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Abstract: Structural analysis and construction control of staged-construction processes are major
subjects in the context of modern long-span bridges. Although the forward and backward analysis
methods are able to simulate situations, their main disadvantage is that they usually apply the
stage superposition principle. In the actual construction process, due to changes made to the plan,
the construction process needs to be adjusted at any time, and it is difficult to implement the
construction process in complete accordance with the established plan. As a result, the existing
simulation method based on the incremental structural analysis of each construction stage has
poor adaptability to such adjustments. In this study, considering the strong geometric nonlinear
behavior of the long-span cable-stayed bridge construction process, the geometrically nonlinear
mechanical equations of the staged-construction bar system structure were derived. The minimum
potential energy theorem was used by introducing the concept of the stress-free-state variable of
the structural elements. The equation reflects the influence of the change in the stress-free-state
variables of structural elements on the completion state of the structure. From the analysis of the
geometrical condition that the equilibrium equation holds, the stress-free installation condition of the
closing section of the planar beam element structure was obtained. A new simulation method for
long-span cable-stayed bridge construction has been proposed, which is called the stress-free-state
forward analysis. This method can directly obtain the intermediate process state of cable-stayed
bridge construction without performing stage-by-stage demolition calculations, and causing the
internal force and deformation of the completion state to reach the design target state. This method
can realize the simulation of multi-process parallel operation in construction, and solves the problem
of automatic filtering of temporary loads. To illustrate the application of the method, a long-span
cable-stayed bridge was analyzed.

Keywords: cable-stayed bridge; staged construction; geometrically nonlinear behavior; stress-free-state
variables; the stress-free-state forward analysis

1. Introduction

A cable-stayed bridge is a complex, statically indeterminate structure due to the pres-
ence of cable forces and their gradual tensioning process [1]. Staged construction, as well as
the one-step scaffold-supported bridge construction, are two methods commonly used in
the construction of cable-stayed bridges [2—4]. In the second half of the nineteenth century,
the balanced cantilever construction method without scaffolding was first proposed. In
the 1930s, the cantilever segmental construction method was used to construct concrete
arch bridges. After World War II, cantilever cast-in-place and precast segmental assemblies
were developed with the development of prestressed concrete technology [5-7]. Staged
construction represented by the balanced cantilever construction method has been widely
used in the construction of beam bridges, cable-stayed bridges, and arch bridges.
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During the staged construction of a cable-stayed bridge, the tensioning operation of
the cables plays an important role in the construction of the structure [8-10]. Since these are
time-consuming and labor-intensive operations, the main aim of the cable-stayed bridge
installation calculation and construction control should be to minimize the number of cable
tensions and achieve the design target state of cable force after construction, so that there is
no need for any final adjustment of cable force [11-13].

Furthermore, as the structure gradually takes shape during staged construction, the
stiffness of the structural system during construction may differ from that in the completed
state [14,15]. Therefore, to maintain structural safety, it is important to simulate the beam
section installation and the stay cable tensioning process to ensure that the limit state is not
exceeded during construction [16,17].

Due to the time-dependent nature of the structural system state and the dead load
application of staged bridge construction, traditional structural analysis theories that do not
consider the effects of the construction process cannot be directly applied [18]. Therefore,
scholars have endeavored to take the construction stage of bridges into consideration and
proposed several methods based on incremental structural analysis of each construction
stage, such as the forward analysis [19,20] and backward analysis [19,21-24]. The relation-
ship between the process state and the final design target state is established through the
staged numerical accumulation of the internal force and deformation of the structure using
the above methods.

For a staged-construction structure, the method of structural analysis according to the
time sequence of construction is called forward analysis. The purpose of forward analysis
is to check whether the stress generated in each construction stage is within the controllable
range, so as to check the feasibility of the construction method, and finally, determine
the optimal construction method. The balanced cantilever construction method is usually
adopted for long-span cable-stayed bridges. The construction process undergoes frequent
system transformations and loadings, accompanied by complex, strongly geometrically
nonlinear behavior. Accurate state assessment of such processes generally requires nonlin-
ear finite element analysis to perform step-by-step forward and cumulative calculations
based on the principle of incremental superposition [11,25]. This calculation implies that
the structural equilibrium for any intermediate state of the process must be accumulated
from its previous construction loading history, which is easily limited by computational
effort and convergence.

Alternatives to these methods were proposed by Lozano-Galant et al. [26]. Their
approach presents an innovative direct analysis method that uses independent finite
element models for each construction stage. In order to ensure that the design target
state is achieved after construction, the stay-cable force is simulated using the concept of
stress-free-state length. Therefore, without the need for an overall iterative calculation
process, the direct methods can be easily used for optimization problems. This direct
simulation approach is proposed only for temporary support erection methods, and there
is no reference for cantilever technology in the literature.

However, other methods for suspension and cable-stayed bridges based on the stress-
free-state control method have been described in the literature [12,27-31]. These methods
have been widely developed in the construction control of cable-stayed bridges in China.
Studies have led to a stress-free-state theory that provides stage-to-stage and stage-to-
completion correlations. The method based on the stress-free-state theory proved to be
effective for the analysis and control of concurrent construction.

However, these studies are all based on linear conditions, without considering com-
plex strong geometric nonlinear behavior. In order to carry out the construction simulation
calculation for long-span cable-stayed bridges more accurately, a stress-free-state forward
analysis method has been proposed in this paper. This simulation does not use the prin-
ciple of superposition. The effect of time-dependent phenomena is ignored during the
construction stage, and the method is suitable for steel deck or precast concrete segmental
construction. In order to illustrate the developed procedure and algorithm, a nonlinear
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stress-free-state forward analysis method calculation was carried out for a cable-stayed
bridge constructed using the cantilever erection method.

The remainder of this paper is organized as follows: In Section 2, the geometric
nonlinear mechanics equation of the completion state of the staged-construction bar system
structure were obtained after a rigorous derivation process based on the minimum potential
energy theorem. According to the basic equations, the geometric nonlinear mechanics
equations of the completion state of the staged-construction planar beam element structure
were obtained. Finally, from the analysis of the geometrical condition that the equilibrium
equation holds, the stress-free-state installation condition of the closing section of the planar
beam element structure was obtained. In Section 3, according to the basic principle of the
equation obtained in Section 2, a new simulation method of long-span cable-stayed bridge
construction was proposed, which is called the stress-free-state forward analysis. Section 4
describes the nonlinear stress-free-state forward analysis model establishment and analysis
process, taking the construction process of a real, long-span, cable-stayed bridge as an
engineering case. Finally, in Section 5, the conclusions of this work have been discussed.

2. The Geometric Nonlinear Mechanics Equation of the Staged-Construction
Bar System

2.1. The Mechanics Equilibrium Equation of the Staged-Construction Bar System

The calculation of long-span bridge structures in the construction stage is generally a
problem of large deformation and small strain [30]. If material nonlinearity is not considered
for a staged-construction structure, no matter how the structure is formed, the element
potential energy starts from the stress-free-state as the calculation zero point and ends at
the structural equilibrium state. Therefore, when the elements are first assembled into a
structure, the elements in the initial calculation state have produced axial deformation,
bending deformation, torsional deformation, etc., relative to the stress-free-state, and the
initial elements stress caused by the above deformation is 9. 0y can be defined as follows:

oy = DEO (1)

In the above formula: D is the elasticity matrix of the element and ¢ is the initial
strain matrix generated by the initial calculation state relative to the stress-free-state of the
element when the elements are first assembled into a structure.

The element e produces strain ¢ from the initial calculation state to the final equilibrium
state; then, the strain energy stored in element e from the stress-free-state to the final
equilibrium state can be obtained as follows:

u, = / eTDedV + / T oodV @)
Ve V,
In the above formula, V, is the volume of element e.

Let the element nodal force be P¢. The work carried out on the element node displace-
ment J, by P¢ is W,, which can be calculated as follows:

W = 6/ P° 3)
Then, the total potential energy of the element e can be defined as follows:
1, T T T
He:uﬁwezi/ eDedVJr/ecfodV—JePe 4)
b e Vf

The necessary and sufficient condition for the equilibrium of the element is to satisfy
the principle of minimum potential energy, which can be expressed as follows:

T T
a1, — / de DedV + / de odV —5TP* =0 )
Ve Ve
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The relationship between strain and element nodal displacement can be defined
as follows:
e =Bd, = (BL + BNL)(;e (6)

In the above formula, B is the strain matrix. From the relationship between large
deformation strain and nodal displacement, it can be known that B is the sum of the linear
part By and the nonlinear part By, as follows:

B =By +BntL (7)

According to Formula (6), the corresponding strain e can also be decomposed into a
linear part and a nonlinear part as follows:

e =¢&r + &eNL ®)
In the above formula:
& = BL(Se
9
{ enL = BnLde ©)

The nonlinear strain matrix Byy, is a homogeneous function matrix of d,. [32,33], so it
has the linear properties as follows:

de = (BL + ZBNL>d5g (10)

Substituting Formula (10) into (5), we can get the following equilibrium equation:
/ 957 (By + 2Bx1)"D(BL + By )6.dVe + / 357 (By + 2Bz)ToodVe — 96TP° =0 (11)
Ve Ve
Transform Formula (11) to obtain Formula (12), as follows:

/ (Br + 2Bn1. ) 'D(Br, + Bz )dV.d, + /V 2BL, 00dV, = P° + /V “BlopdV.  (12)

e

In the above formula:

¢ = K4+ K& = /V (B + 2Bn1)"D(By + Bz )dV, (13)
¢ = /V BIDB, av, (14)
K%, -6, = /V 2BT, 5odV, (15)
Pj=— / Bl oodV, (16)
Ve

Kj is the linear stiffness matrix of the element; K%, is the large deformation displace-
ment stiffness matrix of the element related to the node displacement. K¢, is the addi-
tional stress stiffness matrix related to the stress-free-state variable of the element. Pj is a
generalized load array related to the stress-free-state variable of the element. Therefore,
Formula (12) can be expressed as follows:

K°0,= (Kj + K} + Kg, )0, = P° + P (17)

Equation (17) is the mechanical equilibrium equation of the element considering the
geometric nonlinear effect, which is a full-scale nonlinear equation. Grouping over the
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structure, the mechanics equilibrium equation of the overall structural system, which is
constructed in stages, can be obtained as follows:

Ké =P+ Py (18)

Equation (18) is the geometric nonlinear mechanical equilibrium equation of the com-
pletion state of the staged-construction bar system. The process of deriving the equations is
based on the general principle of the finite element method without any simplification, and
it is applicable to both planar and space bar elements and beam elements. Equation (18)
describes that the mechanical equilibrium of the completion state of any bar system is only
related to the structural system, external load, boundary conditions, and the stress-free-
state variable of the elements. It has nothing to do with the construction process and is
uniquely determined.

The two states of the same structural system are analyzed with the established me-
chanical equilibrium in Equation (18), considering the geometric nonlinear effect.

State 1: The structural stiffness is K5 ). The load is P. The generalized load of the
stress-free-state variable group is Pyy;

State 2: The structural stiffness is K(;,). The load P is consistent with State 1. The
stress-free-state variable of the elements of the structural system changes. The generalized
load is Pgy. The equilibrium equations of the two states are listed as follows:

{ K5)01 = P+ Py (19)
K(52)52 =P+ Py
Subtract State 1 from State 2 to obtain Formula (20), as follows:

K(5,)02 — K(5,)01 = P2 — Poy (20)

From Formula (20), it can be seen that, considering the geometric nonlinear effect,
when the load and stiffness are certain, the change in the stress-free-state variable of the
element must correspond to the only structural state change.

For the cable-stayed bridge, the stress-free-state length of the cable stays has nothing
to do with the change in the load. When the load is certain, the adjustment of the stress-
free-state length of the cable stays corresponds uniquely to the change in the cable force.

In the process of establishing Equation (18), no simplification was made to the displace-
ment condition, so the influence of a large displacement has been considered. In addition,
the equation is the mechanics equilibrium equation of the completion state of the structure.
Considering the influence of geometric nonlinearity, when the structural system, external
load, and boundary conditions are certain, the structure is constructed using two different
methods. The sufficient condition for the completion state of the above structure to reach
the design target state is that the additional stress-stiffness matrix and the generalized load
array must be identical. The additional stress-stiffness matrix and generalized load array
are uniquely determined by the stress-free-state variable of the structural elements.

2.2. The Geometric Nonlinear Mechanics Equations of the Staged-Construction Planar
Beam Structure

The research object is the two-node planar beam element e, as shown in Figure 1.
The cross-sectional area of element e is A, the moment of inertia is I, and the modulus of
elasticity is E. Under the action of the equivalent node load P, the deformation occurs from
the calculated position to the final equilibrium state.

When element e is installed, the stress-free-state length is Iy, the stress-free-state
curvature at beam i of the beam end is x;p, and the stress-free-state curvature at end j
of the beam is «jp. Since the stress-free-state curvature is more abstract in practice, the
stress-free-state angle is usually used to reflect this value. Expressed by the beam end angle,
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the stress-free-state angle at the beam i end is 8y, and the stress-free-state angle at the beam
jendis Gjo, as shown in Figure 2.

Ay The equilibrium position of element e in the calculate moqel

yli _
00j /DX

Figure 1. The completion state of the planar beam element e (The blue part: the local coordinate
system of the element; The red part: the configuration of the beam element).

The stress-free-state configuration

70

o\ : -

Figure 2. The stress-free-state configuration of planar beam element e.

The stress-free-state length and stress-free-state curvature of structural elements are
inherent quantities of the structure itself, and will not change with the loading of the
structure and the change in the structural system [18]. To change the stress-free-state length
and stress-free-state curvature of structural member elements, there must be substantial
physical changes to the shape of the elements. For example, if the stress-free-state length of
the stay cable is to be reduced, the anchor head of the stay cable end must be artificially
pulled out by a tension jack to reduce the length of the stay cable between the anchor points
of the beam and tower.

According to the previous section, the geometric nonlinear mechanics equilibrium
equation of the completion state of the staged-construction planar beam element in the
local coordinate system can be obtained, as shown in the following formula:

(Ky +Kg,)o = P° + P (21)

In the above formula: K§; is the geometric nonlinear full stiffness matrix of the planar
beam element, KSO is the additional stress stiffness matrix of the planar beam element, and
Pj is the generalized load array of the planar beam element.
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In Formula (21), the additional stress stiffness matrix Kf;o of the planar beam element
structure can be expressed as the following formula:

[+ 0 o0 -1 0 0]
6 1 6 1
K = -2V 0 10 15 10~ 30 o)
% ! -3 0 0 }+ o0 0 22)
6 1 6 1
A I
L0 —xm 0 -1 15

In Formula (21), the generalized load array P of the planar beam element can be
expressed by the following formula:

[ A1) 1 [ E0-1)]
5L(6i0 + 0j0) 7EI(K’OZ_K'O)
4E1 2F1
=00 + 50, —K;

e 7_Yi0 I Yjo _ i0
Fo —%(l —1o) —EA(1-1y) ®3)

— 954 (8i0 + 6j0) —7E1(”ﬂf”°)
_4Elg. _ 2EIg o

L T Vi 1 7jo L Ko ]

Assembling Equation (21) in the global coordinate system, the equilibrium equation of
the completion state of the staged-construction planar beam element structure considering
the geometric nonlinear effect can be obtained, as shown in the following formula:

In Formula (13), K, represents the effect of the stress-free-state variables on the
nonlinear stiffness matrix of the staged-construction planar beam element structure; Py
reflects the effect of the stress-free-state variables change in the element on the external
force load array.

The static equilibrium Equation (24) reflects the mechanical equilibrium condition
of the completion state of the staged-construction planar beam structure, but the actual
construction process is not specified in the equation derivation process. Obviously, when
geometric nonlinearity is considered in the calculation, the completion internal force and
deformation of the staged-construction planar beam structure are uniquely determined
by the following four conditions: (1) The external load, including the location and size of
the load reacting in the load array P in the equation; (2) The structural system, including
the final geometric configuration of the structure and the structural element parameters E,
I, A, etc.; (3) Boundary conditions; (4) The stress-free-state state variables, including the
stress-free-state length and the stress-free-state curvature, which will affect Py and K, in
Equation (24).

For the staged-construction planar beam element structure, when geometric nonlinear-
ity is considered in the calculation, as long as the external load, structural system, boundary
conditions, and stress-free-state variable are certain, the completion internal force and
displacement are unique, independent of the construction process.

For the planar beam element structure formed in stages, the static equilibrium Equation (24)
can be used to directly solve the completion internal force and deformation of the structure,
without considering the construction process.

For the staged-construction planar beam element structure, which is different from the
planar bar element structure, there is generally a closure segment. In the process of deriving
Formula (24), the influence of the closure segment is not considered, so the influence of the
closure segment needs to be discussed.

In the above derivation process, the Kirchhoff beam assemblies [34,35] is applied,
that is, the normal line of the mid-surface remains perpendicular to the mid-surface after
deformation. For the staged-construction beam structure based on this theory, after the



Buildings 2023, 13,1735

8 of 19

element is deformed, the normal on the interface connecting the left and right elements
must keep the same direction after deformation [35,36]. For the classical beam element,
the rotation of the element normal can be represented by the derivative of the deflection.
Therefore, requiring the normal of the element interface to maintain the same direction is
actually requiring the first-order derivative of the deflection to be continuous. This can also
be seen from the fact that the energy functional of the beam includes the second derivative
of the deflection.

To sum up, for a staged-construction planar beam structure with closing sections, in
order to make the completion internal force and deformation of the structure the same as
the design target state, the installation of closing sections must follow two basic conditions.
(1) When the closing section is installed, its stress-free-state variables (stress-free-state
length and stress-free-state curvature) must be the same as the design target state (sufficient
condition); (2) After the closing section is installed, the first derivative of the deflection
at the closing opening must remain continuous (necessary condition). The above two
conditions are indispensable, and are called the stress-free-state installation condition of
the closing section.

3. Nonlinear Stress-Free-State Forward Analysis Method for Long-Span
Cable-Stayed Bridges

In the design of cable-stayed bridges, the completion target state is the ideal structural
state, which is generally defined by the designer [11,26,30]. Parameters such as structural
geometric information, cable material parameters, and completion cable force can be
determined from the design target state.

Suppose the calculation equilibrium equation of the design target state of the cable-
stayed bridge is as follows:

(KN + thoopt) s=P+ POopt (25)

Among them, Py, and Ky, opt are determined by the stress-free-state variables of the
elements in the design target state, and the stress-free-state variables are determined accord-
ing to the internal force state of the elements. It can be seen from the above formula that, in
order to make the completion internal force and deformation of the staged-construction
cable-stayed bridge equal to the design target state, the stress-free-state variables of each
element (beam element and cable element) must be consistent with the design target state.
The above are sufficient conditions.

After determining the design target state, the more important task is to analyze the
construction and installation stage of the cable-stayed bridge. For cable-stayed bridges
with large spans, geometric nonlinearity must be considered in installation calculations.
According to the conclusions drawn in Section 1, under the condition of considering
geometric nonlinearity, as long as the external load, structural system, boundary conditions,
and stress-free-state length and stress-free-state curvature of the element are determined,
then the completion internal force and deformation of the staged-construction, long-span
cable-stayed bridge is definite and unique.

The following are the four factors that determine the internal force and deformation of
the completion state in the installation calculation of the cable-stayed bridge:(1) External
load. Although the dead load of the structure is applied in stages during the construction
process, the dead load of all elements must be applied when the bridge is finally completed.
The size and position of temporary construction loads acting on the structure during
construction are changing throughout the construction, but they are all removed when
the bridge is completed. Therefore, in the installation calculation, the external load of the
cable-stayed bridge is determined when the bridge is completed. (2) Structural system. The
structural system of the cable-stayed bridge is changeable during the staged construction,
but the structural system must be the structural system required by the design target state
when the bridge is completed. (3) Boundary conditions. Like external loads and structural
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systems, the supporting boundary of the staged-construction cable-stayed bridge must
also be consistent with the completion certain target state when the bridge is completed.
(4) Element stress-free-state curvature. For the segmental prefabricated and assembled
bridge structure, the geometrical shape of the prefabrication on the pedestal should meet
the design target stress-free-state curvature requirement. If the segment is cantilever cast,
the curvature of the segment when it is not loaded should be controlled by the height
difference between the front and rear of the segment during cantilever casting. The purpose
of this is to make the stress-free-state curvature of the segment element equal to the design
target state.

At the same time, the continuity condition of the elastic curve must be satisfied.
This mainly means that the elastic curve cannot have knuckles when the main beam is
closed. The continuity of the elastic curve can be realized by adjusting the cable before
closing. This is a necessary condition for the final internal forces and deformation of the
staged-construction cable-stayed bridge to be equal to the design target state.

After satisfying the above conditions such as external load, structural system, bound-
ary conditions, and element stress-free-state curvature, etc., as long as the stress-free-state
length of the cables is equal to the design target state, then the final internal forces and
deformation of the staged-construction cable-stayed bridge must automatically approach
the completion certain target state defined by the designer.

The stress-free-state variables of the structure is a stable physical quantity. The stress-
free-state length and stress-free-state curvature of the main beam element can only be
adjusted and set when the element is installed, and the stress-free-state length of the cable-
stayed cable can only be changed by tensioning. The stress-free-state variables of the
structural element will not change with the structural system and the external load of the
structure. The characteristics of the structural stress-free-state state variables provide great
convenience for the installation and construction control of the cable-stayed bridge, and
also create conditions for the multi-process synchronous operation in the construction of
the cable-stayed bridge.

When using the mechanical equilibrium equation of the staged-construction bar sys-
tem structure, obtained in Section 2, to determine the middle state of construction, the
analysis and calculation process is as follows:(1) The stress-free-state length of each stay ca-
ble in the design target state specified by the design is calculated. (2) According to the actual
construction process of the cable-stayed bridge, the forward installation calculation of the
structure is carried out in stages. In the process of the forward installation calculation, each
stay cable can be stretched or relaxed multiple times according to the requirements during
the construction; however, the stress-free-state length of the stay cable needs to be adjusted
to the stress-free-state length of the design target state during the last active tensioning.

If the steel structure cable-stayed bridge or concrete cable-stayed bridge does not
consider the effect of concrete shrinkage and creep, the completion state obtained in the
second step above must automatically approach the design target state.

All the stay cables and beam segments that make up the cable-stayed bridge are
installed in stages according to the stress-free-state variables of the design target state to
perform the forward installation calculation, which is called the stress-free-state installation.
If the internal force and deformation of the completion state of the structure are the same as
the design target state, then the middle state of the construction process of the cable-stayed
bridge can be directly obtained without performing the demolition calculation. The above
calculation process is called the stress-free-state forward analysis.

4. Application to a Real Bridge

Taking a cable-stayed bridge with a main span of 688 m as an engineering example, the
stress-free-state forward analysis was carried out under the condition of geometric nonlinearity.
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4.1. The Project Overview

This bridge is a five-span continuous semi-floating cable-stayed bridge with double
pylons and double cable planes. The span layout of the bridge is 82 + 262 + 688+ 262 + 82 m,
as shown in Figure 3. The main beam is a flat, streamline, closed steel box beam, and the
stay cables are high-strength, parallel steel wire cables with a standard spacing of 15 m.
There are 176 stay cables in the entire bridge, with a maximum length of 376 m and a
maximum weight of 26.3 t, as shown in Figure 4. The main tower is a diamond-shaped
concrete cable tower with a total height of 226.5 m.

137,600cm
68,800cm

8200cm 26,200cm 26,200cm , 8200cm

I
m i

Figure 3. The general layout of main bridge.

BOEO0OCGHBOONPEOGHELEE , WEOVEDWO®H®E ® G G OB @ @ AA

e et e s s i s E——— : .
%:Im Li'l"he centerline of auxiliary pier The centerline of cable support tower The Centerline of the main span
The centerline of transition pier 2200em
700cml, | 21x1500=31,500cm L L 21x1500=31,500cm |, |,1400/2cm
. 8200em L 26,200cm "7 p206em 68,800/2m 7
A A vl

Figure 4. The general layout of stay cables (A1-A22:The number of side span stay cable; J1-J22: The
number of the mid-span stay cable).

The main beam of the bridge is constructed by deck crane, and the main construction
process is shown in Figure 5.

I

P

(a) b) (c)

Figure 5. The construction sequence of the standard segment. (a) Erection of beam sections, (b) Tension

of stay cables, (c) Crane moves forward.
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4.2. The Establishment and Analysis of the Nonlinear Stress-Free-State forward Model

According to the actual construction process of the bridge, a staged-construction
finite element model considering a geometric nonlinear effect was established to carry out
nonlinear stress-free-state forward analysis. In order to simplify the problem, the design
configuration of the main beam was used as a reference configuration to establish a finite
element model, and the design configuration was taken as the stress-free-state configuration
of the main beam.

The following two conditions must be met for the nonlinear stress-free-state forward
installation analysis of the bridge: (1) The stress-free-state length of the stay cable deter-
mined by the design target state shall be taken as the final control value for calculation and
analysis. (2) Compulsory measures are taken when the main beam is closed to ensure that it
meets the stress-free-state installation conditions of the closed section, and the compulsory
measures are removed after closing.

In order to verify the correctness and superiority of the nonlinear stress-free-state
forward analysis, on the basis of satisfying the above two basic conditions, two different
construction methods were used for the calculation to verify whether the internal force and
deformation of the completion state were consistent with the design target state.

Construction method 1 (sequential operation plan): The bridge is constructed stage by
stage. There are three construction stage: Construction stage (1), Erection of beam sections;
Construction stage (2), The first tension of the corresponding stay cable; Construction stage
(3), The crane moves forward and provides the second tension on the corresponding stay
cable. The stress-free-state length of the stay cables is adjusted to the stress-free-state length
of the design target state through tensioning.

Construction method 2 (parallel operation plan): The bridge is constructed in parallel
by multiple processes. The tensioning of the stay cables is carried out simultaneously
with the forward movement of the crane. The stress-free-state length of the stay cables is
adjusted to the stress-free-state length of the design target state by one tensioning.

After the construction plan is determined, a large number of construction temporary
loads are important uncertain factors in the construction process. In order to more accu-
rately simulate the real construction situation, with the typical temporary load crane as
the load variable, the weights of the deck cranes of the two construction methods were
different, as shown in the Table 1.

Table 1. The crane weight of two construction methods.

The Crane Weight  Front Axle Weight Rear Axle Weight

The Construction Method (kN) (kN)
Construction method 1 948.6 51
Construction method 2 1948.6 1051

In the actual construction process of long-span cable-stayed bridges, in order to ensure
the stress-free-state installation of the closing section of the main beam, a feasible solution
would be to take compulsory measures before closing. This measure ensures that the corner
of the closing section’s opening relative to the horizontal direction is 0, and the distance of
the closing section’s opening is equal to the stress-free-state length of the closing section,
as shown in Figure 6. At this time, the closing section is installed, so that it can not only
ensure that the closing section is installed in the stress-free-state variables of the design
target state, but also ensure that the elastic curve remains continuous.

In order to meet the stress-free-state installation conditions of the closure section,
compulsory measures shall be taken when the main beam of the two construction methods
are closed. The deformation of the main beam before closing, and after compulsory
measures were taken, is shown in Figures 7 and 8.
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4.3. Calculation Results
4.3.1. Internal Force and Deformation Calculation Results of the Main Beam

The calculation results of the completion bending moment of the main beam con-
structed by the two methods are presented in Figure 9. It can be seen from Figure 9 that
the completion bending moment of the two different construction methods was highly

consistent with the design target state.

The left bearn section The right beam section

___________ T Tv
|

T ____________ -
The left beam section B B The right beam section B B
The closing section
The closing section

(a) (b)

Figure 6. The stress-free-state installation of the closure section (T: The top of the closing section;
B: The bottom of the closing section; C: The center of the closing section). (a) The initial state posture,

(b) The stress-free-state installation posture.

C C'

Figure 8. The deformation of the main beam constructed by method 2 before closing.
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Figure 9. The completion bending moment of main beam constructed by two methods.
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The difference between the calculation results of the completion bending moment of
the main beam constructed by the two construction methods and the design target state
were analyzed, as shown in Figures 10 and 11.
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Figure 10. The bending moment difference in the main beam constructed by method 1.
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Figure 11. The bending moment difference in the main beam constructed by Method 2.

It can be seen from Figure 10 that there was a difference between the completion
bending moment of the main beam constructed by method 1 and the design target state.
The difference in the rate of the bending moment in the two side spans was within 5%,
and the difference was within 50 kN-m. The difference rate in the midspan was basically
within 10%, and the difference rate of the individual parts was large, but the difference was
within 900 kN-m. The maximum difference rate in the entire bridge occurred at the middle
span, which was 470 m away from the support under the tower, reaching —43.1%, but the
difference was only 28.2 kN-m. The maximum difference occurred approximately at the
mid-point, which was 694 m away from the tower support, reaching —838.9 kN, but the
corresponding difference rate was only 4.1%.

It can be seen from Figure 11 that there was a difference between the completion
calculation bending moment of the main beam constructed by method 2 and the design
target state. The difference rate of the bending moment in the two side spans was within 5%,
and the difference was within 50 kN-m. The difference rate in the midspan was basically
within 10%, and the difference rate of the individual parts was large, but the difference was
within 750 kN-m. The maximum difference rate in the whole bridge occurred at the mid-
point, which was 470 m away from the tower support, reaching 41.1%, but the difference
was only —27 kN-m. The maximum difference occurred approximately at the mid-point of
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the midspan, which was 687 m away from the tower support, reaching 717.1 kN, but the
corresponding difference rate was only 4.8%.

In order to more clearly explain the change trend in the internal force of the main
beam in the process of nonlinear stress-free-state forward analysis, the bending moment
value of the main beam at each construction stage at the permanent support point under
the cable tower was taken, as shown in Figure 12. It can be seen from the figure that the
bending moment change trend in the main beam of the two construction methods was
approximately the same and finally converged to the design target state in the process of
the bridge construction. However, in a specific construction stage, the bending moment
values of the two construction methods were different. This shows that for long-span
staged-construction cable-stayed bridges, when the structural system, external loads, and
boundary conditions are determined, the internal force and deformation of the main beam
in the completion state are only related to the stress-free-state variables of the elements, but
have nothing to do with the construction process.

100,000

—v— Construction Method 1
80,000 —e— Construction Method 2

60,000 4

40,000

20,000

0

—20,000

—40,000

Bending Moment(kN-m)

60,000

80,000

—100,000 T T T T T T T T
80 100 120 140 160 180 200 220

Construction Stage (Sequence of Construction Stages)

Figure 12. The bending moment change trend in the main beam constructed by two methods in the
construction process.

The calculation results of the completion axial force and deformation of the main beam
constructed by the two construction methods are shown in Figures 13 and 14. It can be
seen from Figure 13 that the completion axial force and deformation of the two different
construction methods was highly consistent with the design target state. The maximum
difference between the completion axial force of the main beam and the design target state
in construction method 1 was 91 kN, and the maximum difference in deformation was
10 mm. The maximum difference between the completion axial force of the main beam and
the design target state in construction method 2 was 63 kN, and the maximum difference
in deformation was 6 mm. It can be seen that the difference between the completion axial
force and deformation of the main beam constructed by the two construction methods and
the design target state was very small.

04
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—40,000 4

ial Force (kN)

'S 60,000

—s=—Design target state
—e—Construction Method 1
—a—Construction Method

Ax

—80,000
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Figure 13. The completion axial force of main beam constructed by the two methods.



Buildings 2023, 13,1735 15 0f 19

—=— Design target state
0.44 —e— Construction Method 1
—A— Construction Method 2

il ]

~0.6

Vertical Deformation (m)
s
o
|
L—

-0.84

T T T T T T
0 200 400 600 800 1000 1200 1400

Distance (m)

Figure 14. The completion deformation of main beam constructed by two methods in the completion state.

The completion deflection calculation results of the cable tower are shown in Figure 15.
The maximum difference between the completion deflection of the cable tower and the
design target state in construction method 1 was 2 mm. The maximum difference between
the completion deflection of the cable tower and the design target state in construction
method 2 was 1.8 mm. The difference was negligible with respect to the tower height
of 226.5 m.

250

200~

150 1

100

Height of Main Tower (m)

50 7

—=—Design target state
—*—Construction Method 1

—*—Construction Method 2|

0.00 0.01 0.02
Deflection (m)

Figure 15. The completion deflection of the cable tower of the two methods.

Judging from the calculation results of the two different construction methods, only
one nonlinear forward calculation was required, and the internal forces and deformations
of the main beam and cable tower in the completion state were consistent with the design
target state.

4.3.2. The Force Results of Stay Cables

According to the nonlinear stress-free-state forward analysis method, the calculation
results of the construction cable tension force of the two construction methods are shown
in Figure 16. The calculation results of the completion cable force are shown in Figure 17. It
can be seen from Figures 16 and 17 that the construction cable tension force of construction
method 2 was greater than that of construction method 1, but the completion cable force
was completely consistent with the design target cable force. This verifies the correctness,
reliability, and superiority of the nonlinear stress-free-state forward installation analysis.
The reason for the construction cable tension force of construction method 2 being greater
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than that of construction method 1 was that the weight of the bridge crane in construction
method 2 was greater than that in construction method 1.

Il Construction Method 1
B Construction Method 2

1
n

able force (kN)
=
[¥

A2 A1 A20 AISAIBAITAIG AIS A4 AI3 AT2AT1 A0 A9 AS A7 A6 AS A4 A3 A2 Al J1 2 B M J5 J6 17 J8 1 Jlo J11 N2 713 T4 1S 716 117 1§ 79 10 ™M 12
Number of Stay Cable

Figure 16. The construction cable tension force of the two methods.
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Figure 17. The completion cable force of the two methods.

In order to more clearly explain the change trend in cable force in the process of
nonlinear stress-free-state forward analysis, the cable force values of cable Al, cable A5,
cable A9, cable A13, cable A17, cable A22, cable J1, cable J5, cable ]9, cable J13, cable J17, and
cable J22 at each construction stage were taken, as shown in Figures 18 and 19. The change
trend in each cable force of the two construction methods was approximately the same and
finally converged to the design target cable force. However, in a specific construction stage,
the cable force values of the same cable of the two construction methods were different.
The calculation results of the cable forces proves that for long-span cable-stayed bridges,
when the structural system, external loads, and boundary conditions are determined, the
cable force in the completion state is only related to the stress-free-state state length of the
cables, and has nothing to do with the construction process.
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Figure 18. Variation trend in cable force of side-span stay cables of the two methods.
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5. Conclusions

This paper derived the geometrical nonlinear mechanics equilibrium equation of a

staged-construction bar system structure based on the minimum potential energy theorem
and the basic principle of the stress-free-state control method. Based on the basic principles
of the equations obtained above, a new simulation method for long-span cable-stayed
bridge construction is proposed. To investigate its reliability and effectiveness, a real cable-
stayed bridge with a main span of 688 m was investigated, using different construction
methods. The results demonstrated that it had superior performance in the simulation
analysis of the construction stage of large-span cable-stayed bridges. Several conclusions
can be drawn, as follows:

@)

@)

®)

4)

According to the minimum potential energy theorem, the geometrical nonlinear
mechanics equilibrium equation of a staged-construction bar system structure was
obtained. The equation reflects the influence of the change in the stress-free-state
variables on the completion state of the structure. It can be seen that, in the case of the
same structural system, external loads, and boundary conditions, the determinant of
the completion state of the different construction methods was the stress-free-state
variables of the structural elements.

The geometrical nonlinear equilibrium mechanics equation of the staged-construction
planar beam structure was obtained. The specific expressions of the additional stress
stiffness matrix and the generalized load array in the equation have been given.
From the analysis of the equation, it can be seen that for the planar beam structure,
when the structural system, external loads, boundary conditions, and stress-free-state
variables were determined, the internal force and deformation were unique in the
completion state and had nothing to do with the construction process experienced.
For the staged-construction planar beam structure with a closing section, the stress-
free-state installation condition of closing section was obtained from the analysis of
the geometrical condition that the equilibrium equation holds.

Combined with the construction characteristics of cable-stayed bridges, according to
the mechanical equilibrium equation of the staged-construction bar system, a new
simulation method of long-span cable-stayed bridge construction is proposed. This is
called stress-free-state forward analysis. Considering the influence of the geometric
nonlinearity of the long-span cable-stayed bridge, this method can directly obtain the
intermediate process state of the cable-stayed bridge construction without performing
stage-by-stage demolition calculations. With this method, only one forward calcula-
tion is required for the internal force and deformation of the final structural state to
reach the design target state.

Taking the cable-stayed bridge with the main span of 688 m as an example, con-
sidering the geometric nonlinearity, the construction process of the two different
construction methods of the bridge was calculated using the stress-free-state forward



Buildings 2023, 13,1735 18 of 19

analysis method. The calculation results showed that although the cable force in each
construction stage of the two construction methods was different, the change trend
was approximately the same, and the cable force in the completion stage converged to
the design target state. The calculation results of the internal force and deformation of
the main beam in the completion state were slightly different from the design target
state. The results verify the reliability of the stress-free-state forward analysis method
used in the simulation analysis of the construction stage of long-span cable-stayed
bridges. At the same time, the geometric nonlinear equilibrium equation mechanics
equations of the staged-construction bar system structure proposed in this paper were
also verified by the example. This study provides a theoretical basis and reference for
the popularization and application of the stress-free-state forward analysis method
for cable-stayed bridges.

This study illustrates that the stress-free-state forward analysis method can efficiently
complete the construction simulation calculation of long-span cable-stayed bridges, and
can replace the traditional incremental analysis method. This method can be determined as
a meaningful simulation method in the construction simulation calculation of long-span
cable-stayed bridges. Compared with the traditional incremental analysis method, the
theoretical concept of this method is clear, but it needs to understand the new abstract
physical variable of the stress-free-state variable in the calculation process.
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