
1 GENERAL INSTRUCTIONS 

1.1 Background 
Now the long-span and novelty styles of bridges 
teemed in the world. Because of more mechanical 
difficulties to face and less understanding on these 
complicated structures than other types of bridge, 
the safety and health problems of these kinds of in-
frastructures are drawn many eyes of the engineers, 
owners, managers, governments, and the scholars.  
Structure health monitoring systems are expected to 
remove their worries and insure the safety and 
healthy for these infrastructures. In the last decade, 
there are many bridge health monitoring system are 
erect in the world. In mainland of China, these are 
several crossing engineering are constructing or in 
planning phase. For example, Donghai bridge, a 32.5 
Km crossing bridge override the Donghai sea, owns 
a under designing large scale SHM system, with a 
total 552 sensors scatter alone the bridge. The plan-
ning Qingdao bay bridge, which can be called as a 
bridge museum because of its abundant and change-
ful bridge type, also possess of a SHM system which 
will be planned synchronously.  

1.2 Problem & Deficiency 
It is no doubt that all these SHM systems general 
motives are no problems, but unfortunately its idio-
graphic aims are inexplicit generally. This results in 
a blindness and unreason trend in the designing and 
implementing of SHM systems. These unreason can 
be embodied by the fact that the SHM system are 
designed and implemented in a hurry in spite of hav-
ing such following problems studied sufficiently[1,2]: 
1) What items on health performance should be 

stressed and what should not. In another words, 
it is usual can’t grasp what are the dominating 
factors which affects the structure health, and 
what is the most possible damage type occurred 
in the structure;  

2) What quantities should be monitored, and where 
should be monitored; 

3) For a given monitoring items, it doesn’t known 
exactly how to monitoring, i.e., how to adjust the 
measure policy according to the different dam-
age evolvement phase; 

4) Suitable, powerful and effective techniques or 
methods are absent to process the vast measure-
ment data.  

5) How to mine useful information or knowledge 
from these measuring data, how to use this in-

Structural damage analysis for SHM system design of bridge 

D.H. Dan, L.M. Sun & J.H. Li 
State Key Laboratory for Disaster Reduction in Civil Engineering, Tongji University, Shanghai 
200092,China 

C. Zhou 
China Highway Planning and Designing Institute Consultants, INC. 

 
 

ABSTRACT: Structural damage can be generalized to the degeneration of working condition, performance 
degradation, or damage in general sense. In the designing of the structure or its SHM system, it is significant 
to forecast the structure damage under various mechanical and physical conditions and the mechanical behav-
iors of structure with damage. That is the mission of structural damage analysis (abbr. as SDA). Aimed at the 
conceptual design of bridge SHM system, the objectives of SDA are: First, to find the locations of possible 
damage for locating the sensors on structure in the process of SHM system design. Secondly, to grasp the 
changes of structural properties, so as to offer guidance for structure modal parameters identification and 
damage identification. Finally, to build the relationship between damage and monitoring quantities, in order 
to find suitable monitoring information processing method and structure state evaluation method. The general 
arts of bridge SDA and some representative analysis items under various loading condition are studied in this 
paper. In the end of this paper, two example of SDA is carried out, one is a segment of continuous girder 
bridge in Donghai bridge, which is forecasted to be suffering with uneven settlement of piers, and another is a 
seismic loading pushover analysis case. 



formation to evaluate the healthy status of struc-
tures. 

In fact, before a SHM system is designed and im-
plemented, we should firstly to give a deep 
understand on the structural behaviours. In doing so, 
the preparative researches aimed at solving above-
mentioned problems are needed. In this study, a 
counterplan for SHM research named structural 
damage analysis are proposed, which is abbreviated 
as SDA. 2 GENERAL THEORY OF SDA 
It is most possible that the almost all the structures 
are work with damage during their whole life-cycle. 
That is the right reason of SHM and structural in-
spection and evaluation. In modern structure design-
ing and analysis, to take the influences of local bug 
or damage on the structure into account is acceptant 
by engineers gradually. Recently, in the research of 
SHM, damage identification once became the whole 
things of health evaluation after the information col-
lected from sensors. These efforts exhausted the re-
searcher’s energies largely, while the achievements 
are still poor for application in engineering up to 
nowadays. The main reason may be that it is over-
dependent on the identification algorithm inversely, 
and absent of necessary behaviors knowledge of 
damaged structure. Only to impress the portrait of 
damage deeply, can one recognize the damage from 
normal situations well and truly. Structure damage 
analysis (abbr. as SDA) is aimed at to get a deep im-
pression on the behaviors of damaged structure 
[1,3~5]. 

2.1 Possible damage in the structure  
Damage can be generally defined as any aberrancies 
from the ideal designed condition during the whole 
structural life-cycle (including construction phase). 
Usually, there are three kind of damage are most 
possible occurring in the structure, they are degen-
eration of working condition, degradation of per-
formance, and local damages in general sense.  
Any structures more or less need a certain set of 
working supporting conditions, some conditions ser-
vice as the basic equilibrium boundary of the struc-
ture; others act as the interface for normal loading. 
The degenerations of working condition in bridge 
are mainly including the variation of bearing condi-
tion and pavement layer unevenness. This kind of 
damage usually affects the health of bridge remarka-
bly. Variation of bearing condition often changed 
the system stiffness K and damping C, which will 
affect the modal parameters of the system greatly. 
Unevenness of the pavement layer can cause more 
kinetic energy input the structure. 
Degradation of performance refers to the changes of 
capabilities inherently or apparently due to the load-
ing and surroundings eroding, with a result of both 
properties and responses of the structure depart from 
the initial designing conditions. It includes following 

familiar damages in bridge: losing of pretension, 
corrosion of cable, tender, and prestressed bar, erode 
and crack of concrete, creepage and shrinkage, and 
so on. 
Another damage type is so called local damage. It 
refers to the material in a certain location has occur-
ring irreversible changes abruptly or gradually, can 
be expressed as stiffness, mass, or damp losing[6]. 
Actually, the conception of damage in the research 
of damage identification is only refer to the abrupt 
local damage, with motivations of spatial locating in 
structure and occurring time capture in life-cycle. 
However, these abrupt local damages are less possi-
ble to occur than gradual damage. So in statistical 
sense, it ought to be lay more stress on monitoring of 
gradual local damage than that of damage identifica-
tion. 

2.2 Two hypothesises for SDA 
The damage mentioned above give a generalized ex-
tension of the common sense of damage. True dam-
age situation in the structure is complicated in usual 
and often is a combination of one or several dam-
ages. Actually, it is difficult to inspect, identify and 
analysis the true damage in civil structure. In order 
to simplifying the problem, some hypothesizes 
should be mentioned herein as viewed from SHM, 
they are,  
1) Damages only influence the global mechanical 
properties in a linear-elastic way; and non-linear be-
haviors are limited in small damaged zones. 
2) In a long time scale, gradual changed damages 
have a slowly evolution history, but if get a shot in a 
time point, it is time-dependant-free. 
So, with these two hypothetical conditions, the com-
plicated damages can be analysis respectively, and 
its individual results can be overlapped so as to give 
the behavior of damaged structure a synthesized 
evaluation. 

2.3 The task of SDA 
Whether from the view of structure design, or form 
the view of SHM system, influences of damage on 
structural mechanic behaviors and properties are at-
tention-getting widely, and it is significant to fore-
cast these influences. So the proposal SDA should 
be composed of the following tasks:  
1). to forecast the possible type, location, and grade 

of structural damage under various condition; 
2). to analysis the evolvements of existent damage 

or possible damage in structure; 
3). to analysis the changes of mechanical properties 

and the responses of structure under various 
damage situations; 

4). to relate the damage and mechanical response of 
structure; 

Aimed at the conceptual design of bridge SHM sys-
tem, the objectives of SDA should embody as: First, 
to find the locations of possible damage for locating 



the sensors on structure in the process of SHM sys-
tem initial design; secondly, to grasp the changes of 
structural properties, so as to offer guidance for 
structure modal parameters identification and dam-

age identification. Finally, to build the relationship 
between damage and monitoring quantities, in order 
to find suitable monitoring information processing 
method and structure state evaluation method. 

 
 
 

 
 
 
 

Figure 1.  Damage of working conditions 
 
 
 
 
 
 

Figure 2.  Damage of degradations of performance 
 
 
 
 
 
 

Figure 3.  Local damage in structure 

 
 
 
 
 
 

Fig 4. Two general SDA routines 
 
 
 
 
 
 
 
 

Fig 5. The order of significance for these SDA items 

2.4 The technical routines of SDA 
Two routines can be followed by SDA, one is the 
previewed evaluation routine, which start from the 
prediction of the actions the structure faced, via the 
analysis on the interaction between the actions and 
structure, and end at a conclusion to reflect the rela-
tionship between damage and the performance of 

structure. The main purposes of this analysis routine 
is to acquire the apriorism knowledge of the struc-
ture, in another words, is to have a deep understand 
on both the behaviors and performances of structure. 
This routine should be done before the SHM system 
design, and the result should do service to the design 
of SHM system. 
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Another analysis routine of SDA is online evalua-
tion routine, which starts from the monitoring in-
formation gathered from SHM system, via the recur-
rence of the same effect measured by these 
monitoring data on the structural digital model, ends 
with the evaluation of current state of structure by 
fore-analysis or inverse process. The main purpose 
of this analysis is to obtain the posteriori knowledge 
of the structure, which one the one hand can give a 
state assessment directly, on the one hand can give a 
guidance for model free state identification or 
evaluation methods. Moreover, it also can be used to 
validate the designing hypothesis as well as the 
judgments of health status draw by other model-free 
health state evaluation methods. Fig. 4 shows these 
two SDA routines. 
The extents of these two SDA routines are different. 
The previewed evaluation routine is proposed to do 
such individual items study, they are traffic load, 
wind load, seismic load, temperature, uneven settle-
ment of piers, loss of pretension, durability degrada-
tion (corrosion, aging of concrete), occasional im-
pact, etc. From the point of SHM, these items should 
be treated in different way according to their differ-
ent influence on structure. The traffic loading, wind 
loading, temperature, uneven settlement of piers, 
loss of pretension, and durability degradation (corro-
sion, aging of concrete) constituted the main in-
service mechanical conditions of bridge, and that, 
the significance of SHM are mainly embodied by 
providing measurement for the structural behaviors 
under this actions. So, these actions should be 
stressed by SDA especially. Although the seismic 
loading and occasional impact have an acutely influ-
ence on the structural health state, but it is difficult 
for SHM system to play a role during these extreme 
period. So these actions should be analysis only after 
the event, and it is unsuitable to endue SHM with an 
online monitoring function for these occasional 
loading. 
The online evaluation routine is firstly proposed to 
recur (or apply) the load and other actions informa-
tion monitored to the numerical models of bridge, 
for the forehands analysis is usually easier than ad-
verse process. As to the response measured by SHM 
system, there are some ways to recur them on the 
same location of the counterpart though it maybe ex-
ist a little difficulty. 
Anyway, an order of significance for these SDA 
items can be illustrated as Fig 5. 

2.5 Application of SDA results 
One of the invitations of the SDA is to develop a 
standard research process to complement a vital 
chain losing in the whole process of SHM design. In 
the initial layouts, the SDA analysis results are pro-
posed to be used in the following aspects, 

1) The forecast of action evolvements are help to 
form a feasible SHM design principia. If a bridge is 

foreseen to be free from the extreme wind loading 
(for example, the bridge is sited in-land area), it is 
unneeded to direct much energies to mount wind 
monitoring idem in the whole SHM system. That is 
to say, the notional layouts of the SHM need to fore-
see of mechanic and physical environment of struc-
ture.  

2) The fragile zones foreseen by SDA can be 
used as a layout reference for sensors. Different ac-
tions induced different fragile zones, by previewed 
evaluation routine of SDA analysis, the detail fragile 
zones distributed in the structure can be forecast 
separately. The criterions for damage judgment can 
be setting up in advance according to different ac-
tions. When designing a response monitoring idem 
like strain, displacement and so on, it is necessary to 
combine these individual fragile zones so as to get 
intersections under in-service condition. Usually, the 
traffic loading, wind loading and temperature action 
are occurred synchronously, so they are proposed to 
be analyzed synthetically.  

3) The previewed evolvement history of proper-
ties offers the reference for state evaluation or iden-
tification. If the modal parameters variations are 
grasped beforehand, a comparison with current one 
measured in real can be done. The normal trendline 
of structural global performance can also extract 
from the previewed properties evolvement history. 
Some special signs inferred by properties directly 
should be used as an operator (see Fig 6). 

4) By calculate the response of the target loca-
tions in structure, especially the response of the 
points where sensors located, the early-warning 
value of structural state index can be extract. In here 
the index of state is defined directly by response 
(seen Fig 7). Moreover, the statistic rules of the re-
sponse of the sensor points mined by SDA can pro-
vide a guidance for data process, mode recognition 
or model free damage id. 

5) The results of online evaluation routine of 
SDA can be used for SHM in following ways, 

 give a state assessment directly; 
 provide reasons and aims for structural numeri-

cal model to update; 
 give a guidance for model free state identifica-

tion or evaluation method; 
 validate the designing hypothesis 
 validate the judgments of health status draw by 

other model-free health state evaluation meth-
ods; 

3 THE DETAILED ART FOR SOME 
REPRESENTATIVE ITEMS OF SDA  

In above section, the general technical routines of 
SDA are discussed; whereas the researches are pro-
posed to differentiate the detailed art for different 
items of SDA, for different item for SDA to analyze 
should possess different goals and different analyzed 



methodologies. Here present the discussions on 
some representative SDA items. 

3.1 Traffic loading  
From the view of SHM, traffic loading predominates 
in the actions suffered by structure. Most health mis-
givings are originated from overload of traffic. The 
main impact of traffic loading exceeding the stan-
dard of demoded load codes is fatigue. For steel 
girder bridge, it is an especially prominent trouble. 
The fatigue analysis of the steel girder is the key-
stone of SDA. It is noted that the fatigue collapse or 
fatigue durability are often start from the local zone 
in structure, and the nominal strain fatigue analysis 
methods are often meaningless, more focus should 
be on the hot point or the stress concentrate point, 
e.g., welding line, chamfer angle, gap, crack, etc. in 
the key sections. So a multi-scale FEM analysis is 

needed. Following flowchart can illustrate the spe-
cial analysis methods. 

3.2 Wind loading 
The main task of wind loading in SDA is to prevent 
too extreme vibration in the operation condition. A 
feasible method for wind SDA is to give a relativity 
analysis between wind and the response. The pa-
rameters (direction, velocity) to describe the wind 
field can be foreseen from climate data or be ex-
tracted from in-site monitoring data. The response 
can be displacement, velocity, strain, or acceleration, 
which can be measured via SHM system, or simple 
numerical wind tunnel analysis (FEM). By now it is 
difficult to calculate the response of bridge by FEM 
with wind field take into account. So it is usually 
substituted by simple substructure (even a single ca-
ble) wind-vibration numerical analysis. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 8. The detailed flowchart for traffic loading SDA 

3.3 Uneven settlement  
Uneven settlement is the simplest mechanic prob-
lems in the items of SDA. Slight uneven settlements 
almost have little relevance with damage, but it has a 
considerable influence on the response distribution 
all over the bridge. As the increase of uneven set-
tlements of the piers, the extremums of response are 

increased and its locations are shifted, the value of 
bearing force and measurement point are also vari-
able. It is a meaningful thing to grasp this informa-
tion during the evolvement of uneven settlement of 
piers. It is noted that this impact on the response 
values are in an sense of expectation of statistic. 
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Fig 6 The trendline defined by properties evolvement history 
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3.4 Temperature 
The same conclusion can be drawn on the tempera-
ture action. A well arranged structure makes itself 
under ordinary temperature condition far away from 
the damage. But extreme cases there still have a haz-
ard of damage. For example, an extreme temperature 
distribution can induced a unbelievable deforma-
tions to drive a structural collapse. Because of the 
different thermoconductivity of concrete and steel 
bar, cracks are prone to occur at the interface of steel 
girder and concrete deck of composite beam under a 
sharply temperature variety. So in SDA process, a 
forecast temperature or measured temperature data 
are used to evaluate the global/local deformations 
and concrete cracks. 
4 CASE STUDY 
In order to illuminate the SDA process, two case 
studies are given here. 

4.1 Uneven settlement 
An example of SDA is carried out, which is fore-
casted to be suffering with uneven settlement of 
piers. A 90+160+160+90 spanned PC continuous 
bridge is selected from Donghai Bridge. Two sepa-
rated single box girder are laid out laterally. The de-
tail dimensions of the single box girder can be seen 
in figure 9(a, b). Piers 3 are joined with a hinge, and 
the other piers are joined with friction bearing. The 
designed ultimate settlement cases are 20cm for each 
pier. The bridge is modeled in ANSYS Beam188. 
The non-pretension bars are conversed as concrete 
area. The effect of pretension tender is considered as 
an equivalent loading. The FEM model can be seen 
in figure 9(b).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 9.  An SDA item of uneven settlement (90×160×160×90 continuous girder segment in Donghai bridge) 

In this paper only the uneven settlement is consider-
ate. The main routine of SDA can be illuminated by 
the following tasks done in this paper, 1) the stress 
distribution alone the upside and downside of the 
deck; 2) the potential fragile point; 3) the relation-
ship between settlement degrade and monitoring 
quantity. 
Figure 8(c, d, e) gives the stress distribution under 
different piers settlement scenarios. By calculating, 
the fragile zones can be decided as following,  

1) the upside of two middle side-spans of the 
girder;  

2) the downside of two middle side-spans of the 
girder;  

3) the bottom of girder at the location of L/4, 
3L/4 middle span;  

4) the top of girder at the location of 3L/4 from 
the piers 3 (middle piers). 

In order to evaluate the response contribute in the 
measure points provided by uneven settlement of the 
piers, following equation are founded, 

{ } { }Di jsσ = ⋅                           (1) 
{ } { }1 2 , 1, 2,...,T

i m i mσ σ σ σ= =…        (2) 
D= ijδ⎡ ⎤⎣ ⎦                               (3) 
{ } { }1 2 3 4 5

T
js s s s s s=                 (4) 

Where, iσ  is the response contribute in the ith 
measure points provided by real uneven settlement 
of all piers. js  is the relative settlement measured 
in the jth piers. ijδ  is the response contribute of ith 
measure point due to the jth pier occurs a unit set-
tlement, which can be calculated in the process of 
SDA. In doing so, two kinds of sensors are neces-
sary, one is the settlement sensor in each of the piers 
(connectedness pipes system), and another is general 
response sensor (e.g., strain). By compared the 
strain measured and the strain response contribute 
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calculated by equation 1, you can figure out what 
extent a impact of the uneven settlement is put on 
the data measured by strain sensor. Fig 10 gives a 
scenario of uneven settlement and the value trendli-
nes induced by it in some strain gauge locations. 

4.2 Seismic loading analysis 
Doctor Zhou had a good contribute in the seismic 
loading collapse analysis[9]. Fig 10 gives some of his 
results on a single piers collapse simulation. In view 

of SDA, the analysis process can be re-defined as 
following steps, 1) a forecasted seismic wave or a 
real measured seismic wave are input the numerical 
model of the structure; 2) by elastic or inelastic time 
history analysis, to found the fragile zone, which is 
the vital area for SHM to see about; 3) by scaling 
the input wave and feed it to the model, different re-
sponse and different properties evolvement rules can 
be hunted down. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 11.  A seismic loading pushover analysis (Chen zhou, 2004) 

5 CONCLUSION AND DISCUSSION  
Structure damage analysis is a useful methodology 
in structural evaluation and design. Especially for 
SHM design and implementation, SDA can act im-
portant roles in scheme programming, sensors lay-
out, data processing flowchart and algorithms de-
sign, evaluation scheme programming, etc.  By 
SDA, a deep understand of the behavior of the struc-
ture can be attained. Only in do this, the bottleneck 
of current SHM research can be overcame.  
There are no novelty mechanic analyses methods are 
concerted in the process of SDA, almost all the tech-
niques in the SDA routines are traditional, and they 
are arranged from a new viewpoint which is differed 
from the traditional design based analysis routines. 
The damage acts as the clue as well as the goal in 
the whole process. Foreseen information and moni-
tored data are two scratch lines of SDA. The results 
service to the SHM or other evaluations missions. 
The whole skeleton of SDA is legible and operable. 
Not all the evaluation problems in SHM are inverse 
problems. The present research showed that the 

identification methods merely depending on the re-
sponse monitoring data are inefficient and seem fall 
in a blind alley. It is correct especially for civil 
structure SHM. By contraries, forward analysis is a 
mature and efficient way in the state evaluation of 
SHM. SDA is a combination and of inverse and 
forward analysis. 
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