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Abstract

This study examines the axial compressive performance of multi-material composite columns
consisting of concrete-filled steel tubes with embedded CFRP-confined timber cores. A data-driven
framework integrating theoretical model, finite element simulation and machine learning prediction
is established to address the limited accuracy and scalability of conventional dual-material designs. An
analytical bearing-capacity model is derived by accounting for steel confinement, CFRP hoop restraint,
and timber orthotropy, of which results match FE results well with 5% deviations. Parametric
investigations show that increasing steel yield strength and tube thickness would enhance the capacity
of the composite columns, whereas CFRP confinement improves the post-crushing response and
ductility of the timber core. The columns with circular cores exhibit better deformability than those
with square ones. For axial bearing capacity prediction, a theory-residual-modified XGBoost model is
proposed, in which theoretical estimates are corrected via SHAP-guided residual learning, achieving
higher accuracy than single learners and ensemble baselines. A lightweight design tool is further
developed for single/batch evaluation, automatic capacity-to-self-weight assessment, and
interpretable prediction, enabling up to 22% self-weight reduction. The proposed methodology
provides a validated and practical route for optimizing sustainable, lightweight multi-material
composite columns.

1. Introduction

The evolution of modern construction toward taller and longer-span structures has rendered single-
material systems inadequate for meeting the dual demands of combined load resistance and
sustainable development. Studies [1] have shown that rationally combining two or more construction
materials can significantly enhance structural strength, seismic performance, and life-cycle carbon
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efficiency. Current engineering practice primarily employs multi-material composite columns such as
CFRP-confined concrete-filled steel tubes (CFSTs), FRP-wood hybrid columns, and steel-timber-
concrete composites. However, material hybridization also introduces new challenges, including
complex interfacial slip effects and incompatible failure modes [2]. Existing research has
predominantly focused on bi-material systems, leaving the synergistic mechanisms of ternary and
higher-order material combinations systematically underexplored, particularly when lightweight
timber cores, steel-concrete confinement, and FRP hoop restraint coexist and interact under axial
compression.

Regarding CFRP-confined concrete-filled steel tubular (CFST) columns, Wang et al. [3] experimentally
investigated the axial compression behavior of circular CFRP-CFST stubs, demonstrating that CFRP
wrapping significantly enhanced both the load-bearing capacity and ductility of the stubs. Wang et al.
[4] conducted tests to analyze the effects of parameters such as the number of CFRP layers and the
diameter-to-thickness ratio of the steel tube. They also proposed a bearing capacity calculation
formula of CFRP-confined concrete-filled steel tubular columns based on Teng's models. In terms of
FRP-wood interaction mechanisms, Shao et al. [5] confirmed that FRP confinement can enhance the
performance of timber columns. Bukauskas et al. [6] further highlighted the significant influence of
wood's anisotropic characteristics. However, this property has not been accurately represented in
existing constitutive models [7], [8], [9], [10], [11], [12]. Liu et al. [13] explored a steel-timber
composite structure and demonstrated the effectiveness of confinement, yet their theoretical model
diverged from practical reality due to idealized assumptions regarding the connections.

The primary objective of multi-material coupling is to optimize structural performance by leveraging
complementary material properties. For example, in steel tube-timber-concrete composite columns,
partial substitution of concrete with timber significantly reduces structural self-weight, meeting
lightweight design requirements. Li et al. [14] demonstrated numerically that steel tubes bear 60-70%
of the axial load in square steel tube-timber-concrete columns. Wei et al. [15] found that a 10%
increase in timber moisture content reduces the CFRP-timber interfacial bond strength by 30%, which
is a critical parameter often overlooked in existing studies [7], [8], [9], [10], [11], [12], [13], [14], [15].
In numerical simulations, even when using the concrete damage plasticity model by Yuan et al. [16]
and the constitutive model for timber proposed by Xia et al. [17], accurately simulating multi-material
interfacial behavior remains challenging. Notably, even for steel-concrete multi-layer tubular systems,
analytical characterization of interaction stress under axial compression has only been recently
established, indicating that component interaction under axial load is nontrivial and becomes more
complex when timber orthotropy and FRP confinement are involved [18]. Moreover, for non-circular
sections, the confinement is intrinsically non-uniform. Recent mechanism-based studies on CFST
columns have provided shape-affected reduction factors for equivalent confining stress. However
these formulations are still developed for steel-concrete systems and have not been extended to four-
material composite columns with CFRP-confined timber cores [19]. Meanwhile, conventional machine
learning approaches are mostly limited to simple parametric analyses and lack an integrated cross-
scale verification framework that accounts for material, environmental, and loading interactions [20],
[21], [22], [23], [24].

In summary, existing research gaps manifest in two main aspects. When the four constituents, namely
CFRP, timber, steel, and concrete, act in concert, each can contribute its functional advantages (e.g.,
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confinement, lightweighting, and load transfer), offering the potential to jointly optimize economic
efficiency, environmental benefits, and mechanical performance. However, the resulting four-material
interaction substantially increases system complexity, introducing stronger nonlinearities and multi-
interface coupling behaviors that remain insufficiently understood. Most available studies concentrate
on dual-material composite systems and lack systematic investigation of the synergistic mechanisms
among CFRP-confined timber cores, steel tubes, and concrete, particularly the combined effects of
timber lightweighting and steel-concrete confinement. Meanwhile, traditional numerical models are
limited in describing multi-material coupling effects, where convergence can be highly sensitive to
contact definitions, damage evolution, and stiffness degradation, making the coupled response
difficult to robustly capture and consistently represent; meanwhile, machine learning applications
remain largely confined to parametric fitting, with limited multiscale validation.

To address these gaps, this study develops a novel composite column that integrates CFRP-confined
timber cores with concrete-filled steel tubes. Unlike previous CFRP-CFST studies [3], [4] that focused
on dual-material systems, or FRP-timber research [5], [6] that neglected the combined effects of steel-
concrete confinement, this study establishes a framework for CFRP-timber-steel-concrete composite
columns. As illustrated in Fig. 1, to overcome the limitations of prior research [25], [26], this
methodology integrates theoretical model, finite element simulation, and machine learning prediction,
with experimental validation, thereby providing a comprehensive framework spanning from multi-
physics modeling to data-driven optimization. While existing machine learning methods [20], [21], [22],
[23], [24] are largely limited to parametric fitting and lack physical interpretability, the proposed TRM-
XGBoost framework is built upon mechanics-based formulas.

Fig. 1. Comprehensive analysis flowchart for axial compressive bearing capacity of novel composite columns.
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2. Simulation methodology

2.1. COMPOSITE COLUMN DESIGN

Two types of concrete-filled steel tube composite columns (square (SC) and circular-section (CC)) were
designed, together with their corresponding CFRP-reinforced components (Fig. 2).

Fig. 2. Structural configuration of concrete-filled steel columns with CFRP-confined timber cores.

e

Steel
Concrete
—— Wooden core ]
S e Ny
*.),sﬁ.x““'y'g‘
Il
' CFRP

Axial compression tests revealed clear differences in mechanical performance: the square steel tube
concrete column (SC, B = 150 mm, t =4 mm, fo, = 30 MPa) exhibited an ultimate bearing capacity of
1233 kN, while its CFRP-reinforced variants included a square timber core (SCS, b = 60 mm, A, =
3600 mm?, m = 2 layers, ff= 3227.4 MPa, N = 1270 kN) and a circular timber core (SCC, d = 67.6 mm,
Aw=3590 mm?, m =2 layers, fy=3227.4 MPa, N = 1265 kN). By contrast, the circular steel tube concrete
column (CC, D = 160 mm, t= 4 mm, f,, = 30 MPa) showed an ultimate capacity of 1188 kN, with its
CFRP-reinforced counterparts comprising a square timber core (CCS, b = 60 mm, A, = 3600 mm?2, m =
2 layers, ff=3227.4 MPa, N = 1179 kN) and a circular timber core (CCC, d = 67.6 mm, A, = 3590 mm?,
m = 2 layers, fr=3227.4 MPa, N = 1207 kN). All specimens were fabricated using larch wood.

2.2. FINITE ELEMENT MODELING

2.2.1. STEEL MATERIAL PROPERTIES

The constitutive relationship of the steel tube is the quadratic plastic flow model illustrated in Fig. 3
[27], involving five phases: the linear elastic stage (oa), elastoplastic stage (ab), yielding stage (bc),
hardening stage (cd), and softening stage (de).

université
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steel(MPa); f, is the yield strength of steel (MPa); f, is the ultimate tensile strength of steel (MPa).

Fig. 3. Stress-strain relationship curve of steel.
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2.2.2. CONCRETE MATERIAL PROPERTIES

Tao [28] developed a compressive constitutive model for confined concrete based on concrete damage
plasticity material model, as shown in Fig. 4.
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Where X is € / €q9; A is Eceq0/f.; Bis (A—1)2/0.55 - 1; f. is [0.76 + 0.2logo (%)] feus €co is
0.00076 + /(0.626 f; — 4.33) x 1077.
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Fig. 4. Uniaxial compressive stress-strain curve of concrete.
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Concrete Damaged Plasticity (CDP)Model is selected to characterize the mechanical behavior of
concrete in composite columns under axial compression. The default value of Eccentricity (e) of the
flow potential is 0.1. Based on the investigation of Ref. [29], Viscosity coefficient u is set to 0.0005.
Biaxial-to-uniaxial compressive yield stress ratio fi,o/f: is determined using the formulation of

Papanikolaou and Kappos [30], calculated as:

fro/fe =15(f) **”

@

K. is the ratio of the second stress invariant on the tensile meridian to that on the compressive
meridian. Uenaka et al. [31] investigated the influence of K. on the N-€ curve. Building on the work of

Yu T [32], the following expression is used:
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The parameter ¢ characterizes the dilatancy of the concrete yield surface during the hardening stage,
which is primarily governed by the combined effects of the confining stress state and accumulated
plastic deformation in the core concrete. The following regression-based formula is used, proposed by
Yu et al. [32]:

56.3(1— &) <05
= {6.67&8?'4’“4)'64":} £>05 (9)

Tao [28] proposed a stress-strain relationship model for concrete under uniaxial tension:

Gr = (0.04692,, — 0.5dm.x +26) (f./10)"7 (10)

where dmax denotes the maximum coarse aggregate size. A default of dmax = 20 mm is adopted.

2.2.3. WOOD PROPERTIES

To accurately describe the mechanical behavior of wood, its material properties must be defined
separately in the longitudinal, radial, and tangential directions [33], [34], [35]. Based on the actual
load-response characteristics of wood, an idealized elastic-plastic model was therefore adopted to
simulate plastic deformation and softening capacity after yielding, as shown in Fig. 5.

P EcsEcs(U < e < 8:0)
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(1)

Fig. 5. Longitudinal compressive stress-strain curve of wood.
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Where f,, is the ultimate longitudinal compressive strength of wood (MPa); E_ is the elastic modulus
under longitudinal compression (MPa); €. is a strain at the ultimate compressive strength (peak stress
point); &, is the ultimate longitudinal compressive strain (strain at failure).

(1) Wood elastic parameters

In ABAQUS, the elastic properties of orthotropic materials can be defined using either the Orthotropic
(stiffness matrix) method or the Engineering Constants method. The Engineering Constants approach
is adopted to define the nine elastic constants of wood, where Ei, E>, and Es correspond to the
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longitudinal elastic modulus E;, radial elastic modulus Eg, and tangential elastic modulus £,
respectively. vi, vi13, and v,3 correspond to the tangential Poisson’s ratio vg, radial Poisson’s ratio vr,
and longitudinal Poisson’s ratio vgr, respectively. Gia, Gis, G23 represent the longitudinal-radial shear
modulus Gg,, longitudinal-tangential shear modulus Gr, and radial-tangential shear modulus Ggr,
respectively. The local coordinate system axes (1, 2, 3) must be strictly aligned with the global
coordinate axes (Z, X, Y) when defining material parameters to ensure mechanical accuracy.

a11 1 fEl —ln /Ez —Lla1 /Es 0 0 0 £11
022 —v12/E; 1/E, —u35 [E3 0 0 0 €9
o33 | _ | —th3/Er —vaa/Es 1/E; 0 0 0 £33
ad12 - 0 0 0 1/G12 0 0 Y12 (]2)
Oa3 0 0 0 0 1 / Gas 0 Y23
013 0 0 0 0 0 1 / Gys Y13

E1, E; and E5 are the elastic moduli in the three orthogonal directions (MPa). G1,, Gi3 and Gas are the
shear moduli on the 1-2, 1-3, and 2-3 planes (MPa), respectively. v; are the Poisson's ratios for the
corresponding directional couplings. gjj are the stress components in specified directions (MPa). € are
the principal strain components. y;j are the shear strain components.

(2) Plastic parameters of wood

This study employs the generalized Hill yield criterion within the ABAQUS Property module to define
the plastic behavior of wood, which is given by:
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The yield stress ratio calculation formulas are given as:
R11 =011/060,R22 = Boa/00,R33 = 033/00
Ry3 =612/70, R13 = Gy3/T0, Raz = Ga3 /7o (17)

rozﬁo/\/§ (18)
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where agyis the user-defined yield stress (MPa); G;; are the yield strength values in the principal
directions (MPa); R;; are the yield stress ratios in the principal directions.

Based on the aforementioned definitions and calculation methods for the elastic and plastic
parameters of wood, and combined with the physical-mechanical properties of major tree species
reported in Ref. [36], the elastoplastic parameters of larch, and Chinese fir are adopted for finite
element simulations. The corresponding values are presented in Table 1, Table 2.

Table 1. Elastic parameters of wood (E; and Gjjin MPa).

Classification E, E, E; Vi Via Vo Go G3 Gag
Larch 15,642 1564.2 782.1 0.022 0.37 0.37 1173.15 938.52 281.556
White Poplar 10,780 1078 539 0.12 0.47 0.43 808.5 646.8 194.04
China Fir 10,340 1034 517 0.029 0.02 0.43 775.5 620.4 186.12

Table 2. Plastic parameters of wood.

Classification Ry Rss Ris Ry» Rz Ros
Larch 1 0.11649 0.11649 0.23 0.055 0.23
White Poplar 1 0.113 0.113 0.307 0.076 0.307
China Fir 1 0.078 0.078 0.276 0.066 0.276

2.2.4. CFRP MATERIAL PROPERTIES

CFRP exhibits orthotropic mechanical properties as an anisotropic material of which stress-strain
relationship is expressed as:

Ef ctip € cap( € <e )
6= { f efrp f.cfrp{ f.cfrp‘_ fu.cfrp] (-I g)

O(Ff.cfrp = Eﬁl.cfrp]

where Ef ¢ is the elastic modulus of CFRP (MPa), ¢, cfrp is the ultimate tensile strain of CFRP, f,, cfrp is
the ultimate tensile strength of CFRP (MPa).

In ABAQUS, the elastic behavior of CFRP is defined using the Lamina method, since the material's
performance predominantly depends on tensile characteristics along the fiber direction. The elastic
material parameters are specified as: elastic modulus E; = 240 GPa (fiber direction), E; = 7.93 GPa
(transverse direction), Poisson's ratio vi; = 0.35, and shear moduli G1; = 5.3 GPa, Gi13 = 5.3 GPa, Ga3 =
4.0 GPa.

To simulate fracture behavior, the Hashin Damage model is employed via the Damage Evolution
methodology. The failure parameters are defined as follows: longitudinal tensile strength X' =
3227.4 MPa, longitudinal compressive strength X¢ = 1414 MPa, transverse tensile strength Y= 37 MPa,
transverse compressive strength Y¢ = 169 MPa, longitudinal shear strength S;; = 134 MPa, and
transverse shear strength S;3 = 120 MPa.

2.2.5. MODELING STRATEGY AND CONFIGURATION

To accurately analyze the mechanical performance of concrete-filled steel tube composite columns
with internally embedded CFRP-confined timber cores, a refined finite element model is established in
ABAQUS. The sandwiched concrete, steel tubes, end plates, and timber cores are modeled using eight-
node linear hexahedral reduced-integration elements (C3D8R) whilst CFRP is modeled using S4R shell
elements. Since the end plates primarily undergo rigid displacement, they are simplified as rigid bodies
by assigning infinitely large elastic moduli and near-zero Poisson's ratios, thereby eliminating
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deformation effects. For interfacial relationships, *Tie constraints are applied between end plates and
steel tubes. Hard contact is used to simulate load transfer between end plates and concrete/timber
cores, while preventing penetration. Hard contact criteria with Coulomb friction (u = 0.6) in the
tangential direction and critical shear stress Twons = 0.3 MPa is adopted to simulate the bond-slip effects
between steel tube and concrete. Tie constraints are employed to present the CFRP-timber interfaces
to ensure strain compatibility. Coulomb friction (1 = 0.4) is used to present the frictional slip behavior
of CFRP-concrete interfaces. As illustrated in Fig. 6, the "critical regions receive mesh refinement"
principle is followed, with denser grids in stress concentration zones and reduced density elsewhere
to balance computational accuracy and efficiency. A fully fixed constraint is imposed on the reference
point of the bottom end plate, while axial load is applied to the reference point of the top end plate
using kinematic coupling constraints to associate the degrees of freedom of the end plate, thereby
guaranteeing uniform load transfer.

Fig. 6. Model meshing of the composite column.
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2.3. MODEL VALIDATION

To verify the correctness of the finite element model for concrete-filled steel tube composite columns
with internally embedded CFRP-confined timber cores, validations are conducted against the
experimental data from Ref. [37] on concrete-filled steel tube stubs with embedded timber cores and
Ref. [36] on CFRP-wrapped GLT timber columns.

2.3.1. VALIDATION AGAINST CFST WITH EMBEDDED TIMBER CORES

As described in Reference [37], all specimens in this study were circular concrete-filled steel tubular
members. The specimens were divided into two groups based on the cross-sectional shape of the
embedded timber core: square (STCS groups) and circular (STCC groups). Each group contained four
specimens with different timber sizes, where the square timber had side lengths of 38, 54, 66, and
76 mm, and the circular timber had diameters of 43, 61, 74, and 86 mm, respectively. All specimens
shared consistent basic parameters: the steel tube was made of Q235 steel, with a length of 420 mm
and a wall thickness of 2 mm; the concrete was of grade C30; and the Mongolian Scotch pine timber
had an average longitudinal compressive strength of 43.87 MPa and a longitudinal elastic modulus of
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11.9 GPa. The simulated load-displacement curves are shown in Fig. 7. The results demonstrate
agreement between simulations and experimental outcomes, with overall curve shapes and stiffness
characteristics closely matching. The calculated mean value of No/N is 0.980.

Fig. 7. Validation of axial load-displacement curves for composite columns with embedded circular timber cores.
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Fig. 8. Validation of axial load-displacement curves for CFRP-wrapped timber columns.
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2.3.2. VALIDATION AGAINST CFRP-WRAPPED GLT TIMBER COLUMNS

A representative CFRP-wrapped timber column from Reference [38] is selected for validation. The
specimens had cross-sectional dimensions of 105 mm x 105 mm with 10 mm fillet radii. Specimen
G200-C1-1 had a height of 200 mm, while G400-C2-2 measured 400 mm. CFRP properties included a
tensile strength of 3765.0 MPa, an elastic modulus of 227.9 GPa, and an ultimate strain of 0.019.
Canadian hemlock dimension lumber was used, with a longitudinal compressive strength of 26.3 MPa,
a longitudinal elastic modulus of 10.7671 GPa, and a density of 480 kg/m3. Finite element analysis
modeling produced load-displacement curves are compared against experimental results, as shown in
Fig. 8. The results reveal consistent variation trends and close alignment of fundamental stiffness. The
mean Ng/N value is 0.962.
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3. Finite element simulation results

3.1. COMPARATIVE ANALYSIS OF FAILURE MODES

As shown in Fig. 9, conventional concrete-filled steel tube stubs under axial compression exhibit typical
barreling failure modes, initiating at mid-height with concurrent steel tube local buckling and concrete
crack propagation. In contrast, composite columns with internally embedded CFRP-confined timber
cores demonstrate distinct failure mechanisms arising from material synergy. For square section,
specimens with smaller timber cores display progressive buckling extending from the ends toward the
mid-span, whereas specimens with larger timber cores concentrate failure at the ends while exhibiting
enhanced deformation resistance. For circular sections, the failure mechanism depends on timber core
geometry: specimens with circular cores show severe mid-span bulging, while those with square cores
predominantly undergo shear failure. These results highlight the decisive influence of cross-sectional

o
W/

(g)Square core (mid) (h)Square core (end)

® &

(a)SC (b)SCS (c)SCC (d)CC (e)CCS (Hhccc (i)Circular core (mid) (j)Circular core (end)

shape on failure mode evolution.

Fig. 9. Deformation of the tube and timber core.

3.2. AXIAL LOAD-DISPLACEMENT CURVES

Fig. 10 examines the load distribution characteristics of the composite columns—SCS (Square tube-
Concrete-Square timber core), CCC (Circular tube-Concrete-Circular timber core), CCS (Circular tube-
Concrete-Square timber core), and SCC (Square tube-Concrete-Circular timber core). During the elastic
phase, the steel tubes and concrete sustain the majority of the load, while the CFRP-confined timber
cores carry only 1/7-1/5 of the total. Upon entering the elastoplastic phase, the timber core exhibits
pronounced ductility under CFRP confinement, progressively increasing its load-sharing ratio to 1/3—
1/2. Compared with conventional CFST, the composite columns show several advantages: CFRP
confinement enables timber cores to retain 20-30% of residual bearing capacity post-crushing,
significantly delaying strength degradation. Steel-concrete synergy enhances the peak bearing capacity
by approximately 15-20%. Cross-sectional shape influences the overall bearing capacity by less than
5%. CFRP confinement efficiency is higher in circular timber cores, extending the ultimate
displacement by 10-15% relative to square cores.
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Fig. 10. Load distribution in composite columns.
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3.3. PARAMETRIC ANALYSIS

3.3.1. PARAMETER DESIGN
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For square steel tube concrete control specimens, the column length is L = 450 mm, the steel tube
outer side length is B = 150 mm, and the wall thickness is t = 4 mm. For circular steel tube concrete
control specimens, the column length is L = 480 mm, the steel tube outer diameter is D =160 mm, and
the wall thickness is t = 4 mm. Both specimen types employ a concrete compressive strength of f., =
30 MPa and a steel yield strength of f, = 235 MPa. The parametric analysis involves the effects of steel
yield strength, concrete compressive strength, steel tube wall thickness, timber core dimensions, wood
species, CFRP layer numbers, and CFRP tensile strength. The specific parameter values are provided in

Table 3.
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Table 3. Specific parameter designs.
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Parameter Square Tubes

Circular Tubes

Steel Yield Strength (MPa)

Concrete Compressive
Strength (MPa)

Tube Thickness (mm)

Square Timber Core (mm)

30, 40, 50, 60

3,456
20, 40, 60, 80,
Circular Timber Core (mm)

112.8
Wood Species Fir, Poplar, Larch
CFRP Layer Numbers 2,4,6

CFRP Tensile Strength (MPa) 1000.0, 2000.0,

3227.4, 4000.0

235, 345, 390, 420

100
22.5, 45.2, 67.6, 90.3,

235, 345, 390, 420
30, 40, 50, 60

3,4,5,6

20, 40, 60, 80, 100
22.5, 45.2, 67.6, 90.3,
112.8

Fir, Poplar, Larch
2,4,06

1000.0, 2000.0,
3227.4, 4000.0

3.3.2. STEELYIELD STRENGTH

The influence of steel yield strength on the load-displacement curves of SCS, SCC, CCS, and CCC
composite columns is depicted in Fig. 11. All curves exhibit an initial ascending stage followed by a
descending stage. With increasing steel yield strength, the peak loads increase significantly; however,
the curves for high-strength steel display more pronounced brittle behavior in the descending phase.

Fig. 11. Influence of steel yield strength on load-displacement curves for composite columns.
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Fig. 11(e) and (f) present the ultimate bearing capacity of composite columns under varying steel yield
strengths. The results demonstrate that both column types exhibit significant increases in ultimate
bearing capacity with higher steel yield strengths, with square tube components showing more
pronounced growth. Specifically, the composite columns with square tube achieve the ultimate
bearing capacities ranging from 1270 to 1862 kN. The composite columns with circular tube achieve
the ultimate bearing capacities ranging from 1179 to 1682 kN. Under identical steel strengths, the
specimens with square timber cores as the cross-section of the square specimens is slightly larger than
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the circular ones and this difference cannot be compensated by the circumferential stresses which
may develop in circular steel tubes.

3.3.3. CONCRETE COMPRESSIVE STRENGTH

Fig. 12 presents a comparative analysis of the influence of concrete compressive strength on the load-
displacement curves of SCS, SCC, CCS, and CCC composite columns. With increasing concrete strength,
the peak loads are increased significantly; however, the curves for high-strength concrete display
steeper gradients in the descending phase, indicating reduced ductility. Square steel tube columns
exhibit slightly greater bearing capacity enhancement compared with their circular tube counterparts.

Fig. 12. Influence of concrete strength on load-displacement curves of composite columns.
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Fig. 12(e) and (f) present the ultimate bearing capacity of square and circular steel tube composite
columns under different concrete strengths. The ultimate bearing capacities of both column types are
increased significantly with higher concrete strength grades, with square tube ones exhibiting more
pronounced enhancement. Under identical concrete strengths, specimens with square timber cores
consistently achieve the higher ultimate bearing capacities than those with circular timber cores. The
discrepancy between square and circular core specimens is widened as the concrete strength is
increased.

3.3.4. WALL THICKNESS OF STEEL TUBES

Fig. 13 investigates the influence of steel tube wall thickness on the mechanical performance of SCS,
SCC, CCS, and CCC composite columns. The load-displacement curves reveal that all composite
columns exhibit typical elastoplastic deformation characteristics. With increasing wall thickness, the
peak loads are increased significantly, and the descending phases of the curves become gentler,
indicating that thicker-walled steel tubes effectively delay the structural failure of the columns. Square
steel tube composite columns show greater bearing capacity enhancement than circular tube



Published in: Engineering Structures (2026), vol. 352, 122134

DOI: 10.1016/j.engstruct.2026.122134 i ' LI EG E

Statut: Postprint (Author’s version) université

counterparts, confirming that increased wall thickness provides dual improvements in both bearing
capacity and ductility for composite columns.

Fig. 13. Influence of steel tube wall thickness on load-displacement curves of composite columns.
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Fig. 13(e) and (f) present the influence of square steel tube wall thickness on the ultimate bearing
capacity of composite columns. The ultimate bearing capacity of square timber core specimens is
increased from 1075 kN to 1765 kN with greater wall thickness, representing a 64% enhancement,
whilst that of the circular timber core specimens is increased from 1071 kN to 1538 kN, representing a
44% increase. Both datasets confirm that square timber core specimens consistently achieve higher
ultimate bearing capacities than their circular timber core counterparts under identical conditions,
with the performance gap progressively widening as wall thickness is increased.

3.3.5. TIMBER CORE DIMENSIONS

Fig. 14 comparatively analyzes the influence of timber cross-section dimensions on the load-
displacement characteristics of SCS, SCC, CCS, and CCC composite columns. The results demonstrate
that the peak loads of all composite columns are increased significantly with larger timber cross-
section dimensions, with square timber core specimens exhibiting greater bearing capacity
enhancement than circular timber core counterparts. The composite columns with larger timber
sections show gentler descending phases after peak load attainment, indicating improved ductility.

Fig. 14(e) and (f) present the influence of timber cross-section dimensions on the ultimate bearing
capacity of square and circular steel tube composite columns. The results demonstrate that the
ultimate bearing capacities of both column types are increased significantly with larger timber cross-
section dimensions. In square steel tube composites, specimens with square timber cores consistently
achieve higher bearing capacities than those with circular timber cores, and this advantage amplified
with increasing dimensions. In circular steel tube composites, the same trend is observed, but the
difference in bearing capacity between square and circular timber cores is less pronounced.
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Fig. 14. Influence of timber cross-section dimensions on load-displacement curves of composite columns.
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3.3.6. WOOD SPECIES

Fig. 15 investigates the influence of wood species on the mechanical performance of SCS, SCC, CCS,
and CCC composite columns. All three wood species exhibit typical elastoplastic deformation
characteristics, with larch specimens achieving the highest peak loads, followed by Chinese fir, and
poplar showing the lowest values. All curves display gradual descending trends after peak load
attainment, indicating that wood species primarily affect bearing capacity while exerting minimal
influence on ductility. The bearing capacity of square steel tube composite columns is more affected
by wood species than that of circular tube counterparts, confirming the coupling effect between
timber mechanical properties and steel tube cross-sectional shape.

Fig. 15(e) and (f) present the ultimate bearing capacity performance of square and circular steel tube
composite columns with Chinese fir, poplar, and larch. The results demonstrate that larch specimens
achieve the highest bearing capacity in both square and circular tube systems, followed by poplar, with
Chinese fir showing the lowest values. The disparity in bearing capacity among different wood species
is more pronounced in square steel tube composites than circular tube systems. Square timber core
specimens generally exhibit superior performance in square tubes, whereas this pattern reverses in
circular tubes, where circular timber cores achieve higher bearing capacities.

3.3.7. CFRP LAYER NUMBERS

Fig. 16 analyzes the influence of CFRP layer numbers on the mechanical performance of SCS, SCC, CCS,
and CCC composite columns. The results demonstrate that the peak loads of all composite columns
are increased significantly with higher CFRP layer numbers, while the descending phases of the curves
become progressively gentler. CFRP reinforcement simultaneously enhances both bearing capacity
and ductility. Square steel tube composite columns exhibit much more pronounced load enhancement

université
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than circular tube counterparts, with square timber core specimens demonstrating optimal
performance in SCS configurations.

Fig. 15. Influence of wood species on load-displacement curves of composite columns.
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Fig. 16. Influence of CFRP layer numbers on load-displacement curves of composite columns.
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Fig. 16(e) and (f) analyze the influence of CFRP layer numbers on the ultimate bearing capacity of
square and circular steel tube composite columns. The data reveal that the bearing capacities of both
column types follow linear growth trends with increasing CFRP layer numbers, with square tube
composites reaching peak values at m = 6 plies and circular tube composites achieving 1323 kN. Square
timber core specimens show superior bearing capacities in square tubes only when m=2. In circular
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tubes, however, circular timber core specimens outperform square cores. These findings reveal
synergistic interactions between CFRP enhancement and timber core geometry.

3.3.8. CFRP TENSILE STRENGTH

Fig. 17 analyzes the influence of CFRP tensile strength on load-displacement characteristics of the four
composite column types. The results demonstrate that the peak loads of all composite columns are
increased significantly with higher CFRP tensile strengths, while curves with high-strength CFRP exhibit
gentler descending phases. This indicates that CFRP enhancement simultaneously improves both
bearing capacity and ductility. Square steel tube composite columns show greater resistance
enhancement than circular tube counterparts, with SCS specimens achieving the best overall
performance.

Fig. 17. Influence of CFRP ply count on load-displacement curves of composite columns.
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Fig. 17(e) and (f) present the influence of CFRP tensile strength on the ultimate bearing capacity of
square and circular steel tube composite columns. The results demonstrate that the ultimate bearing
capacities of both column types follow linear growth trends with increasing CFRP tensile strength, with
square tube composites reaching approximately 1323 kN at 4000 MPa and circular tube composites
achieving 1237 kN. In square tubes, square timber core specimens consistently achieve higher bearing
capacities than circular core counterparts. In circular tubes, the difference between square and circular
timber cores diminishes noticeably. These findings reveal synergistic interactions between CFRP
enhancement and steel tube cross-sectional shape.
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4. Axial bearing capacity prediction method

4.1. PREDICTION ASSUMPTIONS

To derive the axial bearing capacity prediction method for concrete-filled steel tubular stubs with
internally embedded CFRP-confined timber cores, the following fundamental assumptions are
proposed to simplify the analysis of each component:

(1) Perfect bonding is assumed between the timber core and the CFRP outer layer, ensuring
coordinated deformation among timber, CFRP, concrete, and steel tube, without separation
during loading.

(2) The contribution of CFRP to axial load is neglected; CFRP is assumed to provide only hoop
tensile stress in the fiber direction. For multi-layer CFRP, all layers are assumed to
synchronously reach their ultimate state.

(3) Since the timber core diameter (or side length) is much larger than the CFRP thickness, the
timber core diameter (or side length) is taken as approximately equal to the outer diameter
(or side length) of the CFRP-confined timber core.

(4) Steel in tubes are idealized as elastic-perfectly plastic materials under triaxial stress,
following von Mises yield criterion.

(5) Steel is assumed to exhibit distinct yield characteristics with identical tensile and
compressive strength indices (tension-compression ratio a = 1). A parameter b = 0.5 is
adopted, corresponding to the linear approximation of the Mises criterion.

Based on these assumptions, the ultimate bearing capacity of concrete-filled steel tubular stubs with
internally embedded CFRP-confined timber cores is considered to comprise three components: the
axial bearing capacity of the sandwiched concrete (N.), the axial bearing capacity of the steel tube (Ns,),
and the bearing capacity of the timber core (Ny) enhanced by CFRP and steel tube radial confinement.
This relationship can be expressed as:

Nyp = Ng, + N + Ny (20)

4.2. BEARING CAPACITY CALCULATION FORMULAS

4.2.1. STRESS ANALYSIS OF STEEL TUBE

Based on the axisymmetric characteristics of circular steel tubes, the lateral confinement stress of the
steel tube can be determined using thin-walled cylinder theory. When the Unified Strength Theory [39]
is employed as the yield criterion for the tube wall, the lateral confinement stress p., acting on the
steel tube wall under ultimate conditions, is expressed as:

2(14b) (a—1)

fy R, 2+2b—ab ]
= -1 21
Pe=Ta | \Ry +1 (1)




Published in: Engineering Structures (2026), vol. 352, 122134 =
DOI: 10.1016/j.engstruct.2026.122134 - r L I EG E
Statut: Postprint (Author’s version) ‘» universite

where f, is the yield strength of steel (MPa); Ro is the internal diameter of the steel tube; t is the
thickness of the steel tube wall (mm); a is the steel tensile-to-compressive strength ratio; b(0< b < 1)
is the intermediate stress influence coefficient.

For conventional steels, compressive and tensile strengths can be considered approximately
equivalent. By setting =1 and b = 0.5, the linear approximation of the von Mises criterion is obtained:

pe=1.2f,1n(Ro +1) / Ro (22)
Based on the thick-walled cylinder theory, the axial compressive strength of the steel tube, ag,, is

expressed as:

PR}

= =¢90 23’
(Ro+t)>—R2 (23)

Osp

The axial compressive bearing capacity of circular steel tubes, Nsp, is ultimately derived as:

R2 .
Ny = As,*{ki,fg (24)
(Ro+1)" =Ry

where As is the cross-sectional area of the steel tube (mm?2).

Using the cross-sectional area equivalence principle, the steel tube and concrete in composite columns
are equivalently converted into those of a concrete-filled steel tube column. The calculation method

is given as:
B? = z(R. + t.)* (25)
(B — 2t)* = 7R? (26)

B is the width of the square steel tube (mm), R. is the inner radius of the equivalent circular steel tube
(mm), te is the wall thickness of the equivalent circular steel tube (mm). The equivalent parameters R.
and t. can be derived from the following formulas:

R.= (B—2t)/\/& = 0.5642(B — 2t) 27)
te = 0.5642B — 0.5642(B — 2t) = 1.1284¢ (28)

Due to the non-uniform confinement characteristics of square steel tubes on concrete, an equivalent
confinement reduction factor € [40], which considers the wall thickness-to-width ratio A=t/B, is
introduced when converting square composite columns into equivalent circular columns, this
treatment is also consistent with recent mechanism-based refinements for non-circular CFST
confinement effects [19]:

&= 66.47414* —0.99194 + 0.41618 (29)

The equivalent internal pressure of the concrete-filled equivalent circular steel tube is pe = ps/€, where
pe represents the equivalent uniform internal pressure exerted by the square steel tube on the core
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concrete. Under axial compression, the internal pressure within the equivalent concrete-filled circular
steel tube is expressed as:

R. + ¢t

e

Pe = 1.2fy1n (30)

Based on the thick-walled cylinder theory in plasticity mechanics, the following derivation is obtained:

_ P5R92 _ 'fpeRez
(Re+te)> —R2  (Re+t)” — R

Osp (31)

Finally, the axial compressive force borne by the square steel tube is derived as:

EpeRe”

- - (32)
(Re + )" — R.?

Ny =
4.2.2. STRESS ANALYSIS OF SANDWICHED CONCRETE

In the ultimate state, the stress condition of the sandwiched concrete satisfies 03 < 01 = 0,<0,
indicating triaxial compression. Employing the Twin-Shear Unified Strength Theory, the minor principal
stress o3 can be expressed in terms of concrete cohesion ¢ and internal friction angle ¢ as:

2ccosp 1+ sing

—03 = n n 1 (33)
1—sing 1— sing
When the concrete satisfies the Mohr-Coulomb criterion:
2c cos @ )
=7 - 34
1— sing fee (34)

where f. is the uniaxial compressive strength of concrete (MPa).

By introducing the coefficient k. = (1 + sing)/(1-sin¢), the above relation simplifies to:

—03 :fcc 7kc5I (35)

Accordingly, the bearing capacity of concrete under steel tube confinement, o, is derived as:
6p =fe+kp (36)

The internal pressure exerted by the steel tube on the concrete is denoted as p, where p = p. for circular
steel tubes, p = ps for square steel tubes. Accordingly, the axial bearing capacity borne by the confined
concrete is given by:

N.= chAc (37)

where A is the concrete cross-sectional area (mm?).

4.2.3. STRESS ANALYSIS OF CFRP

Based on the principle of force equilibrium, the constraining force of CFRP can be derived as follows:
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For a circular cross-section:

_ 2migfs

o, 38
£ 4 (38)
For a square cross-section:
or = 2mitef (39)
by

where m is the number of CFRP layers, fi is CFRP tensile strength (MPa), tcs is CFRP thickness (mm).

4.2.4. STRESS ANALYSIS OF TIMBER CORE

The timber core is subjected not only to CFRP confinement but also to constraining forces transmitted
through the outer concrete from the surrounding steel tube. Accordingly, the total confining stress or
acting on the timber core is expressed as:

O = Gor + Of (40)

Depending on the cross-sectional configuration of both the steel tube and the timber core, the
confinement stress oot transmitted to the inner wooden core by the outer steel tube, via the confined
concrete sandwich layer and the Carbon Fiber-Reinforced Polymer (CFRP), can be expressed as follows:

Square steel tube with square timber core:

ot = Ps(Re/by) (41)
Square steel tube with circular timber core:

Gor = Ps(Re/dw) (42)
Circular steel tube with circular timber core:

Gor = Pe(R/dw) (43)
Circular steel tube with square timber core:

Gor = Pe(R/bw) (44)

The ultimate strength models for FRP-confined timber columns can be generally summarized as follows
[41], [42], [43], [44]:

Gwp/fw =1+ kw((ao[ + Gf)/fw)n (45)

where ki, is the lateral pressure coefficient for the confined core timber column.

By substituting the corresponding datasets of the component groups (as established in the preceding
sections) into Eq. (45) and conducting regression analysis, the axial compressive force undertaken by
the timber core column is obtained as:
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N = Aufu[0.31 (00 + o7) /fi) " + 1] (46)

where Ay, is the cross-sectional area of the timber core column (mm?).

Table 4. Summary of mechanistic equations.

Eq. nos. Academic description Section
(1) Multi-regime elastoplastic constitutive representation for 2.2.1
structural steel
(2} Constitutive formulation for concrete in compression and 2.2.2
(10) tension, including key inputs for the damage-plasticity scheme
an Idealized elastic-plastic law for timber under longitudinal 2.2.3
compression
(12) Orthotropic elastic compliance matrix describing timber 2.2.3
anisotropic elasticity
(13) Generalized Hill yield criterion and associated parameter 2.2.3
(18) definitions for timber plasticity
(19) Linear-elastic brittle constitutive law for CFRP 2.2.4
(20) Governing assumption for axial capacity superposition: steel 4.2

tube + confined concrete + CFRP-enhanced timber core
} Circular steel tube: derivation of lateral confining pressure and 4.2.1
(24) associated stress measures under axial compression

(25) Equivalent circular transformation for square sections 4.2.1
(28)
(29) Non-uniform confinement reduction factor for square steel 4.2.1
tubes
(30) Equivalent confining pressure and axial resistance expressions 4.2.1
(32) for square steel tubes via the equivalent-circular
representation
(33) Triaxial stress-state characterization and strength 4.2.2
(37) enhancement of the sandwiched confined concrete,

integrating Twin-Shear Unified Strength Theory with
MohrCoulomb-type failure considerations

(38) CFRP hoop-confinement stress expressions for circular and 4.2.3
(39) square configurations

(40) Resultant confinement stress acting on the timber core 4.2.4

(41) Transferred confinement from the outer steel tube to the 4.2.4
(44) timber core through the concrete sandwich layer, specified for

different cross-sectional combinations

(45) Generalized ultimate-strength formulation for the confined 4.2.4
timber core

(46) Regression-calibrated final expression for axial resistance of 4.2.4
the CFRP-confined timber core, accounting for synergistic
confinement effects

Note: Equation numbering follows the manuscript sequence; page numbers
correspond to the revised submission layout.

As summarized in Table 4, the mechanistic equations employed in this study are indexed by equation
number together with their brief functions and corresponding sections.

4.2.5. VALIDATION OF BEARING CAPACITY CALCULATION FORMULA

The finite element analysis results (N) are compared against the calculated ones using the proposed
formula (Nyp), as illustrated in Fig. 18. For the composite columns with square steel tubes encasing
CFRP-confined wooden cores, the average ratio of N/N,, is 1.03, while for those with circular steel
tubes, the corresponding value is 0.96. To further confirm the applicability of the derived formula, the
experimental data for steel-concrete-FRP-concrete specimens from Ref. [44] are employed for
verification as shown in Fig. 19. This figure demonstrates strong consistency between the outcomes
predicted by the modified design equation and those obtained from the FEA model.
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Fig. 18. Comparison between calculated values using the proposed equation and simulated values.
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Fig. 19. Comparison between calculated values and experimental data from Ref. [42].
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5. Machine learning prediction methods

5.1. MACHINE LEARNING FRAMEWORK

5.1.1. DATA ACQUISITION AND PREPROCESSING

The above analysis identifies the primary input features: tube shape, steel yield strength, concrete
compressive strength, tube wall thickness, square timber core side length, circular timber core
diameter, timber species, number of CFRP layers, and CFRP tensile strength. To satisfy the input
requirements of machine learning algorithms, categorical variables are transformed using one-hot
encoding, while continuous parameters preserve their full numerical precision. This preprocessing
strategy improve the efficiency and stability of model training while ensuring the alignment with the
theoretical parameter system derived from analytical formulations. A robust and consistent data
foundation is established for the synergistic validation of finite element simulations and machine
learning predictions.
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5.1.2. MODEL SELECTION

To determine the optimal predictive model for the ultimate compressive bearing capacity of steel tube-
concrete-CFRP-timber composite stubs, a systematic comparison of ten machine learning algorithms
is conducted. The architectures of these models are shown in Fig. 20. Specifically, the performance of
XGBoost, MLP (Multi-layer Perceptron), KNN (K-Nearest Neighbors), GBDT (Gradient Boosting Decision
Trees), AdaBoost (Adaptive Boosting), SVR (Support Vector Regression), Linear Regression, Random
Forest, Ridge Regression, and Decision Tree is evaluated using five performance metrics [45], [46], [47].
For clarity of visualization, MSE (Mean Squared Error) values are scaled by a factor of 0.1, while R?
(Coefficient of Determination) values are multiplied by 10 in Fig. 21. Comparative analysis
demonstrates that the Decision Tree model achieves the highest predictive performance, with an R?
value of 0.82955, significantly outperforming other models, particularly the lowest-performing KNN.
Regarding error metrics, KNN exhibits the largest MSE and MAPE (Mean Absolute Percentage Error),
whereas the Decision Tree and Ridge Regression models achieve more favorable trade-offs,
maintaining MSE values between 10 and 15, and MAPE values below 4%. As shown in Fig. 21, although
the Decision Tree attains the highest R?, its relatively elevated MAPE suggests sensitivity to outliers. In
contrast, ensemble learning methods (XGBoost, Random Forest) demonstrate consistently strong
predictive accuracy, though at the cost of higher computational complexity. These findings offer critical
guidance for balancing predictive accuracy and computational efficiency in engineering practice.

Fig. 20. Architectures of the ten machine learning models.
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Fig. 21. Performance of the models across five key metrics.
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5.1.3. MODEL TRAINING

To ensure robustness and reproducibility of the prediction results, this study adopts a rigorous model
training framework. The dataset is divided into training and test subsets using a 7:3 ratio, where the
training set is employed to optimize model parameters and the test set is reserved for final evaluation.
A repeated 5-fold cross-validation strategy with 10 iterations is utilized to reduce random fluctuations
and maximize data utilization. Hyperparameter optimization is conducted using a randomized search
for computational efficiency, exploring constrained parameter spaces. Specifically: XGBoost explores
subsample values [0.6—1.0], yielding an optimal configuration of subsample = 1.0 and max_depth = 7;
Random Forest explores n_estimators [50-200], with optimal parameters n_estimators = 150 and
max_depth = 5. For MLP, overfitting is mitigated via learning rate adjustment (0.01) and a 100-neuron
hidden layer, while KNN explores distance-based weighting (weights=‘distance’) with Manhattan
distance (p = 1). A fixed random seed is enforced to ensure full reproducibility, and all models are
trained under identical hardware and software conditions to maintain fair benchmarking. This

systematic training methodology enhances generalizability and establishes a robust foundation for
comparative performance analysis as listed in Table 5.

Table 5. Optimal hyperparameters of the ten machine learning models.

Models Optimal hyperparameters

XGBoost {'subsample": 1.0, 'n_estimators" 150, 'max_depth" 7,
'learning rate": 0.2, 'colsample bytree: 0.6}

MLP {'mlp_learning rate_init: 0.01, 'mlp_hidden_layer_sizes": (100,),
'mlp_alpha" 0.01, 'mlp_activation": relu'}

KNN {'weights" 'distance', 'p": 1, 'n_neighbors": 7}

GBDT {'n_estimators": 100, 'min_samples_split: 10, 'max_depth" 3,
'learning rate": 0.1}

AdaBoost {'n_estimators": 50, 'loss" 'linear', 'learning_rate": 1.0}

SVE

{'kernel" linear', 'epsilon”: 0.5, 'C: 0.1}
LinearRegression  {'Without parameter tuning’: 'None'}

RandomForest {'n_estimators": 150, 'min_samples_split": 5, 'min_samples_leaf: 1,
'max_depth": 5}
Ridge {'solver": 'sparse_cg, 'alpha': 10.0}

DecisionTree {'min_samples_split": 2, 'min_samples leaf’: 4, 'max_depth": 5}
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5.2. MACHINE LEARNING PREDICTION RESULTS

5.2.1. BEARING CAPACITY

Comprehensive analysis of predictions from the ten machine learning models in Fig. 22 reveals that
the Decision Tree (j) and Ridge Regression (i) models achieve the most favorable overall performance.
The Decision Tree exhibits near-perfect alignment between predicted and observed values in the test
set, particularly within the bearing capacity range of 20—40 kN, where the curves almost entirely
overlap. Its prediction variance is substantially smaller than that of other models. The Ridge Regression
model demonstrates outstanding stability, with its prediction curve closely following the observed
values across the entire parameter domain. Its accuracy at extreme bearing capacities surpasses more
complex models such as XGBoost and MLP, reflecting the overfitting-mitigating benefits of its L2
regularization. Both models exhibit minimal discrepancies between training and test set performance,
underscoring their superior generalization capabilities relative to other algorithms.

In contrast, while XGBoost (a) and Random Forest (h) demonstrate strong fitting performance on the
training data, their test-set predictions reveal systematic deviations at critical bearing capacities.
Models such as KNN (c) and SVR (f) exhibit excessive prediction volatility, undermining their reliability.
This performance divergence underscores that, for engineering problems characterized by
pronounced material nonlinearity (e.g., steel tube-concrete-CFRP-timber stub columns), moderately
complex models such as Decision Tree and regularized linear approaches such as Ridge Regression
strike the most effective balance between predictive accuracy and computational efficiency.

Fig. 22. Prediction accuracy of ten models across datasets.
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From an error-distribution perspective, linear models maintain stable predictive performance, with
only minor deviations between test-set predictions and ground truth values. This finding suggests that
simple linear relationships are sufficient to capture the primary trends in the dataset for practical
engineering applications. Conversely, boosting-based algorithms such as AdaBoost (e) and GBDT (d)
display clear signs of overfitting on the training data, systematically underestimating bearing capacities
at the higher-load ranges. Visual comparisons of all models' outputs confirm that model performance
depends not only on algorithm selection but also on hyperparameter tuning, feature representation
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quality, and outlier robustness, offering concrete directions for future optimization of predictive
frameworks.

5.2.2. PARAMETER ANALYSIS

Building upon the preceding results, this study narrows its focus to the four best-performing machine
learning models. Feature-importance analysis using SHAP (SHapley Additive exPlanations) values (Fig.
23) reveal clear differences in the relative contributions of material parameters toward predicting the
ultimate compressive bearing capacity of composite stub columns. These figures visualize SHAP-based
importance rankings for XGBoost (a), Random Forest (b), Decision Tree (c), and AdaBoost (d). All plots
adopt uniform conventions: the horizontal axis represents SHAP value magnitude, the vertical axis lists
input features including concrete compressive strength, steel yield strength, timber species, timber
core size, CFRP tensile strength, number of CFRP layers, steel tube type, and steel tube wall thickness,
and point coloration corresponds to normalize feature values. Across all four models, concrete
compressive strength and steel yield strength consistently produce the highest SHAP values,
confirming their dominant role in shaping predictive outcomes. In contrast, timber-related features
and CFRP layer numbers exhibit dispersed SHAP distributions, suggesting model-dependent
contributions. Steel tube type and wall thickness consistently demonstrate minimal SHAP values,
highlighting their marginal effect on prediction. A noteworthy observation is that Random Forest (b)
displayed narrower SHAP ranges than the other models, a result is attributable to ensemble averaging
that mitigates extreme feature effects and produces more concentrated SHAP clustering. While
feature-importance rankings vary slightly among algorithms, the primacy of core material properties
(concrete and steel) remains unequivocal.

Fig. 23. Importance of SHAP features.
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Fig. 24 visualizes how each material parameter shifts the predicted capacity within the trained ML
model: concrete strength shows the widest SHAP range and thus the strongest overall contribution;
steel yield strength exhibits a distinct nonlinear influence with a peak contribution around 300 MPa;
CFRP-related variables show more conditional effects (dispersed contributions for layer number and
limited sensitivity to tensile strength); steel-tube geometry presents threshold-like responses for wall
thickness and relatively symmetric contributions for tube type; timber variables provide secondary but
non-negligible effects, with concentrated positive contributions for core sizes around 60-80 mm. The
red zero line indicates neutral contribution and the gray density band reflects the data distribution.

Fig. 24. Comprehensive SHAP value analysis of material properties in structural performance prediction.
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5.3. TRM-XGBOOST MODEL

To further substantiate the applicability of machine learning in predicting the axial compressive
behavior of concrete-filled steel tubular columns incorporating CFRP-confined timber cores, this study
integrates the theoretical formulation with SHAP value analysis to establish a novel TRM-XGBoost
(Theoretical-Residual Modified XGBoost) prediction framework.

Although the Decision Tree model previously achieves a strong R? value of 0.82955, its inherent
limitations as a single-learner algorithm restrict its capacity to capture the highly nonlinear and coupled
interactions governing composite column behavior. Decision Trees are prone to instability with small
perturbations in training data and are sensitive to noise, which can compromise generalization for
critical behaviors such as nonlinear peak responses and the dispersed SHAP patterns associated with
CFRP ply counts.

Notably, the selection of XGBoost as the base model for TRM development is not solely determined by
whether a competing model achieved a marginally higher score on a single metric. Instead, XGBoost is
chosen because it offers the best balance between prediction accuracy, stability, and compatibility
with theory-guided residual correction. As an ensemble gradient-boosting method, XGBoost reduces
variance by aggregating multiple weak learners and provides strong regularization, leading to more
reliable performance across different data splits. More importantly, the TRM strategy requires a base
learner whose residuals are structured and learnable after subtracting theoretical predictions;
XGBoost is particularly effective at modeling such residual patterns with mixed continuous inputs and



Published in: Engineering Structures (2026), vol. 352, 122134 =
DOI: 10.1016/j.engstruct.2026.122134 - r L I EG E
Statut: Postprint (Author’s version) ‘» universite

monotonic-like trends without intensive feature engineering. In addition, XGBoost integrates naturally
with SHAP for consistent interpretability and enables efficient training and deployment, making it more
suitable than less stable single learners or computationally heavier alternatives for the proposed full-
chain framework.

The proposed TRM-XGBoost framework employs SHAP-guided feature attention mechanisms to
implement fine-grained residual corrections to theoretical predictions, thereby harnessing the
synergistic strengths of mechanical theory and machine learning. While the conventional theoretical
formulation (Eq. 20) retains strong physical interpretability, it exhibits inherent biases in capturing
composite synergy effects and sensitivity to boundary conditions. Through XGBoost’s feature-
attention capability, the TRM-XGBoost model adaptively emphasizes dominant contribution variables
(e.g., concrete compressive strength) and critical thresholds (e.g., CFRP layer numbers), thereby
enabling locally weighted residual corrections. This strategy not only preserves the interpretability of
theoretical formulations but also compensates for higher-order nonlinear effects via data-driven
learning. As a result, the model achieves a substantial performance breakthrough, improving R? from
0.82955 to 0.9873.

The TRM-XGBoost architecture adopts a dual-stage hybrid design. Eqg. (20) is first applied to each
sample to compute a mechanics-based baseline capacity by summing the contributions of the confined
concrete, steel tube, and CFRP—timber core. This baseline is then compared with the corresponding FE

|”

capacity to obtain a “theory—FE residual” (i.e., the remaining error not captured by the theoretical
formulation). Next, an XGBoost model is trained to learn this residual using the same input parameters
together with the theory-based baseline as additional information. After training, prediction proceeds
in two steps: (1) calculate the baseline capacity from Eq. (20); and (2) let the residual model output a
correction term, which is added to the baseline to obtain the final capacity prediction. SHAP is
employed only on the residual model to identify which variables consistently drive the residual; these
SHAP-ranked features are then used to guide the residual-learning emphasis, ensuring the correction

targets systematic theory mismatch rather than noise.

Fig. 25. Feature contribution map of the TRM-XGBoost model.
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As revealed by the SHAP-based feature importance analysis in Fig. 25, steel tube wall thickness, steel
yield strength, and concrete compressive strength emerge as the dominant parameters controlling
axial bearing capacity—directly corroborating the conclusions reported in Section 2.3. This outcome
not only highlights the critical parameter intervals that require prioritized residual correction but also
provides a cross-validation of earlier finite element simulation results. Prediction performance scatter
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plots (Fig. 26) further demonstrate that data points are densely clustered within the +10% error
margin, with the TRM-XGBoost model achieving an R? of 0.9873. These findings confirm that TRM-
XGBoost accurately captures the global influence of dominant factors such as concrete compressive
strength, while simultaneously correcting localized prediction deviations in sensitive regions (e.g.,
timber core sizes between 60—80 mm and discretely distributed CFRP ply counts) through its residual
correction mechanism. Collectively, this establishes TRM-XGBoost as a highly effective integration of
theoretical formulations with machine learning methodologies, offering both interpretability and
predictive robustness.

Fig. 26. Accuracy of the TRM-XGBoost model.

60 :
R’=0.9873
50
z
=
5 40
=3
=
g
Q
=
=30
Y
%
”
sa’
20 >
s
20 30 40 50 60

Predicted value (kN)

5.4. LIGHTWEIGHT COMPOSITE COLUMN DESIGN PROGRAM

Accurate prediction of axial compressive bearing capacity is essential for ensuring structural safety,
reliability, and efficient resource utilization in engineering practice. Traditional methods, which often
rely on simplified empirical formulas and omit comprehensive parametric sensitivity analysis, provided
the motivation for developing a lightweight prediction software package (included in the
Supplementary materials). As shown in Fig. 27, the user interface integrates the proposed TRM-
XGBoost algorithm as its computational core, thereby combining the theoretical rigor of mechanics-
based formulations with the predictive precision of machine learning. This software substantially
reduces manual calculation errors and delivers a practical decision-support tool aligned with
contemporary engineering requirements for rapid, accurate, and reliable bearing capacity evaluation.

The software interface adopts a dual-column layout. Functionally, users upload standardized Excel
datasets through an interactive input module, after which the TRM-XGBoost prediction engine,
augmented with feature-attention mechanisms, automatically generates numbered bearing capacity
outputs. The left-hand panel functions as the primary data input and interaction zone (Fig. 28). Its
upper section enables batch uploads, while the lower section provides single-instance prediction with
horizontal column graphics serving as visual anchors. Users sequentially input eight engineering
variables (steel tube, concrete, timber core, CFRP parameters) through component-specific buttons,
with individual predictions triggered once combined component data are saved. The system then
returns both axial bearing capacity and component self-weight, calculated automatically according to
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predefined standards: fixed column length of 0.36 m and assigned densities of steel (7850 kg/m3),
concrete (2400 kg/m3), Chinese fir (450 kg/m?3), poplar (380 kg/m3), larch (590 kg/m3), and CFRP

(1600 kg/m3).

Fig. 27. TRM-XGBoost program interface.

Lightweight Composite Column Axial Compression Predictor

Ugplomd  daterst fon batch penbicsion For 4 dngle oo, e the part butions undsr the colemn pleto
Upload File Prediction Results
Cuoose Fde il_coergreenco_datrer i Predicti
Cueorepde | mis seereesce - Eh o
Kow Predicted Capaciny Self weizhe
(kN) (kz'm)
9 4 2 S
Single Prediction (by Part) : - il
! (FY) FIRENY
1 $369 85267
s 3363 69346
3504 0935
(3 a6 0o
T LY
kv 413 6615
= = s a7 32199
Nomhar of CTRP lyyees Teatils wzeapth of CFRP (M(Ps)
i [z03 9 202 Frye]
Feature Importance Analysis (Batch)

T B eecd pun, B 1 Do g jredanaa

Prodet (Xmrke)

Stagle Fredicdon — Result

Policd cpecry N

28.08

scllnnalois w)

VI FReed LEALEY (), SaBRWEN UG8 TN aD-eiill LClales i, SOl W00
crep

Fig. 28. Single-instance prediction.
Steel (upper) Concretea (upper)

Steel (upper)

Wood core

Camgrmsin wesgpn o ceewes [
woed corw viow [
ok s g ot e [
soreer ot crnrleyers [l
ey |

stee/ ppe typs [}

o 1 i ) i .
PEARES A il ) Lrete ape r@aat o0 maedel 0 pet moge

CFRP wrap

Capacity / Solf
welght

o910
<3 5]

osn

Farre srgaance e Mgt

Steel pipe typecircle v |

Steel pipe wall thickness (mm)
4 ]

Tip: fill each part, then run the smngle prediction.

Predict (Single)

Yield strength of steel (MPa)

[345




Published in: Engineering Structures (2026), vol. 352, 122134

DOI: 10.1016/j.engstruct.2026.122134 1 ' LI EG E

Statut: Postprint (Author’s version) université

The right panel functions as the results and interpretation zone (Fig. 29). For batch predictions,
scrollable tables display predicted axial bearing capacities, corresponding self-weights, and an
additional Capacity-to-Self-weight ratio column, thereby facilitating rapid comparison of lightweight
performance across alternative design configurations. Beneath the tables, SHAP-based feature-
importance bar charts provide interpretable analysis of TRM-XGBoost outputs by quantifying the
average contributions of each input variable to the predictions while simultaneously preserving
transparency and explainability.

Fig. 29. Batch predictions.
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As shown in Fig. 30, the diagram visualizes linear relationships between three key features, namely the
predicted axial capacity (kN), self-weight (kg/m), and capacity-to-self-weight ratio. These relationships
are derived from stepwise adjustments across 20 data groups, while all other features are held
constant and excluded from the analysis. When the timber core size increases, the self-weight
decreases significantly due to the substantially lower density of wood compared to concrete, although
the predicted capacity experiences only a minor increase. Consequently, the capacity-to-self-weight
ratio rises rapidly, enhancing overall structural efficiency. By contrast, increasing the steel tube wall
thickness directly adds steel mass, causing both self-weight and predicted capacity to increase.
However, because the relative rates of weight growth and capacity improvement differ, the capacity-
to-self-weight ratio exhibits multiple inflection points, thereby providing users with a feedback
mechanism to determine optimal design values. Regarding the enhancement of steel yield strength, it
significantly improves predicted capacity without affecting self-weight, leading to a steady increase in
the capacity-to-self-weight ratio. This confirms that increasing material strength can significantly
enhance structural performance under constant weight conditions.

Fig. 30. Capacity to self-weight ratio analysis.
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5.5. ENGINEERING IMPLICATIONS FOR PRACTICE

As shown in Fig. 31, the findings of this study have direct implications for structural engineering
practice. Firstly, the demonstrated capacity gains from increasing steel yield strength and wall
thickness clarify how material selection can be optimized under cost and weight constraints. For
example, while a 6 mm wall thickness increases capacity by 64%, the associated weight growth
requires balancing efficiency using the proposed capacity-to-self-weight ratio. Secondly, CFRP
confinement not only improves ductility but also enables the use of lightweight timber cores, reducing
structural self-weight by up to 22% without significant loss of capacity. This supports sustainable design
by lowering material consumption while maintaining safety. Thirdly, the TRM-XGBoost prediction tool
provides a rapid decision-support system that allows engineers to evaluate multiple design alternatives
in real time, ensuring that composite columns can be tailored to diverse performance requirements.
Collectively, these implications enhance Constructability, Cost-effectiveness, and Computer-aided (3C
design procedure) in next-generation building systems [48].

Fig. 31. 3C design procedure.
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6. Conclusions

This study systematically investigated the axial compressive behavior of concrete-filled steel tubular
columns with built-in CFRP-confined timber cores through theoretical model, finite element
simulation, and machine learning approaches. The bearing capacity of this composite system is
enhanced via multi-material synergy, where CFRP confinement effect, steel tube cross-sectional
shapes, and timber core types exhibit decisive influences on mechanical performance. Key findings are
summarized as follows:

(1) Increasing steel yield strength and tube thickness would enhance the capacity of the
composite columns, whereas CFRP confinement improves the post-crushing response and
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ductility of the timber core. Parametric analysis confirm a 64% bearing capacity gain when
steel tube wall thickness is increased to 6 mm, verifying the critical role of sectional stiffness
in confinement effectiveness.

(2) The columns with circular cores exhibit better deformability than those with square ones.
Circular tube configurations show CFRP confinement increases the timber core residual
capacity by 15-20%, whilst circular timber cores exhibit 10-15% greater deformation ductility
than square cores. Larch timber cores deliver 18% higher bearing capacity than Chinese fir,
with timber-steel shape interactions granting square timber cores in square tubes a 15%
capacity advantage.

(3) Theoretical derivations established the bearing capacity formulas incorporating multi-
material confinement, introducing an equivalent confinement reduction coefficient. Unified
strength theory resolves steel tube lateral confinement stresses, while a timber enhancement
factor model is developed. The predictions by using the proposed theoretical formulas show
less than 10% deviation from finite element data.

(4) Machine learning predicts the axial performance of lightweight composite columns using
data from finite element simulations. The novel TRM-XGBoost model, integrating theoretical
mechanics and residual correction, achieves a breakthrough accuracy of R* = 0.9873. A
dedicated tool supports both single and batch predictions with parameter input and SHAP
visualization, automatically computes self-weight, and outputs bearing capacity and weight
metrics, enabling rapid optimization and supporting lightweight design decisions.

While the proposed framework has been validated through extensive finite element (FE) analyses and
comparative evaluations, this study remains primarily simulation-oriented. The FE model, although
carefully calibrated, inevitably adopts standard modeling idealizations, and further experimental
evidence would be beneficial to strengthen the generality of the observed component-level
mechanisms. In addition, the machine-learning dataset is generated from parametric FE cases, which
provides consistent and controllable samples, but future work can further improve robustness by
incorporating more experimentally measured data and broader practical variations. Moreover, the
current work focuses on axial compression; extending the framework to other loading scenarios and
longer-term performance considerations would enhance engineering applicability. These aspects will
be pursued in future studies to further support reliable implementation in design practice.
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