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Abstract

This study proposes a novel UHPC-SRC short column structure that adopts ultra-high
performance concrete (UHPC) as a permanent formwork, combined with longitudinal rein-
forcement, stirrups, and H-shaped steel. The design aims to enhance construction efficiency
and sustainability while maintaining excellent mechanical performance. A finite element
model was established in ABAQUS to simulate the compressive behavior of the structure,
incorporating key parameters such as reinforcement diameter, formwork thickness, and
steel section strength. The results indicate that increasing the formwork thickness and
strength can significantly improve the ultimate load-bearing capacity, with a thickness
increase leading to an enhancement of up to 23% in ultimate load. In contrast, the rein-
forcement ratio and steel strength exert relatively minor effects on the overall performance.
Validation against experimental data shows an average ratio of 0.963 between experimen-
tal and simulated values, indicating high model accuracy. The observed failure mode is
characterized by concrete cracking and fragmentation, with longitudinal reinforcement
yielding being the dominant failure mechanism. The proposed formula for calculating axial
compressive bearing capacity has been verified as highly reliable, with calculation results
in close agreement with finite element simulations, thereby providing strong support for
engineering design and practical applications.

Keywords: UHPC; permanent formwork; SRC; short column; finite element analysis; axial
compressive performance

1. Introduction
Cast-in-place concrete structures are a long-established construction technique. Al-

though alternative methods such as precast concrete and modular construction have devel-
oped rapidly in recent years, they remain widely used due to their unique advantages in
frame structures [1,2]. These construction methods largely rely on formwork supports [3],
with formwork serving as a critical component responsible for shaping and supporting the
concrete [4,5] until it attains the required strength [6]. While formwork plays an essential
role in cast-in-place concrete construction [7], its limitations are also evident, particularly in
terms of material consumption and construction efficiency. Conventional materials such as
steel, timber, and bamboo plywood are commonly used, yet they face several challenges:
(1) the need for large quantities of heavy materials [8]; (2) difficulties in reusing formwork
due to the diversity of building structures [9]; (3) the relatively slow development of con-
crete strength, which restricts formwork turnover; and (4) high wear and tear of discarded
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formwork, leading to resource wastage. Therefore, advancing formwork technology is
crucial for improving construction efficiency and sustainability.

A promising approach is the use of a permanent formwork system, in which the form-
work remains integrated with the structure after the concrete has hardened, becoming part
of the load-bearing element [10,11]. Compared with conventional formwork, this method
offers multiple advantages: it eliminates the need for labor-intensive formwork removal,
enhances structural performance (such as flexural behavior and axial load-bearing capacity),
and promotes sustainability by reducing material waste. Previous studies have investi-
gated a variety of materials for permanent formwork, including ultra-high-performance
concrete (UHPC) [12], textile-reinforced concrete (TRC) [13], and 3D-printed concrete [14].
However, these systems generally lack internal reinforcement bars or other strengthening
components, and thus still present certain limitations in terms of load-carrying capacity
and crack resistance.

In cast-in-place concrete construction, formwork is particularly important for vertical
members such as columns [1,15], as it not only serves a shaping function but also provides
enclosure and support [16]. Steel-reinforced concrete (SRC) columns are composed of struc-
tural steel and reinforced concrete [17], and owing to their high strength [18] and excellent
seismic performance [19], have been widely applied in high-rise buildings. However, the
disadvantage of the substantial self-weight of SRC structures remains unavoidable.

On this basis, this paper proposes a novel UHPC-SRC short-column structure. The
structure consists of a UHPC permanent formwork, longitudinal reinforcement, stirrups,
and H-shaped steel, forming a composite compression member. The UHPC permanent
formwork does not need to be removed after construction, thereby eliminating the processes
of formwork installation and dismantling, as well as effectively shortening the construction
period; meanwhile, a controllable quality can be ensured during its factory prefabrication
process. This innovative structure not only retains the advantage of rapid construction
typical of prefabricated structures but also preserves the excellent mechanical performance
of traditional cast-in-place structures. The specific configuration of the structure is shown
in Figure 1, and its fabrication process is illustrated in Figure 2.

Figure 1. Schematic diagram of the structure of the UHPC-SRC short column.

The study of permanent formwork has a long history. After the end of World War II,
Germany took the lead in applying reinforced concrete as permanent formwork; in the
1980s, profiled steel sheets began to be used as permanent formwork. In 1990, some scholars
proposed the use of fiber-reinforced polymer (FRP) as permanent formwork [20]; in the
late 1990s, China carried out experimental research on a new structural system combining
concrete with steel wire mesh [21]. However, many existing systems lack the necessary
reinforcement, thereby limiting their performance.
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Figure 2. Flowchart of UHPC-SRC short column fabrication.

This study addresses the limitations in existing research on the mechanical properties
of UHPC-SRC short columns by establishing a finite element model to predict their com-
pressive performance, thereby filling the research gap. The paper focuses on analyzing key
parameters such as reinforcement diameter, material strength, formwork thickness, and
stirrup cover thickness, and explores in depth their effects on the performance of composite
columns. Ultimately, the research proposes a set of design formulas for calculating the
compressive strength of such short columns, providing theoretical support and engineering
references for future architectural design and applications.

2. Numerical Model of UHPC-SRC Short Columns
2.1. Constitutive Relationship

Based on the general finite element analysis software ABAQUS 2022, this study
established a numerical calculation model for UHPC-SRC short columns, providing a
simulation foundation for analyzing the axial compressive performance of such short
columns. In ABAQUS, the concrete damaged plasticity (CDP) constitutive model was
adopted. This model was originally proposed by Lubliner [22] and later improved and
promoted by scholars such as Lee [23]. The CDP model can comprehensively consider the
plastic deformation of concrete and the stiffness degradation caused by damage. It can also
accurately describe the variation in stiffness during the unloading process [24], thereby
providing a reasonable reflection of the actual mechanical behavior of concrete. Due to the
distinct ductility and post-peak hardening behavior of UHPC after tensile cracking, which
differs from that of conventional concrete, it is theoretically necessary to determine all
parameters of the CDP model through dedicated experimental back-calculation. However,
the focus of this study is on analyzing the overall structural performance of the members,
rather than on a comprehensive calibration of UHPC’s constitutive parameters. To facilitate
comparison with existing research findings, the geometric parameters of the CDP model
were retained as the ABAQUS default values, while the stress–strain relationship was
modified based on UHPC’s elastic modulus, compressive strength, and tensile strength.
This approach not only ensures computational efficiency and comparability of results but
also effectively reflects the overall mechanical behavior of UHPC.

For UHPC materials, this study adopts the constitutive model proposed by Zheng [25].
Based on experimental studies of reactive powder concrete (RPC) and extensive experimen-
tal data fitting, this model establishes complete stress–strain relationships under uniaxial
compression and tension, as shown in Equations (1) and (2). The model is applicable
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to UHPC grades of C100 and above containing steel fibers, and it can reflect the tensile
performance of the material, whereby steel fibers are still able to bear tensile forces after
cracking. The curves are shown in Figures 3 and 4.

σUc

fUc
=

{
1.55(εUc/εUc0) − 1.20(εUc/εUc0)

4 + 0.65(εUc/εUc0)
5 0 ≤ εUc/εUc0 < 1

(εUc/εUc0)

6(εUc/εUc0−1)2 +(εUc/εUc0)
εUc/εUc0 ≥ 1

(1)

σUt

fUt
=

{
1.17(εUt/εUt0) + 0.65(εUt/εUt0)

2 − 0.83(εUt/εUt0)
3 0 ≤ εUt/εUt0 < 1

(εUt/εUt0)

5.5(εUt/εUt0−1)2.2+(εUt/εUt0)
εUt/εUt0 ≥ 1

(2)

εUc

σUc

fUc

εUc0

Figure 3. Uniaxial compressive stress–strain curve of UHPC.

εUt

σUt

fUt

εUt0

Figure 4. Uniaxial tensile stress–strain curve of UHPC.

In the equations, σUc and σUt denote the compressive and tensile stresses of the UHPC
prism, respectively; f Uc and f Ut represent the compressive and tensile strengths of the
UHPC prism, respectively; εUc and εUt are the compressive and tensile strains of the UHPC
prism, respectively; and εUc0 and εUt0 correspond to the peak compressive and peak tensile
strains of the UHPC prism, respectively. In this study, the values of the main mechan-
ical parameters for the UHPC constitutive model are based on the relevant conversion
formulas proposed by Lü et al. [26]. Specifically, the calculation methods for the compres-
sive strength and tensile strength of the UHPC prism are given in Equations (3) and (4),
respectively. The determination of peak compressive strain and peak tensile strain corre-
sponds to Equations (5) and (6). It should be noted that f Ucu in the equations represents
the compressive strength of a UHPC cubic specimen with a side length of 100 mm.

fUc= 0.88 fUcu (3)

fUt= 2.14
√

fUc − 12.8 (4)
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εU0 =
(

377
√

fUc − 923
)
× 10−6 (5)

εUt0 = 22.9 fUt × 10−6 (6)

The constitutive relationship of normal concrete (NC) adopts the segmented model
proposed by Guo [27], which is suitable for NC of grades C20 to C40 and is used to
describe its mechanical behavior. This model has been verified by a large number of
experiments and can accurately reflect the stress characteristics of NC under different loads.
Its mathematical expressions are shown in Equations (7) and (8). In the formula, σc and σt

represent the compressive stress and tensile stress of the NC prism, respectively; f c and
f t are the compressive strength and tensile strength of the NC prism, respectively; εc and
εt are the compressive strain and tensile strain of the NC prism, respectively; ε0 and εt0

denote the peak compressive strain and peak tensile strain of the NC prism, respectively;
α and β are the coefficients for the ascending and descending branches of the uniaxial
compressive stress–strain curve, respectively; γ is the coefficient for the descending branch
of the uniaxial tensile stress–strain curve.

σc

fc
=

{
α(εc/ε0)+(3 − 2α)(εc/ε0)

2+(α − 2)(εc/ε0)
3 εc < ε0

(εc/ε0)

β(εc/ε0−1)2+(εc/ε0)
εc ≥ ε0

(7)

σt

ft
=

{
1.2(εt/εt0)− 0.2(εt/εt0)

6 εt < εt0
(εt/εt0)

γ(εt/εt0−1)1.7+(εt/εt0)
εt ≥ εt0

(8)

This study adopts the model proposed by Yu et al. [28] to define the damage pa-
rameters for UHPC and NC. The damage effect only needs to be considered when the
stress endured by the concrete reaches its tensile or compressive strength limit; prior to
this, no cracks have formed within the material. Under uniaxial loading conditions, the
damage index dc(t) of the concrete in tension and compression directions can be calculated
using Equation (9).

dc(t) =

0 0 ≤ εc(t) ≤ ε0(t0)

1 − σc(t)
fc(t)

εc(t) ≥ ε0(t0)
(9)

For the reinforcement, this study assumes that it follows the ideal elastic-plastic
constitutive model. Before reaching the yield point, the reinforcement exhibits linear
elastic deformation. Once the yield strength f y is attained, it enters the plastic stage, after
which the stress remains at the yield strength while plastic strain continues to increase,
displaying typical plastic behavior. The corresponding stress–strain relationship is given in
Equation (10). In the formula, σs denotes the stress in the reinforcement; Es is the elastic
modulus of the reinforcement; εs represents the strain in the reinforcement; f y and f y

′

are both the yield strengths of the reinforcement; εy and εy
′ are both the yield strains of

the reinforcement. The relevant parameters of the CDP model in this paper are shown
in Table 1.

σs =


f ′y εs < ε′y
Esεs ε′y ≤ εs < εy

fy εy ≤ εs

(10)

Table 1. CDP model parameter settings.

Ψ ζ f b0/f c0 Kc µ

30◦ 0.1 1.16 0.6667 0.005
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The CDP model, by introducing damage variables in combination with plasticity
theory, can effectively characterize the entire transition process of concrete from the elastic
stage to the plastic stage under both tensile and compressive states. When concrete is
subjected to uniaxial tension or uniaxial compression, the inelastic deformation beyond
the elastic range is regarded as damage, and the evolution of damage is represented
and controlled by equivalent plastic strain. In the tensile case, a tensile damage factor
dt is defined, and its mechanical response can be divided into the elastic stage and the
stiffness degradation stage, as shown in Figure 5. In the compressive case, a compressive
damage factor dc is defined, and its deformation process consists of an elastic stage, a stress
hardening stage, and a softening stage, as shown in Figure 6.

Figure 5. Tensile stress–strain relationship of the concrete plastic damage model.

Figure 6. Compressive stress–strain relationship of the concrete plastic damage model.

The theoretical framework of the CDP model is based on three core assumptions: the
initial yield criterion, the hardening law, and the flow rule. The initial yield criterion is used
to reduce a complex multiaxial stress state to an equivalent stress, which is then compared
with the material’s yield strength to determine whether plastic deformation occurs. When
the equivalent stress exceeds the yield strength, the material enters the plastic stage. The
hardening law describes the evolution of the yield surface during plastic deformation.
For example, under the Mises criterion, the yield surface expands isotropically, and the
yield stresses in compression and tension are approximately equal. The flow rule defines
the direction of the plastic strain increment after yielding, and its form depends on the
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yield surface and the hardening law. Once the first two are specified, the flow rule is
consequently determined. The yield surface of the model is shown in Figure 7.

Figure 7. Yield surface under plane stress condition.

This model integrates elasticity, plasticity, and damage mechanisms in an organic
manner, enabling a relatively accurate simulation of the response characteristics of concrete
under loading. In terms of parameter settings, the elastic modulus E and Poisson’s ratio
ν govern the deformation characteristics in the elastic stage; plasticity parameters such
as dilation angle and eccentricity influence the yielding behavior; the initial yield stress
ratio and invariant stress ratio determine the exact location of the yield surface; viscous
parameters help improve numerical convergence during the softening stage and stiffness
degradation process. Through the appropriate selection of these parameters, the CDP
model can realistically reproduce the nonlinear behavior and damage evolution of concrete
under loading. Parameter definitions are shown in Figure 8.

Figure 8. Definition of CDP model parameters.
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2.2. Finite Element Model

To balance computational accuracy and efficiency, the rigid cushion, UHPC formwork,
cast-in-place NC layer, and H-shaped steel are all modeled using eight-node reduced
integration solid elements (C3D8R). Since the primary function of the reinforcement is to
withstand tension and compression, it is typically modeled using linear elements, with
shear effects and complex loading conditions neglected. In this study, both the longitudinal
reinforcement and stirrups are simulated using two-node three-dimensional truss elements
(T3D2), in which each node possesses three degrees of freedom. This design allows for a
more accurate representation of the actual structural behavior under loading.

In handling the material interfaces, the interaction between the reinforcement and the
surrounding concrete was defined using the Embedded Region option in ABAQUS. For the
interfaces between the UHPC panel and the cast-in-place layer, as well as between the cast-
in-place layer and the H-shaped steel, hard contact was adopted in the normal direction,
while the Coulomb friction criterion was applied in the tangential direction, typically with
a friction coefficient of 0.6 [29]. A sensitivity analysis was conducted for friction coefficients
of 0.4, 0.5, and 0.6, by comparing the axial load–displacement curves of short columns,
evaluating computational efficiency, and calculating the ratio of ultimate loads obtained
from experiments and simulations, in order to determine the optimal friction coefficient.

The analysis results indicate that, under the three friction coefficients, the axial load–
displacement curves of the short columns obtained from numerical simulations exhibit
essentially the same trend and are consistent with the experimental results, as shown in
Figure 9. As presented in Table 2, when the friction coefficient is 0.6, the simulation results
show the highest agreement with the experiments, achieving an accuracy of 0.99, which is
superior to the cases with friction coefficients of 0.5 and 0.4 (both 0.98).

0 2 4 6
0

500

1000

1500

2000

2500

3000

3500

 Experiment

 Friction coefficient 0.6

 Friction coefficient 0.5

 Friction coefficient 0.4

P
/k

N

Δ/mm
Figure 9. Axial load–displacement curves for different friction coefficients.

In contact analysis, the accuracy of the friction coefficient directly affects the prediction
of interfacial stress and deformation; therefore, higher precision implies greater reliability
of the model’s mechanical response. Although the total number of incremental steps is 137
when the friction coefficient is 0.6—slightly higher than the result for 0.5—it has the fewest
total iterations, only 10, indicating faster convergence per step and better algorithmic
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stability. In nonlinear contact analysis, reducing the number of iterations helps avoid
numerical divergence and convergence difficulties.

Table 2. Friction coefficient sensitivity analysis.

Mesh Size Total Increment
Steps

Total Number of
Iterations Time Increment Computation

Time
Accuracy

(Experiment/Simulation)

0.6 137 10 0.0506 11 min 03 s 0.99
0.5 123 13 0.0506 10 min 08 s 0.98
0.4 134 13 0.0506 10 min 50 s 0.98

In addition, when the friction coefficient is 0.6, the computation time is 11 min and
03 s, which is less than one minute longer than the shortest time obtained at 0.5, yet
it significantly improves accuracy. From an engineering perspective, this difference in
computation time is negligible. In summary, a friction coefficient of 0.6 achieves a sound
balance among accuracy, convergence, and computational efficiency, while closely matching
actual physical conditions. Therefore, it is the optimal parameter in this study to ensure
both numerical stability and engineering reliability.

In Reference [30], the traction–separation law and the bilinear cohesive model are
discussed, in which the interfacial behavior is divided into three stages: linear elastic
response, damage initiation, and damage evolution. Although cohesive elements were not
implemented in the present simulation in order to maintain consistency with experimental
observations and meet computational efficiency requirements, we acknowledge that this
method can effectively simulate progressive debonding phenomena and will consider its
application in future studies.

The rigid cushion blocks were connected to the surface of the short columns using a
bonded contact method. To assess the influence of mesh discretization on the computational
results, a sensitivity analysis was conducted by comparing three mesh sizes: 30 mm, 40 mm,
and 50 mm. The results indicate that when both the concrete and structural steel adopt a
mesh size of 30 mm, a desirable balance between accuracy and computational efficiency
can be achieved.

As shown in Figure 10, the axial load–displacement curves of the short columns
obtained from numerical simulations under the three mesh sizes exhibit essentially the
same trend and agree well with the experimental curves. As can be seen from Table 3, under
identical loading parameters and time increments, the differences in simulation accuracy
among the three mesh sizes are minimal. However, although the 50 mm mesh contains
fewer elements, it requires a significantly greater number of iterations, which may affect the
convergence of large-scale computations. Overall, the influence of mesh size variation on
computation time is relatively small. Taking both accuracy and convergence into account, a
mesh size of 30 mm is recommended, as it can moderately reduce computation time while
ensuring accuracy.

Table 3. Grid size sensitivity analysis.

Grid Size Total Increment
Steps

Total Number of
Iterations Time Increment Computation

Time
Accuracy

(Experiment/Simulation)

30 137 10 0.0506 11 min 03 s 0.99
40 159 10 0.0506 11 min 37 s 0.99
50 149 17 0.0506 11 min 05 s 0.99
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Figure 10. Axial load–displacement curves for different mesh sizes.

In terms of loading methods, the rigid pad at the lower end of the short column is
set as a fully fixed constraint (Ux = Uy = Uz = UR1 = UR2 = UR3 = 0). The rigid pad at the
upper end is supported by a sliding hinge (Ux = Uy = 0), and a downward displacement of
20 mm is applied at the reference point of the pad.

The finite element model constructed in this study enhances the accuracy and reli-
ability of UHPC-SRC short column analysis by appropriately handling contact surfaces,
uniformly discretizing the mesh, and effectively setting loading and support conditions.
This model not only provides a reference for subsequent related research but also establishes
a theoretical basis for design and optimization in practical engineering applications. The
geometric model of the UHPC-SRC short column primarily consists of a UHPC formwork
and a cast-in-place NC layer. The model includes longitudinal reinforcement, stirrups, and
H-shaped steel, along with upper and lower rigid base plates, collectively forming the
complete structure, as shown in Figure 11. In the ABAQUS software, after creating the
longitudinal reinforcement and stirrup components, it is necessary to select all reinforce-
ment components in the assembly module, generate their instances, and merge them while
maintaining the intersection boundaries of each reinforcement. Finally, the merged rein-
forcement assembly is reassembled with the concrete components in the assembly module,
thus preparing for subsequent analysis. According to Mirza’s division [31] of the regions
of steel-restrained concrete, the white area in the figure represents unrestrained concrete,
yellow represents semi-restrained concrete, and red represents highly restrained concrete.

 

Figure 11. Finite element model of UHPC-SRC short columns.
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3. Finite Element Model Validation
To verify the rationality of the established model, this paper conducted finite element

analyses on structures closely related to UHPC-SRC short columns. These structures
include UHPC formwork steel tube concrete composite columns, high-strength steel-UHPC
short columns, and UHPC fully encased S690 high-strength steel short columns under axial
compression. By comparing the results with corresponding experimental data, this study
provides strong support for the theoretical foundation and validity of the numerical model
developed for UHPC-SRC short columns.

3.1. UHPC Formwork-Concrete-Filled Steel Tube Composite Column

The literature [32] has conducted experimental studies on UHPC formwork–concrete-
filled steel tube composite columns. In this study, specimen U-CFST-20-1-A was selected as
the subject for finite element analysis. Figure 12 presents the three-dimensional schematic
diagram of specimen U-CFST-20-1-A. Figure 13 shows the mesh division of the specimen.
Figure 14 provides the specific cross-sectional dimensions of the specimen. The specimen
has a height of 720 mm, a cross-sectional width of 240 mm, a UHPC formwork thickness
of 20 mm, and a steel tube thickness of 4 mm. A rigid pad is placed at both the top and
bottom ends of the specimen. The thickness of each pad is 50 mm, and the cross-sectional
width is 240 mm.

Figure 12. Three-dimensional structural schematic diagram of specimen U-CFST-20-1-A.

Figure 13. Schematic diagram of mesh division for specimen U-CFST-20-1-A.

In the concrete section, the UHPC formwork uses the C120 strength grade, with a
measured cubic compressive strength f cu of 119.5 MPa. Both the interlayer concrete and
the core concrete employ NC of C50 strength grade, with a measured cubic compressive
strength f cu of 50.5 MPa. The steel tubes used in the specimens are of Q345 grade, with a
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measured yield strength f y of 394 MPa, an ultimate strength f st of 544 MPa, and an elastic
modulus Es of 2.09 × 105 MPa. The constitutive relationships for UHPC, NC, and steel tubes
mentioned in this paper all comply with the relevant provisions detailed in Section 2.1.

Figure 14. Section dimensions of specimen U-CFST-20-1-A (unit: mm).

In this study, the C3D8R element is used to simulate the UHPC formwork, interlayer
concrete, core concrete, and steel tube. Regarding the treatment of material interfaces, for
the three interfaces—UHPC formwork with interlayer concrete, interlayer concrete with
steel tube, and steel tube with core concrete—the normal direction adopts hard contact,
while the tangential direction employs the Coulomb friction criterion, with the friction
coefficient set to 0.6 for all interfaces. The mesh size for both the steel tube and the concrete
is set to 30 mm, aiming to strike a balance between computational efficiency and accuracy.
The rigid pads are connected to the surface of the composite column through a tie constraint.
The rigid pad at the bottom of the column adopts a fully fixed constraint (Ux = Uy = Uz

= UR1 = UR2 = UR3 = 0), while the rigid pad at the top is supported by a sliding hinge
(Ux = Uy = 0), and a downward displacement of 10 mm is applied at the reference point of
the pad.

The results of finite element simulations were compared with experimental data, with
a focus on the analysis of the axial load–displacement (P-∆) curves. Figure 15 presents
a comparison of the two. The initial stiffness obtained from the numerical simulation is
generally slightly higher than the experimental result, but in the descending stage of the
curve, the two agree well. The ultimate load measured in the test, Pu

t, is 2939 kN, while
the ultimate load obtained from the finite element simulation, Pu

FE, is 3001.77 kN. The
ratio of the ultimate bearing capacities between the two is 0.98, indicating good agreement.
Based on these ratios, it can be concluded that the numerical simulation results are highly
consistent with the experimental results, demonstrating that the established finite element
model has good reliability.

3.2. High-Strength Steel–UHPC Short Column

Experimental studies [33] have been conducted on high-strength steel-UHPC short
columns. In this study, specimen Z-1 was selected for finite element analysis. Figure 16
presents a schematic diagram of the three-dimensional structure of the specimen, Figure 17
shows its meshing pattern, and Figure 18 provides the specific cross-sectional dimensions.
Based on the degree of confinement provided by stirrups and structural steels to the con-
crete, the confined concrete can be classified into three categories: partially steel-confined
concrete (PSCC), partially confined concrete (PCC), and unconfined concrete (UCC) [34].
The specimen has a height of 800 mm and a cross-sectional width of 250 mm. Rigid bearing
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plates, each with a thickness of 50 mm and a cross-sectional width of 250 mm, are placed at
both the top and bottom ends of the specimen.
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1500
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2500

3000

3500

P
 /

 k
N

Δ / mm

 Experiment

 Simulate

Figure 15. Axial load–displacement curve test values and simulation values of specimen U-CFST-20-1-A.

Figure 16. Three-dimensional structural schematic diagram of specimen Z-1.

Figure 17. Schematic diagram of mesh division for specimen Z-1.

In the concrete section, UHPC adopts a C120 strength grade, with a measured 100 mm
cube compressive strength f cm of 119.9 MPa. The steel section used in the specimen has
specifications of 150 × 120 × 8 × 8 mm, steel grade Q460D, with a measured yield strength
f y of 803 MPa, ultimate strength f st of 852 MPa, and elastic modulus Es of 2.03 × 105 MPa.



Buildings 2025, 15, 3442 14 of 29

The longitudinal reinforcement consists of HRB400 rebars with a diameter of 10 mm, a
measured yield strength f y of 463 MPa, ultimate strength f st of 704 MPa, and an elastic
modulus Es of 1.96 × 105 MPa. The stirrups are made of HTR630 grade high-strength steel
bars, with a spacing of 50 mm. The measured yield strength f y is 834 MPa, the ultimate
strength f st is 969 MPa, and the elastic modulus Es is 2.36 × 105 MPa. The thickness of the
protective layer for the outermost reinforcement is 20 mm. The constitutive relationships
of UHPC, steel sections, and rebars involved in this study all comply with the relevant
provisions of Section 2.1.

Figure 18. Section dimensions of specimen Z-1 (unit: mm).

In this study, C3D8R elements were used to model the UHPC and steel sections,
while the longitudinal and stirrup reinforcements were simulated using two-node three-
dimensional truss elements (T3D2). For the material interface, hard contact was applied
in the normal direction between UHPC and steel, and the Coulomb friction criterion was
adopted in the tangential direction with a friction coefficient set to 0.6. The mesh size for
both UHPC and steel was set to 30 mm to balance computational efficiency and accuracy.
The rigid padding blocks were connected to the surface of the short column using a tie
constraint. The rigid base plate at the bottom of the column was fully fixed (Ux = Uy = Uz

= UR1 = UR2 = UR3 = 0), while the upper rigid base plate was supported with a sliding
hinge (Ux = Uy = 0), and a downward displacement of 12 mm was applied at the reference
point on the base plate.

The finite element simulation results were compared with the experimental data, with
a focus on analyzing the behavior of the axial load–displacement (P-∆) curves. Figure 19
presents the comparison results between the two. As shown in the figure, the trend of the
numerically simulated curve is generally consistent with that of the experimental results,
both exhibiting a slanted linear form before reaching the peak value. The ultimate load
measured in the experiment, Pu

t, was 7736 kN, while the ultimate load obtained from the
finite element simulation, Pu

FE, was 7767.04 kN, resulting in a ratio of ultimate bearing
capacities of 0.99. This indicates a high level of agreement between the two sets of results,
demonstrating that the established finite element model possesses good reliability.

3.3. UHPC Fully Encased S690 High-Strength Steel Short Column

The literature [35] reports experimental studies on UHPC-encased S690 high-strength
steel short columns. In this study, the specimen S690-C130-SP60-H was selected as the sub-
ject for finite element analysis. Figure 20 presents a three-dimensional structural schematic
of the specimen, Figure 21 displays its mesh division, and Figure 22 provides detailed
cross-sectional dimensions. According to the degree of confinement imposed by stirrups
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and structural steel on the concrete, the confined concrete can be categorized into three
types: partially steel-confined concrete (PSCC), partially confined concrete (PCC), and
unconfined concrete (UCC) [34]. The specimen has a height of 600 mm and a cross-sectional
width of 260 mm. Rigid bearing plates with a thickness of 50 mm and a cross-sectional
width of 260 mm are placed at both the top and bottom ends of the specimen.
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Figure 19. Axial load–displacement curve test values and simulation values of specimen Z-1.

Figure 20. Three-dimensional structural schematic diagram of specimen S690-C130-SP60-H.

Figure 21. Schematic diagram of mesh division for specimen S690-C130-SP60-H.
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Figure 22. Section dimensions of specimen S690-C130-SP60-H (unit: mm).

For the concrete component, UHPC with a strength grade of C130 was used. The steel
section employed in the specimens is specified as 196 × 160 × 10 × 36, with steel grade
S690. The measured yield strength f y of the steel is 739 MPa, and its elastic modulus Es

is 2.06 × 105 MPa. The longitudinal reinforcement consists of HRB500 steel bars with a
diameter of 13 mm, while the stirrups are HRB500 steel bars with a diameter of 10 mm,
spaced at 60 mm intervals. The center-to-edge distance from the stirrups to the edges of
both ends of the short column is 60 mm. The measured yield strength f y of the HRB500
steel bars is 578 MPa, and their elastic modulus Es is 2.06 × 105 MPa. The thickness of
the protective concrete cover for the outermost layer of steel reinforcement is 13.5 mm.
The constitutive relationships of UHPC, steel sections, and reinforcement discussed in this
paper all comply with the relevant provisions specified in Section 2.1.

In this study, the UHPC and steel sections were modeled using C3D8R elements,
while the longitudinal reinforcement and stirrups were simulated with two-node three-
dimensional truss elements (T3D2). For the treatment of material interfaces, hard contact
was applied in the normal direction between UHPC and the steel section, and the Coulomb
friction criterion was employed in the tangential direction with a friction coefficient of
0.6. The mesh sizes for both UHPC and the steel section were set to 30 mm to balance
computational efficiency and accuracy. The rigid bearing blocks were connected to the
surfaces of the short columns via tie constraints. The rigid base plate at the bottom of the
column was fully fixed (Ux = Uy = Uz = UR1 = UR2 = UR3 = 0), while the upper rigid
bearing plate was designed as a sliding hinge support (Ux = Uy = 0), with a downward
displacement of 10 mm applied at the reference point of the bearing plate.

The finite element simulation results were compared with the experimental data, with
particular focus on the analysis of the axial load–displacement (P-∆) curve. Figure 23
presents the comparative results. It can be observed that the curve obtained from numerical
simulation generally agrees with the experimental results, though the ultimate load and
the descending branch of the curve are slightly higher than the experimental data. The
experimentally measured ultimate load Pu

t is 11,239 kN, while the finite element simulated
ultimate load Pu

FE is 12,231.13 kN. The ratio of the two ultimate bearing capacities is 0.92.
These results indicate a high degree of agreement, demonstrating that the established finite
element model possesses good reliability.

Table 4 compares the experimental ultimate load Pu
t with the finite element simulation

results Pu
FE. As shown in the table, the average ratio of the experimental values to the

simulated values is 0.963, with a standard deviation of 0.0309 and a coefficient of variation
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of 0.0321. These data indicate that the finite element simulation results are very close to the
experimental data, demonstrating good consistency.

Figure 23. Axial load–displacement curve test values and simulation values of specimen S690-C130-
SP60-H.

Table 4. Comparison of ultimate load results.

Specimen Name Pu
t/kN Pu

FE/kN Pu
t/Pu

FE

U-CFST-20-1-A 2939 3001.77 0.98
Z-1 7736 7767.04 0.99

S690-C130-SP60-H 11,239 12,231.13 0.92

4. Finite Element Analysis of UHPC-SRC Short Columns
4.1. Finite Element Model Design Scheme

Thirteen finite element models of UHPC-SRC short columns were designed in this
study to investigate the influence of various factors on the compressive performance of
the short columns. These factors include the diameter of longitudinal reinforcement, the
strength of longitudinal reinforcement, the thickness of the permanent formwork, the
strength grade of the permanent formwork, the strength of the steel section, and the
thickness of the stirrup protective layer.

The cross-sectional width of the short column is 300 mm, and the height is 900 mm.
The thickness of the UHPC formwork is 30 mm, while the cast-in-place NC layer has
a cross-sectional width of 240 mm. At both the top and bottom ends of the specimen,
a rigid bearing plate is installed, each with a thickness of 50 mm and a cross-sectional
width of 300 mm. The strength grade of the cast-in-place concrete is C30. The built-in H-
shaped steel is made of Q235 grade, with sectional dimensions of 150 × 150 × 7 × 10 mm.
Four longitudinal reinforcing bars of HRB400 grade, each with a diameter of 8 mm, are
arranged inside the UHPC formwork. Stirrups are placed on the outermost side of the
formwork, with a protective layer thickness of 5 mm. The distance from the outer edge
of the topmost and bottommost stirrups to the concrete edge is 25 mm. The stirrups use
HRB400 grade steel bars with a diameter of 6 mm, and are spaced at 50 mm and 150 mm.

The axial compressive strength of UHPC and NC materials, as well as the yield
strength of H-shaped steel and reinforcement bars, all adopt standard values. The elastic
modulus of the reinforcement bars is 2.06 × 105 MPa. A schematic diagram of the design
for UHPC-SRC short columns is shown in Figure 24, and the basic design parameters of
the short column models are detailed in Table 5.
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Figure 24. Design schematic diagram of the UHPC-SRC short column.

Table 5. Basic parameter settings for short column model design.

Specimen
Name

Diameter of
Longitudinal

Reinforce-
ment/mm

Longitudinal
Reinforce-

ment
Strength

Thickness of
Permanent

Form-
work/mm

Strength
Grade of

Permanent
Formwork

Steel Section
Strength

Grade

Thickness of
Stirrup

Concrete
Cover/mm

DZ-1 8 HRB400 30 C120 Q235 5
DZ-2 10 HRB400 30 C120 Q235 5
DZ-3 12 HRB400 30 C120 Q235 5
DZ-4 8 HRB500 30 C120 Q235 5
DZ-5 8 HRB600 30 C120 Q235 5
DZ-6 8 HRB400 20 C120 Q235 5
DZ-7 8 HRB400 40 C120 Q235 5
DZ-8 8 HRB400 30 C100 Q235 5
DZ-9 8 HRB400 30 C140 Q235 5

DZ-10 8 HRB400 30 C120 Q345 5
DZ-11 8 HRB400 30 C120 Q390 5
DZ-12 8 HRB400 30 C120 Q235 10
DZ-13 8 HRB400 30 C120 Q235 15

4.2. Axial Load–Displacement Curve from Finite Element Analysis

Based on the finite element model calculations, the axial load–displacement (P-∆)
curves of the 13 composite columns are shown in Figures 25–30. Table 6 lists the
ultimate loads obtained from the finite element simulations and their corresponding
displacement values.
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Figure 25. Diameter of longitudinal reinforcement.
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Figure 26. Longitudinal reinforcement strength.
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Figure 27. Thickness of permanent formwork.
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Figure 28. Strength grade of permanent formwork.
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Figure 29. Steel section strength grade.
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Figure 30. Thickness of stirrup concrete cover.

Table 6. The simulation results of the finite element analysis.

Specimen Name Ultimate Load/kN Ultimate
Displacement/mm

DZ-1 4864.79 2.22
DZ-2 4908.91 2.22
DZ-3 4962.92 2.22
DZ-4 4880.67 2.22
DZ-5 4887.76 2.22
DZ-6 4143.85 2.85
DZ-7 5107.34 2.40
DZ-8 4308.24 2.40
DZ-9 5028.10 1.95
DZ-10 5184.40 1.95
DZ-11 5260.43 2.40
DZ-12 4600.31 2.40
DZ-13 4608.89 2.40

4.2.1. Longitudinal Reinforcement Ratio

Three groups of specimens, DZ-1, DZ-2, and DZ-3, were used to investigate the influ-
ence of longitudinal reinforcement ratio on the axial load–displacement curves. As shown
in Figure 25, when the longitudinal reinforcement ratio increased gradually from 0.22% to
0.35% and 0.50%, the ultimate loads increased by 0.91% and 2.02%, respectively, compared
to DZ-1, indicating only a slight overall improvement. This suggests that increasing the
longitudinal reinforcement ratio has a limited effect on enhancing the performance of
UHPC-SRC short columns.

4.2.2. Longitudinal Reinforcement Strength

Three groups of specimens, DZ-1, DZ-4, and DZ-5, were used to investigate the in-
fluence of longitudinal reinforcement strength on the axial load–displacement curves. As
shown in Figure 26, as the longitudinal reinforcement strength increased sequentially from
HRB400 to HRB500 and HRB600, the ultimate load increased by 0.33% and 0.47% compared
to DZ-1, respectively. The overall increase is even less than the increase in the longitu-
dinal reinforcement ratio. This indicates that improving the longitudinal reinforcement
strength, similar to increasing the longitudinal reinforcement ratio, has a limited effect on
the performance enhancement of UHPC-SRC short columns.

4.2.3. Thickness of Permanent Formwork

Specimens DZ-1, DZ-6, and DZ-7 were used to investigate the influence of the thick-
ness of the permanent formwork on the axial load–displacement curves. As shown in
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Figure 27, when the thickness of the permanent formwork increased from 20 mm to 30 mm
and 40 mm, the ultimate load was enhanced by 17.40% and 23.25%, respectively, compared
to DZ-6. The steel fibers within the UHPC acted as bridges, ensuring an effective combina-
tion between UHPC and stirrups, thereby jointly bearing the radial and circumferential
stresses within the composite cross-section and providing a good confinement effect. With
the increase in UHPC formwork thickness, the confinement effect was further strengthened,
leading to a significant improvement in the performance of UHPC-SRC short columns.

4.2.4. Strength Grade of Permanent Formwork

Three groups of specimens, DZ-1, DZ-8, and DZ-9, were used to investigate the
influence of the strength grade of the permanent formwork on the axial load–displacement
curve. As shown in Figure 28, with an increase in the formwork strength grade from C100
to C120 and C140, the ultimate load increases by 12.92% and 16.71%, respectively, compared
to DZ-8. Enhancing the UHPC strength grade can effectively improve the load-bearing
capacity of UHPC-SRC short columns, although its effect is slightly less significant than
increasing the thickness of the permanent formwork. Additionally, increasing the UHPC
strength grade results in a reduction in the ultimate displacement.

4.2.5. Steel Section Strength Grade

Three groups of specimens, DZ-1, DZ-10, and DZ-11, were used to investigate the
effect of the strength grade of structural steel on the axial load–displacement curve. As
shown in Figure 29, as the strength grade of structural steel increases from Q235 to Q345
and Q390, their ultimate loads increase by 6.57% and 8.13%, respectively, compared to DZ-1.
Although increasing the strength grade of structural steel can enhance the performance of
UHPC-SRC short columns, the degree of improvement is slightly less than that achieved
by changing the thickness and strength grade of the permanent formwork.

4.2.6. Thickness of Stirrup Concrete Cover

Three groups of specimens, DZ-1, DZ-12, and DZ-13, were used to investigate the
effect of stirrup protective layer thickness on the axial load–displacement curve. As shown
in Figure 30, when the stirrup protective layer thickness increases from 5 mm to 10 mm
and 15 mm, the ultimate load decreases by 5.44% and 5.26%, respectively, compared with
DZ-1. This indicates that the closer the stirrups are to the edge of the UHPC formwork, the
more significant the confinement effect, resulting in a stronger restraining action.

4.3. Destructive Mode

Using specimen DZ-1 as an example, the loading process of UHPC-SRC short columns
mainly includes three stages: the elastic stage without cracking, the elastoplastic stage
during which the H-shaped steel yields and the short column cracks until reaching the
ultimate load, and the failure stage after the ultimate load.

During the elastic stage, all materials within the cross-section of the short column
are uniformly compressed and deform together. At this time, the axial load–displacement
curve exhibits linear growth, and no cracks appear on the surface of the short column.

As the loading displacement increases, the H-shaped steel gradually yields, and
vertical microcracks initially appear in the middle of the upper and lower ends of the short
column. Subsequently, the structure enters the elastoplastic stage, during which the cracks
extend and develop toward the middle, and new microcracks continuously emerge.

When the loading reaches the ultimate load, both the longitudinal reinforcement and
the H-shaped steel have yielded, and an “X”-shaped crack appears in both the upper and
lower parts of the middle section of the short column. At this point, the UHPC formwork
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and the cast-in-place NC layer both reach their ultimate compressive strain, resulting in
crushing failure of the column body.

After failure, the concrete essentially withdraws from bearing the load, and the load-
bearing capacity of the short column begins to decrease, with the rate of decline accelerating
as displacement increases. During this stage, the load-bearing capacity of the H-shaped steel
remains nearly unchanged, while the axial force taken by the longitudinal reinforcement
gradually increases until the overall stress state of the short column stabilizes. At this point,
the load borne by the short column is approximately 45% of the ultimate load.

In the post-processing module of ABAQUS, the equivalent plastic strain (PEEQ) is an
important indicator for evaluating the yielding state of reinforcement. When the PEEQ
value exceeds zero, it indicates that the material has entered the stage of irreversible plastic
deformation. By monitoring changes in PEEQ, it is possible to accurately determine whether
the reinforcement has reached its yield point. The DAMAGEC variable is also a critical
parameter, used to represent the compressive damage of materials. When the DAMAGEC
value exceeds zero, it indicates that cracking has begun to occur in the concrete.

When the load increases to 4148.27 kN, the H-shaped steel yields, while the longitu-
dinal reinforcement and stirrups have not yet yielded. At this stage, vertical microcracks
appear in the middle of the upper and lower ends of the short column, as shown in
Figures 31 and 32. Meanwhile, the strains in both the UHPC and NC have not exceeded
their ultimate compressive strains, and structural failure has not yet occurred, as shown
in Figure 33.

Figure 31. The H-shaped steel yields.

When the load increased to 4864.79 kN, an “X”-shaped crack appeared both above and
below the middle of the short column, as shown in Figure 34. At this time, the longitudinal
reinforcement yielded in the central region, but the stirrups had not yet yielded, as shown
in Figure 35. From the strain cloud diagram along the long side of the specimen, it can
be observed that the strains in both the UHPC and NC have exceeded their ultimate
compressive strain values, as shown in Figure 36. The ultimate compressive strain of NC
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is 0.0033, and that of UHPC with a strength grade of 120 is 0.0041; therefore, the concrete
experienced crushing failure.

Figure 32. The short column cracks.

Figure 33. Strain cloud diagram in the longitudinal direction of the specimen.

Using UHPC as a permanent formwork can simultaneously fulfill structural functions
and improve construction efficiency, thereby reducing the need for installation and removal
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of temporary formwork. Although UHPC has a relatively high material cost, its exceptional
mechanical properties may enable a reduction in cross-sectional dimensions or a decrease in
structural self-weight, thereby lowering overall construction costs and accelerating project
schedules; these advantages are particularly pronounced in prefabricated building systems.
UHPC–SRC columns possess high load-bearing capacity, controllable failure modes, and
residual strength after peak loading, making them suitable for high-rise buildings with
stringent requirements for both vertical and lateral loads. The H-shaped steel core provides
stability, while the confinement effect of UHPC further enhances seismic performance,
which is especially beneficial for designs in seismic regions or for high-rise buildings
requiring improved ductility.

Figure 34. Damage cloud map under compressive load at ultimate capacity.

Figure 35. Equivalent plastic strain contour map of the reinforced cage under ultimate load.
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Figure 36. Strain cloud diagram of the specimen along the long side under ultimate load.

5. Calculation of the Compressive Bearing Capacity of Rectangular Sections
5.1. Basic Assumptions

The calculation of compressive bearing capacity of a normal section is based on the
following assumptions: (1) The plane section assumption, i.e., from the onset of loading to
specimen failure, the strain at all points along the section height of the column is distributed
linearly across the section. (2) The bonding slip between the reinforcement, H-shaped steel,
and concrete is neglected. (3) The confinement effects of the reinforcement cage and H-
shaped steel on the concrete are not considered. (4) The influence of specimen torsion on
the axial compressive bearing capacity is ignored.

5.2. Axial Compression Bearing Capacity Calculation Formula for Rectangular Sections

The calculation method for the axial compressive bearing capacity of UHPC-SRC short
columns with normal sections adopts the superposition approach. Specifically, the axial
forces borne separately by the longitudinal reinforcement, H-shaped steel, UHPC, and
NC are summed to obtain the ultimate axial compressive capacity of the UHPC-SRC short
column. At the moment of failure, the strain at each point on the failure section of the
UHPC-SRC short column is identical, and all have reached the ultimate compressive strain
of the UHPC-SRC short column.

The formula for calculating the compressive bearing capacity of UHPC-SRC short
columns under axial load is given in Equation (11):

Nu = fUc AUc + fc Ac + f ′y A′
s + f ′ss A′

ss (11)

In the formula, Nu represents the compressive bearing capacity of the UHPC-SRC
short column; f Uc is the prism compressive strength of UHPC; AUc is the net cross-sectional
area of UHPC (excluding the cross-sectional area of the longitudinal reinforcement); f c is
the prism compressive strength of NC; Ac is the net cross-sectional area of NC (excluding
the cross-sectional area of the structural steel); f y

′ is the yield strength of the longitudinal
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reinforcement; Ay
′ is the cross-sectional area of the longitudinal reinforcement; f ss

′ is the
yield strength of the structural steel; Ass

′ is the cross-sectional area of the structural steel.

5.3. Comparison of Calculation Results

This paper presents a comparative analysis of the numerical simulation and theoretical
calculation results for 13 groups of UHPC-SRC short column specimens, with detailed data
shown in Table 7. The theoretical axial compressive bearing capacity Nu

p was calculated
using Equation (11), and the simulated value Nu

FE was obtained via the finite element
method. By calculating the ratio t = Nu

FE/Nu
p, the results show an average value of 1.008, a

standard deviation of 0.0268, and a coefficient of variation of 0.0266. The findings indicate a
high degree of consistency between the simulated and theoretical values, with minimal data
fluctuation and low dispersion, demonstrating high reliability. Therefore, the formula for
calculating the axial compressive bearing capacity of UHPC-SRC short columns proposed
in this paper is considered reasonable.

Table 7. Comparison between calculated and simulated compressive bearing capacities of UHPC-SRC
short columns.

Specimen Name Nu
p/kN Nu

FE/kN Nu
FE/Nu

p

DZ-1 4707.44 4864.79 1.034
DZ-2 4740.42 4908.91 1.036
DZ-3 4784.35 4962.92 1.037
DZ-4 4724.54 4880.67 1.033
DZ-5 4744.64 4887.76 1.030
DZ-6 4088.92 4143.85 1.013
DZ-7 5270.72 5107.34 0.969
DZ-8 4200.88 4308.24 1.026
DZ-9 5222.20 5028.10 0.963
DZ-10 5134.54 5184.40 1.010
DZ-11 5310.49 5260.43 0.991
DZ-12 4704.44 4600.31 0.978
DZ-13 4704.44 4608.89 0.980

6. Conclusions
In this chapter, finite element models were established for three types of short columns:

UHPC formwork–concrete-filled steel tube composite columns, high-strength steel–UHPC
short columns, and UHPC fully encased S690 high-strength steel short columns. By com-
paring the axial load–displacement curves obtained from numerical simulations with
experimental results, the accuracy of the models was verified, and relevant analyses were
conducted. On this basis, 13 groups of finite element simulations were carried out for
UHPC-SRC short columns to investigate the effects of factors such as longitudinal reinforce-
ment diameter, longitudinal reinforcement strength, non-removable formwork thickness,
non-removable formwork strength grade, steel strength, and stirrup protective layer thick-
ness on the axial compressive performance. Finally, a calculation formula for the axial
compressive bearing capacity of normal sections was proposed to predict the axial com-
pressive bearing capacity of UHPC-SRC short columns under central loading. Based on the
numerical and formula calculation results, the following conclusions were drawn:

1. Based on the ABAQUS finite element software, three short column models were
established, and the simulated axial load–displacement curves were compared with
experimental data. The results show that the finite element simulations are in close
agreement with the experimental data, confirming the accuracy and reliability of the
simulation method.
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2. Whether increasing the reinforcement ratio or enhancing the strength of the reinforce-
ment, the improvement in ultimate load is quite limited (both less than 2%), indicating
that both factors have a limited effect on enhancing the load-bearing performance of
short columns.

3. Increasing the thickness of the UHPC permanent formwork or enhancing its strength
grade can significantly improve the ultimate load (the ultimate load increases by more
than 23% at maximum when the formwork thickness is increased, and up to 17%
when the formwork strength is enhanced), with the effect of increasing formwork
thickness being more pronounced. However, an increase in formwork strength leads
to a slight reduction in ultimate displacement. Similarly, increasing the strength of
the steel section can also enhance the ultimate bearing capacity by approximately
8%, though the effect is slightly less pronounced compared to improvements in the
parameters of the permanent formwork.

4. Increasing the thickness of the stirrup protective layer leads to a decrease in ultimate
load (by approximately 5%), indicating that the closer the stirrups are to the edge of
the UHPC formwork, the stronger the confinement effect on the short column and the
better its load-bearing performance.

5. This paper proposes a calculation formula for the axial compressive bearing capacity
of UHPC-SRC short columns. The results obtained using this formula are highly
consistent with those from finite element analysis, thereby providing strong theoretical
support for the design of related structural components.
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Nomenclature
The article involves symbols in equations.

Number Symbol Name Symbol Explanation
1 σUc Compressive Stress of UHPC Prism
2 σUt Tensile Stress of UHPC Prism
3 f Uc Compressive Strength of UHPC Prism
4 f Ut Tensile Strength of UHPC Prism
5 εUc Compressive Strain of UHPC Prism
6 εUt Tensile Strain of UHPC Prism
7 εUc0 Peak Compressive Strain of UHPC Prism
8 εUt0 Peak Tensile Strain of UHPC Prism
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9 f Ucu Compressive Strength of a UHPC Cube with a Side Length of 100 mm
10 σc Compressive Stress of Ordinary Concrete Prism
11 σt Tensile Stress of Ordinary Concrete Prism
12 f c Compressive Strength of Ordinary Concrete Prism
13 f t Tensile Strength of Ordinary Concrete Prism
14 εc Compressive Strain of Ordinary Concrete Prism
15 εt Tensile Strain of Ordinary Concrete Prism
16 ε0 Peak Compressive Strain of Ordinary Concrete Prism
17 εt0 Peak Tensile Strain of Ordinary Concrete Prism
18 α Coefficient of the Ascending Branch of the Uniaxial Compression Curve
19 β Coefficient of the Descending Branch of the Uniaxial Compression Curve
20 γ Coefficient of the Descending Branch of the Uniaxial Tension Curve
21 σs Reinforcement Stress
22 Es Elastic Modulus of Reinforcement
23 εs Reinforcement Strain
24 f y Tensile Yield Strength of Reinforcement
25 f y

′ Compressive Yield Strength of Reinforcement
26 εy Tensile Yield Strain of Reinforcement
27 εy

′ Compressive Yield Strain of Reinforcement
28 AUc Net Cross-Sectional Area of UHPC (excluding the cross-sectional

area of longitudinal reinforcement)
29 Ac Net Cross-Sectional Area of NC (excluding the cross-sectional area

of structural steel)
30 Ay

′ Cross-Sectional Area of Longitudinal Reinforcement
31 f ss

′ Compressive Yield Strength of Structural Steel
32 Ass

′ Cross-Sectional Area of Structural Steel
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