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Abstract

Modern construction uses a lot of concrete-filled steel box (CFSB) composite columns due to their excellent
strength and deformation resistance. This is especially true for high-rise buildings that are likely to be damaged by
earthquakes. These columns consist of a steel casing that confines the concrete core, enhancing its load-bearing
capacity and ductility. A critical factor influencing this behavior is the dilation angle of concrete core, which
indicates how much the concrete material expands volumetrically under multidirectional stress. Despite its
importance, the dilation angle is often neglected or assigned arbitrary values in structural simulations. Different
dilation angles, from 5° to 35° having different intervals, are examined in this study to see how they affect the
performance of 40 CFSB columns made with stone and brick aggregate concrete. Finite element models were
developed in ANSYS Workbench 2024 R1 using nonlinear static analysis. The concrete core was modeled with a
multilinear plasticity approach, while the steel casing was represented using a bilinear elastoplastic model. Results
reveal that higher dilation angles lead to greater lateral expansion, which enhances confinement and improves both
strength and ductility. This effect is more prominent in brick aggregate concrete due to its higher porosity and
lower compatibility within the confining steel. This researcher came to the conclusion that using material-specific
dilution angles with different intervals greatly enhances the accuracy of simulations and helps the researchers learn
more about how different aggregates affect the structural performance of CFSB columns.

Keywords: Concrete-filled steel box (CFSB); Dilation angle; Plasticity model; Finite element analysis;
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1 Introduction

Concrete-filled steel box (CFSB) composite columns are increasingly used in structural systems for high-rise and
earthquake-resistant buildings because of their superior load-bearing capacity and ductility. These columns
combine the compressive strength of concrete with the tensile strength and confinement effect of steel, resulting
in a synergistic composite behavior under both axial and lateral loads. One of the critical factors influencing the
performance of the concrete core is the dilatancy angle, which represents the inclination of the plastic potential
surface and governs the extent of volumetric expansion (or inelastic dilation) of concrete under triaxial
compression. In simpler terms, the dilatancy angle controls how much the concrete tends to expand laterally when
compressed, thereby influencing the stress—strain response, confinement effectiveness, and ultimate failure mode.
Most existing research on CFSB columns has primarily focused on material strengths, geometric configurations,
and confinement effects, with comparatively limited attention to the role of the dilatancy angle.

Moreover, very few studies have examined how variations in the dilatancy angle affect structural performance
when different concrete aggregates such as stone chips and brick chips are used. This research gap motivates the
present study, which investigates the influence of dilatancy angle on the load—displacement behavior of stone and
brick aggregate composite columns through a comparative analysis of the Menétrey—Willam (1995) and Drucker—
Prager (1952) constitutive models. Several researchers have previously explored the influence of dilatancy angle
on concrete and composite materials. Jabbar (2023) analyzed the impact of varying dilation angles on concrete
beams, while Hamed and Masoumeh (2016) conducted a sensitivity analysis of the dilatancy angle for the
Drucker—Prager model applied to concrete columns. Similarly, Adil et al. (2021) studied the effect of the dilation
angle on UHPC behavior using the Drucker—Prager model. Annapoorna and Rao (2023) examined the effect of
dilation angle on the behavior of reinforced concrete shear walls, and Amir et al. (2000) investigated its influence
on the stress—strain response of fiber composites. Furthermore, Adam et al. (2019) explored the role of the dilatancy
angle in the Drucker—Prager model of concrete. From these studies, it is evident that most investigations have been
limited to concrete and fiber-based materials, primarily within the framework of the Drucker—Prager model. In the
present study, forty finite element specimens were modeled to evaluate the effect of dilation angle on composite
columns: twenty with brick aggregate concrete (BAC) and twenty with stone aggregate concrete (SAC). Each set
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included ten specimens analyzed using the Drucker—Prager (DP) concrete model and ten using the Menétrey—
Willam (MW) concrete model, under axial compression with dilation angles ranging from 5° to 35°. To
realistically simulate the nonlinear, pressure-dependent behavior of confined concrete, both the DP and MW
plasticity models were employed. These models were applied to each concrete type to compare the influence of
plastic flow and confinement mechanisms. The steel box was modeled as a bilinear elastoplastic material, assuming
a perfect bond at the steel-concrete interface. Results reveal that increasing the dilation angle enhances lateral
expansion of the concrete core, thereby improving confinement, axial capacity, and ductility. Figure 1 shows the
cross-section of the CFSB composite column.
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Figure 1. Concrete Filled Steel Box composite column

2 Numerical Modeling

The numerical modeling of the specimens was carried out using ANSYS Workbench. Geometry was created in
Space Claim, and material properties were assigned for steel and concrete. Models were meshed with a specified
element size, boundary conditions were applied according to the test setup, and analysis settings were defined. The
dilation angle (DA) was varied from 0° to 35° to remain within the physically valid and numerically stable range
for the Menétrey—Willam (MW) model, while ensuring consistency with the Drucker—Prager (DP) model. DA was
initially varied in 5° intervals and later fine-tuned between 32° and 35° to capture the effect of small changes near
the upper limit.

2.1 Geometry and Specimen Details

Forty square CFSB column specimens were modeled with identical dimensions but varying material types and
dilation angles. Each CFSB column specimen was a cross-sectional size of 150mmx150mm, a wall thickness of 6
mm, and a height of 750mm. The concrete core was filled with either brick aggregate concrete (BAC) or stone
aggregate concrete (SAC). Each group was analyzed using ten different dilation angles: 5°, 10°, 15°, 20°, 25°,
30°, 32°, 33°, 34°, and 35°, applied individually to study their influence on column behavior. Table 1 presents the
complete list of specimens. In the specimen ID listing, the first word represents the material type (Brick /Stone,).
The letter D refers to the dilation angle, followed by its numerical value (e.g., 5, 10, 15, ...35). The final part of
the ID specifies the constitutive model used: DP denotes the Drucker—Prager model, while MW refers to the
Menétrey—Willam model.

Table 1. List of the numerical specimen

Specimen 1D Sl Specimen ID Sl Specimen ID Sl Specimen ID
No. No. No.
Brick DO5(DP) 11 Brick DO5(MW) | 21 Stone D0O5(DP) 31 | Stone DO5(MW)
Brick D10(DP) 12 Brick D1IO(MW) | 22 Stone D10(DP) 32 | Stone D10(MW)
Brick D15(DP) 13 Brick D15(MW) | 23 Stone D15(DP) 33 | Stone D15(MW)
Brick D20(DP) 14 Brick D20(MW) | 24 Stone D20(DP) 34 | Stone D20(MW)
Brick D25(DP) 15 Brick D25(MW) | 25 Stone D25(DP) 35 | Stone D25(MW)
Brick D30(DP) 16 | Brick D30(MW) | 26 Stone D30(DP) 36 | Stone D30(MW)
Brick D32(DP) 17 | Brick D32(MW) | 27 Stone D32(DP) 37 | Stone D32(MW)
Brick D33(DP) 18 | Brick D33(MW) | 28 Stone D33(DP) 38 | Stone D33(MW)
Brick D34(DP) 19 | Brick D34(MW) | 29 Stone D34(DP) 39 | Stone D34(MW)
Brick D35(DP) | 20 | Brick D35(MW) | 30 Stone D35(DP) 40 | Stone D35(MW)
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2.2 Material Properties
Material properties for the FE models were adopted from Ruhul et al. (2024). The steel casing was modeled as
structural steel with a density of 7850kg/m?, yield strength of 250MPa, elastic modulus of 200GPa, and Poisson’s
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ratio of 0.3. A bilinear elastoplastic model with a plastic strain of 0.002 at yield was used, neglecting strain
hardening. The concrete core included brick aggregate concrete (BAC) and stone aggregate concrete (SAC), both
with a density of 2400kg/m?3 and compressive strength of 30MPa. Their elastic moduli were 20,540MPa (BAC)
and 25,743MPa (SAC), with Poisson’s ratio 0.2. The dilation angle (DA) was varied from 5°-35° to assess its
effect. To accurately capture the inelastic and confinement dependent behavior of the concrete core, two
constitutive models were employed such as Drucker—Prager (DP) Model and Menetrey—Willam (MW) Model.
Both models used identical input strengths: uniaxial compressive (30MPa), tensile (3MPa), and biaxial
compressive (34.5MPa). Softening parameters included plastic strain at uniaxial compression (0.0011), ultimate
effective plastic strain (0.01), and relative stress at nonlinear hardening onset (0.4), residual compressive relative
stress (0.1), tensile strain limit (0.01), and residual tensile relative stress (0.2). Both models were calibrated using
these parameters to ensure comparable material behavior. Figure 2 shows the Steel and Concrete property.
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Figure 2. Steel and Concrete property

2.3 Boundary Conditions and Loading
A perfect bond was assumed between the steel casing and the concrete core to maintain full composite action. The
top surface of the concrete block was fully fixed in all degrees of freedom to ensure complete restraint. A
displacement of 15mm was gradually imposed in the global Y-direction at the bottom face of the column to
represent the applied axial loading condition. Figure 3 shows the meshing details, support condition and application
of displacement to the numerical model.

[ Fixed Support

(@) Meshing of specimen (b) Support condition (c) Application of load
as Displacement

Figure 3. Setup of Numerical model

2.4 Meshing and Solver Settings Support

The finite element model was generated using two meshing approaches as the automatic method and body sizing.
A uniform element size of 15mm was adopted, with linear-order elements applied throughout the model. Mesh
refinement was introduced near the steel-concrete interface to improve accuracy. Nonlinear static analysis was
performed using the Newton—Raphson iterative scheme with automatic time stepping, ensuring stable convergence
and capturing post-peak response.
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3. Results and Discussion

This section presents the numerical findings from the forty finite element models. Main focusing is belonged on
the load-carrying capacity and confinement behavior of CFSB composite columns, because of the effects of
dilation angle and aggregate types.

3.1 Load-Displacement relation

Load-displacement curves were extracted for all forty models. However, only the Stone (DP) and Brick (MW)
specimens with varying dilation angles are presented in this paper. Figures 4 and 5 show the load—displacement
relationships for specimens with stone and brick aggregate concrete, considering DP and MW models. The results
clearly demonstrate the effects of aggregate type and dilation angle. The Stone DP columns reached a maximum
peak load of about 1200kN at a displacement of 1.0mm for the D15 and D20 specimens. After the peak, the load
gradually dropped to 900kN and stabilized. For the D30 specimen, the maximum displacement extended to about
3.8mm with a lower peak load of 915kN. From Figure 5, all Brick MW column specimens exhibit similar behavior,
continuing up to a displacement of 2.0mm with a maximum load of 1560kN, except for the specimen with a dilation
angle of 30°, which shows slightly lower load—displacement performance.
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Figure 4. Load—displacement relations (DP model) Figure 5. Load—displacement relations (MW model)

The combined load—displacement relations compare stone and brick aggregate concrete column specimens using
both DP and MW models at 30° and 33° dilation angles. In the MW model, stone aggregate concrete column
specimen reached about 1600kN to 1700kN with smooth rising curves and sustained deformation, indicating better
ductility. Brick aggregate concrete column specimen with MW model also performed better but stayed lower load
carrying capacity of around 1200kN to 1400kN. In the DP model, stone aggregate Concrete column specimen
reached about 1150kN to 1200kN and kept a residual strength of 900kN, while brick aggregate specimen peaked
near 1100kN and dropped more quickly. The MW model exhibited superior strength and ductility, whereas the DP
model produced a more conservative response. Figure 6 presents the comparison of brick and stone aggregate
concrete columns under the DP and MW constitutive models.
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Figure 6. Load-displacement relations under DP and MW constitutive Models

3.2 Effect of dilation angle on Axial Capacity

Load-—carrying capacity was evaluated for forty specimens to compare the effects of different dilation angles using
both DP and MW models for stone and brick aggregate concrete. For clarity, only representative bar charts for
Brick (DP) and Stone (MW) specimens are presented in this study. Figures 7 and 8 illustrate the capacity
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comparison for both aggregates. The charts show the influence of dilation angle on axial capacity. For brick
aggregate, DP capacity increased from 200kN (D10) to 1100kN (D35), while for stone aggregate, MW peaked at
1650kN (D33). Overall, higher dilation angles improved capacity in all cases. Stone aggregate performed better
than brick, MW predicted higher peak capacities, and DP results were more consistent and reliable.
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Figure 7. Effect of dilation angle for Figure 8. Effect of dilation angle for
Brick CFSB Column (DP model) Stone CFSB Column (MW model)

3.3 Failure mode of numerical model

The failure pattern that found from the numerical analysis is resemble or well agreed with the experiment result
that was done by Ruhul et al. (2024). In both DP and MW models, the location and position of failure were
consistent with the experimental results, with reactions and applied loads acting at the same critical points. Failure
occurred once the concrete core and steel tube became overstressed, leading to crushing of the core and localized
buckling of the steel wall. The Drucker—Prager model predicted a more brittle response, whereas the Menétrey—
Willam model exhibited gradual post-peak degradation, showing better agreement with experimentally observed
ductile failure modes. Figure 9 illustrates (a) the stress contour of the stone aggregate column at a dilation angle
of 34°,(b) the strain contour of the brick aggregate column at a dilation angle of 35° and (c) the experimental failure
pattern reported by Ruhul et al. (2024)
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Specimen (Ruhul et al.,2023)
Figure 9. Comparison of failure of specimen patters
4. Conclusion

This study examined the effect of dilation angle on the axial capacity and deformation behavior of concrete-filled
steel box (CFSB) columns using finite element models in ANSYS Workbench 2024 R1. Analyses were carried
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out for stone and brick aggregate concretes under two constitutive models: Drucker—Prager (DP) and Menétrey—
Willam (MW), with dilation angles ranging from 5° to 35°. The response showed greater sensitivity to y values
near the upper range (32°-35°), which were analyzed in smaller increments to capture detailed variations while
maintaining model stability and realistic behavior.

e The dilation angle strongly influences the axial load capacity and ductility of CFSB composite columns;

e Stone aggregate concrete consistently outperforms brick aggregate concrete in terms of strength,
confinement, and post-peak behavior;

e The Menétrey-Willam (MW) model predicts higher peak load capacity and sustained deformation
compared to the Drucker—Prager (DP) model. MW captures the effect of different stress states more
accurately by accounting for the intermediate principal stress effect, allowing gradual yielding, plastic
deformation, and post-peak strain softening.

e Incontrast, the DP model assumes a simple circular yield surface, which often produces a stiffer and more
brittle response, giving more conservative and stable results suitable for safe design.

e At 30° dilation angle, both brick and stone specimens show lower performance, while higher angles (32°-
35°) enhance capacity and ductility;

e Failure patterns in numerical models closely matched experimental observations, confirming model
reliability;

e Incorporating material-specific dilation angles in simulations improves accuracy and better reflects the
real behavior of confined concrete.
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