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Collaborative stress of
concrete-filled steel tube
tied-arch beam-column support
based on the double-layer elastic
foundation beam theory
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Construction Infrastructure Co. Ltd., Beijing, China

The construction of concrete-filled steel tube tied-arch bridges typically
employs the “beam first and arch later” methodology. In this approach, tie
beams are initially constructed on temporary supports, followed by the erection
of the arch ribs. When post-construction loads—such as those from arch-
rib supports and concrete-filled steel tubes—are applied, a synergistic force
phenomenon occurs between the tie beam and temporary supports, which
collectively bear these loads. To investigate the collaborative-force mechanism
of the tie beam during construction, we developed a collaborative-force model
based on Winkler’s double-layer elastic foundation beam theory. We derived
equations for displacement, rotation angle, bending moment, and shear force
of the tie beam under concentrated loads. Using a 72-m concrete-filled steel
tube arch bridge as our research subject, we conducted a comparative analysis
utilizing finite element methods. The results indicated that our derived formulas
were consistent with those obtained through finite element meta-computing
techniques. Under concentrated loading conditions, it was observed that the
load increment at the location of the steel pipe column in the Bailey beam
was significantly larger than what traditional averaging methods would predict.
Conversely, load increments at both mid-span and pier locations of the Bailey
beamwere relatively small. Furthermore, it was found that variations in concrete
strength grade had minimal impact on displacement, bending moment, and
bearing ratio for both tie beams and Bailey beams. However, factors such as
cross-sectional height of the tie beam and arrangement of sandwich buckle
frames exerted considerable influence on both displacement and load-bearing
ratios for these structural elements. Additionally, while arrangements within
Bailey beams significantly affected displacements in both types of beams (tie
beam and Bailey beam), their impact on bending moments and bearing ratios
was comparatively less pronounced.

KEYWORDS

double-layer elastic foundation beam, concrete-filled steel tube tied-arch, bailey beam,
collaborative stress, bearing ratio
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1 Introduction

Concrete-filled steel tube tied-arch bridges—bridge structures
of high stiffness, strong crossing capacity, and beautiful
shape—are increasingly being used in high-speed railway,
highway, and municipal bridge engineering (Lin et al., 2019;
Liu et al., 2013; Nugroho et al., 2020). Their construction generally
adopts the “beam first and arch later” method, the concrete tied
beams first being poured with brackets and the prestressed beams
being tensioned, after which the steel pipe arch ribs are erected,
the arch rib concrete is poured, and the temporary brackets are
removed after the suspension rods are tensioned. In commonly
used Bailey-beam-column support designs, themain considerations
are the self-weight of the tie beam and concrete-filled steel tube,
the self-weight of the formwork and support, and the load of
the construction machinery and personnel. All the loads are
considered to be borne by the support. After the prestressing of
the tie beam is completed, the tie beam and support work together
to bear subsequent loads—such as the self-weight of the arch rib
support and the self-weight of the steel pipe concrete. Research
on the collaborative stress of concrete-filled steel tube tied-arch
Bailey-beam-column supports has been conducted to optimize
existing support design theories, reduce the material consumption
of temporary structures during construction, reduce construction
costs, and optimize construction plans.

Currently, research on the construction process of concrete-
filled steel tube arch bridges at home and abroad has focused on
the construction process, force changes, and mechanical properties
of the arch bridge during the completion process (Wei C. et al.,
2024; Yan et al., 2024). Moreover, research on temporary structures
during construction has focused primarily on the stress and safety
of the supports. However, little research has been conducted on the
collaborative force between permanent structures and temporary
supports during the construction process, with no systematic theory
having been formed (Xia et al., 2024; Ding et al., 2016; Junmei,
2014).Wang et al. (2012) conducted numerical simulations using the
finite elementmethod on the synergistic force between steel skeleton
concrete beams and construction formwork supports, analyzed
the load distribution mechanism of the synergistic force between
cast-in-place beams and construction supports, and optimized the
original support scheme. Tang (Tang, 2018) analyzed the problem
of early dismantling of formwork in cast-in-place concrete supports,
analyzed the distribution of the load borne by the concrete when it
was subjected to a collaborative force with the support after pouring,
and proposed an early dismantling support plan. He (He, 2019)
proposed a construction plan for the layered pouring of giant beams
by using the collaborative-force mechanism between the prepoured
beams and supports to reduce the stress on underground structures.
The distribution mechanism of the collaborative force between
the layered poured beams and supports was determined through
experiments and finite element analysis. Li and Xie (Li, 2022; Xie,
2022) elaborated on the construction technology of the main arch
ring rigid skeleton of the Wanxian Yangtze River Highway Bridge.
The rigid skeleton serves as a support to bear the construction load
of the main arch ring during construction, and after the completion
of the main arch-ring construction, the two work together to bear
the construction load on the arch and the second-phase dead load.
Based on the theory of elastic foundation beams, Wang (Wang,

2022) derived formulas for the synergistic forces of tied-arch bridge
beams under uniformly distributed loads with buckle-type and
beam-column supports. The results were verified using midas Civil,
the calculations showing that the number of Bailey beams in the
beam-column support could be reduced by 19.4%.

Based on the double-layer Winkler elastic foundation beam
theory, this study analyzed the synergistic force between the cast-
in-place tie beam and temporary support under a concentrated
load, derived an analytical solution for the stress on the tie beam
and support, used finite element analysis to numerically verify the
theoretical analysis results, and proposed an optimization method
for the design of the temporary support.

2 Theory: derivation of the
collaborative force formula for tie
beam bailey beam support

2.1 Double layered elastic foundation
theory

An elastic foundation beam is placed on a foundation with a
certain degree of elasticity, with each point closely attached to the
foundation (Lu et al., 2024; Luo et al., 2024). The load acting on the
elastic foundation beams can be distributed on larger foundations
(Han et al., 2024; Wei et al., 2024b), thereby improving the bearing
capacity of foundations such as railway sleepers and concrete strip
foundations. An elastic foundation beam is an infinitely multiple
statically indeterminate structure with an infinite spring support,
the foundation reaction being related to the load on the beam, cross
section of the beam, material, and foundation medium.

The Winkel’s elastic foundation beam theory was proposed by
Winkel in 1867. Based onWinkel’s hypothesis, the local deformation
theory holds that the size of the reaction force of the foundation
is only proportional to the settlement of the foundation at that
location. In other words, when analyzing the elastic foundation
beam, the foundation can be regarded as an infinite number of
unrelated springs, the settlement of the foundation at a certain point
only occurring in the range of the foundation surface at that location:

y = P
c

where y denotes the settlement value of the foundation at a certain
point, P denotes the pressure strength per unit area, and c denotes
the foundation stiffness.

For double-layer elastic foundation beams, further analysis can
be performed based on Winkel’s single-layer elastic foundation
beams theory (Chen et al., 2023; Huang et al., 2024). The double-
layer beam still follows the local deformation theory—that is,
the sandwich between the upper and lower beams is regarded
as an infinite number of unrelated springs, the settlement of the
foundation at a certain point of the upper beam only occurring in
the bottom area of that position. The reaction force provided by the
upper beambearing the sandwich spring can be expressed as follows:

y1 − y2 =
P
c

where y1 denotes the deformation value of the upper beam at a
certain point, y2 denotes the deformation value of the lower beam
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FIGURE 1
Schematic diagram of the synergistic stress model of double-layer
elastic foundation beam.

at a certain point, P denotes the pressure strength per unit area, and
c denotes the sandwich stiffness.

2.2 Simplified calculation model of
double-layer elastic foundation beam

When the double-layer beam model is simplified, the concrete
tie beam of the concrete-filled steel tube tie-arch bridge can be
regarded as a homogeneous elastic upper beam of length L and
stiffness E1I1, the Bailey beam can be regarded as a homogeneous
elastic lower beam of length L and stiffness E2I2, and the bamboo
rubber board, square wood, I-beam, and disc buckle frame under
the tie beam can be regarded as connecting springs of infinite
stiffness, the self-weight of the sandwich being ignored for ease
of analysis (Qi et al., 2024; Xie et al., 2023). The upper beam
is supported on a pier support at both ends, the lower beam
being supported on multiple rows of I-beam crossbars, forming a
continuous beam system. The effect of the prestressed tension of
the tie beam is not considered in the analysis or calculation, and
the effect of the tie-beam diaphragm on the section stiffness is
ignored. The load generated during the installation of the arch rib
is applied to the tie beam. A simplified schematic of the stress model
is shown in Figure 1.

2.3 Deflection differential equation for
double-layer elastic foundation beams

The upper and lower beams can be considered as follows:
the upper beam is subjected to a concentrated load and the
reaction force is generated by the spring support between the
upper and lower beams, the lower beam being subjected to the
pressure generated by the spring support (Chen and Xue, 2024;
Han et al., 2022).

The differential equation (Zhang et al., 2022) for the upper beam
deflection curve can be expressed as follows:

E1I1
d4y1
dx4
+ c(y1 − y2) = q(x)

Cause:

β = 4√
c

4E1I1
+ c
4E2I2

Available:

y1 = e
βx ⁢ (α1 cos βx+ α2 sin βx)

+ e−βx ⁢ (α3 cos βx+ α4 sin βx) + α5 ⁢x3 + α6 ⁢x2 + α7 ⁢x+ α8

where a1 ∼ a8 denotes the coefficients to be determined, as follows:
Cause:

{{{{{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{{{{{
{

α1 =
1
2
(C2 +C3)

α2 =
1
2
(C1 +C4)

α3 =
1
2
(C3 −C2)

α4 =
1
2
(C4 −C1)

α5 = C5

α6 = C6

α7 = C7

α8 = C8

Using the hyperbolic function, the general solution of the upper
beam displacement equation can be expressed as follows:

y1 = C1 sinh βx sin βx+C2 sinh βx cos βx+C3 cosh βx cos βx

+C4 cosh βx sin βx+C5 ⁢x3 +C6 ⁢x2 +C7 ⁢x+C8

Moreover, the general solution of the displacement equation of
the lower beam can be expressed as follows:

y2 = (1−
4E1I1β4

c
)

⁢ ×(
C1 sinh βx sin βx+C2 sinh βx cos βx+

C3 cosh βx cos βx+C4 cosh βx sin βx
)

+C5 ⁢x3 +C6 ⁢x2 +C7 ⁢x+C8

2.4 Initial parametric solution of the
deflection differential equation of
double-layer elastic foundation beam

Regardless of the influence of shear on beamdeflection, the angle
(θ1), bending moment (M1), and shear force (Q1) of any section of
the upper beam can be expressed as follows:

θ1 = β
[[[[[

[

C1(sinh βx cos βx+ cosh βx sin βx)
+C2(cosh βx cos βx− sinh βx sin βx)
+C3(sinh βx cos βx− cosh βx sin βx)
+C4(cosh βx cos βx+ sinh βx sin βx)

]]]]]

]

+ 3C5x
2 + 2C6x+C7
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FIGURE 2
Schematic diagram of the double-layer beam force analysis.

FIGURE 3
Layout drawing of arch rib construction support.

TABLE 1 Model parameters.

Elastic modulus of
upper beam E1 (MPa)

Moment of inertia of
upper beam section
I1 (m

4)

Sandwich spring
stiffness c (kN/m)

Elastic modulus of
lower beam and tray
holders E2 (MPa)

Moment of inertia of
lower beam section
I2 (m

4)

34,500 (C50) 21.72 1,829,553 206,000 0.0626

FIGURE 4
Bending moment comparison of (A) Tied beam (B) Bailey beam.
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FIGURE 5
Comparison of bending moments of different concrete strength grades of (A) Tied beam (B) Bailey beam.

M1 = −2E1 ⁢I1 ⁢β
2 ⁢ [

[

C1 cosh βx cos βx−C2 cosh βx sin βx

−C3 sinh βx sin βx+C4 sinh βx cos βx
]

]
−E1 ⁢I1 ⁢ (6C5 ⁢x+ 2C6)

Q1 = 2E1I1β3
[[[[[[[

[

C1(cosh βx sin βx− sinh βx cos βx)

+C2(cosh βx cos βx+ sinh βx sin βx)

+C3(cosh βx sin βx+ sinh βx cos βx)

+C4(sinh βx sin βx− cosh βx cos βx)

]]]]]]]

]

− 6E1I1C5

The lower beam arbitrary section angle (θ2), bending moment
(M2), and shear force (Q2) can be expressed as follows:

θ2 = (β−
4E1I1β5

c
)

⁢

[[[[[[[

[

C1 ⁢ (sinh βx cos βx+ cosh βx sin βx)

+C2 ⁢ (cosh βx cos βx− sinh βx sin βx)

+C3 ⁢ (sinh βx cos βx− cosh βx sin βx)

+C4 ⁢ (cosh βx cos βx+ sinh βx sin βx)

]]]]]]]

]
+ 3C5 ⁢x2 + 2C6 ⁢x+C7

M2 = (
8E1I1E2I2β6

c
− 2E2 ⁢I2 ⁢β2)

⁢[

[

C1 cosh βx cos βx−C2 cosh βx sin βx

−C3 sinh βx sin βx+C4 sinh βx cos βx
]

]
−E2 ⁢I2

⁢ (6C5 ⁢x+ 2C6)

Q2 = (2E2 ⁢I2 ⁢β3 −
8E1I1E2I2β7

c
)

⁢

[[[[[[[

[

C1 ⁢ (cosh βx sin βx− sinh βx cos βx)

+C2 ⁢ (cosh βx cos βx+ sinh βx sin βx)

+C3 ⁢ (cosh βx sin βx+ sinh βx cos βx)

+C4 ⁢ (sinh βx sin βx− cosh βx cos βx)

]]]]]]]

]

− 6E2 ⁢I2 ⁢C5

Simplifying the solution of the above equations, we get:

{{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{{
{

φ1 = φ1(βx) = sinh βx sin βx

φ2 = φ2(βx) = sinh βx cos βx

φ3 = φ3(βx) = cosh βx cos βx

φ4 = φ4(βx) = cosh βx sin βx

φ5 = φ5(βx) = sinh βx cos βx+ cosh βx sin βx

φ6 = φ6(βx) = cosh βx cos βx− sinh βx sin βx

φ7 = φ7(βx) = sinh βx cos βx− cosh βx sin βx

φ8 = φ8(βx) = cosh βx cos βx+ sin hβx sin βx

Using the initial parameter method (Wang et al., 2024; He et al.,
2024), the parameters of the upper beam at the initial section
x = 0 can be defined as y10, θ10, M10, and Q10 and the
parameters of the lower beam can be defined as y20, θ20,
M20, and Q20, their values being determined by the boundary
conditions.

The displacement, rotation angle, bending moment,
and shear force of the upper beam can be expressed
as follows:
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FIGURE 6
Load-bearing ratio at different concrete strength classes.

{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{
{

y1 = y10(1+
c(φ3 − 1)

4E1I1β
4 )+ θ10

−2βcx+ 8E1I1β5x+ cφ5
8E1I1β

5

+M10
cβ2x2 − 4β6E1I1x2 − cφ1

8(E1I1)
2β6

+ y20
c(1−φ3)

4E1I1β4

+θ20
c(2βx−φ5)

8E1I1β5
+M20

c(−β2x2 +φ1)

8E1I1E2I2β
6 +Q20

c(2β3x3 + 3φ7)

48E1I1E2I2β7

θ1 = y10
cφ7

4E1I1β3
+ θ10
−c+ 4E1I1β

4 + cφ3
4E1I1β4

+M10
2cβx− 8β5E1I1x− cφ5

8(E1I1)2β5

+Q10
β2(c− 4E1I1β

4)x2 − cφ1
8(E1I1)2β6

+ y20
−cφ7

4E1I1β
3 + θ20

c(1−φ3)

4E1I1β
4

+M20
c(−2βx+φ5)

8E1I1E2I2β
5 +Q20
−c(β2x2 −φ1)

8E1I1E2I2β6

M1 = y10
cφ1
2β2
+ θ10
−cφ7
4β3
+M10
−c+ 4E1I1β4 + cφ3

4E1I1β
4

+Q10
−2βcx+ 8E1I1β

5x+ cφ5
8E1I1β

5 +y20
−cφ1
2β2
+ θ20

cφ7
4β3
+M20

c(1−φ3)

4E2I2β4

+Q20
c(2βx−φ5)

8E2I2β
5

Q1 = y10
cφ5
2β
+ θ10

cφ1
2β2
+M10

cφ7
4E1I1β3

+Q10
−c+ 4E1I1β

4 + cφ3
4E1I1β4

+y20
−cφ5
2β
+ θ20
−cφ1
2β2
+M20
−cφ7

4E2I2β
3 +Q20

c(1−φ3)

4E2I2β
4

Moreover, the displacement, rotation angle, bending moment,
and shear force of the lower beam can be expressed as follows:

{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{
{

y2 = y10
(c− 4E1I1β4)(1−φ3)

4E1I1β4
+ θ10
(c− 4E1I1β4)(−2βx+ cφ5)

8E1I1β5

+M10
(c− 4E1I1β4)(β2x2 − cφ1)

8(E1I1)2β6
+Q10
(c− 4E1I1β4)(2β3x3 − 3φ7)

48(E1I1)2β7

+y20
c− (c− 4E1I1β4)φ3

4E1I1β4
+ θ20
−2βcx− (c− 4E1I1β4)φ5

8E1I1β5

+M20
−β2cx2 + (c− 4E1I1β4)φ1

8E1I1E2I2β6
+Q20
−2β3cx3 − 3(c− 4E1I1β4)φ7

48E1I1E2I2β7

θ2 = y10
(c− 4E1I1β4)φ7

4E1I1β3
+ θ10
(c− 4E1I1β4)(−1+φ3)

4E1I1β4

+M10
(c− 4E1I1β

4)(2βx−φ5)
8(E1I1)2β5

+Q10
(c− 4E1I1β4)(β2x2 −φ1)

8(E1I1)2β6

+y20
−(c− 4E1I1β4)φ7

4E1I1β3
+θ20

c− (c− 4E1I1β4)φ3

4E1I1β4

+M20
−2βcx+ (c− 4E1I1β4)φ5

8E1I1E2I2β5
+Q20
−2β2cx2 + (c− 4E1I1β4)φ1

8E1I1E2I2β6

M2 = y10
(c− 4E1I1β4)E2I2φ1

2E1I1β2
+ θ10
−(c− 4E1I1β

4)E2I2φ7

4E1I1β3

+M10
(c− 4E1I1β4)E2I2(−1+φ3)

4(E1I1)2β4
+Q10
(c− 4E1I1β4)E2I2(−2βx−φ5)

8(E1I1)2β5

+y20
−(c− 4E1I1β4)E2I2φ1

2E1I1β2
+θ20
(c− 4E1I1β4)E2I2φ7

4E1I1β3

+M20
c− (c− 4E1I1β4)φ3

4E1I1β4
+Q20
−2βcx+ (c− 4E1I1β4)φ5

8E1I1β5

Q2 = y10
(c− 4E1I1β4)E2I2φ5

2E1I1β
+ θ10
(c− 4E1I1β4)E2I2φ1

2E1I1β2

+M10
(c− 4E1I1β4)E2I2φ7

4(E1I1)2β3
+Q10
(c− 4E1I1β4)E2I2(−1+φ3)

4(E1I1)2β4

+y20
−(c− 4E1I1β4)E2I2φ5

2E1I1β
+θ20
−(c− 4E1I1β4)E2I2φ1

2E1I1β2

+M20
(c− 4E1I1β4)φ7

4E1I1β
3 +Q20

c− (c− 4E1I1β4)φ3

4E1I1β4

Thus far, the deflection, rotation angle, bending moment,
and shear solution terms of the upper and lower beams
obtained by the double-layer elastic foundation beam theory
using the preliminary parameter method have been fully
obtained.

2.5 Special solution terms for concentrated
load action

The special solution terms for the double-layer beam must also
be calculated based on the initial parameters. The lower beam is
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FIGURE 7
Comparison of bending moment of different tether section heights of (A) Tied beam (B) Bailey beam.

FIGURE 8
Load-bearing ratios at different cross-sectional heights of tie beams.

a four-span continuous beam system, the upper and lower beams
being divided into L1–L4 at the lower-beam support. The equations
for the upper and lower beams can be established in each section. In
addition to considering the boundary conditions at the support
of the upper and lower beams, it is necessary to consider the
continuity conditions of the segmented upper and lower beams
at the connection position, the boundary and continuity conditions
together constituting the initial parameters of the equation
solution. The mechanical calculation model for the upper beam,
which bears only a single concentrated load action, is as shown
in Figure 2.

For the calculated beam segment with a load action on the upper
beam, as shown in Figure 2 (L3), when x > xi, the special solution

term can be expressed as follows:

{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{
{

Δy1p = P
2B3cx3 − 8B7E1I1x

3 + 3cφ7α(x−xi)
48B7E1I1

2

Δθ1p = P
B2cx2 − 4B6E1I1x

2 − cφ1α(x−xi)
8B6E1I1

2

ΔM1p = P
2Bcx− 8B5E1I1x− cφ5α(x−xi)

8B5E1I1

ΔQ1p = P
c− 4B4E1I1 − cφ3α(x−xi)

4B4E1I1

For the part of x < xi in the upper beam load action beam
segment (L3) and the beam segment without load action (L1, L2, L4),
the formula does not exist—that is, there are only general solution
terms for the beam segment; the special solution terms are not
generated by concentrated loads.

In the case of multiple concentrated loads acting simultaneously
in the calculation of the double-layer beam, the complete solution for
the displacement, rotation angle, bending moment, and shear force
of the upper beam is equal to the general solution plus all the special
solutions related to the concentrated load in this section (Wei et al.,
2024c). The complete solution for the displacement, turning angle,
bending moment, and shear force of the lower beam under a
concentrated load is only a general solution, the expression still
being the formula.

Based on the boundary conditions and continuous conditions
of each beam segment, their corresponding parameters can be
expressed using “preliminary parameters,” the deformation, rotation
angle, bending moment, and shear force of the upper beam being
expressed as follows: y1i, θ1i, M1i, and Q1i, and the deformation,
corner, bending moment, and shear force of the lower beam
being expressed as y2i, θ2i, M2i, and Q2i, where i = 1, 2, 3,
4. The boundary and continuity conditions can be expressed
as follows:
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TABLE 2 Double-layer beam sandwich stiffness details.

Type Longitudinal spacing (m) Transverse spacing (m) Equivalent stiffness (kN/m)

φ48 × 3.2 mm (Standard type)

0.9 0.6 2,103,648.8

0.9 0.9 1,496,816.7

0.9 1.2 1,161,704.1

φ60 × 3.2 mm (Heavy duty)

0.9 0.6 2,535,735.5

0.9 0.9 1,829,553.3

0.9 1.2 1,431,022.3

FIGURE 9
Comparison of the tie-beam bending moment under different sandwich stiffness conditions of (A) Standard disc collar (B) Heavy-duty disc collar.

FIGURE 10
Comparison of the Bailey-beam bending moment under different interlayer stiffness conditions of (A) Standard disc collar (B) Heavy-duty disc collar.

(1) Boundary conditions: At x = 0 and x = 4l, the displacement
and bending moment of the upper and lower beams are 0, the
displacement of the lower beam being 0 at x = l、 x = 2andx =
3l.

(2) Continuity conditions: The continuity condition occurs
at the lower beam support position of the segmented
connection—that is, x = l,x = 2l,x = 3l.

The displacement, rotation angle, bending moment, and shear
force on both sides of the continuous point of the upper beam
are continuous—that is, the beam displacement, bending moment,
angle, and shear force of the segmented equations on both sides
of the position at this point are equal. The initial parameters of
each segmented equation can be obtained by solving the equations
listed in the boundary and continuity conditions simultaneously, the
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FIGURE 11
Comparison of the Bailey beam incremental load of (A) Standard disc collar (B) Heavy-duty disc collar.

FIGURE 12
Load-bearing ratio under different interlayer stiffness conditions.

complete analytical solution of the stress model of the double-layer
beam structure being obtained using a complete expression.

3 Methods: model validation

In this study, a 72-m under bearing concrete-filled steel tube
arch bridge with a main span was used as an example to analyze the
Bailey beam and column support. The beam and column brackets
were as follows:15-mm bamboo rubber board → 10 × 10 cm square
wood → I10 I-beam distribution beam → φ60 × 3.2 mm disc buckle
bracket → I14 I-beam distribution beam→ 321 standard Bailey beam
longitudinal beam → double-split I45a I-beam crossbar → φ630 ×
10 mm steel pipe column → reinforced concrete strip foundation.
The coiled bracket above the Bailey beam was convenient to adjust
the height of the formwork, the total height being 1.5 m, the vertical
and horizontal spacing being 90 cm, and the maximum horizontal

step distance being 100 cm. The lateral spacing of the Bailey beam
was 90 cm, the longitudinal support spacing being 18 m, there
being five rows of steel pipe supports. After the pouring of the tie
beam was completed and the concrete strength met the necessary
requirements, the arch ribs were installed, and four sets of steel
tubular lattice columns were placed under the one-sided arch ribs.
The arrangement of the brackets was as shown in Figure 3.

3.1 Model parameters

To verify the derivation formula, SAP2000 finite element
software was used to establish the planar rod system synergistic
force model of the tie beam and support, after which the synergistic
forces of the two under the concentrated load of the tie beam were
compared and analyzed. The model was constructed using beam
elements, the top support of the tie beam pier being hinged, and
the disc frame sandwich being simulated using only compressive
elastic support. The transverse partition, arch rib concrete and arch
rib support are only considered as weight in the calculation. The
sandwich spring stiffness mainly considers the axial stiffness of the
vertical bar of the disc buckle, which is equal to the product of
the axial stiffness of the vertical bar divided by the vertical and
horizontal distance of the vertical bar. The main model parameters
are listed in Table 1.

The total weight of the arch ribs amounted to 20,446.4 kN, which
includes concrete, steel pipes, and the load supported by the arch rib.
Based on the positioning of the steel pipe columns on the tie beam, it
is possible to calculate the load carried by each row of columns from
the arch ribs.

3.2 Comparison of formula derivation and
finite element calculation results

The parameters listed in Table 1 could be substituted into the
derived calculation formula to determine the analytical solution of
the deformation and internal force of the upper and lower beams, a

Frontiers in Built Environment 09 frontiersin.org

https://doi.org/10.3389/fbuil.2024.1517741
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Tong et al. 10.3389/fbuil.2024.1517741

TABLE 3 Parameters for layout analysis of the Bailey beam.

Type Horizontal arrangement Section moment of inertia
I (m4)

Percentage change of
moment of inertia

Ordinary Bailey beam
25 rows (unencrypted) 0.0626 100%

31 rows (encryption) 0.0777 124.0%

Upper and lower stringed reinforced
Bailey beam

25 rows (unencrypted) 0.1444 230.5%

31 rows (encryption) 0.1790 285.8%

Double Bailey beam
25 rows (unencrypted) 0.2686 428.9%

31 rows (encryption) 0.6660 531.8%

FIGURE 13
Comparison of the bending moments of different Bailey beam arrangements of (A) Tied beam (B) Bailey beam.

comparative analysis with the calculation results of the finite element
model being as shown in Figure 4.

As is evident from the figure, the maximum positive bending
moment occurring at the second and third span concentrated
load action points, and the maximum negative bending moment
occurring at the support between the second and third spans.
The consistency of the bending moment curve is high, although
the difference is large at the extreme point, the negative bending
moment of the upper beam having the largest difference at the
middle fulcrum, albeit by less than 20%.The derivation formula and
analysis results of the finite elements in this study are consistent.The
maximumcompressive stress and tensile stress of the upper beamare
0.42 and 0.34 MPa, respectively, and the bending moment of each
row of the Bailey beams in the lower layer is 141.7 kNm, which is
small compared with the normative limit.

For ease of analysis, the concept of the load-bearing ratio can be
introduced, expressed as follows:

δ =
∑N
P

where δ denotes the bear-to-load ratio, ∑Ni denotes the sum of the
regional load increments of the Bailey beam, and P denotes the total
later load.

The bearing ratio of the Bailey beam support under a
concentrated load can be calculated to be 90.9%, the Bailey beam
baring most of the later loads. Compared with the traditional
equalizationmethod, the load increment at the support of the Bailey
beam increases. Under an actual concentrated load, the traditional
equalization method can be used to calculate the load increment
of the Bailey beam, which is unsafe at the support of the steel pipe
column, the load increment at this position being large and in need
of being strengthened.

4 Results: Parameter sensitivity
analysis

4.1 Concrete strength grade

The elastic modulus of the tie concrete primarily affects the
stiffness of the tie beam, and different concrete strength grades
indicate different elastic moduli. Figures 5, 6 show the calculation
results of the bendingmoment and bearing ratio of the tie beam and
Bailey beam under loading.

From the above analysis, it is evident that the concrete strength
grade has little effect on the bending moment of the tie beam and
Bailey beam but has a considerable influence on the support bearing
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FIGURE 15
Load ratios under different Bailey beam arrangements.

ratio. With an increase in the concrete strength grade, the elastic
modulus, andmaximumbendingmoment of the tie beamandBailey
beam gradually increase, which means that with an increase in
stiffness, the load shared by the concrete beam gradually increases,
and the bearing ratio gradually decreases.

4.2 Analysis of the height influence of the
tie beam section

Figures 7, 8 show the results of the bendingmoment and bearing
ratio of the tie beam and Bailey beam under concentrated loading.

The bearing ratio decreases with an increase in the cross-
sectional height, the reduction in amplitude is large, the bearing ratio
is 99.2% when the cross-sectional height is 1.8m, and the tie beam
bares little of the load. From the above analysis, it is evident that for
the Bailey-beam-column bracket, changing the section height of the
tie beam has a little effect on the bending moment of the two beams,
and a greater impact on the bearing ratio of the bracket.

4.3 Impact analysis of sandwich stiffness

The calculated beam and column bracket sandwich comprised a
bamboo rubber board + square wood + distribution beam + disc
frame + distribution beam, the height of the disc buckle frame
being 1.5 m, the pole specification being a φ60 × 3.2 mm heavy-
duty disc buckle frame, and the horizontal spacing of the pole being
0.9 × 0.9 m. The transverse spacing of the heavy-duty and standard
disc-fastener frames was 0.9 m, the longitudinal spacing being 0.6,
0.9, and 1.2 m, respectively, the values of the sandwich stiffness
sensitivity analysis being as listed in Table 2.

FIGURE 14
Comparison of the regional load increment of the Bailey beam.

Figures 9–12 show the results of the bending moment, load
increment, and bearing ratio of the tie beam and Bailey beam under
concentrated loading.

Under the action of a concentrated load, the bearing ratio of the
bracket increases with the increase of the interlayer stiffness, and the
increase is large, the bearing ratio reaching 97.9% when the heavy-
duty disc frame is adopted and the arrangement spacing being 0.6
× 0.9 m. Changing the interlayer stiffness of the double-layer beam
has little influence on the bending moment, and a great impact on
the bearing ratio of the bracket.

4.4 Analysis of the influence of bailey beam
arrangement

The lateral arrangement spacing of the Bailey beams was
calculated to be 90 cm with a total of 25 rows. In practice, to
ensure a uniform bracket force, it is often encrypted under the
box girder web, the transverse after encryption having 31 rows. To
enhance its span ability, the upper and lower reinforced Bailey beam
and the double-layer Bailey beam are also commonly used as the
main longitudinal beam of the bracket. To explore the influence of
the type and number of transverse rows on the synergistic force,
25 and 31 rows of ordinary, upper, and lower chord-reinforced,
and double Bailey beams were considered and analyzed, the
sensitivity analysis results for the Bailey beam arrangement being as
listed in Table 3.

Figures 13–15 show the results of the bending moment, load
increment, and bearing ratio of the moored and Bailey beams under
concentrated loading.

Different Bailey beam types and arrangements have little
influence on the bending moment of the tie beam, greater impact
on the bending moment of the Bailey beam, and little influence on
the bearing ratio. The load ratio decreases with an increase in the
moment of inertia of the Bailey beam, the reduction range being
small. However, when a double-layer Bailey beam is used, and the
bearing ratio is only 84.7% when encrypted.
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5 Conclusion

To study the synergistic stress phenomenon between beam
and column brackets and tie beams during the construction of a
concrete-filled steel tube tie-arch bridge, we optimized the design
theory of temporary supports, established the double-layer beam
theory based on the Winkler elastic foundation beam theory,
constructed a synergistic force model of the tie beam-beam-
column support, and derived the displacement, rotation angle,
bending moment, and shear force equations of the tie beam under
concentrated loading. The conclusions drawn are as follows.

(1) Combined with the synergistic force of the tie-beam–beam-
column bracket, the deflection curve differential equation of
the deformation of themoored beam and Bailey beam could be
derived and solved; the calculation method of the deformation
and internal force of the tie beam and Bailey beam was
obtained, and the distribution law of the load increment of the
Bailey beam determined.

(2) A 72-m underbearing concrete-filled steel tube arch bridge
was used as the research object to calculate the collaborative
force, afterwhich the displacement, bendingmoment, and load
increment of the tie beam and Bailey beamwere compared and
analyzed using the finite element method. The results showed
that under the action of a concentrated load, the regional
load increment of the Bailey beam at the support of the steel
pipe column was large, far larger than the load increment
calculated based on traditional average division methods,
making the beam and column support Bailey beam calculated
using traditional average division methods unsafe—that is, the
structure should be strengthened accordingly.

(3) The strength grade of the tie beam concrete had little effect
on the displacement, bending moment, and bearing ratio of
the tie beam and Bailey beam. However, the section height of
the tie beam had a considerable influence on the displacement
of the tie beam and Bailey beam, little effect on the bending
moment of the two beams, and a major influence on the
bearing ratio. The arrangement of the sandwich disc buckle
frame had a considerable influence on the displacement of the
tie and Bailey beams, little influence on the calculation results
of their bending moments, and a substantial influence on the
bearing ratio of the bracket. The arrangement of the Bailey
beam had a considerable influence on the displacement of the
tie and Bailey beams, little influence on the calculation results
of the bending moment of the two beams, and little influence
on the bearing ratio of the bracket.

(4) Under a concentrated load during the later stage, the stress
of the concrete tie beam was low, which could satisfy design
requirements. Moreover, the bearing ratio of the brackets did

not change much, with the beam and column brackets bearing
most of the later loads.
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