concrete specimens and level of sustained 
axial loads, the coefficients may be modified by using 
some multiplying factors that give reduction in strength 
enhancement.

From the selected models, the predictive equations can 
be categorized into two groups depending on types of the 
confining materials. While Models (a) and (b) are formu-
lated from the FRP-confined concrete, Models (c), (d), 
and (e) are based on steel, either in the form of thin sheet, 
tube, or rebars. From Table  4, the factor that exhibited 
the most impact on strength reduction was the shape fac-
tor. For the test specimens in the current study, contribu-
tion of the shape factors (cf. Model (a) and (b)) reduced 
the improved strengths greatly; the resulting confinement 
coefficients were down to only approximately 20% for 
the FRP-confined concrete. On the other hand, accord-
ing to Model (b), existence of preload might decrease the 
axial strength of the specimens not as much; the retained 
strengths are around 94% and 76% for the sustained axial 
load of 25% and 50%, respectively. These effects, however, 
may not be the same for the steel confinement. Unfortu-
nately, the relevant variables were not clearly separated in 
Model (c), (d) and (e).

In order to compare the experimental results to the 
predictive models, the strength enhancement ratios 
( f ′cc/f

′

co ) should be plotted against the confinement 
ratios ( fl/f ′co ). From the experimental results, the lateral 
confining pressure for each specimen was computed by 
inserting fθ in Eq.(2). To determine the value of fθ , the 
circumferential strain at the peak load was obtained from 
the strain gauge that was aligned in the horizontal direc-
tion. Correspondingly, the circumferential stress emerg-
ing in the cold-formed steel jacket could be determined 
from the stress–strain relationship of the coupon speci-
men from the tensile testing (cf. Section  2.2). For these 
non-circular shaped specimens, the circumferential 

Table 4 Summary of confinement coefficients for the test specimens

Model Original confinement 
coefficient

Multiplying factors Final confinement 
coefficient

Remarks

(a) k0 = 3.30 ψf  = 0.95 (reduction factor) k = 0.5492

κa = 0.1752 (shape factor)

(b) k0 = 5.56 kf  = 1 (preload factor) k = 0.5151 for p = 0.00

kf  = 0.9462 (preload factor) k = 0.4874 for p = 0.25

kf  = 0.7621 (preload factor) k = 0.3926 for p = 0.50

kc = 0.4049 (corner factor)

ks = 0.2288 (shape factor)

(c) - - - k = 4.316

(d) - - - k = 1.999
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strain could vary depending on location on the jacket. 
In the experiment, the strain gauges were placed in the 
circumferential direction; a gauge was located next to the 
weld line on the short side and at around one-third of the 
width measured from the corner on the long side of the 
jacket. Since the strain appeared larger on the short side 
and therefore controlled the failure mechanism, it was 
used for determination of the stress in the jacket. The lat-
eral confining pressures for all the test specimens are col-
lected in Table 5.

From the experimental results, the axial strength 
enhancement ratios of the test stub columns were plot-
ted against the corresponding confinement ratios, as well 
as the predicted values obtained from the various models 
(a) to (e), as shown in Fig.  14. The predicted to experi-
mentally obtained strength ratios were also computed 
and compared using the predictive models (a) to (e), as 
shown in Table 6. The results indicated that the strength 
improvement obtained using the unbonded cold-formed 
steel jacketing technique conformed very much to the 
predictive model (d) originally proposed for the con-
crete-filled tubes.

It can be seen that Model (a) and (b) gave predicted 
strengths that were much lower than the strengths that 
were obtained from the experiment. The equations pro-
vided too conservative values for predicting the strength 
of the jacketed concrete specimens, implying that the pre-
dictive equations based on the FRP confinement might 
not be applicable for the cold-formed steel-confined con-
crete. On the other hand, the strength predictions from 
Model (c) and Model (e), which are based on confine-
ment using metal sheet confinement and steel stirrups, 
gave overestimated strength prediction. An explanation 
for the overestimation in the metal sheet model (Model 
(c)) may be due to the use of bonding material which 
helps increase the axial strengths in two ways. The bond-
ing material acted as the interfacial material that filled up 
the space between the core and the confining material so 

that resistance to the lateral expansion could be initiated 
fully from the beginning. The bonding material could 
also bring about the resistance in the metal sheet jacket 
in the axial direction along with the core concrete, as 
also observed in Pannachet and Boonpichetvong (2019). 
Without the bonding material, the predicted strength 
could be lowered. However, the predictive equations of 
Model (c) and Model (e) might still be used, with intro-
duction of a reduction factor to account for the lack of 
bonding substance. Among all the models, the model 
based on the concrete-filled tube (Model (d)) seems to be 
the best at predicting the experimental data. Despite the 
fact that the axial load resistance of the filled tube relies 
on the composite action of the tube as well as the core, 
there was no bonding substance between the concrete 
and the steel tube.

The present study is limited to the confinement behav-
ior of the low-strength concrete specimens of a certain 
size, using the cold-formed steel jacket of a certain thick-
ness. The assembly of the jacket has also been based on 

Table 5 The lateral confining pressure at the maximum load in the test specimens

Specimen Axial compressive strength 
(MPa)

Circumferential strain in 
jacket

Circumferential stress in jacket 
(MPa)

Lateral confining 
pressure (MPa)

CJ0-1 29.0 0.0014 250.92 5.05

CJ0-2 29.0 0.0022 392.28 7.89

CJ0-3 27.8 0.0016 282.72 5.69

CJ25-1 26.2 0.0011 190.84 3.84

CJ25-2 25.0 0.0014 240.31 4.84

CJ25-3 29.2 0.0007 118.74 2.39

CJ50-1 28.9 0.0020 344.57 6.93

CJ50-2 27.9 0.0020 349.87 7.04

CJ50-3 29.5 0.0014 242.08 4.87
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Fig. 14 Comparison of the strength enhancement ratio–
confinement ratio relationships obtained from the experiment 
and the predictive equations
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technique of welding, without any bonding material to 
join jackets to the concrete core. The study can be con-
sidered as the first start on development of the practical 
cold-formed steel jacketing system. After a more detailed 
investigation of the necessary model parameters is avail-
able, the experimental results can be enriched with some 
numerical analyses. There are also some other interesting 
issues to be investigated further. Finding efficient tech-
niques of jacket assemblies to facilitate quick installation 
of the jacketing system can bring innovations in reno-
vation practice. Based on the results from the present 
study, the cold-formed steel jackets were used as casting 
molds to facilitate fitting of the concrete core to the post-
installed jacket, an efficient technique to get a perfect 
jacket fit is still needed for practical cases. Further inves-
tigation into the preload and size effects on the strength-
ening mechanism is also necessary. It has been reported 
in the area of seismic retrofitting of structures that the 
initial preloads can deteriorate the seismic performance 
of the jacketed columns (Vandoros and Dritsos, 2006; 
Shi et al., 2022). The level of axial compression also lim-
its the amount of confining reinforcement to be provided 
in order to enhance member ductility effectively (Yuen 
et  al., 2016). There is also a size effect issue involving 
slenderness and cross section of the columns that can 
affect the seismic safety of structures (Hung et al., 2024).

6  Conclusions
Cold-formed steel (CFS) is an appealing confining mate-
rial for concrete members due to its high strength and 
lightweight design, which allows for simple installation. 
The test results of CFS-confined concrete columns under 
axial compression can be summarized as follows: 

1. The compressive strength of the cold-formed steel 
jacketed concrete columns ranges between 25−
29.5 MPa, representing the increases in strength of 
approximately 40-65%, when compared to the refer-
ence concrete column with an average compressive 
strength of approximately 17.85 MPa.

2. During the axial loading, the circumferential strain 
measurement on the cold-formed steel jacket con-
firms the main role of the jacket in laterally confining 
the concrete core. Without any bonding material, the 
jacket does not exhibit axial deformation along with 
the core. The increased axial strength of the concrete 
specimen is mainly due to confinement action.

3. From the test results, the variation of 0-50% sus-
tained axial load in the concrete column before being 
jacketed with cold-formed steel does not seem to 
affect the axial compression capacity of the concrete 
specimens.

4. Using five currently available strength predictive 
equations, the measured strength enhancement ratio 
and the confinement ratio of the tested specimens 
are compared. The performance of the unbonded 
cold-formed steel jacketing technique is found to 

Table 6 Ratio of predicted to obtained axial strengths (f ′
cc,predict/f

′

cc,exper)

Model (a) (b) (c) (d) (e)
Source ACI 440.2R Pan et al. Khamthong Gao et al. Mander et al.

(2017) (2017) (2012) (2022) (1988)

Confining FRP sheet FRP sheet Metal sheet Concrete filled Steel

material with preload steel tube stirrups

Interface Epoxy resins Epoxy resins Epoxy resins None Cast in

bond concrete

Sample Ratio of predicted to obtained axial strengths (f ′
cc,predict/f

′

cc,exper)

CJ0-1 0.71 0.71 1.37 0.97 1.38

CJ0-2 0.77 0.76 1.79 1.16 1.63

CJ0-3 0.76 0.75 1.53 1.05 1.51

CJ25-1 0.76 0.75 1.32 0.98 1.38

CJ25-2 0.82 0.81 1.55 1.10 1.58

CJ25-3 0.66 0.65 0.97 0.78 1.05

CJ50-1 0.75 0.71 1.66 1.10 1.56

CJ50-2 0.78 0.74 1.73 1.15 1.63

CJ50-3 0.70 0.67 1.32 0.94 1.34
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closely match the predictive confinement model of 
the concrete-filled tubes.
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