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Abstract

Recently, ultra-high performance fiber reinforced concrete (UHPFRC) has been commonly used as a structural material. In this study, 

finite element (FE) model is constructed to investigate the behavior of ultra-high performance fiber reinforced concrete filled steel 

tube columns (UHPFRCFSTs) under axial or eccentric loading. The analysis included three-dimensional FE model using solid elements. 

The novelty of the suggested FE model is the consideration of the confinement of the UHPFRC in-filled material. Furthermore addition, 

the numerical model includes initial local and overall geometric imperfections, as well as the inelastic response of both UHPFRC and 

steel materials. The interaction between the steel tube and UHPFRC in-filled is modelled using surface to surface contact.  Experimental 

results from the literature are used to validate the FE model. It is proved that the FE model can predict the ultimate capacities, failure 

modes, and post-cracking behavior accurately for both short and long UHPFRCFSTs. The FE interaction diagram agreed very well with 

the experimental results. Using the verified FE model, a parametric study on UHPFRCFSTs is carried out. Several parameters, including 

concrete strength material, steel yield strength, and aspect ratio of the columns (column diameter/tube thickness), are investigated. 

Eventually, comparisons are conducted between the results obtained from FE simulation and the existing design codes for predicting 

load-moment interaction diagram of UHPFRCFSTs. It has been found that the Eurocode 4 predictions in most analyzed cases are 

conservative for UHPFRCFSTs.
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1 Introduction 
Composite members made from a mix of steel and con-
crete enjoy the merits of both materials [1], specifically 
the high ductility and tensile strength of steel, the high 
compressive strength of concrete and its capability to stop 
the local buckling of steel tube. Additionally, the steel 
tube provides confinement mechanism for the concrete. 
Composite columns have become increasingly popular in 
a variety of engineering constructions, particularly high-
rise buildings and long-span bridges [2]. The most com-
mon steel–concrete composite member is the concrete 
filled steel tube (CFST) column. The structural perfor-
mance of CFST members has been the subject of numer-
ous experimental and analytical research [3–5]. Relevant 
design specifications have been established in various 
nations and areas as a result of these findings to better 
guide the design of CFST members and structures.

To fulfil the ever-increasing performance demands of 
engineered constructions, high performance materials for 
instance high strength concrete (HSC) and fiber reinforced 
concrete (FRC) have gradually evolved into appealing 
alternatives to normal concrete in CFST members because 
of advanced material technologies. The use of HSC is 
thought to increase the risk of brittle failure of members, 
which can be avoided by utilizing steel tubes with a small 
diameter-to-thickness ratio [6].

It is an effective approach to improve the brittleness of 
the concrete core by inserting steel fibers to enable ductile 
behavior for such CFST members. Steel fibers were found 
to improve not only load-bearing capacity but also stiffness, 
delaying lateral deflection and boosting ductility and energy 
absorption capability of CFST members [7–8]. Ultra-high 
performance fiber reinforced concrete (UHPFRC) is a new 
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type of concrete material with better features in terms of 
compressive and tensile strength, as well as durability. 
It is characterized by ultra-high strength, good fracture 
toughness, and increased ductility [9–14]. Super-plasti-
cizers are used to achieve great workability and self-com-
pacting qualities despite a low water-cement ratio and 
provision of fiber. Several scholarships done on both its 
durability, overall performance, and characteristics had 
thus far yielded positive outcomes [15–18].

Nevertheless, there are many scholars investigated the 
behavior of CFST columns [19–25], there are only a few 
published studies on the behavior of ultra-high perfor-
mance fiber reinforced concrete filled steel tube columns 
(UHPFRCFSTs)  [26–30]. Mursi and  Uy  [19,  20] investi-
gated the structural performance of rectangular CFST 
columns which were slender. According to their findings, 
the slender columns broke due to a combination of global 
instability and tube local buckling. When compared 
to their hollow equivalents, the filled concrete greatly 
boosted the capabilities of CFST columns. The strength 
and stiffness of CFST columns were significantly lowered 
when the eccentricity-to-width (e/B) ratio was increased. 
Sakino et al. [21] conducted an experimental study using 
114 specimens to determine the impact of high-strength 
materials on the performance of short circular and rectan-
gular CFST columns. The filled concrete’s strength ranged 
from 25.4 to 85.1 MPa. The confinement in circular cross 
sections was more visible than in rectangular cross sec-
tions, according to the experiments. The strength of the 
composite columns was significantly increased by increas-
ing either the steel yield stress or the concrete strength. 
The experimental performance of CFST rectangular col-
umns fabricated by high-strength materials was explored 
by Huang et al. [22]. Steel plates were cut into the neces-
sary forms and welded together to create CFST columns 
with B/t ratios ranging from 18 to 68. The rectangular steel 
boxes with significant B/t ratios experienced local buck-
ling. Furthermore, raising the B/t ratio significantly low-
ered the capacity and stiffness of CFST columns. Through 
a combination of experimental and numerical research, 
Zhang et al. [23] studied the compressive behavior of steel 
reinforced concrete filled tubular (SRCFT) stub columns. 
The SRCFT stub columns displayed improved ductility 
than CFT stub columns. Shear cracks in the core concrete 
can be efficiently prevented by using the inserted steel sec-
tion. Ding et al. [24] investigated the effect of orthogonal 
tension bars in rectangular CFST specimens with a high 
B/D ratio (from 1.0 to 3.0). The tension bars were shown 

to successfully limit tube lateral deformation and improve 
confinement on the infilled concrete, according to the find-
ings. As a result, when tension bars are used, both ultimate 
strength and ductility increased significantly.

Xiong et al. [25] investigated the behavior of (CFSTs) 
with high and ultra-high strength materials at ambient 
temperature in an experimental research. The authors pre-
sented some new findings on the axial performance of 56 
short CFSTs. Chen et al. [26] used an experimental inves-
tigation to investigate the structural behavior of UHPC-
filled steel tube columns under axial loading. The primary 
goal of this research was to determine the mechani-
cal differences between UHPCFST and CFST columns. 
The steel tube and UHPC performed well together in the 
tests, although the steel tube's augmentation effect on the 
core UHPC strength was not as great as that of normal 
concrete. Zhang  et  al.  [27] experimentally investigated 
the behavior of UHPCFST columns subjected to eccentric 
loading. The findings revealed that when the initial eccen-
tricity and slenderness ratio increased, the column's initial 
stiffness and load bearing capability dropped, and bend-
ing characteristics progressively emerged. Under eccen-
tric compression, in-plane bending was the most common 
failure mode for UHPCFST columns. Yan et al. [28] inves-
tigated the axial behavior of square UHPFCFST columns 
experimentally. By varying the steel tube thickness and 
UHPC strength, the confinement index was used as a vari-
able. All specimens showed good ductility, with confine-
ment indexes ranging from 1.41 to 5.27. Hoang et al. [29] 
experimentally investigated the structural performance 
of UHPC and UHPC with steel fiber (UHPFRC) columns 
with steel tube. Axial loading was applied to all speci-
mens. The results of the tests showed that loading only the 
concrete core resulted in a significant increase in strength 
and ductility. Shear plane failure of the UHPC and 
UHPFRC cores was observed in all specimens, which is 
often associated with softening behavior. An experimen-
tal research on the axial performance of square/rectangu-
lar UHPFRCFST columns was given by Yang et al. [30]. 
The ultimate axial stress of CFST columns was raised by 
increasing the thickness of the steel tube and adding steel 
fibers to the concrete mixture, according to the findings.

Although there are many scholars investigated the 
behavior of CFST columns numerically [31–33], there are 
limited published studies on UHPFRCFSTs. Hassanein 
and Patel  [31] investigated the behavior of round-ended 
rectangular CFST (RRCFST) columns. The ABAQUS pro-
gram was used to create three-dimensional finite element 
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(FE) models for RRCFST columns. The FE results agreed 
very well with previous experimental data. Ouyang and 
Kwan  [32] analyzed the square concrete-filled steel tube 
(CFST) columns under axial compressive load using FE 
modeling. Overall, the full-range load-strain curves pro-
duced by the FE analysis were in good agreement with 
the experimental results. dos Santos et al. [33] reported on 
a study of the structural behavior of bolted shear connec-
tors utilized as force transmission devices in concrete-filled 
composite columns using numerical modelling.

To the authors' knowledge, most existing studies have 
studied experimentally the behavior of UHPFRCFSTs 
under axial loading, with only a few numerical analyses 
reported, and neglecting the confinement of UHPFRC. 
To fill this numerical gap, a study investigating the behav-
ior of UHPFRCFSTs under axial or eccentric loading con-
ditions is required. The novelty of this finite element (FE) 
model was the consideration of the confinement in the 
UHPFRCFSTs. The research work presented in this paper 
discusses the eccentric behavior of UHPFRCFSTs and pres-
ents a FE model can predict the interaction diagram curve 
numerically. To accomplish this goal, finite element models 
are established using (ABAQUS) software  [34] to mimic 
the behaviors of UHPFRCFSTs under axial or eccentric 
loading conditions. The FE model is then calibrated against 
experimental results published in previous studies [27].

2 Finite element models
ABAQUS software [34] is employed to mimic the behav-
iors of short and long UHPFRC filled steel tubular columns 
(UHPFRCFSTs) under both axial and eccentric loading. 
Detailed three-dimensional (3D) are conducted to predict 
their behavior. The constitutive models that are employed 
in the model are described briefly below. Load control 
method is implemented to estimate the column capacity 
and post-cracking behavior of the (UHPFRCFSTs).

2.1 Material properties and constitutive models
The "concrete damage plasticity model" (CDP) is imple-
mented to mimic the nonlinear behavior of the confined 
UHPFRC. The major two failure modes in this model are 
tensile cracking and compressive crushing. Naeimi and 
Moustafa  [35] proposed a model to establish the stress–
strain relationships of confined UHPFRC materials. 
Their study shown that steel fiber had contributory roles 
in confining effects. Three different equations in three 
stages could be used to describe the limited compressive 
curve numerically (Fig. 1). The first region is a nonlinear 

ascending branch from the origin up to peak strength. 
The  second region is a nonlinear descending branch 
from the peak point to deteriorated strength at strain εcc,d. 
The third region is another nonlinear descending branch 
beyond εcc,d. The confined compressive stress-strain rela-
tionship of UHPFRC for three regions can be defined 
using these equations as follows:
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Equation (1) is used to draw the first region of the curve 
where f̅ cc and εcc

' refer to the peak compressive stress and 
strain, B1 is the material parameter which could be calcu-
lated using Eq. (4). It should be noted that B1, as displayed 
in Eq. (4), needs a value for the modulus of elasticity (Ec) 
that has been calculated using Eq. (5). f̅ cc is calculated 
using Eq. (6).
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Fig. 1 Normalized compressive stress- strain curve for confined 
UHPFRC [35]
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E f vc cu f� �3400 1310 	 (5)

f f vcc cu f s� � �6 26 6 57. . � 	 (6)

Where fcu is the compressive strength of the unconfined 
UHPFRC, vf is the volumetric ratio of steel fiber, and ρs is 
the volumetric ratio of stirrups reinforcement. Equation (2) 
is used to draw the second region of the curve where B2 and 
B3 are the material parameters to be calculated using the 
suggested Eqs. (7) and (8), respectively.

B v f s2
3 096 0 0941 0 2073� � �. . . � 	 (7)

B v f s3
3 793 0 2314 0 0100� � �. . .. � 	 (8)

As seen in Eq. (3), the third zone corresponds to resid-
ual strength, which is generated by the confining action of 
fibers and transverse reinforcement. Where ηd is defined 
before in Eq. (9), and k1 and k2 could be calculated using 
Eqs. (10) and (11) as follows:

� �d f sv� � �0 289 0 004 0 052. . . ,	 (9)

k v f s1
0 2392 0 0112 0 0207� � �. . . � ,	 (10)

k v f s2
0 8975 0 0613 0 0129� � �. . . � .	 (11)

xd, which is the normalized strain (
ε
ε
cc d

cc

,

'
) at post peak 

strain εcc,d and could be calculated by Eq. (2) when fc is 
taken equal to ηd  f̅ cc .

In this study (FE model), the tension stiffening is 
described as a uniaxial stress-cracking strain relationship. 
The uniaxial tensile behavior of UHPFRC is usually con-
sists of three phases: linear elastic, strain hardening and 
strain softening phase. Because the fibers resist the opening 
of micro cracks by fiber bridging, and UHPFRC continues 
to take stress in the initial phase, stress is increased linearly 
without fracture formation until cracking strength is reached 
(elastic zone). The tension is increased again in the second 
phase with the creation of micro fractures as the fibers begin 
to pull away from the matrix until tensile strength is reached 
and the dispersion of small cracks is enlarged (strain hard-
ening zone). In the third phase, isolated macro fractures 
form and propagate as the tensile strength is reached (strain 
softening zone). Finally, there is no more stress transfer 
through these isolated macro cracks, and the final frac-
ture occurs [36]. According to AFGC-SETRA recommen-
dations [37], Fig. 2 depicts the tensile laws for UHPFRC, 
which are separated into three phases: elastic, hardening, 
and softening. The  tensile stresses at two different char- 
acteristic points (at w0.3 and w1%) are stated as follows:
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where w0.3 = crack width of 0.3 mm, ε0.3 = strain at crack 
width equal to 0.3 mm, σbtu = tensile stress at a crack width 
of 0.3  mm, w1% = crack width corresponding to 0.01  H, 
ε1 = strain corresponding to crack width at 0.01 H, σu1% = 
tensile stress corresponding to crack width at 0.01 H, and 
H being the column section length, γbf = partial safety fac-
tor, K = fiber orientation coefficient, ftj = tensile strength 
within softening range, εe = elastic strain, Eij = modulus 
of elasticity, lf = fiber length, and lc = characteristic length 
(usually ⅔ H).

As shown in Fig. 3, the steel tube is supposed to be 
an elastic-plastic material. In this investigation, the steel 
model proposed by Tao et al. [38] was used. This model is 
suitable for structural steel with a strength ranging from 
200 MPa to 800 MPa. The yield strength (Fy ), ultimate 
strength (Fu ), and elastic modulus (Es ) are the only three 
factors required to determine the full range stress-strain 
curve, as shown in Fig. 3. A Poisson's ratio of 0.3 was 
adopted for the steel tube.

Fig. 2 Uniaxial stress-strain curve for UHPFRC [37]
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2.2 Elements of the FE models
In this study, the behavior of UHPFRCFT columns is sim-
ulated using (ABAQUS). The analysis included solid ele-
ment using 3D model. At 3D modeling using solid ele-
ment, an 8-node 3-D solid element (C3D8R) is used for 
simulating the UHPFRC and steel tube.

2.3 Contact modelling
The interaction between the steel tube and the UHPFRC 
core was simulated by using surface-to-surface contact 
with a "hard" contact in the normal direction and a cou-
lomb friction model (friction coefficient of 0.6) in the tan-
gential direction. The interaction between the rigid load-
ing plate and the UHPFRCFT columns was modelled by 
a tie contact interaction.

2.4 Equivalent geometric imperfection
The residual stresses for steel come from bending and ini-
tial geometric imperfection effects. Modeling the equiva-
lent geometric imperfections necessitates choosing a suit-
able pattern for the geometric imperfections across the 
entire tube, as well as a suitable amplitude should be deter-
mined. To find the accurate imperfection pattern, an elas-
tic buckling analysis was done for the UHPFRCFSTs and 
the accurate elastic buckling mode shape deformation was 
connected with the actual nonlinear FE model by using 
a simple subroutine obtainable in ABAQUS environment 
named IMPERFECTION. It is important to introduce these 
geometric imperfections with suitable out-of-plane deflec-
tion patterns and amplitudes into the nonlinear FE model 
to acquire accurate results. The amplitudes were consid-
ered for each model in this study as four levels (ts, ts/10, 
ts/100, and L/1000) in order to evaluate the level that could 
provide satisfied FE predictions, where ts, L are thickness 
of steel tube and length of the column, respectively. 

3 Validation of the proposed FE model
Experimental data from prior work was utilized to val-
idate the accuracy and applicability of the FE mod-
els of UHPFRCFST columns under eccentric loading. 
Zhang  et  al.  [27] presented experimental results on six 
UHPFRCFST columns had a diameter of 108 mm circular 
cross section and 540 mm in height for short columns and 
1080 mm in height for long columns. The short columns 
were tested under eccentric loading with eccentricities of 
15, 30 mm, respectively. Moreover, the long columns were 
tested under eccentric loading with eccentricity of 15 mm. 
The UHPFRCFSTs columns had two thicknesses of steel 
tube of 4.24, 6.01  mm, respectively. Details of the tests 
are given in Table 1. The dimensions of test specimens are 
presented in Fig. 4.

Fig. 3 Stress-strain model for steel tube proposed by Tao et al. [38]

Table 1 Detailed parameters of test specimens [27]

Specimens D (mm) t (mm) L (mm) Fy Fc' e

CS4-S-15 108.6 4.24 540 394.40 145.90 15

CS4-S-30 108.6 4.24 540 394.40 145.90 30

CS4-L-15 108.6 4.24 1080 394.40 145.90 15

CS6-S-15 108.1 6.01 540 420.90 145.90 15

CS6-S-30 108.1 6.01 540 420.90 145.90 30

CS6-L-15 108.1 6.01 1080 420.90 145.90 15

Fig. 4 The Dimensions details of test specimens [27]
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3.1 Material properties in the FE models
The nonlinear behavior of UHPFRC material is divided 
into two regions: compression and tension. The proposed 
FE models of confined UHPFRC material in compression 
which calculated according to Eqs. (1)–(11), as displayed 
in Fig. 5(a). The tensile behavior of UHPFRC material was 
not provided in the experimental work, so the tension stiff-
ening is extracted from a direct uniaxial test on dog bone 
specimens as displayed in Fig. 5(b) [27, 39]. The first crack-
ing happened at a stress of, fUt,1 = 4.9 MPa, which typically 
corresponds to the cracking strength of the matrix. After 
cracking, the fibers struggled the tensile stresses by fiber 
bridging effect until the peak tensile strength is achieved. 
The production of micro-cracks throughout the specimen 
is caused by fiber bridging, and the material resists ten-
sile pressures until the crack localizes. The average peak 
tensile strength of the material adopted in this study is, 
fUt,max = 5.8 MPa and the strain corresponding to the peak 
strength is, εUt,max = 2800 micro-strain, while the soften-
ing stage starts and the stress fall rapidly due to the local-
ization of the crack. The nonlinear behavior of steel tube 
material is displayed in Fig. 6 for two tube thicknesses.

3.2 Applied loads 
In the experimental work, the columns were tested under 
eccentric loading. The test and FE models setup and load-
ing system are displayed in Fig. 7. To mimic the exper-
imental setup, rigid plates composited with a rectangu-
lar flat plate (length: 390 mm, width: 390 mm, thickness: 
40 mm), were adopted, as presented in Fig. 7.

3.3 Imperfection sensitivity
The geometric imperfection value was taken as the col-
umn length over 1000 (L/1000) following Tao et al. [38]. 

(b)
Fig. 6 Material properties of steel: (a) CS4; (b) CS6

(b)
Fig. 5 Material properties of UHPFRC: (a) Compressive stress-strain 

responses for UHPFRC; (b) Tensile stress-strain responses for UHPFRC

(a)

(a)                                                       (b)
Fig. 7 UHPFRCFSTs columns setup: (a) Experimental Zhang et al. [27]; 

(b) FE simulation (3D model)

(a)
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Despite relating the imperfection to the length of the col-
umn as (L/1000) [38], the imperfection used in the current 
composite columns is still local in nature. Accordingly, 
additional values for the local geometric imperfection 
were also considered to confirm the final selected ampli-
tude. Moreover, three values of 1, 10 and 100% of the steel 
tubular section column thickness (ts) were examined as 
local imperfection amplitudes. Table 2 displays the ulti-
mate FE load (NFE) and the corresponding lateral displace-
ment (∆u) of specimens CS4-S-15, CS4-L-15 for four uti-
lized imperfection amplitude levels (ts, ts/10, ts/100, and 
L/1000). From the comparison shown in Table 2 between 
the test and the FE results, the best match between the test 
results and the FE results was obtained when the ampli-
tude of the geometric imperfection was L/1000. It can be 
observed in Table 2 that the ultimate load results are sen-
sitive relative to the change in the geometric imperfection 
amplitudes. It was found that the displacement predictions 
are more sensitive to the change in the geometric imper-
fection amplitudes compared to the load predictions. 

3.4 Mesh convergence 
For determining a proper and stable mesh size, a mesh 
convergence study was done. Mesh convergence was 
studied in this work, which ranged from moderately 
coarse meshes to very fine meshes. The meshes element 
sizes are 100 mm, 80 mm, 40 mm, 20 mm, and 10 mm. 

Fig. 8(a) displays the results obtained for meshes with ele-
ment sizes ranging from 120 mm to 10 mm for eccen-
trically loaded column (CS4-S-15). The results display 
that refinement of the mesh has little to no effect on the 
solution and increases CPU time as presented in Fig. 8(b). 
As a result, the 20 mm element meshes provide a satisfac-
tory convergence.

3.5 Comparison of experimental and finite element 
results
Figs. 9(a)–(d) show the experimental and FE results of short 
UHPFRCFSTs columns subjected to load eccentricities 
of 15 (CS4-S-15, CS6-S-15), and 30 (CS4-S-30, CS6-S-
30) mm. The load (kN) vs. mid height lateral displacement 
achieved for long UHPFRCFST columns from the exper-
imental and FE analysis is presented in Figs.  10(a)–(b). 
From Fig. 9 and 10, the overall prediction is favorable, with 
only a minor variation in the descending stage. Moreover, 
the ultimate load capacities of the UHPFRCFSTs obtained 
from experimental data (Nexp) are compared with finite 

Table 2 Comparison of the test and FE key results for varying 
imperfection amplitude levels

Imperfection 
amplitude level

Specimen label

CS4–S-15 CS4-L-15

NFE

L/1000 1100 915

ts 1096 900

ts/10 1094 880

ts/100 1089 850

∆FE

L/1000 5.70 10.50

ts 5.30 10.00

ts/10 5.10 9.50

ts/100 4.90 8.90

Nexp/ NFE

L/1000 1.04 1.00

ts 1.042 1.01

ts/10 1.045 1.03

ts/100 1.049 1.08

∆exp/ ∆FE

L/1000 1.10 1.00

ts 1.19 1.05

ts/10 1.24 1.15

ts/100 1.29 1.17

(a)

(b)
Fig. 8 Mesh convergence study for (CS4-S-15) specimen: Load vs. mid 

height lateral displacement; (b) Convergence vs. CPU time
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element analyses (NFE) in Table 3. The mean values of NFE/
Nexp and MFE/Mexp are 0.96 and 0.99, and 0.91 and 1.03, 
respectively. Fig. 11 compares the deformation mode after 
failure between FE and test results. In terms of overall 
bending and local buckling, the FE model performed well. 
At the ultimate state, the compression and tension flanges at 
the mid-section of the steel tube have yielded, and the plas-
tic distribution is decreasing towards both ends. Through 
the above verification and comparisons, it can be concluded 
that satisfactory agreement has been achieved between the 

FE simulation and the test results. This indicates that the 
currently established FE model can be used for further anal-
ysis of UHPFRCFST columns under eccentric compression.

4 Parametric study
The proposed FE model proved its ability to accurately 
represent the eccentric response of both short and long 
UHPFRCFSTs. The suggested verified FE model was 
adopted to investigate the effect of several parameters on 
the behavior of UHPFRCFST columns. These parameters 

Fig. 9 Comparison of experimental results with (3D) FE model for short UHPFRCFSTs columns with different load eccentricities and thickness of 
steel tube: (a) CS4-S-15; (b) CS4-S-30; (c) CS6-S-15; (d) CS6-S-30

(a) (b)

(c) (d)

Fig. 10 Comparison of experimental results with (3D) FE model for long UHPFRCFSTs columns with different thickness of steel tube: (a) CS4-L-15; 
(b) CS6-L-15

(a) (b)
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include concrete strength material, steel yield strength, 
and aspect ratio of the columns (column diameter/tube 
thickness).

4.1 Concrete strength 
To investigate the effects of concrete compressive strength, 
two more concrete compressive strengths were proposed 
in addition to that tested in the experimental work [27]. 
The  effectiveness of the UHPFRC material is evaluated 
by comparing it with traditional solutions, based on the 

Table 3 Comparisons among of experimental, and FE results

Specimen 
label

Test [27] FE

Nexp 
(kN)

Mexp 
(kN.m)

NFE 
(kN)

NFE/
Nexp

MFE 
(kN.m)

MFE/
Mexp

CS4–S-15 1143 25.40 1100 0.96 23.40 0.93

CS4–S-30 773 29.80 765 0.98 28.50 0.96

CS4-L-15 915 26.60 912 0.99 27.40 1.03

CS6–S-15 1284 28.40 1255 0.97 26.40 0.93

CS6–S-30 954 34.90 895 0.94 31.70 0.91

CS6–L-15 1016 28.70 985 0.96 26.50 0.92

(a) (b)

(d)

(e) (f)
Fig. 11 Comparison between FE predicted and experimental failure modes: (a) CS4-L-15; (b) CS4-S-15; (c) CS4-S-30; (d) CS6-L-15; (e) CS6-S-15; 

(f) CS6S-30

(c)
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adoption of normal strength concrete (NSC) and high 
strength concrete (HSC), to show how the UHPFRC has 
affected the response of the columns. The NSC and HSC 
columns have the same cross-section of columns [27]. 
The NSC column has compressive strength of 25 MPa and 
the HSC has compressive strength of 80 MPa. The steel 
yield strength of the steel tube was 394 MPa [27]. Fig. 12 
shows the N-M interaction diagram curves of both short and 
long columns with different concrete strength materials and 
constant steel yield strength. It can be seen from this figure 
that the capacity of both short and long columns increased 
with the increase in the concrete compressive strength val-
ues. For example, UHPFRCFST short columns under pure 
axial loading showed almost 125% and 50% increase in 
axial load capacity compared to NSCFST and HSCFST 
columns, respectively. While, UHPFRCFST short columns 
under eccentric loading (CS4-S-30) showed almost 30% 
and 40% increase in load capacity compared to NSCFST 

and HSCFST columns, respectively. For UHPFRCFST 
long column under eccentric loading (CS4-L-30) showed 
almost 28% and 39% increase in load capacity compared 
to NSCFST and HSCFST columns. It should be noted that 
it is more efficient to use UHPFRC to increase the axial 
capacity rather than pure bending capacity as depicted in 
Fig. 12. The reasonable explanation for this is that the con-
crete exhibits a low tensile strength which reduces the pure 
bending capacity. The  increase in concrete compressive 
strength did not make any changes in the failure mode of 
the simulated columns, which is local buckling followed 
by concrete crushing. It was found using UHPFRC mate-
rial not only improves the load-bearing capacity but also 
improving the ductility of the columns. 

4.2 Steel strength 
Fig. 13 gives the N–M interaction diagram curves of both 
short and long columns (CS4) with varied steel strength, 
where the steel strengths are 235 MPa, 345 MPa, and 

(a)

(b)
Fig. 12 N–M interaction diagram with different concrete material 

(Fy= 394 MPa): (a) short columns; (b) long columns

(a)

(b)
Fig. 13 N–M interaction diagram with different steel strength 

(UHPFRC material): (a) short columns; (b) long columns
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394 MPa, respectively, while other parameters are kept the 
same (UHPFRC material). From Fig. 13, it can be found 
that the ultimate bearing capacities are improved by 17% 
(from 345 MPa to 394 MPa) and 38% (from 235 MPa to 
345  MPa) with the increase of steel strength when both 
short and long columns subjected to pure axial loading. 
While, UHPFRCFST columns under eccentric loading 
(CS4-S-30), (CS4-L-30), it can be found that the ultimate 
bearing capacities are improved by 50% (from 345 MPa 
to 394 MPa) and 75% (from 235 MPa to 345 MPa) with 
the increase of steel strength. It indicates that it is more 
efficient to increase the steel strength to increase the pure 
bending capacity rather than the axial capacity as depicted 
in Fig. 13. This could be ascribed to the contribution of 
steel tube on carrying the tension load of the steel-con-
crete composite column under pure bending.

4.3 Column diameter/tube thickness (D/t)
In this section, the aspect ratio (diameter-to-thickness 
ratio) which is one of the factors that affect the funda-
mental behavior of UHPFRCFST columns is investi-
gated. The D/t ratio is varied by choosing four different 
thicknesses comprising 3.00 mm, 4.20 mm, 6.00 mm, and 
8.00 mm. Other properties such as yield strength of steel 
and compressive strength of concrete were maintained 
constant (394 MPa and 145 MPa, respectively). Fig. 14 
gives the N–M interaction diagram curves of both short 
and long columns with varied D/t ratio. From Fig. 14, it can 
be found that the ultimate bearing capacities are improved 
by 25% from (25.60 to 36.20), 17% from (18.00 to 25.60), 
and 18% from (13.5 to 18.00) with the decrease of D/t ratio 
when both short and long columns subjected to pure axial 
loading. Moreover, when UHPFRCFST columns under 
pure bending, the bending capacity increases as the D/t 
ratio decreases. It indicates that the UHPFRCFST col-
umns can efficiently be adopted to improve the bending 
capacity with the small diameter-to-thickness ratio. 
Furthermore, a D/t ratio less than 25.60 should be main-
tained to ensure the required ductility of a CFST column 
made of UHPFRC, which also prevents the long steel tube 
from the local buckling (Fig. 15).

5 Interaction diagrams of the UHPFRCFSTs columns
The axial load-moment interaction curves (commonly 
termed N-M diagrams) from FE model, Eurocode 4 [40], 
GB 50936 [41], AIJ [42], AISC 360 [43], and experimen-
tal results are plotted in Fig. 16 for both short and long 
UHPFRCDSTs for thickness steel tube of 4 mm. The for- 

mulas used to predict the ultimate load capacity from four 
selected codes for the axial compression column CFST are 
shown in Table 4. The moment demands of the columns 
during were calculated as Mu = Nu × (e + δm) where e is the 
initial eccentricity, and δm is the measured deflection, and 
Nu is the measured axial force.

Note, in Eurocode [40] N1 is the characteristic plastic 
cross-sectional compressive resistance of a CFST without 
considering confinement for rectangular or square sections. 

(a)

(b)
Fig. 14 N–M interaction diagram with various D/t ratio: (a) short 

columns; (b) long columns

Fig. 15 Effect of D/t ratio on UHPFRCFST column strength
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Confinement effect may be considered for circular CFST 
with non-dimensional slenderness ratio (λ ≤ 0.50) and the 
ratio of load eccentricity to diameter (e/D < 0.5), where λ 
is the non-dimensional slenderness ratio = N

Ncr
1 , Ncr is the 

Euler buckling force of the CFST. t, D is the thickness and 
the diameter of steel tube. The Euler buckling force Ncr is 
formulated as:

N
EI

lcr
eff�

� �� 2

2 ,	 (18)

EI E I E Ieff s s c c= +0 60. ,	 (19)

where, 
L is column length; Ec and Es are the modulus of elasticity of 
concrete and steel; Is and Ic are the second moment of area of 
steel and concrete sections, respectively. In GB50396 [41], 
θ means the hoop coefficient of concrete-filled steel tubular 
members, αsc represents the steel content of concrete-filled 
steel tubular members, in the design of compressive 
strength of concrete-filled steel tube, B and C are the influ-
ence factors of the cross-sectional shape on the hoop effect, 
and about circular cross section. 

It can be seen from the FE model and the experimen-
tal results in Fig. 16 that the proposed FE model results 
have acceptable high results. It can be seen that for short 
columns, GB 50936 and AISC 360 give relatively large 
predictions with Ncode/NFE of 1.12 and 1.01, respectively, 
while EC4 and AIJ are conservative in their predictions, 
with Ncode/NFE of 0.98 and 0.94. For long columns under 
pure axial loading, all codes give conservative predic-
tions, with Ncode/NFE of 0.95, 0.97, 0.99 and 0.93, respec-
tively. The N-M interaction diagram curve recommended 
by EC4 provides conservative results compared with both 
experimental and FE results.

6 Conclusions
In this paper, FE model was developed to investigate the 
behaviors of UHPFRCFSTs under axial or eccentric load-
ing conditions. The novelty of this model is taken into 
account the confinement behavior of UHPFRC in the FE 
model. Using a validated FE model, three parametric stud-
ies are carried out. The following conclusions can be made:

1.	 It was shown that the FE models developed for the 
UHPFRCFSTs can predict accurately the ultimate 
capacities, load-mid height lateral displacement rela-
tionship, and interaction diagram curves. This indi-
cates that the currently suggested FE model provides 
an accurate tool for representing the performance of 
UHPFRCFSTs. 

(a)

(b)
Fig. 16 Axial force –bending moment interaction diagram for 
UHPFRCFSTs columns: (a) short columns; (b) long columns

Table 4 Strength prediction methods for design codes

Codes Expressions Notes

Eurocode 4 
[40]

N1 = AsFy + AcFck
ηs = 0.25(3 + 2 λ) + 

(1 – 0.25(3 + 2 λ))(10e/D)
ηc = (4.90 – 18.5 λ + 17 

λ2)(1 – 10e/D)

N2 = ηs AsFy + AcFck 
(1 + ηc 

t
D
Fy
Fck

), 

confinement effect 
(circular section)

GB 50936 
[41] N = Asc Fsc

Fsc = (1.212 + Bɵ + Cɵ2) 
Fc

ɵ = αs
F
Fc

 , α =
As
Ac

AIJ guide 
[42] N = AcFck + (1 + η )AsFy

η  =  0 square
η =  0.27 circular

ANSI/AISC 
[43]

N2 = ηs AsFy + AcFck 

(1 + ηc 
t
D
Fy
Fck

, 

 confinement effect 
(circular section)

Pp = FyAs + C2 Fck Ac

C2 = 0.85 rectangular
C2 = 0.95 circular

Non-compact  

N = Pp – 
P Pp y

r y

−

−( )λ λ
2 (λ – λp)

2

Py = FyAs + 0.7 Fck Ac

λ, λp, λr: section 
slenderness ratios
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2.	The FE simulations and test results achieved sat-
isfactory agreement in terms of failure modes. 
The overall failure mode of both short and long 
UHPFRCFSTs under eccentric loading are in-plane 
bending. Local buckling and fracture of the steel 
tube are usually located in the middle-section 
of the columns.

3.	 The UHPFRC in a CFST column is found to be more 
efficient when it is subjected to pure axial loading as 
well as small eccentricity. In contrast to the effect of 
UHPFRC, the pure bending capacity increases as the 
steel yield strength increases.

4.	 Based on the results of the current study, a diame-
ter-to-thickness ratio should not be greater than 25.60 
to prevent the steel tube from the local buckling.

5.	 AISC 360 code displays the greatest accuracy in pre-
dicting load bearing capacity, with average Ncode/NFE 

 values of 1.01 and 0.97 for short and long columns, 
respectively. The most conservative projections 
were provided by AIJ, followed by EC4, AISC 360, 
and GB 50936. By comparing the FE curve with 
the N–M interaction curve calculated by the design 
code, EC4 expected the best results, but still needed 
more improvement.
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