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5  Abstract: This paper presents the development of stress-strain models for the confined concrete
6 in square fibre-reinforced polymer (FRP)-concrete-steel hybrid multitube concrete columns
7 (MTCCs) subjected to uniaxial compression. A square MTCC consists of a square FRP outer tube
8 and multiple inner steel tubes, with concrete filling the spaces inside all tubes. In comparison to
9 traditional square concrete columns, square MTCCs have a number of advantages, such as ample

10 ductility and excellent durability. The compressive behaviour of square MTCCs has been
11 experimentally investigated to demonstrate its structural advantages in the existing studies. The
12 experimental results confirmed that the concrete in square MTCCs is well confined despite its
13 square cross-section. However, the complex confinement mechanism of square MTCCs is
14 challenging to be completely understood experimentally due to the difficulties associated with the
15 measurement of the nonuniform distributions of stresses across the cross-section. With the
16  employment of the finite element (FE) method, the complex stress distribution and the interactions
17 between the three components can be captured to fully explore the confinement mechanism of
18  square MTCCs. In this paper, the development of three-dimensional FE models for square MTCCs
19 is first presented. A parametric study using the validated FE models is then presented, which was
20  used to generate a database for the establishment of stress-strain models for the confined concrete
21 in MTCCs.
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1.0 INTRODUCTION

In the last three decades, fibre-reinforced polymer (FRP) composites have become increasingly popular in
civil engineering structures due to their high strength-to-weight ratio and excellent corrosion resistance.
One prominent application of FRP is to be used in combination with concrete (and steel) to form novel
hybrid tubular columns, in which a filament-wound FRP tube is typically used as a confining device and a
protective skin against corrosion (e.g., Fam and Rizkalla 2001; Yu et al. 2017; Huang et al. 2017; Deng et
al. 2024; Zhang et al. 2024). While both square and circular hybrid columns have been investigated, the
existing studies (e.g., Fam et al. 2005; Mirmiran et al. 1998; Chan et al. 2021a; Li and Wu 2023) have
shown that the confinement effectiveness of FRP is much more significant in circular columns than in

square columns.

Due to aesthetics and other reasons, square columns may be preferred in some applications. To enhance
confinement effectiveness, rounded corners are generally adopted in square FRP-confined concrete
columns (e.g., Mirmiran et al. 1998). However, this approach still results in highly nonuniform confinement
over the cross-section, with the concrete near the flat sides being barely confined due to the low flexural
stiffness of the thin tube (Huang et al. 2017). More recently, the authors’ research group has explored the
use of additional confinement from embedded steel section to improve the performance of square hybrid
columns (e.g., Yu et al. 2016; Huang et al. 2017, 2018; Chan et al. 2018). Examples include the FRP-
confined concrete-encased cross-shaped steel columns (Huang et al. 2017) and the square FRP-concrete-

steel multitube concrete columns (MTCCs) (Yu et al. 2017; Chan et al. 2018).

A square MTCC consists of a square outer tube made of FRP and a number of circular steel inner tubes,
with the space inside all tubes filled with concrete. In square MTCCs, the combination of circular steel
tubes and square FRP tube leads to a larger effective confined area (Figure 1) than normal square FRP-
confined concrete columns where the concrete near the flat sides is not effectively confined (Pei et al. 2021;
Li et al. 2024). Similar to its circular counterparts [i.e., circular MTCCs (Chan et al. 2025)], this column

form facilitates the use of standard small tubes readily available in the market to construct large-scale
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structures. In square MTCCs, the concrete inside the circular steel tubes is well confined. The multiple
small concrete-filled steel tubes (CFSTs) also form a stiff “wall” that provides additional confinement to
the concrete core surrounded by them. As a result, the behaviour of concrete in MTCC:s is significantly
superior to that in the corresponding square FRP-confined columns without steel tubes, as demonstrated by
Chan et al.’s (2018; 2021b) experimental tests. Building on this concept, recent work by other research
groups has explored MTCCs with alternative cross-sectional geometries (e.g., Fang et al. 2019; Wang et al.

2025) for diverse engineering applications, underscoring the versatility of the MTCC.

Two experimental studies have been conducted on the compressive behaviour of square MTCCs (Chan et
al. 2018; 2021b), involving the testing of small-scale and large-scale specimens. These studies have
confirmed the excellent load capacity and ductility of square MTCCs and have clarified the effects of a
number of parameters on the overall behaviour of the columns. However, these studies do not allow the
complex confinement mechanism in square MTCCs to be thoroughly examined due to the challenges in
measuring the highly nonuniform distributions of stresses and strains in the columns. The stress-strain

behaviour of various parts of the concrete in MTCCs has also not been clarified.

Against the above background, this paper first presents three-dimensional (3D) finite element (FE)
modelling on the compressive behaviour of square MTCCs. Special attention is given to the constitutive
modelling of concrete and the interaction between the three components (FRP, steel, and concrete) in
MTCCs, based on existing studies on similar column forms (e.g., Yu et al. 2010a; Abdelkarim and
ElGawady 2015; Lin and Teng 2017; Huang 2019). The FE models are used to investigate the confinement
mechanism and the stress-strain behaviour of the concrete in square MTCCs, after being validated using
the test results presented in Chan et al.’s (2018; 2021b) studies. An FE parametric study is then presented,

based on which stress-strain models for the concrete in square MTCCs are developed.

2.0 EXISTING EXPERIMENTAL STUDIES



81

82

&3

84

&5

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

The experimental studies on square MTCCs presented by Chan et al. (2018) and Chan et al. (2021b) covered
a wide range of parameters, including the steel volume ratio (4.38 % to 9.68%), configuration of steel tubes
(1-tube to 8-tube configurations), side length of the cross-section (b) (171 mm and 500 mm) and the
confinement stiffness of FRP. The details of the test specimens in these two studies are summarised in

Table 1. In this table, f_ and &, are the compressive strength and the axial strain at the compressive

strength of unconfined concrete, respectively; €., ¢ is the average ultimate lateral strain of FRP at the

middle of flat side obtained from test results; Dy, and t, are the outer diameter and thickness of inner steel

and p are the volume ratios of the

tubes, respectively; ny is the number of inner steel tubes; p cout

st Pe,in
steel section, the concrete inside the steel tubes and the concrete outside the steel tube in percentage,
respectively. The equivalent FRP confinement ratio proposed by Lam and Teng (2003) for square FRP-
confined concrete columns is adopted herein, which can be expressed by the following equation:

ZEfrp Errp

pK,eq =70 N
<fw/gm> D, (1)

where E,, and tz, are the elastic modulus and the thickness of the FRP outer tubes, respectively; f ,co and
., are the compressive strength and the axial strain at the compressive strength of unconfined concrete,

respectively; Do, = V2 b where b is the side length of the square column.

With this definition, the equivalent FRP confinement ratio of the specimens presented in Chan et al. (2018)
and Chan et al. (2021b) ranges from 0.0190 to 0.0381. For ease of reference, the specimens are renamed
herein. The new names consist of the following parts in sequence: two letters (i.e., “SS” and “LS”) to
represent the specimen size (‘SS’ for small-scale specimen and ‘LS’ for large-scale specimen); a digital
number followed by a letter “T” to represent the number of steel tubes in a specimen; three letters ‘FRP’
followed by a digital number (e.g., 0.52) to represent the thickness of FRP tube in the unit of millimetre

and another two letters “SV” followed by a digital number (e.g., 9.86) to represent the volume ratio of steel
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in percentage. For example, SS-8T-FRP0.52-SV9.68 refers to the small-scale MTCC specimen with eight

inner steel tubes, an FRP thickness of 0.52 mm and a steel volume ratio of 9.68%

3.0 FINITE ELEMENT MODELS
3.1 General

The 3D FE models of square MTCCs in the present study are developed using the general-purpose software
ABAQUS (2016), which was used in many existing studies to model the behaviour of hybrid columns
incorporating FRP (e.g., Teng et al. 2015; Labibzadeh M. 2015; Huang et al. 2023). As the FE models are
developed for the concentric compressive behaviour of square MTCCs, they consist of one layer of
elements to simulate the behaviour of the section at the mid-height of the specimens. Such FE models have
also been adopted in numerous existing studies (e.g., Yu et al. 2010a; Huang 2023) for similar problems.
Furthermore, due to the symmetry of the cross-section and the loading, only a quarter of the cross-section

of square MTCCs is modelled, as shown in Figure 2.

3.2 Element type, constitutive models and contact properties

In the FE models, the FRP outer tube was modelled using shell elements (i.e. Element S4R), while the inner
steel tubes and the concrete infill were modelled using solid elements (i.e. Element C3D8R). Based on a
mesh convergence study, the element sizes of 2.0 mm for FRP, 2.5 mm for steel and 2.0 mm for concrete

were adopted for the FE analysis in this study.

The FRP outer tube of the MTCCs was modelled with specified tensile properties, while the compressive
stress was set to always be zero. The general plasticity model based on J; flow theory in ABAQUS was
adopted to model the behaviour of steel. Yu et al.’s (2010b) constitutive model, which is based on the
theoretical framework of the Concrete Damage Plastic model (CDPM) in ABAQUS (2011) and takes due
consideration of the unique properties of confined concrete, was used to model the confined concrete in
MTCCs. In the present study, Jiang and Teng’s model (2007) was used to generate the basic material

parameters for Yu et al.”s (2010b) model.
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The interactions between FRP and concrete and those between steel and concrete were simulated by the tie
constraint and surface-to-surface contact in ABAQUS, respectively. Other details of the FE models, such
as the process of selecting element types, information of the material constitutive models, boundary
conditions, are similar to those in the authors’ work on the FE modelling of FRP-confined concrete column

(Chan 2020; Huang et al. 2023; Chan et al. 2025).

3.3 Validation of finite element models

The existing experimental results from Chan et al. (2018, 2021b) were used to validate the 3D FE models
developed in the present study, as shown in Table 1. For the FE model of each test specimen, the calculation
was terminated when the lateral strain of FRP at the flat sides reached the average ultimate lateral strain

(&rup,r) of FRP obtained from the test (see Table 1). This approach aligns with experimental observations,

where FRP rupture consistently occurred at the flat sides. FRP rupture near flat sides has also been reported
in other types of square FRP-steel-concrete columns (e.g., Huang et al. 2017). Figure 3 compares the FE
predictions and the test results of four typical specimens in terms of the axial load-axial strain curve,
demonstrating good agreement. Figure 4 compares axial strain-lateral strain curves, showing that the FE
models reasonably predict the majority of lateral-axial strain curves at the flat side region, where FRP
rupture commonly occurred in tests. For the corner region, the FE models provide accurate predictions for
large-scale specimens [Figures 4(d)] but are less accurate for others, possibly due to localised deformation
(e.g. caused by the heterogeneity of concrete) near the corner region. Such localised deformation may not
have occurred within the gauge length (i.e. 20 mm) of the discrete strain gauges. It should, however, be
noted that even for these specimens, the axial strain-lateral strain curves for the flat side region and the axial

load-axial strain curves can both be generally well predicted by the FE models.

Based on the above verifications and the discussions, it can be concluded that the developed FE models can

provide reasonable predictions for the behaviour of square MTCCs subjected to concentric compression.

4.0 CONFINEMENT MECHANISM OF MTCCS
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4.1 General

The developed FE models of square MTCCs have been validated using the test results in the previous
section. This section discusses the fundamental confinement mechanism for the concrete in square MTCCs
based on these models. For ease of reference, the concrete in a square MTCC is divided into three regions:
(1) concrete inside the steel inner tubes (CI), (2) concrete surrounded by the steel inner tubes (CO-I), and
(3) concrete between the FRP outer tube and steel inner tubes (CO-0). Figure 5 illustrates the locations of
CI, CO-I, and CO-O in a square MTCC with eight steel inner tubes. The compressive behaviour of these
three concrete regions (i.e., CI, CO-I and CO-0) is discussed to illustrate the confinement mechanism in
the following three aspects: (1) comparisons of the behaviour of the three concrete regions in MTCCs; (2)
effects of the FRP outer tube on the behaviour of three concrete regions; and (3) effects of steel inner tubes

on the behaviour of the three concrete regions.

Three numerical specimens are used in this section: (1) a typical square MTCC specimen (SS-8T-
FRP0.520SV9.68), (2) an MTCC specimen without an FRP outer tube, and (3) a square CFFT (MTCC
without steel tubes). The only difference between the MTCC specimen without FRP and the typical MTCC
specimen is the presence of the FRP outer tube in the latter. Similarly, the only difference between the
square CFFT specimen and the typical MTCC specimen is the presence of steel inner tubes in the latter. It
should also be noted that for ease of comparison, the concrete in the CFFT specimen is divided into four
regions (corresponding to CI, CO-I, CO-O and steel tubes) in the same way as the MTCC specimens. All
curves in this section are terminated when the lateral strain of FRP at the middle of the flat side reaches

0.015 for consistency.

4.2 Behaviour of CI, CO-I and CO-O

The average stress-strain curves of the three concrete regions (i.e., CI, CO-1 and CO-0O) in the typical MTCC
specimen are shown in Figure 6, in which the stress is obtained by dividing the axial load by the respective

cross-section area of the concrete. Three key numerical observations can be made:
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(1) The three curves start to diverge when the concrete stress reaches around the unconfined concrete

strength (indicated by Line A in Figure 6);

(2) Both the CI and CO-I curves exhibit a monotonically ascending trend, with the CI curve generally higher
than the CO-I curve. In contrast, the CO-O curve, which is the lowest among the three, shows a descending

branch after Line A;

(3) After Line A, the slope of CI curve is significantly steeper than that of the CO-I curve between Line A
and Line B, particularly near Line A. However, the difference in slope between the two curves reduces as

the axial strain increases.

The first observation is attributed to the minimal lateral expansion of concrete in MTCC before Line A,
resulting in negligible lateral confinement from the outer and inner tubes. The second observation indicates
that in MTCCs, CI is most effectively confined, CO-I is less effectively confined than CI, and CO-O is not
well confined. This is because CI benefits from the effective confinement provided by the circular steel
inner tubes in addition to the FRP outer tube, while CO-I and CO-O are mainly confined by the FRP outer
tube, with the majority of CO-O located in the weakly confined region [see Figure 1(b)]. The third
observation can be explained by the average hoop stress-axial strain curves of two steel tubes, one at the
corner and the other at the middle of the flat side in the typical MTCC, shown in Figure 7. Between Line A
and Line B, the confinement from the steel inner tubes increases rapidly, while after Line B, the confinement
from the steel tube decreases with the axial strain due to the yielding of steel and confinement from the FRP
tube. This explains why the stress of CI increases significantly faster than the other two parts of concrete

after Line A and why the increasing rate tends to decrease with the axial strain (Figure 6).

4.3 Confinement contribution from FRP

To study the effect of FRP confinement on the behaviour of CI, CO-I and CO-O in MTCCs, comparisons
of the average axial stress-strain curves of these three regions of the typical MTCC (SS-8T-FRP0.52-

SV9.68) and the MTCC without FRP are presented in Figure 8. The latter has a similar column
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configuration to the former, except for the absence of the FRP tube. It should be noted that the ultimate
axial strain of the MTCCs without FRP is assumed to be the same as the typical MTCCs for comparison

purposes. Two key numerical observations can be made:

(1) There is little difference between the CI curve of the typical MTCC specimen and that of the MTCC
specimen without FRP before Line B (defined as at an axial strain of around 0.008), after which the former

gradually becomes larger than the latter; and

(2) Both the CO-I and CO-O curves of the MTCC without FRP have a descending branch after the peak

stress, and they are both significantly lower than the corresponding curves of the typical MTCC specimen.

The first observation indicates that the effect of the FRP confinement on CI is negligible before a certain
strain (e.g. around 0.008 in Figure 8). This is primarily because, for CI in MTCC:s, the lateral confinement
stiffness of the steel inner tubes is usually much larger than that of the FRP outer tube before the steel
yields, and thus, the steel confinement dominates the behaviour of CI until the FRP confinement becomes
sufficiently strong. The second observation clearly indicates that, compared to CI, the stress-strain
behaviour of CO-I and CO-O in MTCCs is much more significantly affected by the FRP outer tube. This
is not difficult to understand, as the confinement for CO-I and CO-O in MTCCs is largely provided by the

FRP outer tube.

4.4 Confinement contribution from steel

Comparisons of the average axial stress-strain curves for the three concrete regions (i.e., CI, CO-I and CO-
0) in the typical MTCC specimen and the three corresponding regions of the CFFT specimen are shown in

Figure 9 to demonstrate the effect of steel confinement. Key numerical observations include:

(1) The ultimate axial strain of the CFFT specimen is significantly smaller (by approximately 50%) than

the typical MTCC specimen;
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(2) The CI curve and the CO-I curve of the CFFT specimen are remarkably lower than the two

corresponding curves of the typical MTCC specimen;

(3) The CO-O curve of the CFFT specimen is also lower than that of the typical MTCC specimen, although

the difference is not as pronounced as those of CI and CO-I.

To explain the first observation, a comparison of the lateral strain-axial strain curves of FRP at the middle
of flat side of the CFFT specimen and the typical MTCC specimen is presented in Figure 10. At the same
axial strain, the FRP lateral strain of the typical MTCC specimen is significantly smaller, resulting in FRP
rupture at a larger axial strain compared to the CFFT specimen. This is because the concrete in the typical
MTCC specimen expands less significantly due to the additional confinement from the steel inner tubes.
The second and third observations indicate that the steel inner tubes in MTCCs significantly affect the
compressive behaviour of CI and also impact CO-I and CO-O. To further examine such effects, the

distributions of the effective lateral confining pressure (0;,57) on the concrete of the CFFT specimen and
the typical MTCC specimen at their ultimate states are compared in Figure 11. 0y.¢ is defined by the

following equation (Yu et al. 2010b) for concrete under nonuniform lateral confinement:

2(02 +0.039f, ) (03 + 0.039f. )
(62 + 03 +0.078 £ )

O-l,eff = —0.039 fco (2)

where 0, and o3 are the two principal lateral stresses acting on the concrete and f _is the unconfined

concrete strength.

Figure 11 shows that, compared to the CFFT specimen, the effective confining pressure in CI, CO-I and
CO-O of the typical MTCC is significantly higher. It should be noted that since both specimens have the
same FRP outer tube, the FRP confinement is identical at their ultimate states. Therefore, the difference

between the distribution of ;. in Figures 11(a) and (b) is solely due to the effect of the steel inner tubes

in the typical MTCC specimen. Based on Figures 9 and 11, it can be concluded that the steel inner tubes in
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MTCCs not only provide direct and effective confinement to the CI but also enhance the confinement of

CO-I and CO-O through the composite action among the three components (FRP, concrete, and steel).

5.0 Stress-Strain Models for Confined Concrete
5.1 General

The FE modelling has been employed to thoroughly demonstrate the confinement mechanism of square
MTCC, revealing that the three parts of concrete (CI, CO-I and CO-0O) in square MTCCs exhibit different
behaviours, as shown in Figure 6. The FRP confinement significantly influences the behaviour of confined
concrete in square MTCCs. Compared to circular MTCCs, the effect of steel volume ratio is more
pronounced in square MTCCs due to the additional steel confinement for the weakly confined region. This
section presents the development of stress-strain models for the three parts of confined concrete in square
MTCCs. The three-segment equations proposed by Huang (2019) for modelling the confined concrete in
FRP-confined concrete-encased cross-shaped steel columns are employed to describe the stress-strain
behaviour of three parts of concrete in square MTCCs. The performance of the three-segment equations is
shown in Figure 12 for a typical MTCC specimen (i.e. Specimen SS-8T-FRP0.52-SV9.68), in which the
four key parameters (i.e. &, £cy, E» and f;) of the stress-strain curves are directly extracted from the FE
results. Figure 12 demonstrates that the selected equations accurately describe the stress-strain behaviour
of all three concrete regions in the specimen, with four preset parameters. In the following sections, the
equations for the four independent parameters are formulated through the regression of numerical results
obtained using the proposed FE model. Among these parameters, €;, and €., are the same for the three
parts of the concrete in square MTCC, while E, and f; are various for different parts of concrete in square

MTCC.

To identify the parameters that significantly affect the stress-strain behaviour of the concrete in square
MTCC, a parametric study is conducted to investigate the effects of five key column parameters (i.e., steel

tube configuration, concrete cover thickness, corner radius, steel volume ratio and FRP confinement
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stiffness) on the behaviour of the three concrete parts (i.e., CI, CO-I and CO-O) in square MTCCs.
Corresponding to the five key column parameters, five groups of numerical specimens (i.e., Groups A, B,
C, D and E) are considered, as listed in Table 2. All the numerical MTCC specimens in Table 2 have the
cross-sectional side length of 171 mm and unconfined concrete strength of 31.8 MPa, which is the same as
that of the experimental specimens in Chan et al. (2018). The FE analysis of all numerical MTCC specimens
in this parametric study are terminated when the lateral strain of FRP at the middle of flat side reaches
0.015; the axial strain and stress corresponding to the rupture strain are referred to as the ultimate axial
strain and stress. Other key information of these numerical specimens, including specimen names, is also

listed in Table 2.

5.2 Effect of key parameters

5.2.1 Steel tube configuration

The steel tube configuration discussed in this study refers to the number of steel inner tubes that form the
steel section in MTCCs. To investigate this effect, a total of four numerical specimens are simulated, which
are collectively referred to as Group A in Table 2. The number of steel inner tubes in the four numerical
specimens are four, eight, twelve and sixteen, respectively, while their steel volume ratios are all the same.
The maximum number of steel inner tubes is chosen to be sixteen for the following reasons: (1) for MTCCs
of the same outer dimensions, a larger number of steel tubes means a smaller steel tube diameter and thus
a larger slenderness ratio of steel tubes, which are more prone to potential overall buckling; (2) in the
experimental study of Chan et al. (2021b), overall buckling of steel inner tubes was observed in MTCC

specimens with a 16-tube configuration.

Figure 13 compares the average axial stress-strain curves of the three parts of concrete in the four numerical
specimens, while Figure 14 shows the effective confining pressure (Eq. 2) distributions on the concrete of
these four specimens at the ultimate state. It can be seen in Figure 13 that for all three concrete parts, the

effect of the steel tube configuration on the average axial stress-strain behaviour is marginal (by less than
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2%). It is also shown in Figure 14 that at the ultimate state, although the area and patterns of the three
concrete parts vary with the steel tube configuration, the distribution of effective confining pressure on each
concrete part is only slightly affected. Based on these observations, it can be concluded that the variation
of steel tube configuration in square MTCCs in the selected range (i.e., from 4-tube to 16-tube), which is
believed to be large enough to cover most of the reasonable cases in practice, has only minor effects on the
compressive behaviour of the concrete in MTCCs. Therefore, to achieve a balance between simplicity and
representativeness, numerical MTCC specimens with eight steel inner tubes (Figure 5) are used in the

following discussions.

5.2.2 Round corner radius

Existing studies confirm that in square CFFTs, the variation of the round corner radius (7) of the FRP outer
tube can significantly affect the confinement effectiveness of the FRP outer tube (Mirmiran et al. 1998;
Lam and Teng 2003; Wang and Wu 2008). To clarify this effect, a parametric study including three
numerical specimens (as listed in Group B of Table 2) is presented in this section. In this parametric study,
the ‘round corner radius-to-side length ratio’ (#/b) is termed as round corner ratio (R,), and the three
numerical specimens have round corner ratios of 1/10, 1/8 and 1/6, respectively. This range of R, is selected
based on two considerations: (1) to ensure the confinement efficiency of the FRP outer tube (>1/10); and

(2) to keep the geometry feature (i.c., the ‘square’ cross-sectional shape) of square columns (<1/6).

Figure 15 shows the average stress-strain curves of the three parts of concrete in the three numerical
specimens in Group B. It can be seen in this figure that the variation of R, in the selected range hardly
affects the curves of CI and CO-I, but has a small effect on the CO-O curves (e.g., at the ultimate state, the
average axial stress of CO-O of the specimen C-RC1/6 is larger than that of the specimen C-RC1/10 by

7%). Figure 16 shows the distribution of the ;. on the concrete of the three numerical specimens at the
ultimate state. It can also be seen from Figure 16 that the variation of R, affects the distribution of o f

for CO-O at both the flat side region and the round corner region while hardly affects the distribution of
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0erf for Cl and CO-L It should also be noted that the area of CO-O in MTCCs depends on the thickness

of concrete cover, and is generally much smaller than those of CO-I and CI.

Based on the above discussions, it can be concluded that the variation of R, in the selected range (i.e., 1/10-

1/6) has a marginal effect on the stress-strain behaviour of the concrete in square MTCCs.

5.2.3  Thickness of concrete cover

The thickness of concrete cover (t,,,r) in @ square MTCC is defined as the minimum distance between the

external surface of steel tubes and the internal surface of FRP tube at the flat side region. It is easily
understood that an increase in the thickness of concrete cover generally leads to an increase in the area of
weakly confined concrete near the flat side region, which is detrimental to the structural performance of
MTCCs. However, the presence of a concrete cover is beneficial for fire resistance of MTCCs and allows
additional flexibility in identifying steel tubes of suitable sizes from the market to fit a given FRP outer
tube (e.g., Yu et al. 2017). In this section, a parametric study with three numerical specimens (Group C in
Table 2) is presented to examine the effect of concrete cover thickness. The three specimens in Group C

have the same steel volume ratio of 9.86%, and the controlling parameter t,,,, varies from 0 to 25 mm,

which makes the value of p (i.e., tooper/b) vary from 0 to 0.146. The range of p (i.e., 0 to 0.146)

cover cover
adopted in this study is believed to be large enough since a relatively small thickness of concrete cover is

generally preferred in practice to ensure a relatively high material efficiency of the steel inner tubes when

MTCC:s are subjected to lateral loads.

Figure 17 shows the average axial stress-strain curves of the three parts of concrete in the three numerical
MTCC specimens in Group C. It can be seen from Figure 17 that the increase in concrete cover thickness
has little effect on the curves of both CI and CO-I (e.g., for the same axial strain, the difference in axial
stress is generally less than 1%), which is not surprising. By contrast, the increase of concrete cover
thickness from 0 mm to 25 mm results in an increase of 35% in the average axial stress of CO-O at the

ultimate strain.
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To further examine this phenomenon, the distributions of effective confining pressure on the concrete of
the three specimens at their respective ultimate states are compared in Figure 18. It is evidently seen in
Figure 18 that for these three specimens, the increase of concrete cover thickness only slightly affects the
distribution of confining pressure in CI and CO-I, while substantially increasing the area of the effectively

confined portion (the round corner region) of CO-O, which leads to the observations in Figure 17.

Figure 19 shows the comparison of the average axial stress-strain curves of the whole concrete section of
the three specimens. It can be seen in this figure that a larger concrete cover thickness leads to a smaller
ultimate strain and a lower final linear segment of the axial stress-strain curves. This is because when
considering the concrete section in MTCC as a whole, the weakly confined portion (e.g., that near the

middle of flat sides) tends to increase with the concrete cover thickness, as shown in Figure 18.

5.2.4 Steel volume ratio

As discussed in Section 4, steel inner tubes can significantly affect the behaviour of the concrete in MTCCs
(especially the CI part). Thus, it is necessary to study the effect of steel volume ratio on the behaviour of
confined concrete in MTCC:s. In this section, a parametric study with three numerical specimens (Group D
in Table 2) is conducted to investigate such effects. As shown in Table 2, the three numerical specimens
have the same concrete cover thickness and round corner ratio, and the steel inner tubes in these specimens
have the same outer diameter but different inner diameters, which makes the steel volume ratio of the three
MTCC specimens vary from 4.92% to 14.2%. This range is selected based on the following two
considerations: (1) according to the standard sizes of circular steel tubes listed in existing standards [e.g.,
AS1163 (2016)], the steel volume ratio of MTCCs with no/thin concrete cover is generally larger than 5%;
(2) the steel volume ratio of 14.2%, which is around 10 times of that of typical RC columns, is believed to

be large enough to cover most of the cases in practice.

Figure 20 shows the stress-strain curves of the three parts of concrete in the three numerical specimens in

Group D. The following two observations can be obtained from this figure: (1) the variation of steel volume
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ratio has a significant effect on the ultimate strain of the concrete in MTCCs (e.g., the increase of steel
volume ratio from 4.92% to 14.2% leads to an increase of 28% in the ultimate axial strain); (2) for a given
axial strain, the steel volume ratio only has a slight (by less than 1%) effect on the average axial stress of
CO-I and CO-0O, while has a greater effect (up to 7%) on that of CI. The first observation is that an increase
in steel volume ratio leads to an increase in steel confinement, which makes the concrete (especially CI) in
MTCCs better confined and thus reduces the overall expansion of MTCCs. The reason for the second
observation is that in MTCCs, Cl is directly confined by the circular steel inner tubes. Thus, the behaviour
of CI, among the three parts of concrete, is most significantly affected by the variation in steel volume ratio.
Despite the observed difference in the stress-strain curves of CI, it is interesting to note that after a certain
axial strain, the effect of the steel volume ratio on the behaviour of CI becomes minimal. This is believed

to be due to the yielding of steel.

5.2.5 FRP confinement stiffness ratio

The confining FRP outer tube is essential for the excellent structural performance of square MTCCs as
demonstrated in Chan et al.’s (2018) experimental study. This section presents a parametric analysis with
three numerical specimens (i.e., Group E in Table 2) to investigate the effect of FRP confinement stiffness
on the compressive behaviour of square MTCCs. The FRP tube thickness is the only difference between

the three specimens in Group E. According to Eq. 2, the equivalent FRP confinement ratio (p, eq) of the

three normal MTCC specimens in Group E varies from 0.0151 to 0.0452, as listed in Table 2. The minimum

value of p,, eq (i-e., 0.0151) is selected to ensure that the linear final segment of the stress-strain curves of

CI and CO-I is non-descending. Moreover, the confinement provided by the steel inner tubes in MTCCs is

expected to be more effective in the MTCC with relatively weak FRP confinement (e.g., p,, eq of less than

0.03). The maximum value of p, eq (i.e., 0.0452) is selected to maximise the advantages of the column form

of MTCCs based on existing test results on MTCCs and related column forms (e.g., Fanggi and

Ozbakkaloglu 2015; Huang et al. 2017).
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The average stress-strain curves of CI in the three MTCC specimens in Group E are compared in Figure
21(a), and those of CO-I and CO-O are compared in Figure 21(b). The following observations can be
obtained from these figures: (1) the FRP confinement has a minor effect on the separation point (represented
by €scr, €sco-r and  Es¢o.0 in Figure 21) of the stress-strain curves of the three parts of concrete; (2) the
increase of FRP tube thickness leads to a higher axial stress-strain curve for all of CI, CO-I and CO-O after

the separation point, while such effects are more significant for CI and CO-I, especially the latter.

The first observation is due to the fact that the FRP confinement is not active, or is small compared to that
provided by the steel tubes, in the early stage, so that its effect on the stress-strain behaviour of confined
concrete is minor, as discussed previously in this paper. For the second observation, the reason is that most
of CO-O is in the weakly confined region (i.e. close to the flat sides), while CI and CO-I are in the
effectively confined region as illustrated in Figure 1(a). Furthermore, CI is confined by both the FRP outer
tube and the steel inner tubes, while the confinement for CO-I is mainly provided by the FRP outer tube,

which makes the behaviour of CO-I more significantly affected by the variation of FRP confinement.

5.3 Ultimate axial strain

It has been shown from the previous sections that the ultimate axial strain of square MTCCs is mainly
dependent on three parameters, which are the equivalent FRP confinement ratio (pg ¢q), the steel volume
ratio (ps;) and the concrete cover ratio (p.,per)- In addition, it has been well established that the rupture
strain of FRP plays an important role in the ultimate state of FRP-confined columns. Therefore, a numerical
parametric study of square MTCCs with equivalent FRP confinement ratios of 0.0151 to 0.0452, steel
volume ratios of 4.92%- 14.6%, concrete cover ratios of 0- 0.146, and FRP rupture strain of 0.01-0.02 were
conducted using the developed FE models. The specimens in the numerical parametric study had the same
dimensions as the specimens in Tables 1 and 2. It has been confirmed in the existing studies (e.g., Huang
2019), for normal strength concrete, the variation of unconfined concrete strength (f,) (from 30 MPa to 50

MPa) does not have a significant effect on the ultimate axial strain of FRP-confined concrete column. The
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unconfined concrete strength is thus not taken as a variable in the parametric study here. The details of the

numerical specimens in the parametric study are summarised in Table 3.

The effect of FRP confinement ratio on the ultimate axial strain (normalised by &.,) of square MTCCs is
shown in Figure 22, in which the ultimate axial strain corresponds to the assumed GFRP rupture strain of
0.015 at the middle of flat side of square cross-section. Figure 22 shows that the relationship between the
normalised ultimate axial strain and FRP confinement ratio is approximately linear. Figure 22 also shows
that the steel volume ratio and concrete cover ratio have considerable effects on the ultimate axial strain,
especially when the FRP confinement ratio is small. Furthermore, the FRP rupture strain is shown to have

a significant effect on the ultimate axial strain as expected (Figure 23).

Based on the above observations, the following equation is proposed for the ultimate axial strain (&.,,) of

square MTCCs:

SCU

P ApsBpK,eq + Cpe + D + E(pse — 0.0492) — Fpeoper (3)

SCO

where p; is the strain ratio given by &y rup/€cos Pk eq 18 the equivalent FRP confinement ratio (Eq. 1); pg;
is steel volume ratio; and p.,er is the concrete cover thickness-to-column side length ratio, while the six
coefficients (A, B, C, D, E and F) are determined to be 6.4, 1.8, 0.6, 1.9, 30 and 0.15, respectively, through

a regression analysis of the results of numerical parametric study (Table 3).

5.4 Axial strain at second transition point

Huang (2019) indicates that the three-segment expression is not sensitive to the variation of axial strain at
the second transition point (&, ), implying the possibility of using an approximate value for simplicity. The
examination of FE results of all square MTCC specimens in the present study shows that the axial strain at
the second transition point of the three parts of concrete varies from 0.006 to 0.009, depending on the
location of concrete (i.e., CI, CO-I and CO-0), steel volume ratio and FRP confinement ratio. To examine
the effect of variation of €;,, the stress-strain curves generated using the three-segment expression with &;,

values of 0.006, 0.0075 and 0.009 are compared in Figure 24. It is evident that the effect of the selected
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range of &, values on the stress-strain curves are minor. Therefore, a constant value of 0.0075 for &, is

adopted in the present study to simplify the problem.

5.5 Concrete inside steel inner tubes (CI)

In square MTCCs, before a certain axial strain (i.e. the second transition point), CI is mainly confined by
the steel tubes and the stress-strain behaviour of CI up to the second transition point is generally dominated
by the steel volume ratio (pg; ). After the second transition point, due to the expansion of concrete, the FRP
confinement starts to dominate the stress-strain behaviour of CI. Based on the discussion in Section 5.2, the
slope (E3) of the third segment is mainly affected by the FRP confinement ratio (pk ¢q) [see Figure 21(a)]
while the intercept stress (f;) is mainly affected by the steel volume ratio (see Figure 20). The equations of
the other two key parameters (E, and f;) of stress-strain curves of CI are formulated through the regression

analyses of FE results and are given by:

E;
7 = 0:49pg,eq = 0.0059 (4)

c

1

— =125+ 0.41(pss — 0.049) (5)
fCO

The performance of the proposed model for predicting the stress-strain behaviour of CI of MTCCs with

steel volume ratios of 4.92% and 9.68%, and different FRP confinement ratios is shown in Figure 25. It can

be seen that the proposed model produces reasonable predictions of the stress-strain behaviour of CI in

square MTCCs with different FRP confinement ratios and steel volume ratios.

5.6 Concrete surrounded by steel inner tubes (CO-I)

From the confinement mechanism of square MTCCs, the CO-I is largely confined by FRP tube and is
independent of other column parameters examined in Section 5.2. Therefore, the following equation is

proposed to consider the effect of FRP confinement ratio (pk ¢q):

E;
7 = 0.62pgeq = 0.0014 (6)

c
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=1+ 41 preq -

Figure 26 shows the comparison between the predictions generated using the proposed model and FE

results. The comparison shows that the proposed model produces reasonable predictions of the CO-I in

square MTCCs with different FRP confinement ratios.

5.7 Concrete between FRP outer tube and steel inner tubes (CO-O)

The stress-strain behaviour of CO-O in square MTCCs is mainly affected by two parameters, which are the
concrete cover ratio (Pgoper) and the FRP confinement ratio (pkeq) [see Figures 17 and 21(b)]. Both
parameters contribute significantly to the stress-strain behaviour of CO-O in square MTCCs in different
ways. The former controls the proportion of weakly confined areas of concrete in CO-O (Figure 18), while

the latter controls the level of confinement.

The stress-strain curves of CO-O generated from FE models of MTCCs with two different concrete cover
ratios (Pcoper Of 0 and 0.0731) and five different FRP confinement ratios (pg ¢q 0of 0.0151 to 0.0452) are
shown in Figure 27. For pg ¢4 of less than 0.0227, the axial stress after the transition zone decreases
dramatically due to the relatively weak confinement. For these cases, the stress-strain model of unconfined
concrete may be adopted for conservative predictions. For MTCCs with pg ., value higher/ equal to 0.0227,

the following equations are proposed to predict the stress-strain behaviour of CO-O:

7 = ~0.620cover” + 0.11pgover = 0.018 (8)
c

i

- = 1+3.1 PK.eq + 1.2 peover )
fCO

Comparisons between predictions generated using the proposed model and FE results are shown in Figure

28. The comparison shows that the proposed model can produce reasonably accurate predictions for axial

strains of up to around 0.02, while it underestimates the axial stress afterwards. To accurately predict the

whole stress-strain curve of CO-O, a more complex form of expression is needed to capture the stress
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increase in the late stage. However, the area of CO-O in square MTCCs is typically much smaller compared
to the other two parts of concrete, and the use of overcomplex expressions for more accurate predictions
may not be necessary. Therefore, Eqs. 8 and 9 are recommended for conservative predictions of the stress-

strain behaviour of CO-O.

5.8 Performance of the proposed models

A comparison of ultimate axial strain between the prediction of Eq. 3 and FE/experiment results is shown
in Figure 28. The FE results are from all numerical specimens in Table 4, with the assumed rupture strain
0f 0.015. It can be seen that the proposed model can predict the ultimate axial strains of FE specimens well.
For the test specimens, the model generally provides reasonably accurate or conservative predictions of the
ultimate axial strain. The inaccuracy of Eq. 3, as shown in Figure 28, is due to the differences between the
predictions of the developed FE models and the test results, as discussed in Section 3.3. Because of the
relatively large scatter of the experimental ultimate axial strain (Chan et al. 2018) and the conservative

nature of Eq. 3, it is believed that it is still acceptable for design use.

Additionally, Figure 3 compares the axial load-strain curves of typical MTCC specimens predicted by the
proposed models with both experimental and FE results. In this comparison, the confined concrete in CI,
CO-I, and CO-O were predicted using the proposed models, while the steel tubes' load contribution was
assumed to exhibit elastic-perfectly plastic behaviour, based on the elastic modulus and yield stress data
from material tests. It can be seen from Figure 3 that the proposed model closely aligns with the
experimental and FE results up to an axial strain of approximately 0.01. Beyond this point, the model tends
to provide conservative predictions, primarily due to the simplified models for the steel tubes and CO-O.
Overall, the proposed model strikes a good balance between accuracy and simplicity and can be adopted

for design use.

6.0 CONCLUSIONS
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This paper has been mainly concerned with the stress-strain behaviour of the three parts of concrete in
square MTCCs and the modelling of their behaviour using simple stress-strain models. To this end, 3D FE
models were first developed for the concentric compressive behaviour of square MTCCs and verified with
the existing experimental results. The FE models were then used to examine the confinement mechanism
of concrete in square MTCCs and to conduct FE parametric studies. The FE study showed that the three
parts of concrete in square MTCCs behave quite differently from each other: the concrete inside steel tubes
(CI) receives the effective confinement from both the FRP tube and the steel tubes so that its behaviour is
significantly superior to the behaviour of other parts of concrete in square MTCCs; the concrete surrounded
by steel tubes (CO-I) is largely and effectively confined by FRP tube, while the concrete between the FRP
tube and steel tubes (CO-0) is mostly located in the weakly confined region close to the flat sides of the
square FRP tube, and thus has the lowest stress-strain curve among the three parts of concrete. Therefore,
three independent stress-strain models were proposed to model the behaviour of concrete in square MTCCs.
Comparisons with the FE results have demonstrated that the proposed stress-strain models provide

reasonably accurate and conservative predictions for all three parts of concrete in square MTCCs.

ACKNOWLEDGEMENT

The authors are grateful for the financial support provided by the Hong Kong Research Grants Council
(Project No: 15230722), the Australian Research Council (Project No: DP170102992), and The Hong Kong
Polytechnic University (Work Programme: 1-BE38). The first author acknowledges the financial support
from the University of Wollongong during his Ph.D. study.

DATA AVAILABILITY STATEMENT

Some or all data, models, or code that support the findings of this study are available from the corresponding
author upon reasonable request.

REFERENCES

ABAQUS (2016). ABAQUS Analysis User’s Manual, version 6.13.



517
518

519
520

521
522
523

524
525
526

527
528
529

530
531

532
533
534

535
536
537

538
539

540
541
542

543
544

545
546

547
548

549
550

Abdelkarim, O. I. and ElGawady, M. A. (2015). “Analytical and finite-element modelling of FRP-
concrete-steel double-skin tubular columns”, Journal of Bridge Engineering, 20(8), B4014005.

Chan, C. W. (2020), Compressive behaviour of FRP-concrete-steel hybrid multitube concrete
columns, PhD thesis, University of Wollongong.

Chan, C. W., Yu, T. and Zhang, S. S. (2018). “Compressive behaviour of square fibre-reinforced
polymer-concrete-steel hybrid multi-tube concrete columns”, Advances in Structural Engineering,
21(8), 1162-1172.

Chan, C.W., Zhang, S.S. and Yu, T. (2021a). “Circular fibre-reinforced polymer (FRP)-concrete-
steel hybrid multitube concrete columns: Compressive behaviour”, Construction and Building
Materials, 121609.

Chan, C.W., Yu, T. and Bai, Y.L. (2021b). “Behavior of Large-Scale Hybrid FRP-Concrete-Steel
Multitube Concrete Columns under Axial Compression. Journal of Composites for Construction,
25(1), 04020084.

Chan, C.W., Yu, T. Zhang, S.S. and W.C. Xue (2025). “Behaviour and modelling of concrete in
circular hybrid multitube concrete columns ”, Engineering Structures, accepted for publication.

Deng, R., Xiang, Y., Yu, T., Qi, T., and Ji, W. (2024). “Hybrid FRP-concrete-steel prestressed
double-skin wind turbine towers: Concept, design considerations and research needs.” Advances
in Structural Engineering, 13694332241256988.

Fang, S., Li, L. J., Jiang, T. and Fu, B. (2020). “Compressive behavior of small-diameter concrete-
filled fiber-reinforced polymer tubes as internal reinforcements”, Advances in Structural
Engineering, 23(4), 713-732.

Fam, A. Z. and Rizkalla, S. H. (2001). “Behaviour of axially loaded concrete-filled circular fibre-
reinforced polymer tubes”, ACI Structural Journal, 98(3), 280-289.

Fam, A., Schnerch, D. and Rizkalla, S. (2005). “Rectangular filament-wound glass fibre reinforced
polymer tubes filled with concrete under flexural and axial loading: Experimental investigation”,
Journal of Composites for Construction, ASCE, 9(1), 25-33.

Fanggi, B. A. L. and Ozbakkaloglu, T. (2015). “Square FRP-HSC-steel composite columns:
Behaviour under axial compression”, Engineering Structures, 92, 156-171.

Hu, Y. M., Yu, T., and Teng, J. G. (2011). “FRP-confined circular concrete-filled thin steel tubes
under axial compression.” Journal of Composites for Construction, 15(5), 850-860.

Huang, L. (2019), Structural Behaviour of FRP-Confined Concrete-Encased Cross-Shaped Steel
Columns, PhD thesis, University of Wollongong.

Huang, L., Yu, T., Zhang, S. S. and Wang, Z. Y. (2017). “FRP-confined concrete-encased cross-
shaped steel columns: concept and behaviour”, Engineering Structures, 152, 348-358.



551
552
553

554
555

556
557
558

559
560

561
562

563
564

565
566
567

568
569
570

571
572
573

574
575
576

577
578

579
580
581

582
583

584
585
586

Huang, L., Zhang, S. S., Yu, T. and Wang, Z. Y. (2018). “Compressive behaviour of large rupture
strain FRP-confined concrete-encased steel columns”, Construction and Building Materials, 183,
513-522.

Huang, L., Yu, T., Lin, G. and Zhang, S. S. (2023). “Confinement mechanism of FRP-confined
concrete-encased cross-shaped steel columns”, Engineering Structures, 276, 115349.

Labibzadeh, M. (2015). “The numerical simulations of the strengthened RC slabs with CFRPs
using standard CDP material model of Abaqus code”, European Journal of Environmental and
Civil Engineering, 19(10), 1268-1287.

Lam, L. and Teng, J. G. (2003b). “Design-oriented stress-strain model for FRP-confined concrete
in rectangular column”, Journal of Reinforced Plastics and Composites, 22(13), 1149-1186.

Li, P. D., Gao, S. J. and Wu, Y. F. (2024). “Stress Distribution in Concrete with Nonuniform
Passive FRP Confinement”, Journal of Composites for Construction, 28(6), 04024052.

Li, P. D. and Wu, Y. F. (2023). “Damage evolution and full-field 3D strain distribution in passively
confined concrete”, Cement and Concrete Composites, 138, 104979.

Lin, G. and Teng, J. G. (2017). “Three-dimensional finite-element analysis of FRP-confined
circular concrete columns under eccentric loading”, Journal of Composites for Construction,
ASCE, 21(4), 04017003.

Mirmiran, A., Shahawy, M., Samaan, M., Echary, H. E., Mastrapa, J. C. and Pico, O. (1998).
“Effect of column parameters on FRP-confined concrete”, Journal of Composites for Construction,
ASCE, 2(4), 175-185.

Pei, W., Wang, D., Wang, X. and Wang, Z. (2021). “Axial monotonic and cyclic compressive
behavior of square GFRP tube—confined steel-reinforced concrete composite columns”, Advances
in Structural Engineering, 24(1), 25-41.

Teng, J. G., Xiao, Q. G., Yu, T. and Lam, L. (2015). “Three-dimensional finite element analysis
of reinforced concrete columns with FRP and/or steel confinement”, Engineering Structures, 97,
15-28.

Wang, L. M. and Wu, Y. F. (2008). “Effect of corner radius on the performance of CFRP-confined
square concrete columns: Test”, Engineering Structures, 30(2), 493-505.

Wang, Y., Zhong, Y. and Chen, G. (2025). “Axially loaded rectangular FRP-concrete-steel hybrid
multi-tube concrete stub columns: Performance, confinement mechanism, and design-oriented
model”, Engineering Structures, 324, 119331.

Wang, X., Fan, F., and Lai, J. (2022). “Strength behavior of circular concrete-filled steel tube stub
columns under axial compression: A review.” Construction and Building Materials, 322, 126144

Yu, T., Chan, C. W., Teh, L. and Teng, J. G. (2017). “Hybrid FRP-concrete-steel multi-tube
concrete columns: Concept and behaviour”, Journal of Composites for Construction, ASCE, 21(6),
04017044.



587
588

589
590

591
592

593
594

Yu, T., Lin, G. and Zhang, S. S. (2016). “Compressive behaviour of FRP-confined concrete-
encased steel columns”, Composite Structures, 154, 493-506.

Yu, T., Teng, J. G. and Wong, Y. L. (2010a). “Stress-strain behaviour of concrete in hybrid FRP-
concrete-steel double-skin tubular columns”, Journal of Structural Engineering, 136(4), 379-389.

Yu, T., Teng, J. G., Wong, Y. L. and Dong, S. L. (2010b). “Finite element modelling of confined
concrete-II: Plastic-damage model”, Engineering Structures, 32(3), 680-691.

Zhang, M., Wang, Y., Zheng, Z., and Zhang, J. (2024). “Seismic behavior of I-steel reinforced
concrete-filled GFRP tubular columns.” Advances in Structural Engineering, 28(3), 444-467.



	1.0  Introduction
	2.0 existing Experimental studies
	3.0 Finite Element Models
	3.1 General
	3.2 Element type, constitutive models and contact properties
	3.3 Validation of finite element models

	4.0 Confinement Mechanism of MTCCs
	4.1 General
	4.2 Behaviour of CI, CO-I and CO-O
	4.3 Confinement contribution from FRP
	4.4 Confinement contribution from steel

	5.0 Stress-Strain Models for Confined Concrete
	5.1 General
	5.2 Effect of key parameters
	5.2.1 Steel tube configuration
	5.2.2 Round corner radius
	5.2.3 Thickness of concrete cover
	5.2.4 Steel volume ratio
	5.2.5 FRP confinement stiffness ratio

	5.3 Ultimate axial strain
	5.4 Axial strain at second transition point
	5.5 Concrete inside steel inner tubes (CI)
	5.6 Concrete surrounded by steel inner tubes (CO-I)
	5.7 Concrete between FRP outer tube and steel inner tubes (CO-O)
	5.8 Performance of the proposed models

	6.0 Conclusions
	Acknowledgement
	Data Availability Statement
	References



