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Abstract

Health problems of the bridge structure are a hot issue in engineering research currently. Load identification
together with damage identification is an important method to diagnose the health status of the bridge. In order to
identify different loads on bridges, this paper takes a box arch bridge built with prestressed reinforced concrete
in Chongging as an example and establishes it’s finite element model. The general flexibility matrix is obtained
by calculating the response values of each control section separately caused by each unit characteristic load. The
maximum bending moment of each control section is acquired by using the time history analysis of Wenchuan
Seismic wave, and the equivalent loads are derived from the general flexibility matrix. Results indicate that this
method can identify a wide range of basic load types and accurately identify the actual load of the bridge with
high precision. Thus the actual operating conditions of bridge can be better reflected and the bridge’s safety
condition can be evaluated. Besides, the load evaluation and maintenance of the bridge can be based on this.

Keywords: generalized flexibility matrix, equivalent internal forces, finite element method, seismic wave, load
identification

1. Introduction

With the development of national economy and increase of traffic volume and traffic density, damage
accumulation of bridge structure will be caused as the bridge is repeatedly affected by traffic and natural causes.
Thus, fatigue damage, even the fatigue rapture can be caused, threatening the bridge safety in use and reducing
the service life of the bridge. For example, there is some phenomenon of destruction on the deck of many shortly
used bridge, such as cracking, material unconsolidation and collapse, which cannot be explained by static theory;
meanwhile, cracking emerges on many prestressed concrete bridges which have been designed with crack
resistance, and the cracking may become worse due to the repeated action of traffic loads as well as the increase
of operation time, consequently, corrosion of steel bar will be caused and the load capacity of the bridge will
decrease. Therefore, if detailed research on bridge damage and destruction mechanism that are caused by various
loads can be conducted and loads acting on the bridge can be identified and measured, it will be of great
theoretical and applicational value in health monitoring, daily maintenance, safety assessment and traffic design
of bridge. And it is also of important guiding significance in design, construction and maintenance of bridge
structure.

Load identification of bridge structure is one of the most important issues in bridge design, and it is also an
import aspect in inverse problem in structural dynamics. The research of identifying the load on bridge deck by
means of bridge response has made some progress and the main identifying methods are: Frequency Domain
Method, Frequency-Time Domain Method and methods based on neural network, etc. At present, the load
identification methods at home and abroad mainly target at certainty load, which mainly include periodic
dynamic load and impact load. Many researches show that the bridge response caused by dynamic load is
stronger than that of static load, besides, dynamic load will cause more damage than static load does, usually 2-4
times (Cebon, 1987). The research of identification of random load as well as accidental load is still in progress
and there is little achievement in this area.

Based on a prestressed reinforced concrete box arch bridge in Chongqing, this paper focuses on the time-history
analysis of its finite element models under the effect of Wenchuan Earthquake Load and the actual response
time-history of the bending moment of the key measure points of the bridge structure is achieved. According to
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the principal of equivalence of internal force, the traffic load can be regarded as concentrated load acting on each
span of the bridge, thus, the most unfavorable load-bearing situation of the bridge when normally operates can be
achieved. Data analysis together with testing results indicate that this method is of considerable accuracy and
high practical applicability. Besides, it can be easily adopted at low cost, therefore, this method can be referred to
when trying to obtain other bridges’ load identification.

2. The General Situation of the Bridge and the Establishing of Model

The bridge in Chongqing is a two-way 4-lane prestressed reinforced box arch bridge, used as one of the main
traffic thoroughfares by passengers and vehicles. The total length of this bridge is 133.20m with a75m reinforced
concrete box main span, and the approach bridges at both ends are made of 0.9m prestressed hollow slab girders
with a span of 20m; the width of the bridge is 10m, made up of 0.5m ( sidewalk) + 9m (vehicle road ) + 0.5m
(sidewalk); and a 1.36% longitudinal slope is designed. The upper section of the main span is made of
prestressed concrete hollow slab with the height of 22.5cm and a span of 9X9 m =81m. “U” gravity-type
abutments are used at both ends. C50 concrete, C40 concrete and C30 concrete are used for main arch, girder
and piers, uprights together with other ancillary facilities. 3D model of the bridge established by software
SketchUp is shown in Figure 1.

Figure 1. 3D model of the bridge

In order to continue the analysis, finite element model is established by using software SAP2000 V9.04. As the
finite element model cannot indicate all the characteristics of the original bridge, proper simplification of the
model has been conducted. Considering that the purpose of this paper is to identify the loads born by the bridge,
which is conducted after the deformation caused by dead weight of the bridge and prestress, therefore, this paper
does not take into consideration of the influence of the prestress. The whole structure includes 148 nodes and
126 elements. The finite element model of the bridge structure is shown in Figure 2.

Figure 2. The finite element model of the bridge
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3. The Establishing of Generalized Flexibility Matrix

When traffic load or other kinds of load act on the bridge, relevant response will be caused at each structural
position. Considering the the interaction of loads, the equivalent load that has the same effect as the actual load
born by the bridge can be backwardly induced by establishing corresponding relationship between load and
response as well as taking into consideration of the effect from each control point.

3.1 The Basic Principal of Equivalence of Internal Force

As to identify the actual load born by the bridge, the control cross section is set as 7, the response value of a
certain measure point j(j =1,+--,n) caused by unite characteristic load P is set as 5ji , thus, based on this
situation, the equation of load control can be established:
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In this equation, [é‘J is the influence coefficient matrix, that is, the generalized flexibility matrix of structure;
[A,]is the matrix made up of actual response data at each control cross section measure point under the effect of
actual load; [R] stands for the numberi(i =1,---,n) unite characteristic load, that is, the equivalent load
obtained from this equation.

3.2 The Establishing of Generalized Flexibility Matrix of Structure

In order to get the generalized flexibility matrix, the response value of each control point under the effect of
various unite characteristic load shall be calculated separately. There are various types of response values, such
as absolute displacement, relative displacement, absolute intersection angle, relative intersection angle, stress,
strain and bending moment. In this paper, the bending moment is taking as application examples.

The response value of each control cross section is gathered through the analysis of the action of each unite
concentrated force, and thus the generalized flexibility matrix of the structure can be obtained. This paper will
conduct its analysis based on the bending moment value of 41 control cross sections in the girder, thus, the
41x41 order generalized flexibility matrix can be obtained.

3.3 The Load Equivalence

To ensure the accuracy and correctness of the identification result, the control points have been chosen as many
as possible in a reasonable range. As for this bridge, 7 control points are chosen at both approach bridges
respectively and 3 control points are chosen from each span in the main bridge, therefore, there are totally
7x2+3%x9 =41 control points. The concentrated force of these 41 control points has been used as the
equivalent load form, also, the equivalent characteristic load, of the actual load. This is shown in Figure 3.
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Figure 3. The equivalence of actual load

3.4 The Solving of the Equivalent Characteristic Load

After the obtaining of the response value of the bridge structure under the action of actual load, the numerical
calculation software MATLAB can be adopted to program, make M documents and calculate. Therefore, various
loads (including each concentrated load, distributed load, prestress, characteristic temperature variation,
characteristic inertial force and bearing displacement) born by the bridge can be equaled to a linear combination
of various characteristic loads, thus, the characteristic load coefficient of each structural control cross section,
that is, the coefficient of linear combination of unite characteristic load , can be obtained. This method can be
used to figure out the actual load acting on the bridge and imitate as well as simplify the stress state of the
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structure, better reflecting the actual operation situation of the bridge. The key to solve characteristic is to solve
the control equation of the structure and there are three ways to do so by using software MATLAB, namely: LDL
decomposition method, QR decomposition method and SVD decomposition method. The detailed way to use
this and the applicable conditions are explained as follows:

(DLDLT decomposition method: When the coefficient matrix of the equation is a symmetric matrix, the LDL"
of matrix can be used to solve AX =5 . This method can simplify the procedure and reduce the calculating
amount;

@QR decomposition: To decompose matrix A into a orthogonal matrix O and an upper triangular matrix R,
that is, 4= QR . There is no need to select a pivot element in this method and the calculation is stable but the
calculation amount may be large;

(®SVD decomposition: When A isa M XN matrix instead of a square matrix, that is to say, the number of
control cross section is not the same with that of the extraction points of actual responding data, Singular Value
Decomposition can be adopted.

4. Load Identification based on Data Collected from Wenchuan Earthquake

To know and control the bearing capacity and operation condition of the bridge during the bridge operation
period, especially under an accidental load, and to ensure the security, integrity, applicability and durability of
the bridge structure, the most feasible method at present is to set up a health-monitoring system for bridge
structures, observe the service security condition of bridge structures, and to evaluate the health condition of a
bridge.The actual load of a bridge which is in operation equals to the value of characteristic load which can
concluded from the measured value of the corresponding sensor in the health-monitoring system for bridge
structures, and from generalized flexibility matrix set up according to the equivalence principle of internal forces.
Mechanical parameters like deformation and stress of crucial positions of the bridge can be computed out, thus
we can evaluate the security level of the bridge in accordance with those mechanical parameters.

4.1 To Collect Actual Response Data from Time-History Analysis

Since 1960s, time-history analysis is a seismic analytic method gradually developed, used for anti-seismic
analysis of super-high buildings and for anti-seismic study of engineering projects. It has become one of the
analytic methods for the majority of the countries in anti-seismic design specifications or regulations. In terms of
basic motion equations of engineering projects, first input several time-history curves under seismic acceleration
records or artificial acceleration corresponding to construction sites, and then work out, by integration, the whole
changing process of internal forces and deformation of bridge structures over time under changing ground
acceleration over time, and finally check the seismic resistant capacity and deformation of the cross section of
structural elements.

To verity the reliability of this essay’s method, this essay adopts data of the Wenchuan earthquake wave. There
being no health-monitoring system of bridge structures for this bridge, and no actual monitoring data, this essay
defines this bridge with SAP2000 V9.04 time history function, make time history analysis with Wenchuan
earthquake wave data. After analogous simulation of the real situation, this essay takes the bending moment of
each cross sections in the analytic results of their internal forces as the actual response of bridge structures. The
time history function of Wenchuan earthquake waves is demonstrated in Figure 4.

R ER

Figure 4. The time history function of Wenchuan earthquake waves
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4.2 Identification of the Maximum Value of Seismic Load

After time history analysis, choose the maximum moments of 41 control sections as the actual response of bridge
structures, and program by MATLAB and then establish M document for computation. After inputing the
generalized flexibility matrix obtained from the former session and the extracted actual response into programs,
coefficient of load linear combination with unit features. Equivalent load of the actual load of bridge structures
can be figured out after simultaneously exerting forces on the 41 control sections that are the product of the 41
unit concentrated force and their corresponding coefficient of feature load as shown in the Figure5.

mmmmm

Figure 5. Equivalent load made of feature load

4.3 Analysis of the Conformity Degree of Load Recognition Results

Use the finite element software SAP2000 to analyze the equivalent load as shown in Figure5, and extract the
result of internal forces, and then the values of bending moment of each control section can be obtained under
the equivalent load. And then input values of bending moment of main control points respectively under
equivalent load and actual load into tablel. To better illustrate disparities of bridge structures caused by two
different loads, a bending moment line chart of control sections under the two conditions can be drawn according
to tablel, as shown in Figure 6.

Table 1. Values of bending moment of main control points under equivalent load and actual load (unit: kN-m)

Node number 804 810 818 822 826 830 834 842 848
Bending moment

under equivalent 61968.33  35914.64 263800 196900 21480.83 187200 238700 33731.44  22174.00
load

Bending moment 6182831 3591073 263500 196400  21480.77 186600 238300 3367173  21451.11

under actual load
Relative error / % 0.226466  0.010887  0.113852  0.254582  0.000270  0.321543  0.167855  0.177349  3.369924
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Figure 6. Line chart of bending moment under equivalent load and actual load
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From Figure 6, it can be seen that the values of bending moment under equivalent load and actual load are highly
conformable. The results indicate that the changing rules of bending moment computed out of identified
equivalent feature load and of bending moment of cross sections under actual earthquake load are identical, and
the absolute error as well as the relative error is slight, satisfying the accuracy requirement of bridge security
evaluation in engineering projects, which fully demonstrates that the idea of substituting actual load with
equivalent load is both feasible and pragmatic.

5. Conclusion

This essay, on the background of stress reinforced concrete box arched bridge, set up finite element models, and
verifies the effectiveness and pragmatism of substituting actual load with equivalent feature load according to the
equivalence principle of internal forces by identifying the actual load during the Wenchuan earthquake by means
of generalized flexibility matrix of itself. And this essay draws the following conclusions:

(1) The errors of the results inducted from the equivalence principle of internal forces for the Wenchuan
earthquake load are all less than 5%, most of which are less than 1%, which fully demonstrates that it is feasible
to substitute actual load with equivalent load. The method stated in this essay can be used in various types of
basic loads, and various types of information can be measured out. The actual load of the bridge can also be
figured out fairly accurately which can reflect the actual operation condition of the bridge so as to evaluate the
security condition of the bridge.

(2) As for the bridges which already have structural health-monitoring systems set up, they can take the actual
load during the operation as the equivalent feature load which is fast, pragmatic, and accurate in an acceptable
scope of engineering projects.

(3) The equivalence principle of internal forces based load identification method of this essay is able to get the
equivalent feature response under actual load. When the response is highly representative, the accuracy of load
evaluation can be increased pronouncedly, which provides evidence for the maintenance and management of the
bridge’s regular operation.
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