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@ The present invention provides a bridge model updating
method, a system, a storage medium and a device of
based on modification of vehicle-bridge coupling force,
and belongs to the field of engineering technology. The
present invention aims to address the problem that there
is currently no refined updating method for a bridge
model, which leads to low simulation accuracy. The
present invention obtains a bridge structure dynamic
response of a bridge structure under the action of heavy
duty vehicle load through sensors arranged on the bridge
structure; according to vertical vibration acceleration ao
and vertical deflection yo of the bridge at a center of
gravity o of the heavy duty vehicle and speed of the heavy
duty vehicle Uvehicle, a response of a table top of a
vibration table is reconstructed, and interaction force of
the vehicle-bridge coupling model is obtained; a nonlinear
finite element model of the bridge structure is established,
and the vehicle-bridge interaction force is taken as
external force, and the dynamic response of the bridge
structure is taken as a structural response, and
modification of the finite element model of the bridge
structure is completed through a nonlinear parameter
identification method. The invention is mainly used for
updating a bridge model.
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Bridge Model Updating Method, System, Storage Medium and LU500362
Device of Based on the Modification of Vehicle-Bridge Coupling

Force

TECHNICAL FIELD

The present invention belongs to the technical field of engineering,
and in particularly relates to a method, a system and device for finely
updating a finite element model of a highway bridge.

BACKGROUND

The rapid development of infrastructure represented by highway
bridge is an important cornerstone of China's sustained economic growth.
As an important transportation hub, highway bridges are of great
significance for promoting material transportation, improving traffic
conditions in remote areas and realizing regional economic development.
However, with the rapid expansion of logistics business at home and
abroad, heavy-duty and super-heavy-duty load cases occur from time to
timer. Such heavy-duty vehicles that exceed the design load of bridge in
normal use are likely to cause irreversible damage to the bridge, seriously
affecting the safety and durability of the bridge in its design life cycle.

In recent years, bridge collapse accidents caused by heavy-duty
vehicles frequently occur. For example, in June 2015, the Heyuan ramp
bridge of Jiangxi-Hubei Expressway collapsed, with a design load of 110t
and an actual heavy load of 360 t; In October, 2019, Auxin Viaduct
collapsed in Jiangsu Province, with the design load of 110t and the actual
heavy-duty vehicle load of 183t. The collapse and failure of bridge
structures not only cause huge economic losses, but also cause bad social
impacts. Therefore, it is particularly important to focus on the safety
assessment issues of heavy-duty vehicles crossing bridges. The safety

assessment work of heavy-duty vehicles crossing bridges is inseparable
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from the bridge numerical simulation calculation. Therefore, the finite LU500362

element model that can truly describe the actual damage of structures is
one of the key problems to be solved in the bridge safety assessment.
However, the existing research does not take this aspect into account and
update the bridge model, so the simulation accuracy is low, which leads
to the potential safety hazards of the bridge.
SUMMARY OF INVENTION

The present invention aims to address the problem that there is no
currently refined updating method for a bridge model, which leads to low
simulation accuracy.

A bridge model updating method based on modification of
vehicle-bridge coupling force, comprising the following steps:

obtaining a dynamic response of a bridge structure under the action
of heavy duty vehicle load by sensors arranged on the bridge structure,
wherein the measured obtained dynamic response of the bridge structure
comprises vertical vibration acceleration and vertical deflection of a
bridge;

according to the vertical vibration acceleration a, and the vertical
deflection y, of the bridge at the center of gravity o of the overloaded
vehicle and a speed of the heavy duty vehicle Uvehicle, reconstructing the
response of the table top of the vibration table, and obtaining the
interaction force of the vehicle-bridge coupling model;

the nonlinear finite element model of the bridge structure is
established, and taking the vehicle-bridge interaction force as external
force, and the dynamic response of bridge structure as structural response,
and complete the modification of the finite element model of the bridge
structure through the nonlinear parameter identification method.

Preferably, the sensor is arranged at a quarter point of a girder of

each span of the bridge.
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Preferably, the measured obtained dynamic response of the bridge LUS00362

structure comprises the vertical vibration acceleration and vertical
deflection of the bridge, during the process of the dynamic response of
the bridge, the vertical deflection deformation and vertical vibration
acceleration of the bridge at the center of gravity of the heavy duty
vehicle in the whole process of crossing the bridge need to be obtained by
interpolation method.

Preferably, the process of reconstructing the response of the table top
of the vibration table and obtaining the interaction force /* of the
vehicle-bridge coupling model comprises the following steps:

parking heavy duty vehicles on the vibration table, arranging force
plates at the bottom of each wheel, and providing the actually measured
dynamic response reconstruction of bridge structure as the response
quantity to the vibration table, so that the dynamic response of bridge
structure generated by the vibration table is consistent with that
corresponding to the center of gravity of heavy duty vehicles during the
process of crossing the bridge, and obtaining the interaction force 7 of
the vehicle-bridge coupling model through the force plates;

preferably, through nonlinear parameter identification method, the
modification process of finite element model of bridge structure 1s
completed, which is implemented by energy conservation integral method
and UKF method, wherein energy conservation integral method is used to
solve structural dynamics problems, and UKF method is used to update
bridge numerical model;

a specific process of solving the structural dynamics problem by
using the energy conservation integral method comprises the following
steps:

the time discrete form of equation of motion of bridge nonlinear

system is shown in formula (1)



Mx, +Cx, + R, (x) = LF, ) LU500362

wherein, M, C are mass and damping matrices of bridge nonlinear
system, x indicates the state variable of state space equation, £ is time step,
F, is external force of vehicle bridge at £ time step, L is load position
> matrix, %, X,and X, are acceleration, velocity and displacement
response of bridge structure at &k time step, Ri(x) is nonlinear structural
restoring force of bridge nonlinear system at k time step;
extending the parameter discrete point amplitude to the state quantity,
and obtaining the relationship between speed and acceleration at adjacent
10 time steps by using the constant acceleration Newmark-f method, as
shown in formula (3), and completing the parameter identification of

bridge finite element model 1s completed by discrete motion differential

equations;
X = i{»XM_‘X* P - X,
L= i {8, -%,3-%
©
15 wherein At is the time step length and k 1s the time step;

According to formula (1), the expression of system speed X1 with

k+1 as time step 1s obtained:

Xen =%, +AM™[LE, -Cx,, —R,, (x)] )
Xk+l — Xk + AZM
)
20 wherein xm, Fi, and Ry, are the average speed, average external force

and average restoring force between k and k+1 time step;
the system equation of motion in formula (1) is written as follows

Mik,m + Cfik,m + Rk’m(x) - LFk,m (7)

After right multiplication (X =%,)" of formula (1), a new equation
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of motion 1s obtained:

1

8)

equation (8) is regarded as an energy transfer process, and the energy
conservation integral method 1s used to solve structural dynamics
problems.

Preferably, the damping matrix of bridge nonlinear system is
Rayleigh damping matrix:

C=ag,-M+a,-K

wherein, a; and a, are Rayleigh damping coefficients and k is

stiftness matrix.

Preferably, the average speed, average external force and average

restoring force *» | Fy, and Ry, between k and k+1 time step  are as

follows:
X, = X TX,
2
_ Fk+1 +Fk
" 2

R, =(R. +R)/2

a bridge model updating method based on modification of
vehicle-bridge coupling force, the system 1s used for performing the
bridge model updating method based on modification of vehicle-bridge
coupling force.

A storage medium, wherein, at least one instruction is stored in the
storage medium, and the at least one instruction is loaded and executed by
a processor to implement the bridge model updating method based on
modification of vehicle-bridge coupling force.

A device, the device comprises a processor and a memory, at least

one instruction 1s stored in the storage medium, and the at least one

. . 1. i X,, tX ..
B XzﬂMxkﬂ _Exlexk +(X;,, — X, ) C(%)T +(X;, — X, ) R, (x)=—(x,,, —x, ) Mx,

LU500362
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instruction is loaded and executed by a processor to implement the bridge LUs00362

model updating method based on modification of vehicle-bridge coupling
force.

Beneficial effects:

The present invention 1s based on the real vehicle-vibration table
hybrid test, the bridge structure is simulated with
multi-degree-of-freedom vibration table to accurately pick up the
interaction force between the vehicle and the bridge. On this basis,
combining with the measured dynamic response of the bridge, the finite
element model of the bridge 1s accurately modified by means of nonlinear
parameter identification. Considering the real situation of the bridge, the
numerical model of the bridge is consistent with the real structure
situation. The accurate simulation of the numerical model of the bridge
provides an analytical basis for the late operation and maintenance of the
bridge, especially for the safety assessment of vehicle crossing the bridge.
It is of great practical significance to solve the audit problem of
bulk-transport.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a frame diagram of bridge model updating based on
modification of vehicle-bridge coupling force according to the present
imvention;

Fig. 2 is a schematic diagram of bridge field test; wherein j is the j'
span of bridge, 1 is the number of bridge units, 1=1...4, Aji 1s the
measured dynamic response of the ith unit of the jth span of bridge, L is
the length of the j™ span of bridge;

Fig. 3 1s an acquisition process of dynamic response of bridge
structure at the center of gravity o of heavy-duty vehicle;

Fig. 4 is a schematic diagram of vehicle-vibration table test;

wherein, 1 is the heavy-duty vehicle, 2 is the measured dynamic

6



response of the bridge, 3 is the pressure and shear force measuring LU500362

version, and 4 is the vibration table.
DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

EMBODIMENTS ONE: This implementation will be explained with

5 reference to Fig. 1.

This implementation is a bridge model updating method based on
modification of vehicle-bridge coupling force, comprising the following
steps:

obtaining a dynamic response of a bridge structure under the action

10 of heavy duty vehicle load by sensors have arranged on the bridge
structure, wherein the measured obtained dynamic response of the bridge
structure comprises vertical vibration acceleration and vertical deflection
of a bridge; the sensor is arranged at a quarter point of a girder of each
span of the bridge.

15 Referring to the Definition Method of Heavy Load and Heavy Load
Traffic on Cement Concrete Pavement for heavy load in heavy load
vehicles, as shown 1n table 1:

Table 1 heavy load Limit

highway classification high-speed first class | second class | third class

single-axle-double-wheel

140 120 100
set/KN
double-axle-double-wheel
330 280 230
set/KN
20 Fig. 2 shows the schematic diagram of bridge field test. When the

heavy-duty vehicle 1 travels at a constant speed along the length of the
bridge at a speed Uvehicle, the vertical vibration acceleration a, and

vertical deflection y, of the bridge corresponding to the center of gravity
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o of the heavy-duty vehicle are obtained by difference processing
according to the data of adjacent sensors. Fig. 3 shows the acquisition
process of the dynamic response of bridge structure at the center o of
heavy-duty vehicle. The actual span number of bridge is j, and each span
bridge is divided into four equal-length units according to the sensor
position. According to the actual running position of heavy-duty vehicle,
the 1" unit of the j™ span of bridge where heavy-duty vehicle is located is
judged, and then the dynamic response of bridge structure at the center o
of heavy-duty vehicle is obtained by linear interpolation using the

At of the it unit. That is to say,

measured data at both ends 7 and
the vertical deflection deformation and vertical vibration acceleration of
the bridge at the center of gravity of the heavy-duty vehicle are obtained
by interpolation method during the whole process of crossing the bridge.

According to the obtained bridge vertical vibration acceleration a,
and vertical deflection y, at the center of gravity o of heavy-duty vehicles,
as well as the heavy-duty horizontal running speed Uvehicle, reconstructing
the response of the table top of the vibration table through hybrid
experiments, so that the vertical displacement and table top vertical
acceleration after the reconstruction of the table top are consistent with y,
and a,, and the horizontal movement speed of table top is Uvehicle, and its
movement direction is opposite to that of heavy-duty vehicles. The
heavy-duty vehicles are simulated by vehicle-bridge relative movement.
At this time, the vertical data and horizontal data of the measured forces
are used to obtain the vertical and horizontal vehicle-bridge interaction
forcesI* of the vehicle-vibration table.

The reconstruction is implemented by a hybrid experiment method,
wherein the experimental substructure is a full-scale heavy-duty vehicle

and the numerical substructure is a finite element model of the bridge

LU500362
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structure.

During the implementation of hybrid experiment simulation, the bridge is
divided into numerical substructures, and finite element simulation is
carried out. Prototype, full-scale heavy-duty vehicle is selected as the test
substructure, and the loading is simulated by vibration table array.

(D Determining the system initial value at the time when the initial
time step t=0; @ calculating the movement amount of the bridge model
at the initial time; (3 consider that smoothness of the road surface,
transmitting the movement amount of the couple interface to the loading
control system of the vibration table array, loading the selected
heavy-duty vehicle model, and obtaining the acting force of the
heavy-duty vehicle on the interface in real time through a force measuring
apparatus; @ restoring the state quantity of the heavy-duty vehicle to the
initial state; & Considering the vehicle speed, according to the vehicle
acting force in the computer, the bridge response in step t+At is calculated
by numerical integration method, and the motion state of the
vehicle-bridge coupling section 1n this step and all previous restoring
forces form a vector F, which is transmitted to the vibration table array
loading system; (6 The vibration table array loading system loads the
heavy-duty vehicle from the initial time to the next time step, and
transmits the force of the heavy-duty vehicle on the interface to the
computer's multi-scale model to calculate the structural response,
repeating @-© until the calculation is completed.

As shown in fig. 4, in the reconstruction process, the center of
gravity of the vehicle is determined according to the type and
counterweight of the heavy-duty vehicle, the heavy-duty vehicle is parked
on the vibration table array, the force measuring plate is arranged at the

bottom of the wheel, and the actually measured dynamic response

LU500362
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reconstruction of the bridge structure is provided to the vibration table as LU500362

the response quantity, so that the dynamic response of the bridge structure
generated by the vibration table 1s consistent with the dynamic response
of the bridge structure when the vehicle crosses the bridge. At this time,
the interaction force of the vehicle-bridge coupling model can be obtained
through the force measuring plate; the process of obtaining the interaction
force of the vehicle-bridge coupling model through the force measuring
plate comprises the following steps:

The table top of the vibration table 1s controlled so that the vertical
displacement and vertical acceleration of the table top after reconstruction
are consistent with the vertical displacement and vertical acceleration of
the bridge at the position corresponding to the center of gravity of the
vehicle. At this time, the vertical force and horizontal shear force at the
contact point between the vehicle and the vibration table are measured by
the force measuring plate, thus obtaining the vehicle-vibration table
interaction force /.

The nonlinear finite element model of the bridge structure 1s
established, and taking the vehicle-bridge interaction force as external
force, and the measured obtained dynamic response of bridge structure as
structural response, and complete the modification of the finite element
model of the bridge structure through the nonlinear parameter
identification method, the bridge numerical model can truly reflect the
actual damage of the bridge and reduce the model error.

In the specific process of modification the finite element model of
bridge structure, taking the vehicle-bridge interaction force / as the
external excitation of the nonlinear finite element model of bridge, and
the inversion of bridge parameters in the bridge numerical model is
completed by the joint application of energy conservation integral method

and UKF method. The specific model updating process is as follows:

10
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the time discrete form of equation of motion of bridge nonlinear

system 1s shown in formula (1)
Mi, +Cx, +R,(x)=LF, D)

wherein, M, C are mass and damping matrices of bridge nonlinear
system, x indicates the state variable of state space equation, £ is time step,
F, is external force of vehicle bridge at £ time step, L is load position
matrix, X,, X;and x, are acceleration, velocity and displacement
response of bridge structure at & time step, Ri(x) is nonlinear structural
restoring force of bridge nonlinear system at k time step; the damping of
bridge nonlinear system 1s Rayleigh damping:

C=a, -M+a,-K (2)

wherein, a; and a, are Rayleigh damping coefficients and k is
stiffness matrix;

extending the parameter discrete point amplitude to the state quantity,
and the constant acceleration Newmark-f method is used that can obtain
the relationship between the speed and acceleration at adjacent time steps.
as shown in formula (3), and completing the parameter identification of
bridge finite element model by discrete differential equations of motion,
the parameters mainly comprise the physical parameters of important
materials of bridges, especially the constitutive parameters of concrete

and steel structures.

X, =—(X, —X,)—X,

At

ikﬂ = (Xkﬂ - Xn) - X‘k

At (3)
wherein At is the time step length and k is the time step.

According to formula (1), the expression of speed X1 with k+1 as
time step can be obtained:

Xen =%, +AM™[LE, -Cx,, —R,, (x)] )

11
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Xk+l = Xk + AIM
)

wherein Xy, Fn, and Ry, are the average speed, average external force

and average restoring force between & and k+1 time step; wherein

Xm — Xk+1 + Xk
2
X, = X X
2
Fm — Fk+1 +Fk
2
Rm:(RkH—l—Rk)/Z (6)
5 at this time, the equation of motion in formula (1) of the bridge

nonlinear system can be written as follows

Mx, , +Cx, , +R (x)=LE_,

(7
X, n, cmand X, .are the average acceleration, average velocity and

average displacement response of the bridge structure at k£ time, R, m(x)
10" are the average restoring force of the nonlinear structure of the bridge
nonlinear system at k time, and Fi.. isthe average external force of the

vehicle bridge at k time;

T
After right multiplication %+ ~X)" of formula (1), a new equation
of motion can be obtained:

1
15

(8)
equation (8) reflects the energy transfer process in the bridge
nonlinear system. Considering the external input of the system, the
system equation of motion always satisfies the principle of energy
20 conservation. Therefore, the energy conservation integration method can
be applied to solve structural dynamics problems. Combining the energy
conservation integration method with UKF method, the fine identification

of parameters in bridge nonlinear finite element model can be

12
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implemented, and then the updating process of bridge finite element
model can be completed.
The updating process of the bridge numerical model of the UKF
method is as follows:
discrete state space equation of bridge nonlinear system can be
written as:
X, =F(X, u_,w,,) ©)

X¢ s the state vector of bridge nonlinear system at time &,

X, =[x %] ,“—1 are the input of bridge nonlinear system at time k-1,

Wi1is the noise vector of system process at time k-1, and F is the
nonlinear function of state vector X. Equation (9) can also be expressed
as equation (13) in the state space.

Discrete observation function can be written as
Ve =h(X, ., u.,v,) (10)

wherein, V is the observation noise, and the initial value is defined

A

asX, =E[X].P, = E|:(X0 _XO)(XO -X, )T}, wherein X, represents the

estimate of :XO and E[X]. is the expectation; for the k-1th time step,

2n+1 sampling points can construct the estimated value of the system

state vector at k-1 time step by the following formula:
&k*l = [ﬁk—b ﬁk—l + V (l + ﬂ“)Pk—l > %k—l - (l + ﬂ“)Pk—l ] (1 1)
Wherein, 1 are the parameter in UKF algorithm, wherein Ais a

parameter controlling the distance from each sigma point to the mean

value.
The meanx, and covariance P, of the prior estimation of 2n+1
sampling points can be obtained by the weight matrix of each point:
X = %W, (12)

13
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P, =x,W[x,]' +Q,, (13)
W, =(I-[W,,.., W) xdiag(W. .. W) x (I-[W.,.., W' (14)
1. , [A/m+2),i=0
W =W, = .
Al2(mn+A),i=1---2n (15)

wherein, W,, is the weight matrix with 2n weight coefficients, and
n is the number of elements in the state vector; I is an identity matrix with
a dimension of 2n x 2n; Qk-1 1s the covariance matrix of process noise in
step k-1 of the state equation.

The UKF filtering algorithm is used to recursively update the

observed predicted values Vi , weighted average values of observed

10 predicted values™ and process parameters Sy and C;. after UT

transformation as follows:

i =P o0y, k) (16)
n =YW, (17)
S, =¥:WIF:l' +R, (18)
15 C, =X W[3I' (19)

further, the filter gain K is calculated, and the estimated valueX, of

the mean value of the state quantity and the covariance matrix P are

updated.
K, =C,S} (20)
20 X, =X+ Ky, -m,] (21)
P, =P;-K,S,K; (22)
wherein, ¥« the observation of the k£ step. Through the above

steps, the cyclic recursive operation is carried out to complete the
estimation of the state quantity, and the bridge structural parameters are

25 placed in the state quantity, the nonlinear parameters of the bridge can be
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identified by the above process, the parameters comprise the physical LUS00362

parameters of the important materials of the bridge, especially the
constitutive parameters of concrete and steel structures, such as modulus,
Poisson's ratio and other nonlinear constitutive model parameters.
Specifically, the main parameters can be determined by sensitivity
analysis of the structural response to the model parameters.

EMBODIMENTS TWO:

This implementation is a bridge model updating method based on
modification of vehicle-bridge coupling force, the system 1s used for
performing the bridge model updating method based on modification of
vehicle-bridge coupling force.

EMBODIMENTS THREE:

This implementation is a storage medium, wherein, at least one
instruction is stored in the storage medium, and the at least one
instruction 1s loaded and executed by a processor to implement the bridge
model updating method based on modification of vehicle-bridge coupling
force.

EMBODIMENTS FOUR:

This implementation 1s a device, the device comprises a processor
and a memory, at least one instruction is stored in the storage medium,
and the at least one instruction is loaded and executed by a processor to
implement the bridge model updating method based on modification of
vehicle-bridge coupling force.

There are many other embodiments of the invention. Without
departing from the spirit and essence of the invention, those skilled in the
art can make various corresponding changes and modifications according
to the invention, but these corresponding changes and modifications
should belong to the protection scope of the appended claims of the

invention.
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CLAIMS

l.

A bridge model updating method based on modification of
vehicle-bridge coupling force, comprising the following steps:

obtaining a dynamic response of a bridge structure under the
action of heavy duty vehicle load by sensors arranged on the bridge
structure, wherein the measured obtained dynamic response of the
bridge structure comprises vertical vibration acceleration and vertical
deflection of a bridge;

according to the vertical vibration acceleration a, and the vertical
deflection y, of the bridge at a center of gravity o of the overloaded
vehicle and a speed of the heavy duty vehicle Uvehicle, reconstructing
a response of a table top of a vibration table, and obtaining interaction
force of a vehicle-bridge coupling model;

establishing a nonlinear finite element model of the bridge
structure, and taking the vehicle-bridge interaction force as external
force and the dynamic response of bridge structure as a structural
response, and completing modification of the finite element model of
the bridge structure through a nonlinear parameter identification
method.
The bridge model updating method based on modification of
vehicle-bridge coupling force according to claim 1, wherein the
sensors are arranged at quarter points of a girder of each span of the
bridge.
The bridge model updating method based on modification of
vehicle-bridge coupling force according to claim 2, wherein the
measured obtained dynamic response of the bridge structure
comprises the vertical vibration acceleration and vertical deflection of

the bridge, during the process of the dynamic response of the bridge,

16
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the vertical deflection deformation and vertical vibration acceleration
of the bridge at the center of gravity of the heavy duty vehicle in the
whole process of crossing the bridge need to be obtained by
interpolation method.
The bridge model updating method based on modification of
vehicle-bridge coupling force according to claim 1, 2 or 3, wherein,
the process of reconstructing the response of the table top of the
vibration table and obtaining the interaction force / of the
vehicle-bridge coupling model comprises the following steps:

parking the heavy duty vehicle on the vibration table, arranging a
force plate at the bottom of each wheel, and providing an actually
measured dynamic response reconstruction of the bridge structure as
response quantity to the vibration table, so that the dynamic response
of the bridge structure generated by the vibration table is consistent
with that corresponding to the center of gravity of the heavy duty
vehicle during the process of crossing the bridge, and obtaining the
interaction force /" of the vehicle-bridge coupling model through the
force plates.
The bridge model updating method based on modification of
vehicle-bridge coupling force according to claim 4, wherein through
nonlinear parameter identification method, the modification process
of the finite element model of the bridge structure is completed,
which is implemented by an energy conservation integral method and
a UKF method, wherein the energy conservation integral method i1s
used to solve structural dynamics problems, and the UKF method is
used to update a bridge numerical model;

a specific process of solving the structural dynamics problems by
using the energy conservation integral method comprises the

following steps:

17
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a time discrete form of equation of motion of a bridge nonlinear
system 1s shown in formula (1)

M5, +Cx, + R, (x) = LF, 0

wherein, M, C are mass and damping matric of the bridge
nonlinear system, x indicates a state variable of state space equation, &
is a time step, F, is external force of vehicle bridge at & time step, L
1s load position matrix, X,, X,and x, are acceleration, velocity and
displacement response of the bridge structure at & time step, Ri(x) is
nonlinear structural restoring force of the bridge nonlinear system at &
time step;

extending parameter discrete point amplitude to the state quantity,
and obtaining the relationship between speed and acceleration at
adjacent time steps by using the constant acceleration Newmark-f3
method, as shown in formula (3), and completing parameter
identification of the bridge finite element model by discrete motion

differential equations;

k‘.‘,x ﬂr " %"‘u. Er
e =%, —X X
wherein At is a time step length and k is a time step;

according to formula (1), obtaining an expression of system

speed X1 with k+1 as a time step:

Xen =%, +AM™[LE, -Cx,, —R,, (x)]

(4)

X, +X
_ k+1 k
X, =X, +Ar—=H—F

)
wherein Xy, Fin and Ry, are average speed, average external force and
average restoring force between k and k+1 time step;
the system equation of motion in formula(1) is written as follows

18
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1

8.

. T .
E xk+1Mxk+1 -

(8)

Mik,m + ka,m + Rk,m(x) = LFk,m

(7)
after right multiplication (e =%)" of formula (1), obtaining a

new equation of motion:

regarding equation (8) as an energy transfer process, and using
the energy conservation integral method to solve structural dynamics
problems.
The bridge model updating method based on modification of
vehicle-bridge coupling force according to claim 5, wherein the
damping matrix of the bridge nonlinear system is Rayleigh damping
matrix:

C=ag,-M+a,-K

wherein a; and a, are Rayleigh damping coefficients and k 1s stiffness
matrix.
The bridge model updating method based on modification of

vehicle-bridge coupling force according to claim 5, wherein the

average speed, average external force and average restoring force *»

Fn and Ry, between k and k+1 time step  are as follows:

x = Xea TX
" 2

F = FtE
" 2

R, =(R. +R)/2

A bridge model updating system based on modification of
vehicle-bridge coupling force, wherein the system 1s used for
performing the bridge model updating method based on modification

of vehicle-bridge coupling force as claimed in any one of claims 1 to

7.

19
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9.

10.

A storage medium, wherein at least one instruction is stored in the
storage medium, and the at least one instruction 1s loaded and
executed by a processor to implement the bridge model updating
method based on modification of vehicle-bridge coupling force as
claimed in any one of claims 1 to 7.

A device, wherein the device comprises a processor and a memory, at
least one instruction is stored in the storage medium, and the at least
one instruction 1s loaded and executed by the processor to implement
the bridge model updating method based on modification of

vehicle-bridge coupling force as claimed in any one of claims 1 to 7.
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Patentanspruiche

Verfahren zur Aktualisierung eines basierend auf der
Fahrzeug-Brucken-Kopplungskraft korrigierten Briuckenmodells, dadurch
gekennzeichnet, dass das die folgenden Schritte umfasst:

Erhalten der dynamischen Reaktion der Bruckenstruktur unter der
Einwirkung einer Belastung des schwer beladenen Fahrzeugs durch einen
an der Bruckenstruktur angebrachten Sensor, wobei die durch tatsachliche
Messung erhaltene dynamische Reaktion der Bruckenstruktur umfasst
eine vertikale Schwingungsbeschleunigung und eine vertikale
Durchbiegung der Brucke;

Rekonstruieren der Reaktion der Tischoberflache des Rutteltisches
gemaf der vertikalen Schwingungsbeschleunigung a, und der vertikalen
Durchbiegung y. der Brlucke im Schwerpunkt o des schwer beladenen
Fahrzeugs und die Geschwindigkeit ur des schwer beladenen Fahrzeugs
und Erhalten der gegenseitigen Wirkkraft des
Fahrzeug-Brucken-Kopplungsmodells;

Erstellen eines nichtlinearen Finite-Elemente-Modells der
Brickenstruktur und Korrigieren des Finite-Elemente-Modells der
BrUckenstruktur durch das nichtlineare Parameteridentifikationsverfahren,
wenn die gegenseitige Wirkkraft des Fahrzeug-Bruckens als externe Kraft
verwendet wird und die dynamische Reaktion der Bruckenstruktur als

strukturelle Reaktion verwendet wird.

Verfahren zur Aktualisierung eines basierend auf der
Fahrzeug-Brucken-Kopplungskraft korrigierten Brickenmodells nach
Anspruch 1, dadurch gekennzeichnet, dass die Position, an der der
Sensor angeordnet ist, an einem Viertelpunkt jedes Haupttragers der

Bricke liegt.
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3. Verfahren zur Aktualisierung eines basierend auf der

Fahrzeug-Brucken-Kopplungskraft korrigierten Brickenmodells nach
Anspruch 2, dadurch gekennzeichnet, dass es wahrend des Prozesses, in
dem die durch tatsachliche Messung erhaltene dynamische Reaktion der
Bruckenstruktur eine vertikale Schwingungsbeschleunigung und eine
vertikale Durchbiegung der Bricke umfasst, notwendig ist, durch das
Interpolationsverfahren die vertikale Durchbiegungsverformung und die
vertikale Schwingungsbeschleunigung der Brucke im Schwerpunkt des
schwer beladenen Fahrzeugs wahrend des gesamten
Uberquerungsprozesses der Briicke zu erhalten.

Verfahren zur Aktualisierung eines basierend auf der
Fahrzeug-Brucken-Kopplungskraft korrigierten Brickenmodells nach
Anspruch 1 oder 2 oder 3, dadurch gekennzeichnet, dass die Prozesse
des Rekonstruierens der Reaktion der Tischoberflache des Rutteltisches
und Erhaltens der gegenseitigen Wirkkraft des
Fahrzeug-Brucken-Kopplungsmodells umfassen:

Abstellen des schwer beladenen Fahrzeugs auf einem Rutteltisch,
Anordnung einer Kraftmessplatte am Boden des Rads, Rekonstruieren der
tatsachlich gemessenen dynamische Reaktion der Brluckenstruktur als
ReaktionsgréRe und Bereitstellen derselben auf den Rutteltisch, so dass
die von der Schwingungstabelle erzeugte dynamische Reaktion mit der
dynamischen Reaktion der Bruckenstruktur, die dem Schwerpunkt des
schwer beladenen Fahrzeugs beim Uberqueren der Briicke entspricht,
Ubereinstimmt, und Erhalten der gegenseitigen Wirkkraft F des

Fahrzeug-Brucken-Kopplungsmodells durch die Kraftmessplatte.

Verfahren zur Aktualisierung eines basierend auf der
Fahrzeug-Brucken-Kopplungskraft korrigierten Brickenmodells nach

Anspruch 2, dadurch gekennzeichnet, dass der Prozess des Korrigierens
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L. . . LU500362
des Finite-Elemente-Modells der Brickenstruktur durch das nichtlineare

Parameteridentifikationsverfahren durch das
Energieerhaltungs-Integrationsverfahren und das UKF-Verfahren realisiert
wird, wobei das Energieerhaltungs-Integrationsverfahren verwendet wird,
um das Strukturdynamikproblem zu I6sen, und wobei das UKF-Verfahren
verwendet wird, um das numerische Modell der Bricke zu aktualisieren;

wobei der spezifische Prozess der Verwendung des
Energieerhaltungs-Integrationsverfahrens zur Lésung des
Strukturdynamikproblems die folgenden Schritte umfasst:

die zeitdiskrete Form der nichtlinearen Systembewegungsgleichung
der Brucke ist in (1) gezeigt

Mx, +Cx, +R, (x) = LF, (1)

wobei M und C die nichtlineare Systemmasse und die Dampfungsmatrix
der Brucke sind, und wobei x die Zustandsvariable der
Zustandsraumgleichung darstellt, und k der Zeitschritt ist, und Fk die
externe Wirkkraft der Fahrzeugachse zum Zeitpunkt k ist, und L die
Lastpositionsmatrix ist, und x,, x, und x, die Beschleunigungs-,
Geschwindigkeits- und Verschiebungsreaktionen der Bruckenstruktur zum
Zeitpunkt k sind, und Rk(x) die Ruckstellkraft der nichtlinearen Struktur des
nichtlinearen Systems der Brucke zum Zeitpunkt K ist;

wobei die Amplitude der diskreten Punkte des Parameters auf die
Zustandsgréle erweitert wird und das Newmark-3-Verfahren mit
konstanter Beschleunigung verwendet wird, um die Beziehung zwischen
der Geschwindigkeit und der Beschleunigung in benachbarten Zeitpunkten
zu erhalten, wie in Formel (3) gezeigt, wird die Parameteridentifikation des
Finite-Elemente-Brickenmodells durch die diskrete

Bewegungsdifferentialgleichung erreicht;
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E xk+1Mxk+1 -

Al ¢ (3)

wobei At der Zeitschritt ist und k der Zeitschritt ist;

wobei der Ausdruck der Systemgeschwindigkeit XX mit k+1 als Zeitschritt
gemalf Formel (1) erhalten wird:

X, =X, +AM[LE,-Cx,-R, (x)]  (4)

X +X
— k+1 k
XkJrl —Xk +Af7

(5)

wobei Xm, Fm und Rm die Durchschnittsgeschwindigkeit, die
durchschnittliche externe Kraft und die durchschnittliche Ruckstellkraft
zwischen k und k+1 Zeitschritt sind;
wobei die Systembewegungsgleichung (1) in der folgenden Form
geschrieben ist:

Mx,  +Cx, , +R_ (x)=LF,_ (7)
nachdem Formel (1) mit XX multipliziert wurde, eine neue

Bewegungsgleichung erhalten wird:

wobei Formel (8) als ein EnergieUbertragungsprozess betrachtet wird und
das Energieerhaltungs-Integrationsverfahren verwendet wird, um das

Strukturdynamikproblem zu lésen.

Verfahren zur Aktualisierung eines basierend auf der
Fahrzeug-Brucken-Kopplungskraft korrigierten Brickenmodells nach
Anspruch 5, dadurch gekennzeichnet, dass die Dampfungsmatrix des

nichtlinearen Systems der Briicke eine Rayleigh-Dampfungsmatrix ist:

19
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C=ag-M+a,-K

wobei a; und az der Rayleigh-Dampfungskoeffizient sind und K das

Steifigkeitmatrix ist.

Verfahren zur Aktualisierung eines basierend auf der
Fahrzeug-Brucken-Kopplungskraft korrigierten Brickenmodells nach
Anspruch 5, dadurch gekennzeichnet, dass die
Durchschnittsgeschwindigkeit, die durchschnittliche externe Kraft und die
durchschnittliche Ruckstellkraft Xm, Fm und Rm zwischen k und k+1

Zeitschritt wie folget sind:

= Xen TXe
" 2
F — Fk+1+Fk
" 2

R, =(R, +R)/2

System zur Aktualisierung eines basierend auf der
Fahrzeug-Brucken-Kopplungskraft korrigierten Briuckenmodells, dadurch
gekennzeichnet, dass das System zur Durchfuhrung des Verfahrens zur
Aktualisierung eines basierend auf der Fahrzeug-Brucken-Kopplungskraft
korrigierten Brickenmodells nach einem der Anspriche 1 bis 7 verwendet
wird.

Speichermedium, dadurch gekennzeichnet, dass mindestens ein Befehl in
dem Speichermedium gespeichert ist, wobei der mindestens ein Befehl
von einem Prozessor geladen und implementiert wird, um das Verfahren
zur Aktualisierung eines basierend auf der
Fahrzeug-Brucken-Kopplungskraft korrigierten Brickenmodells nach
einem der Anspruche 1 bis 7 zu erméglichen.

Vorrichtung, dadurch gekennzeichnet, dass die Vorrichtung einen

Prozessor und einen Speicher umfasst, in dem mindestens ein Befehl

20
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gespeichert ist, wobei der mindestens ein Befehl von einem Prozessor

geladen und implementiert wird, um das Verfahren zur Aktualisierung
eines basierend auf der Fahrzeug-Brucken-Kopplungskraft korrigierten

Brickenmodells nach einem der Anspriche 1 bis 7 zu ermdglichen.

21
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