Journal of Science and Technology in Civil Engineering, HUCE, 2025

AXIAL PERFORMANCE OF UHPC-FILLED STEEL TUBE
COMPOSITE COLUMNS
Hoang Hieu Nghia®?, Mai Viet Chinh®"*

“Faculty of Technology and Engineering, Hai Phong University,
171 Phan Dang Luu road, Phu Lien ward, Hai Phong, Vietnam
bInstitute of Construction Technology, Le Quy Don Technical University,
236 Hoang Quoc Viet road, Nghia Do ward, Ha Noi, Vietnam

Article history:
Received 24/7/2025, Revised 07/11/2025, Accepted 01/12/2025

Abstract

This study presents a comprehensive finite element investigation into the axial compressive performance of
Ultra High Performance Concrete-filled steel tube (UHPC-FST) composite columns. A numerical model is de-
veloped using ABAQUS, incorporating nonlinear constitutive models for both steel and UHPC materials. The
model is validated using experimental data, demonstrating a strong correlation in terms of load-displacement
behavior and ultimate strength. Extensive studies are conducted to evaluate the influence of key design param-
eters on the axial capacity of UHPC-FST columns. Increasing the steel yield strength from 450 MPa to 750
MPa led to a 1.21-fold increase in axial load capacity. Similarly, raising the UHPC compressive strength from
110 MPa to 190 MPa enhanced the capacity by approximately 1.43 times. A twofold increase in the thickness
of the steel tube yielded a modest improvement of about 1.15 times. In contrast, changing the column diameter
from 400 mm to 600 mm had the most significant effect, resulting in a 1.97-fold increase in axial capacity. The
study also investigates the stress distribution, confirming that the UHPC core and steel shell act synergistically
to delay local buckling and failure. The findings demonstrate the significant potential of UHPC-FST composite
columns for high-performance structural applications and provide useful insights for future design guidelines.

Keywords: concrete-filled steel tube column; Ultra High Performance Concrete (UHPC); UHPC-FST; axial
load; simulation model.
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1. Introduction

The increasing demand for high-performance structural systems in contemporary civil engineer-
ing, especially in the domains of high-rise construction, transportation infrastructure, and offshore
facilities, has catalyzed the development of advanced composite columns. Among these, concrete-
filled steel tube columns have attracted considerable interest owing to their superior structural perfor-
mance, including high load-bearing capacity, favorable ductility, and efficient use of materials [1-7].
These benefits arise from the confinement effect provided by the steel tube and the passive restraint
of the core concrete, enabling superior axial performance and energy dissipation capacity compared
to conventional reinforced concrete columns.

In recent years, Ultra-High Performance Concrete (UHPC) has emerged as a potential alternative
infill material for CFST systems due to its outstanding mechanical and durability properties, such as
compressive strength exceeding 120 MPa, dense microstructure, and enhanced resistance to corro-
sion, impact, and fire [8—15]. When filled into steel tubes, UHPC can synergize with the confining
effect of the steel shell to mitigate its intrinsic brittleness, transforming the composite section into a
high-performance structural element suitable for critical load-bearing applications [16-20]. Several

*Corresponding author. E-mail address: maivietchinh@lqdtu.edu.vn (Chinh, M. V.)
1


https://orcid.org/0009-0006-2739-3790
https://orcid.org/0000-0001-7601-3391
mailto:maivietchinh@lqdtu.edu.vn

Nghia, H. H., Chinh, M. V. / Journal of Science and Technology in Civil Engineering

studies have investigated the axial behavior of UHPC-filled steel tube (UHPC-FST) columns through
experimental and numerical approaches. Xiong et al. [21] carried out a comprehensive experimental
study on CFST columns incorporating ultra-high-strength concrete (up to 190 MPa) and high-strength
steel tubes exhibiting yield strengths as high as 780 MPa. Their results demonstrated that current de-
sign codes, such as Eurocode 4 [22], often fail to accurately predict the axial resistance of CFSTs
when UHPC is used, necessitating modifications to account for the nonlinear interaction effects and
confinement mechanisms unique to UHPC. Similarly, Similarly, Chen et al. combined both experi-
mental and finite element methods to investigate the effect of parameters such as fiber content, tube
diameter, and steel ratio on the axial strength and ductility of UHPC encased CFST stub columns
[23]. Li et al. [24] experimentally investigated UHPC-filled stainless-steel tube columns with coarse
aggregates to improve corrosion resistance and performance. Varying parameters showed that higher
confinement ratios altered failure modes, and coarse aggregates enhanced stiffness. Eurocode predic-
tions were less accurate at high confinement, indicating the need for better models. Lai et al. [25]
experimentally examined UHPC-encased CFST columns (UECCs) under lateral low-velocity impact.
Using 12 specimens, they assessed the effects of fiber content, steel tube size, and reinforcement.
Results showed that UECCs outperformed conventional columns due to better composite action, with
steel fibers and rebar significantly enhancing impact resistance and energy dissipation.

In terms of modeling, the study by Cheng et al. [26] investigates the axial behavior of full-
scale UHPC-filled steel tube composite columns (FUCFSTCs) through numerical simulation using
ABAQUS, supported by experimental validation. A total of 21 specimens were analyzed, with pa-
rameters such as steel strength, tube thickness, and aspect ratio being varied. The numerical model
achieved a maximum error of 6.54% compared to test data, demonstrating good predictive accuracy.
Cai et al. [27] developed a fiber-based numerical model to analyze the static and dynamic behavior of
UHPC-FST columns having rectangular cross section. The model incorporates second-order effects,
material nonlinearity, and local buckling, and was validated against experimental results, showing
good accuracy in predicting structural performance. Patel et al. performed an axisymmetric simula-
tion to study axially loaded ultra-high strength CFST short columns. Their model, validated against
test data, showed that using UHSC could reduce column size by up to 50% [28].

Prior studies focused either on limited experimental configurations or on validating specific de-
sign models. Consequently, a systematic numerical framework that can generalize the behavior of
UHPC-FST columns across varying configurations is still lacking. This study conducts a comprehen-
sive numerical investigation into the axial compressive behavior of UHPC-filled steel tube composite
columns using finite element modeling in ABAQUS. The proposed models are validated against avail-
able experimental data and subsequently used to analyze the influence of key parameters, including
steel yield strength, UHPC compressive strength, steel tube thickness, and column diamete. It high-
lights the dominant role of column diameter compared with material over-strengthening, offering
practical guidance for structural optimization and supporting potential extensions of current design
provisions.

2. Materials and model

2.1. Input parameters for numerical simulation of UHPC-FST columns

Fig. 1 presents the geometric configuration of the UHPC-FST composite columns used in the
numerical simulations, including both cross-sectional and longitudinal views. The composite system
consists of a circular steel tube enclosing an UHPC core. The outer diameter of the steel tube is
denoted as D, while the inner diameter of the concrete core is D,, and the tube wall thickness is
defined as r. The total height of the column is L, which remains constant throughout all parametric
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studies. This configuration is intended to simulate realistic confinement conditions in which the
steel tube provides lateral restraint to the UHPC core under axial compression. The schematic also
reflects typical displacement trends observed in these columns, such as axial shortening and lateral
dilation, which are crucial in capturing the composite interaction between the steel shell and the
UHPC core. Table 1 summarizes the case matrix and input parameters adopted in the finite element
simulations. The study systematically investigates the influence of four key parameters: steel yield
strength (f,), UHPC compressive strength (f.), steel tube thickness (¢), and column diameter (D).
The parametric cases are divided into four groups: (1) columns UHPC-FST1 to UHPC-FST4 vary
fy from 450 MPa to 750 MPa while keeping other parameters constant; (2) columns UHPC-FSTS
to UHPC-FST8 examine the effect of increasing f. from 110 MPa to 190 MPa; (3) columns UHPC-
FST9 to UHPC-FST12 investigate the effect of ¢ ranging from 12 mm to 20 mm; and (4) columns
UHPC-FST13 to UHPC-FST16 explore the influence of increasing D from 400 mm to 600 mm. The
reference column, UHPC-FST1, appears in multiple groups to serve as a benchmark for comparison.

UHPC

Steel tube

Figure 1. Cross-sectional and longitudinal views of the UHPC-FST column

Table 1. Case studies and input parameters of simulation model

Column number L (m) fe (MPa) fy (MPa) D (mm) t (mm)
Influence of steel yield strength
UHPC-FST 1 2500 130 450 400 20
UHPC-FST 2 2500 130 550 400 20
UHPC-FST 3 2500 130 650 400 20
UHPC-FST 4 2500 130 750 400 20

Influence of UHPC’s compressive strength

UHPC-FST 5 2500 110 450 400 20
UHPC-FST 1 2500 130 450 400 20
UHPC-FST 6 2500 150 450 400 20
UHPC-FST 7 2500 170 450 400 20
UHPC-FST 8 2500 190 450 400 20

Influence of steel tube thickness

UHPC-FST 9 2500 130 450 400 12
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Column number L (m) fe (MPa) Jfy (MPa) D (mm) t (mm)
UHPC-FST 10 2500 130 450 400 14
UHPC-FST 11 2500 130 450 400 16
UHPC-FST 12 2500 130 450 400 18
UHPC-FST 1 2500 130 450 400 20
Influence of column diameter

UHPC-FST 1 2500 130 450 400 20
UHPC-FST 13 2500 130 450 450 20
UHPC-FST 14 2500 130 450 500 20
UHPC-FST 15 2500 130 450 550 20
UHPC-FST 16 2500 130 450 600 20

2.2. Material model

The steel constitutive model adopted in this
study employs a bilinear formulation that incor-

porates plastic hardening behavior. The model de- \ /
fines the stress—strain relationship using an elas- .
tic modulus of 200000 MPa and a Poisson’s ratio Confining pressure stress

of 0.3. The mechanical behavior of concrete con-
fined within a steel tube-under axial loading, en-
ters a triaxial stress state, as illustrated in Fig. 2.
Using an unconfined concrete model would fail
to adequately reflect the actual material behavior
under these conditions. Although several nonlin-
ear constitutive models for confined concrete have
been developed, such as those by Han [29], Tao
[30], and Lam [31], each has limitations in scope. Figure 2. Stress state of concrete
Specifically, Han’s model is tailored for normal-

strength concrete, while Teng’s formulation addresses confinement by GFRP tubes. Given that this
study focuses on UHPC confined in steel tubes, the nonlinear concrete model developed by Tao et
al. [30] for ultra-high-strength concrete was adopted. The basis relevant formulation for compression
and tension behavior are given in Eq. (1):

2
(ax + bx*) f; O<x<l)
o | 1+@-2)x+(b-1)x2 1
ﬁ_ S—SCCﬁZ ()
fr+(fc_fr)exp [_( ) ] (8>Scc)

In Eq. (1), f; denotes the residual stress, while f, refers to the maximum compressive strength of
the concrete. The parameter 3, set to 1.2 for circular steel tube confinement, serves as a confinement
coeflicient. Additionally, &g indicates the strain value at which the peak compressive stress occurs.

2.3. Simulation model build-up

The study developed a finite element (FE) model of a full-scale UHPC-FST subjected to axial
loading, using the commercial FE software ABAQUS. The model incorporated eight-node 3D solid
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elements (C3D8R) to simulate the behavior of the UHPC and steel elements. Two reference points
(RP-1 and RP-2) were assigned to the top and bottom ends of the model and connected to the re-
spective faces of the column. A displacement load was applied at RP-1, with all translational and
rotational degrees of freedom fixed at this point. At RP-2, the constraints were more comprehensive,
fully restraining translation and rotation in all directions (Uy, Uy, U;, U, Uy, U,;). Here, Uy, U, and
U, represent the displacements, while UR,, UR,, and UR, denote the rotational movements about the
x,y, and z-axes, respectively. A mesh convergence analysis was conducted using various element
sizes, and the results indicated that a mesh size of 15 mm provided an optimal balance between com-
putational efficiency and model accuracy, as illustrated in Fig. 3. Contact interaction between the
steel tube and the concrete core was modeled as hard contact in the normal direction, and a tangential
penalty friction coefficient of 0.8 was applied to simulate interface behavior.

3

(a) UHPC part (b) Steel part

Figure 3. Mesh model of the UHPC-FST column

3. Results and discussion
3.1. Simulation model validation

To ensure the reliability of the proposed finite element model, a validation was performed by
comparing the simulation results with experimental data from UHPC-filled steel tube columns tested
by Chen [32]. As presented in Table 2, two specimens of CSC1-2 and CSC1-3 were examined, both
having an outer diameter of 113.7 mm and a height of 342 mm. The wall thicknesses were 2.06 mm
and 2.05 mm, respectively. The UHPC used in these tests exhibited compressive strengths of 113.2
MPa and 130.8 MPa, while the steel tube had a consistent yield strength of 269.9 MPa.

Table 2. Material parameters used in the tests conducted by Chen [32]

Specimens D (mm) t (mm) f. (MPa) fy MPa) L (mm)
CSCl1-2 113.7 2.06 113.2 269.9 342
CSC1-3 113.7 2.05 130.8 269.9 342

Based on the comparison between the experimental and numerical results presented in Fig. 4 and
Table 3, it can be observed that the finite element model exhibits a good predictive capability in simu-
lating the structural behavior of UHPC-FST columns under axial compression. The load—displacement
curves of the CSC1-2 and CSC1-3 columns reveal similar overall trends between the test results and
simulations. Both curves show a rapid initial stiffness followed by a peak load and a descending
branch, which is consistent with typical UHPC confinement responses. The numerical model cap-
tures the general shape of the load—displacement response after peak load, including the softening
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Table 3. Comparison of ultimate load between Chen’s test [32] and numerical simulation

Maximum load (kN)
Case study
CSC1-2 CSC1-3
Test (T) 1487 1535
Simulation (S) 1650.2 1702.7

Disparity (S/T) 1.1 1.11
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Figure 4. Load—displacement curves of UHPC-FST column from Chen’s test [32] and simulation

trend associated with UHPC crushing and steel yielding. However, as seen in Fig. 4(a) (CSC1-2), the
test shows a sharper drop after the peak, while the simulation exhibits a more gradual decline. This
mismatch arises primarily because the FE model assumes uniform material degradation, whereas in
reality, UHPC failure involves progressive cracking, fiber pull-out, and localized crushing, which pro-
vide faster post-peak response. In contrast, for CSC1-3 (Fig. 4(b)), the agreement between simulation
and experiment in the post-peak region is closer, suggesting that the adopted constitutive models are
capable of reproducing the nonlinear behavior reasonably well. As indicated in Table 3, the ulti-
mate load obtained from the experiment for CSC1-2 is 1487 kN, whereas the simulation result is
1650.2 kN, yielding a ratio of 1.1. For CSC1-3, the experimental value is 1535 kN while the simu-
lation predicts 1702.7 kN, giving a ratio of 1.11. These differences, though present, remain within a
reasonable range (less than 12%), demonstrating the robustness of the simulation model, especially
considering the complex interaction between UHPC and steel tube confinement, as well as potential
test uncertainties. The slight overestimation can be attributed to the idealized assumptions inherent
in the finite element modeling approach. These include perfect material homogeneity in the simula-
tion, the absence of microcracking in UHPC, and the exclusion of initial imperfections in the steel
tube, as well as simplifications in boundary conditions. These factors typically lead to a higher mod-
eled stiffness compared to physical test specimens. Nonetheless, the consistency of the simulation
in capturing both the stiffness and post-peak behavior validates the selected constitutive models and
boundary conditions applied in ABAQUS. Additionally, the load—displacement curves in Fig. 4 con-
firm the ability of the numerical model to reproduce the entire nonlinear response of the composite
column, including the softening behavior after the peak load. The transition from elastic to plastic
response, followed by strain softening, is captured with reasonable accuracy, which is essential for
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applications involving structural damage prediction or performance-based design. The good agree-
ment between test and simulation results demonstrates the reliability of the adopted finite element
model in simulating UHPC-FST column behavior under axial loads. This confirms that the selected
material parameters and boundary conditions are suitable for capturing the mechanical response of
such composite systems, and the model can be applied for further parametric studies.

3.2. Extensive parametric studies

Following the validation of the proposed numerical model, in this section, extended parametric
studies is conducted to examine the influence of key parameters on the axial load-carrying capacity of
UHPC-filled steel tube composite columns. The investigated parameters include steel yield strength,
UHPC compressive strength, steel tube thickness, and column diameter.

a. Influence of steel yield strength

Based on Table 4 and Fig. 5, the influence of steel yield strength on the axial compressive perfor-
mance of UHPC-FST columns is examined in detail. The results reveal a clear trend that increasing
the yield strength of the steel tube enhances the axial load-carrying capacity of the composite column.
As shown in Table 4, all columns have the same geometric and material parameters except for the steel
yield strength (f,), which ranges from 450 MPa to 750 MPa. The column with the lowest steel yield
strength (UHPC-FST1, f, = 450 MPa) exhibits an ultimate axial load (N,,) of 27003.6 kN. When the
steel yield strength increases to 550 MPa (UHPC-FST2), N, rises to 28928.9 kN, yielding a load ratio
of 1.07 relative to the reference column. Further increasing f, to 650 MPa and 750 MPa results in
N, values of 30818.1 kN and 32578.5 kN, corresponding to load ratios of 1.14 and 1.21, respectively.
Although the yield strength of the steel increases by 1.67 times (from 450 MPa to 750 MPa), the
ultimate axial load only increases by 1.21 times, suggesting a diminishing rate of improvement due to
the nonlinear contribution of the steel confinement. These findings indicate a nonlinear but consistent
enhancement in load-bearing capacity with increasing f,. This is attributed to the greater confinement
effect and higher stiffness provided by stronger steel tubes, which better restrain the lateral expansion
of the UHPC core and delay the onset of local buckling and plastic displacements in the steel shell.
Fig. 5 further supports these conclusions by presenting the load—displacement curves for the different
fy values. All curves exhibit similar initial stiffness and peak behavior, but columns with higher f, not
only achieve greater peak loads but also sustain higher post-peak loads. This reflects an improvement
in both strength and ductility. The load—displacement curve of UHPC-FST4 (f, = 750 MPa) demon-
strates the most stable post-peak response, indicating a delayed stiffness degradation. Conversely,
UHPC-FST1 (f, = 450 MPa) shows the lowest peak and the lowest pronounced softening behavior.

Table 4. Parameters and results on the influence of steel strength on the axial loading capacity of UHPC-FST
columns

Column L(m) f.(MPa) f,(MPa) D (mm) f(mm) N, (kN) Incrementratio Note

UHPC-FST 1 2500 130 450 400 20 27003.6 // //

UHPC-FST 2 2500 130 550 400 20 28928.9 1.07 2)/(1)
UHPC-FST 3 2500 130 650 400 20 30818.1 1.14 3)/()
UHPC-FST 4 2500 130 750 400 20 325785 1.21 @)/)

(N,: Ultimate axial load)
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Figure 5. Load-displacement curves of the column under varying steel yield strengths

b. Influence of UHPC’s compressive strength

Table 5 and Fig. 6 show the effect of UHPC compressive strength on the axial performance of
UHPC-FST composite columns. All columns are designed with identical geometric dimensions and
steel yield strength (450 MPa), while the UHPC compressive strength (f.) is varied from 110 MPa
to 190 MPa. The reference column (UHPC-FSTS) with f. = 110 MPa achieves an ultimate axial
load (N,) of 24670.7 kN. When f, is increased to 130 MPa (UHPC-FST1), N, rises to 27003.6 kN,
corresponding to an increment ratio of 1.09. Further increasing f. to 150 MPa, 170 MPa, and 190
MPa results in N, values of 29839.8 kN, 32253.1 kN, and 35344.5 kN, with increment ratios of 1.21,
1.31, and 1.43, respectively. These results highlight a consistent and significant improvement in axial
resistance as the compressive strength of UHPC increases. Specifically, increasing f. by 1.73 times
(from 110 MPa to 190 MPa) leads to a 1.43-fold increase in axial capacity, demonstrating the highly
beneficial role of high-strength concrete in composite column performance. The enhancement in
load-carrying capacity with increasing f. can be attributed to several key factors. Higher compres-
sive strength of UHPC contributes to greater confinement stiffness and improved interaction between
the steel tube and concrete core. It also delays the initiation of crushing and plastic displacement
within the concrete, allowing the composite section to sustain higher axial loads prior to failure. Ad-
ditionally, UHPC with higher compressive strength typically exhibits a denser matrix and better bond
performance with the steel tube, which further contributes to improved load transfer and reduced risk
of interface debonding or local crushing.

Table 5. Parameters and results on the influence of UHPC’s compressive strength on axial loading capacity of
UHPC-FST columns

Column L(m) f.(MPa) f,(MPa) D (mm) t(mm) N, (kN) Incrementratio Note

UHPC-FST S5 2500 110 450 400 20 24670.7 /! //

UHPC-FST 1 2500 130 450 400 20 27003.6 1.09 D/5)
UHPC-FST 6 2500 150 450 400 20 29839.8 1.21 ©6)/(5)
UHPC-FST 7 2500 170 450 400 20 32253.1 1.31 (N/(S)
UHPC-FST 8 2500 190 450 400 20 353445 1.43 &)/(5)

Fig. 6 illustrates the load—displacement behavior of the columns under different concrete strengths.
It can be observed that all columns share similar initial stiffness characteristics, but the peak load
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values and post-peak responses differ notably. Columns with higher compressive strength exhibit
significantly greater peak loads. However, they tend to experience a more rapid post-peak strength
degradation. This trend is evident in UHPC-FSTS8 (f. = 190 MPa), which achieves the highest ulti-
mate axial load among all columns but also displays a steeper descending branch after peak, indicating
a more brittle failure mode. In contrast, UHPC-FSTS5 (f. = 110 MPa) shows the lowest peak load yet
exhibits a more gradual reduction in load-carrying capacity after reaching the maximum, suggesting
comparatively better ductility. This behavior can be attributed to the inherent material characteristics
of concrete, including UHPC, wherein increasing compressive strength is generally accompanied by
a reduction in ductility. As the concrete matrix becomes denser and stronger, its ability to undergo
inelastic displacement before failure diminishes, leading to a more brittle response.

40000 T T T T T T T 40000
=—om= JHPC-FST1
35000 =—om= UHPC-FST5 135000
=== JHPC-FST6
30000 === UJHPC-FST7 ~ 30000
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_‘g’ 25000 25000
=]
-

20000 20000

15000 15000
10000 10000

5000

0
30 40 50 60 70 80
Displacement (mm)

Figure 6. Load-displacement curves of the column under varying UHPC’s compressive strengths

c. Influence of steel tube thickness

Table 6 and Fig. 7 provide the basis for evaluating how variations in steel tube thickness affect
the axial compressive performance of UHPC-FST composite columns. In this parametric study, all
columns are designed with identical geometry and material properties, except for the thickness of the
steel tube (#), which varies from 12 mm to 20 mm. As observed, increasing the wall thickness of
the steel tube leads to an enhancement in the ultimate axial load. Specifically, the reference column
UHPC-FST9 with a thickness of 12 mm achieves a N,, of 23433.9 kN. As the thickness increases
to 14 mm (UHPC-FST10), 16 mm (UHPC-FST11), 18 mm (UHPC-FST12), and 20 mm (UHPC-
FST1), the corresponding N, values are 24472.5 kN, 25203.1 kN, 26202.7 kN, and 27003.6 kN,
reflecting incremental ratios of 1.04, 1.08, 1.12, and 1.15, respectively, compared to UHPC-FST9.
These results suggest that while thicker steel tubes do improve the axial load-bearing capacity, the
magnitude of this improvement is relatively modest. In particular, the total increase in N, from
12 mm to 20 mm thickness is approximately 15%, which is significantly lower than the enhancement
observed from varying concrete compressive strength or steel yield strength in the previous parametric
studies. This indicates that the axial strength of UHPC-FST columns is less sensitive to changes
in steel tube thickness than to changes in material strength parameters. Fig. 7 further illustrates
the load—displacement behavior for the different tube thicknesses. All curves exhibit similar initial
stiffness and peak shapes, but columns with thicker steel tubes reach higher peak loads and exhibit
slightly improved post-peak performance. The post-peak descending branches remain steep across
all columns, with only minor differences, implying that increasing steel tube thickness primarily
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contributes to load capacity rather than displacement capacity. This behavior can be explained by the
fact that thicker steel tubes provide a higher confinement effect and delay local buckling of the shell,
which slightly improves load resistance. However, since the confinement efficiency of a circular steel
tube is also governed by the strength and stiffness of the UHPC core, and the hoop stress developed
during axial loading, the influence of tube thickness becomes secondary when compared with the
dominant material properties. Therefore, the overall impact of increasing tube thickness is limited in
improving the global axial compressive performance of UHPC-FST columns.

Table 6. Parameters and results on the influence of steel tube thickness on axial loading capacity of
UHPC-FST columns

Column L(m) f.(MPa) f,(MPa) D (mm) t(mm) N, (kN) Incrementratio Note

UHPC-FST9 2500 130 450 400 12 234339 // //
UHPC-FST 10 2500 130 450 400 14 24472.5 1.04 (10)/(9)
UHPC-FST 11 2500 130 450 400 16 25203.1 1.08 (11)/(9)
UHPC-FST 12 2500 130 450 400 18 26202.7 1.12 (12)/(9)

UHPC-FST1 2500 130 450 400 20  27003.6 1.15 (D/(9)

25000 - gf ——UHPC-FSTL 25000
gf 3 —-— UHPC-FST9
= —o=— UHPC-FST10
20000 - 25 : = =UHPC-FST11 {50009
Z & UHPC-FST12
= g = .
& 15000 - § o ey 115000

+10000

<5000

1 1
0
10 20 30 40 50 60 70 80
Displacement (mm)

Figure 7. Load-displacement curves of the column under varying steel tube thickness

d. Influence of column diameter

Table 7 and Fig. 8 serve as the basis for a detailed investigation into the axial compressive perfor-
mance of UHPC-FST composite columns with varying column diameters. All columns share identical
material properties (concrete compressive strength of 130 MPa and steel yield strength of 450 MPa)
and steel tube thickness (20 mm), with the only parameter varied being the column diameter, rang-
ing from 400 mm to 600 mm. The results demonstrate a clear and substantial improvement in the
axial load-carrying capacity with increasing column diameter. Specifically, the column with a 400
mm diameter (UHPC-FST1) achieves an ultimate axial load (N,) of 27003.6 kN. As the diameter in-
creases to 450 mm (UHPC-FST13), 500 mm (UHPC-FST14), 550 mm (UHPC-FST15), and 600 mm
(UHPC-FST16), the ultimate loads rise significantly to 32793.1 kN, 39558.6 kN, 46085.4 kN, and
53248.9 kN, respectively. These correspond to increase ratios of 1.21, 1.46, 1.71, and 1.97, relative
to the baseline case. This nearly twofold increase in axial capacity with a 1.5% increase in diameter
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(from 400 mm to 600 mm) highlights the dominant role of cross-sectional area in resisting compres-
sive loads. The amplified confinement effect due to the larger volume of UHPC and the improved
composite interaction between the steel tube and the concrete core contribute significantly to this en-
hancement. Moreover, larger diameter columns provide a greater second moment of area, which helps
delay global instability and local buckling. Compared to other parameters such as steel yield strength,
UHPC compressive strength, or tube thickness, the influence of column diameter is markedly supe-
rior. While those parameters enhanced axial performance to varying degrees (with maximum increase
ratios of 1.21 for steel yield strength, 1.43 for UHPC strength, and 1.15 for tube thickness), the vari-
ation in diameter achieved an increase ratio of up to 1.97. This clearly demonstrates that enlarging
the column’s cross-section is the most effective means to enhance the load-bearing performance of
UHPC-FST composite columns. The load—displacement curves in Fig. 8 reinforces these findings.
All columns exhibit similar initial stiffness trends, but those with larger diameters reach substantially
higher peak loads and maintain relatively stable post-peak responses. UHPC-EST16 (D = 600 mm)
not only shows the highest strength but also sustains load over a longer displacement range, indi-
cating improved ductility and energy dissipation. Conversely, the curve of UHPC-FST1 (D = 400
mm) displays the lowest peak and the steepest softening behavior, confirming its limited structural
performance.

Table 7. Parameters and results on the influence of column diameter on axial loading capacity of UHPC-FST
columns

Column L(m) f.(MPa) f,(MPa) D (mm) t(mm) N, (kN) Incrementratio Note

UHPC-FST 1 2500 130 450 400 20 27003.6 // //
UHPC-FST 13 2500 130 450 450 20 32793.1 1.21 (13)/(1)
UHPC-FST 14 2500 130 450 500 20 39558.6 1.46 (14)/(1)
UHPC-FST 15 2500 130 450 550 20  46085.4 1.71 (15)/(1)
UHPC-FST 16 2500 130 450 600 20 53248.9 1.97 (16)/(1)
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Figure 8. Load-displacement curves of the column under varying column diameter

e. Stress and overall deformation of UHPC-FST columns
The stress contours presented in Figs. 9, 10 illustrate the axial compression behavior of UHPC-
FST composite columns. In Fig. 9, the column undergoes a typical compressive mode of displace-
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ment, with the maximum displacement occurring at the top loading point and gradually decreasing
toward the fixed base. The distribution pattern is largely uniform along the central axis, suggesting
that the loading conditions and boundary constraints were properly applied in the FE model. No-
tably, slight lateral bulging can be observed near the mid-height and lower quarter of the steel tube,
indicative of local instability and potential onset of outward expansion of the steel shell due to the
internal confinement pressure from the UHPC core. This behavior aligns with experimental obser-
vations in full-scale UHPC-FST columns where high-strength UHPC generates significant internal
pressure under compression, contributing to confinement-induced outward displacements of the steel
tube. Fig. 10 shows the von Mises stress distribution, revealing the internal stress evolution within the
steel tube. High stress concentrations are observed near the mid-height region and toward the ends
of the column, with peak von Mises stresses approaching the yield limit of the steel material. This
indicates that the steel tube has entered the plastic yield stage, particularly in the mid-span regions
where outward displacement and local instability are most prominent. These stress zones suggest that
the steel tube plays a dominant load-resisting role and enters the plastic regime during peak loading
stages. The gradual stress gradient along the height of the column indicates a well-distributed axial
force transfer from the loading point through the steel shell to the UHPC core. Furthermore, local-
ized stress peaks at the interface between the tube and UHPC suggest frictional interaction and shear

transfer at the steel-concrete interface.

Shear Damage

Concrete
Expansion

Figure 9. Stress contour of UHPC Figure 10. Stress contour of steel tube

In addition, Fig. 9 highlights a distinct region of shear damage initiation near the upper portion of
the UHPC core. This is evidenced by the diagonal contour pattern, marked as “Shear Damage”, which
reflects the onset of internal cracking due to a combination of high axial compression and lateral di-
lation. The presence of this inclined failure band suggests that the UHPC experiences triaxial stress
conditions leading to shear localization, which typically precedes crushing failure in high-strength
concrete. The stress contour (S22) in the UHPC core also reveals that compressive stresses approach
or reach the material’s peak compressive strength, as indicated by the darkest red regions exceeding
—-1.31 x 10® Pa (In compression). This confirms that the UHPC core has fully mobilized its axial
load capacity prior to damage propagation. When cross-referenced with the findings of Cheng et al.
(2023) [26], the observed displacement and stress responses are consistent with the described con-
finement mechanisms of UHPC within steel tubes. The composite interaction delays local buckling of
the steel and restrains the brittle failure of UHPC, allowing the column to maintain a stable post-peak
response. The residual stress contours in the lower third of the column also point to the energy dissi-
pation capacity of the system, which is a characteristic advantage of UHPC-FST composite systems
over conventional RC designs. It is also evident that failure localization begins from mid-height, a
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phenomenon reported in the referenced study, which is associated with the concentration of compres-
sive strain and the initiation of cracking or crushing in the UHPC core. This displacement pattern
confirms the validity of the nonlinear confined concrete model used in the simulation.

4. Conclusions

This study has numerically examined the axial compressive behavior of UHPC-filled steel tube
(UHPC-FST) composite columns through a calibrated finite element model in ABAQUS. The follow-
ing conclusions are drawn based on the simulation outcomes:

- The proposed FE model accurately replicates experimental results in terms of load—displacement
curves, ultimate capacity, confirming its reliability for simulating UHPC-FST columns under axial
loading. This validated model can serve as a tool for performance-based design.

- Column diameter has the strongest influence on axial capacity. Increasing steel yield strength,
UHPC compressive strength, or tube thickness yields only moderate improvements, with diminishing
benefits at higher strength levels and a tendency toward more brittle post-peak behavior in UHPC.

- Stress and displacement analyses show no local buckling, but indicate steel yielding and concrete
crushing at peak load. Shear failure zones and confinement effects are evident in later loading stages.
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