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Abstract. This study investigates the flexural-torsional behavior of channel steel beams used in prefabricated
hanger systems under large deformation. A geometrically nonlinear analytical model is developed based on Vlasov
thin-walled beam theory and Green-Lagrange strain, incorporating centroid migration and the resulting additional
torsional moment. The goveming equations are derived using the variational principle and solved by the Galerkin
method. Experimental tests on two representative channel sections subjected to mid-span concentrated loading are
conducted for validation. Good agreement between theoretical predictions and experimental results confirms the
accuracy of the proposed model. Parametric analysis shows that geometric nonlinearity and flexural-torsional
coupling become increasingly significant with increasing span. The nonlinear deformation amplification factor
increases from 1.02 to 1.38, while the flexural-torsional contribution rises from 2.8% to 23.7% as the span increases
from 500 mm to 3000 mm. The proposed model provides a practical basis for the design of long-span prefabricated
hanger systems.

Keywords: additional torsional moment; channel steel beam; flexural-torsional coupling; geometric
nonlinearity; prefabricated hanger system

1. Introduction

Prefabricated and modular construction technologies have been increasingly adopted in
contemporary civil engineering owing to their advantages in construction efficiency, quality
control, sustainability, and reduced on-site labor demand [1]. As an important component of
building service infrastructure, prefabricated support and hanger systems are extensively employed
to support mechanical, electrical, and plumbing pipelines in industrial and commercial buildings
[2]. The structural safety and serviceability of these systems directly affect the long-term
performance of building facilities. Among various structural members, channel steel beams are
widely used as primary load-carrying components because of their favorable manufacturability and
assembly efficiency [3]. However, the open thin-walled geometry of channel sections generally
results in relatively low torsional stiffness and a distinct separation between the centroid and shear
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center, making them susceptible to coupled bending-torsion deformation under transverse loading
[4]. With the increasing demand for long-span and lightweight support systems, understanding the
flexural-torsional response of channel steel beams has become an important issue for the safe
design and assessment of prefabricated hanger structures [5].

Extensive studies have been conducted on the mechanical behavior, stability, and design of
cold-formed steel channel members. Experimental investigations demonstrated that the cross-
sectional configuration significantly influences the buckling behavior and load-carrying capacity
of channel and sigma beam-columns subjected to combined loading conditions [6]. Further studies
revealed that sigma sections generally exhibit improved buckling resistance compared with
conventional lipped channel sections because of enhanced web stiffness [7]. To improve design
accuracy, advanced methods such as the Continuous Strength Method and the Direct Strength
Method have been developed and applied to channel columns and beams exhibiting distortional
buckling behavior [8]. Data-driven approaches have also been introduced to predict the strength of
cold-formed steel beam-columns, providing altemative solutions to traditional code-based design
procedures [9].

For perforated channel members frequently used in engineering applications, experimental and
analytical investigations demonstrated that web openings substantially affect local, distortional,
and interactive buckling responses, thereby requiring modifications to existing design formulations
[10]. Similar conclusions were reported in studies focusing on web-perforated channel columns,
where the presence of openings altered failure mechanisms and reduced structural resistance [11].
The influence of cross-sectional configuration on flexural performance has also been examined for
laminated channel beams and non-symmetric channel sections under bending actions [12].
Investigations on channel members subjected to elevated temperatures further highlighted the
complexity of distortional buckling behavior and the limitations of existing design approaches
[13]. In addition, the structural performance of prefabricated steel systems has attracted increasing
attention, including assembly-oriented beam-column connections [14], high-strength channel
members [15], interlocking joints in support and suspension systems [16], earthquake-resilient
channel beam-column joints [17], machine-leaming-based strength prediction of channel beams
with web openings [18], and axial performance of interlocking joints used in prefabricated hanger
systems [19].

Although considerable progress has been achieved in understanding the buckling resistance,
strength prediction, and connection behavior of channel steel members, several important issues
remain unresolved. Existing studies primarily focus on ultimate strength, buckling modes, or
design optimization, whereas the nonlinear deformation process associated with flexural-torsional
coupling has received comparatively limited attention. In particular, most available analytical
formulations are developed under small-deformation assumptions and do not explicitly consider
the influence of centroid migration induced by torsional rotation. For open thin-walled channel
sections, the displacement of the centroid during deformation may alter the load eccentricity and
generate additional torsional actions, leading to stronger interaction between bending and torsion.
Furthermore, experimental evidence specifically addressing the large-deformation flexural-
torsional behavior of channel steel beams employed in prefabricated hanger systems remains
scarce. Consequently, a comprehensive theoretical framework capable of capturing geometric
nonlinearity, torsional deformation, and deformation-induced additional torque is still lacking.

To address these limitations, this study develops a geometrically nonlinear analytical model for
channel steel beams based on Vlasov thin-walled beam theory and Green-Lagrange strain theory.
The proposed formulation explicitly incorporates centroid migration and the associated additional
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torsional moment into the flexural-torsional coupling analysis. The goveming equations are
derived using the variational principle and solved through the Galerkin method. Experimental tests
on representative channel steel sections subjected to mid-span concentrated loading are conducted
to validate the theoretical predictions. Subsequently, a parametric investigation is performed to
evaluate the influence of beam span on nonlinear deformation characteristics and flexural -torsional
interaction. The remainder of this paper is organized as follows. Section 2 presents the theoretical
formulation and nonlinear governing equations. Section 3 describes the experimental program and
model validation. Section 4 discusses the parametric analysis results. Finally, the main conclusions
are summarized in the last section.

2. Theoretical model
2.1 Kinematic description of the channel steel beam

Prefabricated channel steel hangers consist of two vertical columns and a horizontal channel
beam. Under service loads, the horizontal beam may experience significant bending deformation
accompanied by flexural-torsional coupling due to the eccentricity between the centroid and shear
centre of the open section. To establish a geometrically nonlinear model based on Vlasov thin-
walled beam theory, the following assumptions are adopted:

(1) The cross-section remains rigid in its own plane during deformation, while warping

deformation of the open section is permitted.

(2) The material is assumed to remain linearly elastic throughout the loading process.

(3) Large displacement effects are considered through Green-Lagrange strain, whereas the
torsional rotation remains moderate.

(4) The centroid migration induced by torsional deformation is taken into account, and the
resulting additional torsional moment contributes to the flexural-torsional coupling
behavior.

A Cartesian coordinate system (X, y, z) in Fig. 1 is established, where the x-axis coincides with

the beam longitudinal axis, while the y- and z-axes correspond to the principal axes of the cross-
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Figure 1. Kinematic description and displacement components of the channel steel beam
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section. The displacement components of the centroid are denoted by u(x), v(x), and w(x),
representing the axial, vertical, and lateral displacements, respectively. The twist angle of the
cross-section is denoted by 6(x). According to Vlasov thin-walled beam theory [20], the
displacement field of an arbitrary point in the cross-section can be expressed as:

U,y z)=ulx)—yv'(x) —zw'(x) — wd'(x) (1)
V(x,y,z) =v(x) — z0(x) 2)
W(x,y,z) = w(x) + (y — mP(x) 3)

where o is the sectorial coordinate associated with warping deformation. The prime symbol (")
denotes the derivative with respect to x. The above displacement assumptions simultaneously
account for bending deformation, Saint-Venant torsion, and restrained warping effects of thin-
walled open sections.

2.2 Centroid migration induced by torsion

For monosymmetric channel sections, the centroid C and shear centre S are separated by a
distance #. Under torsional deformation, the centroid no longer remains at its original position.
Following the geometric relationship proposed for open thin-walled members, the coordinates of
the deformed centroid become:

v =v+n0 “4)

W, =w (5)
where # denotes the distance between the centroid and the shear centre. The above expressions
indicate that torsional rotation produces an additional transverse displacement of the centroid.
Although this effect is usually neglected in small-deformation analyses, it becomes increasingly
significant for long-span channel steel beams undergoing large deformation.

In conventional flexural-torsional coupling theory, external loads are assumed to act at fixed
locations. However, after torsional deformation occurs, the migration of the centroid modifies the
actual load eccentricity. Consequently, an additional torsional moment is generated. The total
torsional moment acting on the cross-section can therefore be written as:

Mt = Mt + Ma (6)

where M:; is the externally applied torsional moment and M. is the additional torsional moment
induced by centroid migration.
Based on equilibrium considerations, the additional torsional moment is calculated as:

M, = nELw"" + nELv"" 7)

The first term represents the additional torsional action induced by lateral bending curvature,
whereas the second term reflects the amplification effect associated with the rotation of the
eccentric load path during twisting deformation. This mechanism constitutes a secondary
geometric nonlinear effect and is one of the primary sources of flexural-torsional interaction in
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channel steel hanger beams.
Accordingly,

M; = M; + nEL,w"" + n6EL,v"" (®)
2.3 Green-Lagrange strain under large deformation

To account for geometric nonlinearity, the Green-Lagrange strain tensor [21] is adopted. The
axial normal strain can be expressed as:

ey =€k + el )
where &" is the linear normal strain caused by small deformation, defined as
ek = Weer2) — 4 (x) — yv''(x) — zw" (x) — wd" (x) (10)

0x
and the nonlinear component is:

o] (el o
2 (11)

1] w00 w0 - ()~ 00" (x)]

2 [+ vi00-20 (0] +[w () +(y-m)@ (3]
Assuming linear elastic material behavior, the normal and shear stresses are given by
oy = Eey, T =Gy (12)

where E and G denote the elastic modulus and shear modulus, respectively.
The Saint-Venant torsional shear strain y is

y(x,v) = 26'(x)n (13)

where 7 is the normal distance from the wall midline.

Based on the variational energy principle, the total strain energy of the beam is determined by
integrating the strain energy density throughout the structural volume. Assuming the material
remains isotropic and linearly elastic, the strain energy density Up is expressed as:

1 1
Up = 0x&x t5T¥ (14)

Finally, the strain energy of the beam is:
U= [ UpdV = %fﬂ elol + 2eN ol + TydAdx (15)

Substituting the strain expressions Egs. (10)-(11) into Eq. (15) and integrating over the cross-
section yields:

1 1 n n n
U :EIL(GI(,92+ E1,0"+ EL w2+ EIv"? ) dx

: (16)
+§J.L(277Elyc1>-2v"+2EIyv'CD'W"—ZEIZW'cD'V")dX



232 Y. Zeng et al.

where /s denotes torsional constant. I, is warping constant, /, and /- are the moments of inertia.
The external loads are assumed to be applied along the centroidal axis of the beam. Therefore,
the work done by the external loads can be obtained as:

W = [ qv + quw + M, 6dx (17)

where g is the vertical load, g is the lateral load. M,is the distributed torque acting on the beam
about the shear center.
Substituting the modified torsional moment Eq. (8) into Eq. (19) gives

W = [, 40 + quw + M 0dx + |, qnEL,w"" +n0EL,v""dx (18)
The total potential energy is therefore:
n=u-w (19)

Applying the stationary condition 11 = 0 leads to the nonlinear equilibrium equations. The
vertical bending equation is

ELv"™ + 20EL, (072 +36™ +0'0™) — (EL, + 2EL,)0"w" — (EL, + EL,)w"0" -

(20)
EL,w'0"™ = q,
The lateral bending equation becomes
EL,w"" + (2EL, + EI,)v"0" + (EI, + EL,)0'v" + EL,v'6" = q,, 1)
The torsional equilibrium equation is
mir " mn 1 1 mir " " n " ] mn
El,0" — GI46" — 2nEI, (v 6 +1v" + v )+(EIZ—EIy)W ELWYT =

ELw"v' = M,

In Egs. (20)-(22), compared with conventional flexural-torsional formulations, the coupling
terms EI,n0"""" and EI,nw'"" explicitly describe the interaction between centroid migration and
torsional deformation.

2.4 Nonlinear static equilibrium equation

In engineering practice, the gravity loads transmitted by pipelines are typically introduced to
the horizontal channel beam through discrete connection points, with the most unfavorable case
occurring when the load is applied at the beam mid-span. Accordingly, the external loading is
modeled as a concentrated force acting at (x=//2), where / is the span length of the beam. The
corresponding load distribution can therefore be represented by:

qv = Fv‘s(x - xo):CIW = Fw6(x - xo)'Mt = mt5(x - xo) (23)

where ¢v and g are the concentrated vertical and lateral load amplitudes acting at the beam mid-
span, respectively. m: denotes the externally applied torsional moment at the shear centre, while
the total torsional action additionally includes the deformation-induced torsional moment arising
from centroid migration; and o 'is the Dirac delta function used to represent concentrated actions at
the location.

According to the technical specification T/CECS 731-2020 for pipe support and hanger systems,
the connections between the horizontal channel beam and the vertical members are idealized as
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pinned joints. Consequently, the beam is modeled as a simply supported member, and the
corresponding kinematic boundary conditions at both ends ((x=0) and (x=[)) can be expressed as

v(0) = v(l) = 0,w(0) = w(l) = 0,6(0) = (1) = 0 (24)
v"(0) = v"(D) = 0,w"(0) = w"(1) = 0,0"(0) = 8"() = 0 25)

The pinned boundary conditions restrain the transverse displacements of the beam ends in both
the vertical and lateral directions, while simultaneously preventing rigid-body torsional rotation at
the supports. Such constraints are consistent with the mechanical characteristics of the assembled
connections employed in practical prefabricated channel steel hanger systems.

Since the boundary conditions given in Egs. (24)-(25) are homogeneous, the displacement
fields can be approximated using admissible trigonometric functions that satisfy the prescribed end
constraints. Accordingly, the vertical displacement (v(x)), lateral displacement (w(x)), and
torsional rotation (é(x)) are expressed in the form of Fourier sine series as:

v(x) = vy sin(nx /1), w(x) = w; sin(nx/1),0(x) = 9, sin(nx/l) (26)

where v1, @i, and 1 are the generalized coordinates corresponding to the first-order vertical
bending, lateral bending, and torsional modes, respectively. Owing to the dominance of the
fundamental deformation mode under static loading, only the first-order term is retained in the
modal expansion.

Substituting Eq. (23) and Eq. (26) into Egs. (20)-(22) and applying the Galerkin method with
sin(nx/[)) as the weighting function, the nonlinear modal equilibrium equations are obtained as
follows:

ElL Tovy +nEL 2292 — 20 (EL, + 2E1,)0,0, +nEL 228, = Fy sin (72) (27)
4 3

(1 2+ 100y 00, + 51, 1) 0 P, = i (25) 29

Since the peak response of a simply supported beam occurs at mid-span, the generalized
coordinates v1, w1, and $ correspond directly to the mid-span vertical displacement, lateral
displacement, and torsional rotation, respectively. The resulting modal equilibrium equations
incorporate geometric nonlinearity, flexural-torsional coupling, and the additional torsional effect
induced by centroid migration, thereby providing a comprehensive description of the large-
deformation behavior of prefabricated channel steel hanger beams.

The nonlinear equation system Egs. (27)-(29) is solved iteratively using the Newton-Raphson
method. The converged modal amplitudes are subsequently substituted into Eq. (26) to reconstruct
the displacement fields v(x), w(x), and &x).

4. Test specimens
4.1 Stress-strain test

To characterize the mechanical properties of the channel steel used in the prefabricated support
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Figure 2. Geometry and dimensions of the tensile specimen
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Figure 3. Experimental setup for tensile testing and specimens after fracture

and hanger system, room-temperature uniaxial tensile tests were conducted in accordance with
ISO 6892-1:2019. The obtained material parameters were subsequently adopted in the theoretical
analysis and finite element simulations. Longitudinal tensile specimens were extracted from the
channel steel members to determine the elastic modulus, yield strength, and stress-strain
relationship. As shown in Fig. 2, the specimens had a gauge length of 50 mm, a width of 12.5 mm,
and a thickness of 3.5 mm. Transition fillets were introduced at both ends of the gauge section to
reduce stress concentration. Three identical specimens were tested to ensure the repeatability of
the measured material properties.

As illustrated in Fig. 3, monotonic tensile tests were performed using a WDW-100 electronic
universal testing machine. A 50 mm gauge-length extensometer was attached to the specimen to
monitor axial strain. The specimens were carefully aligned and clamped using wedge grips to
minimize loading eccentricity. Displacement-controlled loading was adopted, with rates of 2
mm/min and 5 mm/min in the elastic and post-yield stages, respectively. Load, displacement, and
strain were recorded automatically throughout the test until fracture.



Flexural-torsional behavior of channel steel beams considering large deformation... 235

600
500 F
< 400 |
=W
2
»n 300
w
)
B
< 200 F
\ w— Test 1
100 Elastic === Test2
----- Test 3
0 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 020 025 030 035 040
Strain

Figure 4. Stress-strain curve of the specimen

Table 1. Geometric parameters of two types of sections

Parameter C1 Section C2 Section
1y 12925.4 mm* 67353.5 mm*
1, 51167.4 mm* 82083.9 mm*
I 332.05 mm* 451.687 mm*
1, 7.50x10% mm® 3.77x107 mm®
n 20.52 mm 41.11 mm
G 168.5 GPa 168.5 GPa
/ 600 mm 600 mm

As shown in Fig. 4, the stress-strain responses obtained from the three specimens are in close
agreement, demonstrating the reliability and repeatability of the tensile tests. The material exhibits
an initial linear elastic stage followed by strain hardening and eventual fracture. The elastic
modulus was evaluated from the linear elastic region, while the yield strength was determined
using the 0.2% offset method. The average elastic modulus and yield strength were found to be
168.5 GPa and 320 MPa, respectively. These values were subsequently used as material
parameters in the analytical and finite-element models.

4.2 Experimental verification

Fig. 5 illustrates the test setup adopted to evaluate the flexural-torsional response of
prefabricated channel steel hangers. The channel steel beam was connected to the vertical
members through hinged joints, forming a simply supported structural system. A concentrated load
was applied at the beam mid-span using a loading beam mounted on the testing machine.

Prior to testing, the specimen and loading system were carefully aligned to minimize
unintended eccentricity and ensure the proper functioning of the hinged connections.
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Figure 6. Cross-sectional geometries and dimensions of the channel steel sections

Two representative channel steel sections, C1 and C2 (Fig. 6), were selected as test specimens.
Both sections had a uniform thickness of 2 mm, and their geometric and sectional properties are
listed in Table 1. These specimens were used to validate the proposed large-deformation flexural-
torsional model for different channel steel configurations.

Fig. 7 shows the deformation patterns of the C1 and C2 channel steel beams under mid-span
concentrated loading. Both specimens exhibited coupled bending and torsional deformation, which
is characteristic of open thin-walled sections. With increasing load, the deformation developed
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(a) C1 Section (b) C2 Section

Figure 7. Deformed configuration of the channel steel beam under concentrated loading
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Figure 8. Comparison of theoretical and experimental load-midspan displacement curves

progressively and showed a nonlinear trend.

The observed flexural-torsional interaction suggests that torsional effects cannot be neglected
in the deformation analysis of prefabricated channel steel hangers. In particular, the increasing
torsional response at large deformation levels supports the introduction of geometric nonlinearity
and deformation-induced torsional effects in the proposed theoretical model.

The theoretical and experimental mid-span load-displacement curves of C1 and C2 specimens
are compared in Fig. 8, with the abscissa as the mid-span vertical displacement and the ordinate as
the applied vertical load. The theoretical curves of both specimens are in good agreement with the
experimental curves before ultimate load, which fully verifies the correctness and accuracy of the
flexural-torsional coupling theoretical model considering large deformation effects. The model can
effectively predict the nonlinear load-displacement response of prefabricated channel steel hangers
with different cross-sectional geometric parameters under large deformation.

In Fig. 8, a small deviation between the theoretical and experimental curves is observed in the
large-deformation stage. Nevertheless, the overall agreement demonstrates the capability of the
proposed model to predict the flexural-torsional response of prefabricated channel steel hanger
beams.
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Figure 9. Comparison of load-carrying capacities predicted by the code-based design method
and the proposed model

4. Parameter analysis

To further evaluate the applicability of the proposed nonlinear flexural-torsional model, a
parametric study was conducted using the validated analytical formulation. The C2 channel steel
section was adopted as the reference specimen, and the material properties were taken from the
tensile test results. A concentrated load was applied at the beam mid-span, while the beam span
was varied from 500 mm to 3000 mm to investigate the influence of structural slenderness on the
flexural-torsional response.

Fig. 9 compares the load-carrying capacities predicted by the current code-based design
approach and the proposed nonlinear model. For short-span beams, the difference between the two
methods is relatively small because the deformation remains limited and the torsional rotation is
weak. Under such conditions, the structural response is dominated by bending deformation, and
the conventional design method can provide satisfactory predictions. However, the discrepancy
increases progressively with beam span. The proposed model consistently predicts lower load-
carrying capacities than the code-based approach, indicating that the conventional method tends to
overestimate the strength of slender channel steel beams. This difference arises because the current
design provisions do not explicitly account for flexural-torsional interaction and geometric
nonlinearity.

To quantify the influence of geometric nonlinearity, the nonlinear deformation amplification
factor, defined as the ratio of nonlinear displacement to linear displacement, was introduced. As
shown in Fig. 10(a), the amplification factor increases from 1.02 to 1.38 when the beam span
increases from 500 mm to 3000 mm. This trend demonstrates that geometric nonlinearity becomes
increasingly significant as the beam becomes more slender. For short-span beams, the
amplification factor remains close to unity, indicating that the linear assumption is generally
acceptable. In contrast, for long-span beams, the large vertical deflection alters the structural
geometry and introduces additional nonlinear strain components, resulting in a substantial increase
in displacement.
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Figure 10. The influence of nonlinear large deformation and Flexural-torsional coupling (a)
Variation of nonlinear deformation amplification factor with beam span (b) Contribution of
flexural-torsional coupling to total midspan displacement

The contribution of flexural-torsional coupling was further evaluated through the flexural-
torsional contribution ratio shown in Fig. 10(b). The contribution increases continuously from
2.8% to 23.7% with increasing beam span. This result indicates that torsional deformation plays
only a minor role in short-span beams but becomes an important component of the overall
deformation for long-span members. The increase can be attributed to the eccentricity between the
centroid and shear centre of the channel steel section. As the beam deflection grows, the induced
torsional moment becomes more pronounced, leading to stronger interaction between bending and
torsion.

Combining the results of Figs. 9-10, it can be concluded that both geometric nonlinearity and
flexural-torsional coupling are span-dependent effects. Their influence is negligible for short-span
channel steel hanger beams but becomes increasingly important as the beam span increases. When
the span exceeds approximately 2000 mm, the nonlinear amplification factor and flexural -torsional
contribution both increase rapidly, suggesting that the conventional linear bending assumption
may no longer be adequate. Therefore, the proposed nonlinear flexural-torsional model is
particularly necessary for the analysis and design of long-span prefabricated channel steel hanger
systems.

5. Conclusions

A nonlinear theoretical and experimental investigation was conducted to evaluate the flexural-
torsional behavior of channel steel beams used in prefabricated hanger systems. Based on the
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analytical derivations, experimental validation, and parametric studies, the following conclusions
can be drawn:

* A geometrically nonlinear flexural-torsional model for channel steel beams was developed
based on Vlasov thin-walled beam theory and Green-Lagrange strain theory. The model
incorporates centroid migration and the resulting additional torsional moment during
deformation.

» Experimental results from two representative channel sections showed good agreement
with the theoretical predictions. The proposed model accurately captured the nonlinear
load-displacement response and flexural-torsional coupling behavior.

»  Geometric nonlinearity increased significantly with beam span. The nonlinear deformation
amplification factor increased from 1.02 to 1.38 as the span increased from 500 mm to
3000 mm.

* Flexural-torsional coupling became increasingly important for slender beams. Its
contribution to the total mid-span displacement increased from 2.8% to 23.7% over the
investigated span range.

* Conventional design methods tend to overestimate the load-carrying capacity of long-span
channel steel beams because geometric nonlinearity and flexural-torsional interaction are
neglected. The proposed model provides a useful tool for the design and safety assessment
of prefabricated hanger systems.
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