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ABSTRACT 

This study uses the ABAQUS platform to develop a three-dimensional Finite Element Model (3D FEM) 

and analyze the axial compressive behavior of square composite columns consisting of Normal-Strength 

Concrete (NSC) with embedded Ultra-High-Performance Concrete (UHPC) cores. This study uses a 

complete 3D modeling approach that considers key parameters, such as the core shape, number of cores, 

and steel fiber content within the UHPC, in contrast to most existing research, which focuses on 

experimental studies on two-dimensional simulations. The simulation results strongly agree with the 

experimental data regarding the crack patterns, compressive strength, and deformation behavior. 

Additionally, a parametric analysis was conducted in ABAQUS to examine how UHPC core strength and 

thickness influence the structural performance. This approach offers a practical and efficient solution for 

assessing structures where experimental data are limited—a common issue in the existing literature. 

Keywords-ultra-high performance concrete; structural applications; composite columns; ultra-high 

performance fiber reinforced concrete 

I. INTRODUCTION  

UHPC and Ultra-High-Performance Fiber-Reinforced 
Concrete (UHPFRC) are materials with great strength, high 
ductility, and low permeability [1-3], which are used for 
infrastructure construction, retrofitting, and strengthening 
deteriorated concrete structures. UHPC's bond capacity with 
NSC makes it an optimal choice for repair and reinforcement 
applications. The objective of this study is to develop a reliable 
model for predicting the axial compression behavior of normal 
concrete composite square columns with an internal UHPC 
core. Finite Element Analysis (FEA) is a useful tool for 
studying the composite UHPC-NSC structures and for 
designing them to enhance the strength and repair capacity. The 
ABAQUS software, which is known for its speed and 
versatility in simulating loading, thermal, and vibration 
problems, optimizes the analysis of concrete columns under 
compression using the Concrete Damage Plasticity (CDP) 
model, which is suitable for high-strength or NSC. Authors in 

[4] found that FEM of the interface behavior between NSC and 
UHPFRC is critical for predicting the strengthening and repair 
capabilities of structural elements. The researchers developed a 
surface-based cohesive model that employs a linear traction–
separation law and calibrated its parameters using previous 
experimental data [5, 6]. Seven FEM simulations were applied 
to the shear, tensile, and flexural tests. The results 
demonstrated the model’s effectiveness in the design and 
application of UHPFRC and UHPFRS systems, yielding low 
deviations: 6.8% in the peak load for the shear tests and 15.9% 
and 2.8% in the maximum displacement for the tensile and 
flexural tests, respectively. However, this model is limited to 
simple configurations and does not account for the variations in 
the core geometry, fiber distribution patterns, or multi-core 
interaction effects within the UHPC materials. Therefore, 
comprehensive FEM models capable of simulating the full 
structural behavior of the UHPC-NSC composite systems are 
necessary. Authors in [7] used ABAQUS software to simulate 
the behavior of UHPFRC columns under axial and eccentric 
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loading, employing 2D and 3D FEM. The simulation results 
showed strong agreement with the experimental data [8-11], 
confirming that UHPFRC significantly enhances ductility and 
increases the ultimate load capacity compared to NSC and 
High-Strength Concrete (HSC). Furthermore, the proposed 
analytical model demonstrated acceptable accuracy for 
practical design applications. However, the study has 
limitations because it focuses on homogeneous UHPFRC 
columns and does not include critical factors, such as the 
dispersed core structures, fiber distribution effects, and 
variations in core geometry, in the parametric analysis. 
Additionally, the research did not fully explore the potential of 
FEM as an efficient predictive tool under conditions of limited 
experimental data—an important direction for advancing the 
application of the emerging material technologies. Authors in 
[12] proposed a 3D FEM using ABAQUS to examine the 
behavior of UHPFRC-filled steel tubular columns under axial 
and eccentric loading. This model's integration of critical 
practical factors, including the material limitations of 
UHPFRC, initial local and global geometric imperfections, and 
surface-to-surface interaction between the concrete core and 
the steel tube, was a major improvement [13–17]. The FEM 
predictions showed excellent agreement with the experimental 
data regarding the peak load capacity, failure patterns, and 
post-cracking behavior. Additionally, the analysis 
demonstrated that the UHPFRC cores are highly effective 
under axial and small eccentric loads and that enhancing the 
flexural performance involves increasing the steel’s tensile 
strength and optimizing the diameter-to-thickness ratio. 
However, the study was limited to single-core, homogeneous 
columns. The present research aims to advance this approach 
by developing a more comprehensive 3D FEM capable of 
predicting the behavior of UHPC–NSC composite columns 
with complex geometries under realistic structural conditions. 
Most studies on UHPC and UHPFRC columns have focused on 
the experimental axial compression, while the numerical 
simulations are limited. This has created a significant gap in 
understanding and predicting the mechanical behavior of 
UHPC-based composite structures. Current simulation models 
often fail to capture the interactions between materials and the 
overall deformation behavior of the square composite columns 
with internal UHPC cores. This study seeks to minimize this 
gap by developing FEM on the ABAQUS platform to simulate 
the axial compressive behavior of the UHPC–NSC composite 
columns. These models were calibrated and validated using 
previous experimental data, showing good agreement regarding 
the crack patterns, compressive strength, and deformation 
characteristics. Additionally, a simplified model was developed 
to overcome the limitations of the experimental data under 
constrained testing conditions. The findings show that the 
usage of UHPC cores is a promising solution for strengthening 
the existing concrete structures. 

II. MATERIAL MODEL AND METHODOLOGY 

A. Finite Element Model and Meshing 

The C3D8R solid element, an eight-node, linear brick 
element with reduced integration and hourglass control, is used 
for simulations and serves as the FEM for each material type in 
different structures. Previous studies have also adopted the the 

C3D8R element for the cores and shells of the columns under 
examination due to its computational efficiency and 
convergence properties. Owing to the experimental limitations 
in Vietnam, specifically the restricted height capacity of the 
compression testing machine and the limited mixing volume of 
the UHPC mixer (10 lt per batch), short column specimens 
with dimensions of 200 mm × 200 mm × 320 mm were 
selected to ensure experimental feasibility, as shown in Figure 
1. Table I presents the number of specimens, core dimensions, 
core shapes, and steel fiber contents. 

 

 
Fig. 1.  UHPC-NSC test specimen cross section. 

TABLE I.  DETAILS OF SPECIMEN GROUPS 

Spec. 

type 

Spec. size UHPC core size Steel 

fibers 

No. of 

Spec. 
Note 

B, D (mm) H (mm) b, d (mm) h (mm) 

A1 D100 200 - - - 3 Control 
sample 

A2 200×200 320 100×100 320 0%, 1%, 
2% 3, 3, 3 Fig.1 

A3 200×200 320 d114 320 0%, 1%, 
2% 

3, 3, 3 Fig.1 

A4 200×200 320 40×40 320 1% 3 Fig.1 
A5 200×200 320 d42 320 1% 3 Fig.1 

 

The FEM was based on the experimental setup and four 
specimen cases were considered, accounting for variations in 
the core shape, number of cores, and steel fiber content within 
the cores. Specimen models were used to ensure accurate 
meshing, and the mesh configuration was selected, as portrayed 
in Figure 2. The research findings suggest that in order to 
achieve reliable results, the element size should be 
approximately B/15 in the cross-sectional direction and L/20 
along the longitudinal axis. 

B. Material Model and Stress-Strain Relationship  

The CDP model can simulate the concrete behavior from 
the pre-cracking stage through the post-cracking and ultimate 
failure [18], using the concept of the plastic damage in concrete 
after it reaches maximum compressive and tensile stress levels. 
The ABAQUS uses this model to simulate the concrete and 
other quasi-brittle materials. 
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(a) 

 

(b) 

 
Fig. 2.  (a) Specimens of different cross-sectional direction, (b) results of 
finite element meshing simulation. 

The CDP model defines the stress-strain relationship of the 
concrete under compression and tension. Any point along the 
strain-softening branch shows a decrease in stiffness when 
unloaded. The parameters Dt and Dc characterize this stiffness 
degradation, where Dt ≥ 0 and Dc ≤ 1. In the CDP model: 

 The behavior of concrete under tension is defined by the 
relationship between the stress and cracking strain. 

 The behavior of concrete under compression is defined by 
the relationship between the stress and inelastic strain. 

This relationship can be expressed as: 

���� � �� � ��
	


     (1) 

���� � �� � �

	


     (2) 

for the compressive and tensile concrete, respectively. 

C. Determination of Yield Surface and Material Parameters 

The development of the yield surface is controlled by the 
variables pl

c and pl
t. The yield surface function is: 
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 is the ratio of the initial biaxial 

compressive stress to the uniaxial compressive stress, Kc is the 
ratio of the second stress constant of the tensile part to that of 

the compressive part, with initial yielding of any constant value 
of pressure p, so that the maximum principal stress is negative 
( �!"#  < 0), and must satisfy the condition 0.5 Kc  1. The 
default value in ABAQUS is 2/3 and,  ��>��

��?,  �����
��� are the 

effective fixed compressive and tensile stresses, respectively. 

In order to apply the CDP model provided in ABAQUS, it 
is necessary to determine the following parameters: 

1) Determination of Elastic Modulus (Ec) and Poisson's Ratio 
(μ) 

The experimental formulas proposed in ACI 318 are used to 
calculate the elastic modulus Ec, where f'

c is measured in MPa. 
Moreover, the applied Poisson's ratio of 0.2 is frequently 
employed in simulation models: 

@� � 4700CDE�F    (4) 

2) Determination of the Ratio of Initial Biaxial Compressive 
Stress to Uniaxial Compressive Stress 1�*


=�,
5 

The ratio of the initial biaxial compressive stress to the 
uniaxial compressive stress is 1�*


=�,
5. The results of the triaxial 

compression tests for normal concrete and HSC are based on a 
formula proposed in [19]: 

�*

=�,

� 1.5�E�F��G.GHI    (5) 

3) Determination of the Ratio Between the Second Stress 
Invariant for Tension and Compression (Kc) 

Determining the ratio between the second stress invariant 
for tension and compression (Kc) is one of the parameters used 
to define the yield surface of the CDP model. Authors in [20], 
showed that the range of Kc varies from 0.5 to 1and authors in 
[21] proposed a formula that is regarded as the most suitable 
approach for determining Kc in simulation problems: 

J� � I.I
IK.#�=�,�
.

LM    (6) 

4) Determine the Expansion Angle of Concrete (Ψ) 

The dilation angle is found to be significantly dependent on 
the strength of the concrete; as the strength of the concrete 
increases, the dilation angle also increases. Authors in [22], 
proposed dilation angles of 30° for concrete with strength below 
60 MPa and 56° for concrete with strength above 90 MPa: 

N O � 30G � PQR
O � 56G � TUVRW    (7) 

5) Determination of Stress-Strain 

a) Behavior of NSC Concrete 

The present study indicates that the concrete has a 
compressive strength below 50 MPa. Authors in [23] showed 
that the compressive behavior of NSC concrete is divided into 
two stages: the strengthening stage and the softening stage. In 
this context, c,NSC denotes the strain of the concrete when it 
attains the compressive strength f’

c: 

�
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Authors in [24] proposed a formula for determining c,NSC 
which is based on regression calculations with concrete 
specimens that have strengths ranging from 10 to 100 MPa: 

�� � 0.00076 � D�0.626CE�F � 4.33�C10�H (10) 

Authors in [25] stated that the tensile behavior of concrete 
is examined for specimens with a compression strength of less 
than 50 MPa: 

E� � 0.3C�E�F�. 7c     (11) 

In addition, the failure energy model for tensile concrete is 
proposed in [26]. dmax is defined as the maximum aggregate 
size in concrete: 

de,]^_ �  

�0.0469Cg!"#. � 0.5Cg!"# � 26�C 1=�,
�G5G.H

 (12) 

b) Behavior of UHPC Concrete 

In contrast to the behavior of NSC, UHPC demonstrates a 
distinct behavior due to its brittleness and susceptibility to 
sudden failure. Authors in [27] described the strengthening and 
softening behavior of concrete: 

�
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   (13) 

��,lmn_ � �0.71CE�F � 168�C10�I  (14) 

where Ec,UHPC, and β are the strain corresponding to the point f’
c 

and the shape parameter, respectively. 

III. RESULTS AND DISCUSSION 

A. Failure Model Analysis 

As presented in Figure 3, the simulation outcomes 
demonstrate that the column specimens (A2, A3, A4, and A5) 
exhibited distinctly disparate failure patterns. During the elastic 
stage, no surface abnormalities were observed. As the applied 
load approached 0.8 Pmax, cracks began to form in the mid-
height region and propagated toward the corners, exhibiting 
relatively large crack widths. However, for the columns with 
segmented UHPC cores (A4 and A5), the extent of damage was 
significantly reduced, although initial cracking still originated 
from the mid-height and spread along the perimeter. The results 
presented in Figures 4 and 5 show that the addition of steel 
fibers to the UHPC core did not have a substantial impact on 
the failure mode of the columns. It is noteworthy that the high 
degree of similarity between the simulation and experimental 
results with regard to the crack patterns and failure mechanisms 
validates the precision and dependability of the numerical 
model. Therefore, the FEM used in this study can be 
considered effective for predicting the load-bearing capacity of 
UHPC-NSC composite columns, supporting the practical 
applications in the structural design and evaluation. 

B. Compressive Capacity Analysis 

Figure 6 shows the compressive capacity of columns with 
different UHPC core configurations and steel fiber content. 
Increasing the fiber content from 0% to 1% for specimen A2 
resulted in a 22.64% improvement in compressive strength. 
However, increasing the content to 2% led to a slight 3.28% 
reduction, suggesting a saturation point beyond the optimal 
fiber dosage. In contrast, Specimen A3 exhibited a 2.02% 
decrease in strength when the fiber content increased from 0% 
to 1%. Then, there was a 10.33% improvement when the 
content rose from 1% to 2%. These results suggest that the 
effectiveness of the steel fibers depends on their content and 
the configuration of the UHPC core. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 3.  Failure patterns of different column types: (a) specimen A2, (b) 
specimen A3, (c) specimen A4, (d) specimen A5. 
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(a) (b) (c) 

Fig. 4.  Failure patterns of column A2 with varying fiber contents: (a) 0%, 
(b) 1%, (c) 2%. 

  
(a) (b) (c) 

Fig. 5.  Failure patterns of column A3 with varying fiber contents: (a) 0%, 
(b) 1%, (c) 2%. 

 
Fig. 6.  Evaluation of the load-bearing capacities of different columns. 

With a constant fiber content of 1%, increasing the core 
configuration from A2 to A4 or from A3 to A5 led to a 6.39% 
and 4.04% increase in compressive strength, respectively. As 
displayed in Figure 7, the rectangular cores outperformed the 
circular ones, likely due to a more balanced stress distribution. 
These results highlight the combined influence of fiber content 
and core geometry on the compressive performance of the 
UHPC-NSC composite structures. 

 

 
Fig. 7.  Load-bearing capacity of columns with different core cross- 
sections, 1% fiber. 

C. Load-Displacement Behavior Analysis 

Figure 8 shows the load-displacement relationships of the 
column specimens, where Nu is the maximum compressive load 
and εu is the corresponding axial strain at peak load. All 
specimens exhibited a linear elastic behavior initially, followed 
by inelastic deformation when the load reached approximately 
0.8 Nu. After reaching the peak load, the specimens exhibited 
degradation in the load-bearing capacity, as evidenced by a 
descending branch in the load-displacement curve. The 
specimens were categorized, as depicted in Table II, in order to 
analyze the influence of the material composition and core 
configuration on the mechanical behavior. 

 

 
Fig. 8.  Evaluation of the load-displacement curves. 
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TABLE II.  SPECIMEN SPECIFICATIONS 

Specimen 

type 
Specimen symbol Steel fibers 

Number of 

Specimens 
Note 

A2 A2-v0-1(2,3), A2-v1-
1(2,3), A2-v2-1(2,3) 

0%, 1%, 2% 3, 3, 3 01 square 
UHPC core 

A3 A3-v0-1(2,3), A3-v1-
1(2,3), A3-v2-1(2,3) 0%, 1%, 2% 3, 3, 3 01 round 

UHPC core 

A4 A4-v1-1(2,3) 1% 3 04 square 
UHPC core 

A5 A5-v1-1(2,3)  1% 3 04 round 
UHPC core 

 
The observations yielded the following findings: 

 For specimen A2, an increase in the steel fiber content from 
0% to 1% resulted in a notable enhancement in the 
compressive capacity. However, an increase to 2% resulted 
in a slight decrease, suggesting a potential saturation point 
in the effectiveness of fiber reinforcement. 

 For specimen A3, increasing the fiber content from 1% to 
2% resulted in a notable improvement in the load-bearing 
capacity. This finding indicates that the efficiency of the 
steel fibers may also be contingent on the geometry of the 
UHPC core. 

 It was found that specimens A4 and A5, which featured 
separated UHPC cores, exhibited enhanced ductility after 
reaching a peak load, which is evidenced by a slower 
decline in the load and a greater post-peak displacement 
compared to specimens A2 and A3. 

A comparison of the FEM simulations and experimental 
results, as shown in Figures 9-11, indicates that: 

 Prior to reaching a peak load, the FEM models accurately 
predicted the load–displacement behavior. 

 The post-peak discrepancies were more apparent in 
specimens A2 and A3, while specimens A4 and A5 
exhibited a closer agreement between the experimental and 
simulated results. 

 FEM exhibited a reliable predictive capacity for the axial 
compression behavior of the UHPC-NSC composite 
columns with varying core configurations and fiber 
contents. 

The analysis of the load-displacement behavior indicates 
that the steel fiber content, the core geometry, and the 
distribution of the core all play critical roles in enhancing the 
compressive strength and post-peak performance of the UHPC-
NSC composite columns. 

D. Evaluation of Load Distribution on Cross-Sections 

A thorough examination of the load-displacement curve 
illustrated in Figures 12-14, indicates that the NSC concrete 
accounted for up to 50% of the load-bearing capacity of 
column A2 and nearly 70% for the other column specimens. 
Specifically, the alteration of the UHPC core from a square to a 
circular shape resulted in an increase in the contribution ratio 
from 54% to nearly 70%. A subsequent comparison of the 
columns A4 and A5 revealed a marginal increase of 
approximately 4%. Consequently, the load-bearing capacity of 

the columns is mainly attributed to the presence of NSC 
concrete. An analysis of the load-displacement curve shapes 
indicated that when the NSC concrete reached its peak, the 
UHPC concrete was in the plastic deformation stage. At the 
point at which UHPC concrete reached its peak, the columns 
entered the softening phase. Despite the fact that UHPC 
concrete contributed only 26%–41%, the softening branch was 
influenced, at least in part, by the compressive strength of the 
UHPC concrete. 

 

 
Fig. 9.  Evaluation of load-displacement curve for specimen A2. 

 
Fig. 10.  Evaluation of the load-displacement curve for specimen A3. 
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Fig. 11.  Evaluation of the load-displacement curve for specimens A4-A5. 

 
Fig. 12.  Load distribution on the cross-section of specimen A2. 

 
Fig. 13.  Load distribution on the cross-section of specimen A3. 

E. Parameter Analysis 

1) Parameter Analysis Data 

The data selected for the parameter analysis are shown in 
Table III. In this context, H and B are the constant dimensions 
of the column, measuring 300 mm on each side. The 
parameters h, D, and b are the sizes and shapes of the 
reinforcement cores. The parameter α is defined as the ratio of 
the reinforced core area to the column's cross-sectional area, fc-

core is the compressive strength of the reinforced core concrete, 
and fc is the compressive strength of the column. 

2) Evaluation of the Influence of α on Compressive Capacity 

The results of the load-bearing capacity evaluation for each 
parameter group are shown in Table VI. 

 

 
Fig. 14.  Load distribution on the cross-section of specimens A4-A5. 

TABLE III.  PARAMETER ANALYSIS FOR CENTRALLY 
LOADED COLUMNS 

Group 
Spec. 

name 

H 

(mm) 

B 

(mm) 

h(D) 

(mm) 

B 

(mm) 
p � qrstu

qr
 

fc 

(MPa) 

fc-core 

(MPa) 

A2 

015-60 
300 300 116.2 116.2 0.15 40 

60 
015-90 90 
015-120 120 
030-60 

300 300 164.3 164.3 0.3 40 
60 

030-90 90 
030-120 120 
050-60 

300 300 212.1 212.1 0.5 40 
60 

050-90 90 
050-120 120 

A3 

015-60 
300 300 131.1 - 0.15 40 

60 
015-90 90 
015-120 120 
030-60 

300 300 185.4 - 0.3 40 
60 

030-90 90 
030-120 120 
050-60 

300 300 239.4 - 0.5 40 
60 

050-90 90 
050-120 120 

A4 015-60 300 300 58.1 58.1 0.15 40 60 
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Group 
Spec. 

name 

H 

(mm) 

B 

(mm) 

h(D) 

(mm) 

B 

(mm) 
p � qrstu

qr
 

fc 

(MPa) 

fc-core 

(MPa) 

015-90 90 
015-120 120 
030-60 

300 300 82.2 82.2 0.3 40 
60 

030-90 90 
030-120 120 
050-60 

300 300 106.1 106.1 0.5 40 
60 

050-90 90 
050-120 120 

A5 

015-60 
300 300 65.6 - 0.15 40 

60 
015-90 90 
015-120 120 
030-60 

300 300 92.7 - 0.3 40 
60 

030-90 90 
030-120 120 

TABLE IV.  RESULTS OF THE COMPRESSIVE CAPACITY 
ANALYSIS FOR PARAMETER GROUPS 

Group Spec. name p � qrstu
qr

 fc (MPa) fc-core (MPa) P (MN) 

A2 

015-60 
0.15 40 

60 4.03 
015-90 90 4.37 

015-120 120 4.67 
030-60 

0.3 40 
60 4.20 

030-90 90 4.93 
030-120 120 5.54 
050-60 

0.5 40 
60 4.02 

050-90 90 5.24 
050-120 120 6.58 

A3 

015-60 
0.15 40 

60 3.98 
015-90 90 4.24 

015-120 120 4.51 
030-60 

0.3 40 
60 4.24 

030-90 90 4.95 
030-120 120 5.58 
050-60 

0.5 40 
60 4.36 

050-90 90 5.60 
050-120 120 6.87 

A4 

015-60 
0.15 40 

60 4.01 
015-90 90 4.37 

015-120 120 4.68 
030-60 

0.3 40 
60 4.21 

030-90 90 4.88 
030-120 120 5.50 
050-60 

0.5 40 
60 4.52 

050-90 90 5.69 
050-120 120 7.02 

A5 

015-60 
0.15 40 

60 2.63 
015-90 90 3.04 

015-120 120 3.41 
030-60 

0.3 40 
60 4.09 

030-90 90 4.79 
030-120 120 5.34 

 
The analysis results for column groups A2-A5 exhibit 

variations in α, and the compressive strength of concrete. As 
presented in Figure 15, when the parameter α is small, 
enhancing the compressive strength of concrete does not result 
in a substantial increase in the compressive capacity of the 
column. Specifically, for groups A2-A4, the observed strength 
improvement was less than 9%. In contrast, Group A5 
exhibited a range of recorded strength improvements from 
12.17% to 15.58%. When α = 0.3, the improvements became 
more significant in comparison to α = 0.15. The compressive 

capacity of the columns exhibited an approximate 15.91% 
increase, reaching 17.38%, when the core compressive strength 
rose from 60 MPa to 90 MPa. Additionally, a 12.72% increase 
in compressive strength, reaching 120 MPa, was observed 
across all three column groups. The core area, which occupies 
50% of the total cross-sectional area of the column, exhibited 
an increase in compressive strength, thereby enhancing the 
initial compressive capacity by up to 25%. For the A5 
specimen, although only two ratios (α = 0.15 and α = 0.3) were 
analyzed, the results exhibited that when the core compressive 
strength increased from 60 MPa to 90 MPa, the compressive 
capacity improved by 15.58% and 17.1%, respectively. The 
enhancement of the core compressive strength to 120 MPa 
yielded a mere 12% improvement. Attaining a core 
compressive strength of 90 MPa is the most effective method 
of enhancing the column's compressive capacity. Furthermore, 
the usage of UHPC for the core, along with a coefficient of 
internal friction of 0.50, results in the optimal compressive 
performance for the column. Figure 16 displays that the load-
displacement curves for the columns exhibit distinct behaviors. 
The results are categorized by column groups (A2-A5), by α, 
and by the compressive strength of the core concrete. The 
vertical axis is the ratio P/Pu, while the horizontal axis is the 
ratio ε/εu. Pu and εu represent the maximum compressive 
force and the corresponding maximum strain, respectively. The 
results indicate that only the post-peak branch is displayed (ε/
εu ≥ 1.0). 

 

 
Fig. 15.  Evaluation of the critical compressive force of the columns. 

Findings indicate that there are no significant changes in the 
post-peak branch shapes for the columns in groups A3 and A5. 
However, substantial variations in the post-peak branch shapes 
were observed for the columns in groups A2 and A4. For group 
A2, the slope of the post-peak branch is influenced by the ratio 
α and the compressive strength of the core concrete. Higher α 
ratios exhibit an inverse correlation with the slope of the post-
peak branch. Furthermore, lower-strength concrete has been 
observed to demonstrate a greater propensity for the ductile 
behavior in comparison to UHPC. For group A4, no significant 
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differences were observed among the columns with α = 0.15. 
However, columns with α = 0.30 exhibited a behavior 
analogous to that of group A2. In other cases, different patterns 
emerged, and at a compressive strength of 90 MPa, the 
behavior tended to converge toward similar shapes. 

 

 
Fig. 16.  Evaluation of load-displacement curves. 

IV. CONCLUSIONS 

This study used three-dimensional finite element 
simulations and experimental validation to examine the axial 
compressive behavior of Ultra-High-Performance Concrete–
Normal-Strength Concrete (UHPC-NSC) composite columns 
with various core configurations. From the analysis it can be 
concluded that: 

 The addition of 1% steel fibers to the UHPC core resulted 
in a substantial enhancement of the maximum compressive 
strength of the composite columns. This enhancement 
varied between 10% and 22%, depending on the 
configuration of the core. However, the fiber content 
exhibited a negligible effect on altering the overall failure 
modes and crack propagation patterns. This finding 
explains the observed phenomenon in which the load-
bearing capacity increased, while the fundamental failure 
behavior remained largely unchanged. 

 The selection of a steel fiber volume fraction of 1% (vf = 
1%) was made on the basis of prior research identifying this 
value as optimal in balancing the mechanical performance 
and workability [1]. Nonetheless, the present study 
acknowledges the limitation of analyzing only a single fiber 
content and proposes that future studies consider a broader 
range (e.g., 0.5%, 1.5%, 2%) to better capture the nonlinear 
fiber-matrix interactions, particularly under post-peak 
loading conditions. 

 A comparative analysis of three columns was conducted, 
each containing rectangular UHPC cores. The study 
revealed that the columns with rectangular cores exhibited a 
superior compressive performance in comparison to those 
with circular cores. This phenomenon was primarily 
attributed to a more uniform stress distribution and reduced 
stress concentrations at the edges. The finite element stress 

analyses confirmed that the incorporation of rectangular 
cores led to enhanced load transfer paths and delayed the 
formation of plastic hinges, thereby enhancing the structural 
efficiency. 

 As indicated by both the experimental and numerical 
findings, the UHPC-NSC composite columns exhibited an 
augmented post-peak ductility in comparison to the 
conventional NSC columns. Quantitative metrics, such as 
the strain at 80% of peak load (ε80%) and energy absorption 
capacity, were employed to assess the specimens. The 
results indicated that the specimens with separated UHPC 
cores (A4, A5) exhibited 15%-25% higher energy 
absorption compared to those with solid cores, suggesting a 
superior toughness. 

 The load-sharing mechanism between NSC and UHPC 
proved to be a critical factor in the overall behavior of the 
composite columns. During the elastic and early inelastic 
stages, the NSC shell provided a significant contribution to 
the global stiffness and initial load-bearing capacity. As the 
loading process unfolded, the UHPC core progressively 
engaged, impeding the extension of cracks and offering 
substantial resistance to tensile forces. This collaborative 
interaction increased both the strength and ductility in 
comparison to the NSC columns when used separately. 

 Despite the encouraging outcome, this study is not without 
its limitations. The restriction of the range of fiber contents 
examined, which is a key element in the analysis, is a 
primary concern. Additionally, the absence of a detailed 
assessment of plastic hinge development under combined 
loading conditions is a notable omission. In the future, 
researchers should consider expanding the range of the fiber 
volumes studied, diversifying the core geometries, and 
conducting in-depth analyses of the load-sharing and failure 
mechanisms. These efforts would optimize the design of 
UHPC-NSC composite columns for practical engineering 
applications. 
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