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Abstract

Safety of in-service bridges plays an important role in sustainable economic
development and societal functioning. According to Road Maintenance Report in 2019,
around 10% of the highway bridges are rated as Level 3 and 4 in Japan, which need early
action or emergent action. In bridge management and maintenance, load carrying capacity
evaluation of severely damaged bridges is significant to determine the repair,
strengthening or traffic weight regulation countermeasures. However, traditional static
proof-load test method is labor-extensive and time consuming. For expressway and rural
bridges, this can rarely be conducted because of traffic closure time and budget

respectively.

In this research, a displacement-based load carrying capacity estimation method is
proposed for deficient girder bridges under a moving vehicle. The method is applicable
for girder bridges with a span of 20~50 meters, which could be simply supported or
continuous. Though only PC girder bridges are used as the examples of verification in
Chapter 5, the method can be applied to steel bridges too. And bridge types include T
girder bridges, void slab bridges and box girder bridges. It is also noted that the method
is mainly based on bending theory, so shear load carrying capacity and shear load related
defects are beyond the scope of this dissertation. The objectives of this dissertation are
twofold. The first is local stiffness loss estimation caused by severe damages, based on
which the bridge operators can make repair or strengthening plans. The second is load
carrying capacity evaluation with displacements obtained from a truck-pass-by test, based
on which the bridge operators can determine the truck weight limitation of severely

damaged bridges. It serves as a more efficient substitute for traditional static load proof
i



test.

In Chapter 1, the background and previous relevant studies are reviewed. The
displacement-based load carrying capacity estimation method is proposed with two
objectives, the first is to estimate stiffness loss due to severe local damage, and the second
is to evaluate the bridge load carrying capacity. At last, the outline of the whole

dissertation is presented.

In Chapter 2, firstly, the load carrying capacity estimation method is described.
Secondly, the correlation between curvature and stiftness loss is deducted based on beam
bending theory, and the difficulties for its application in practice are summarized. Thirdly,
the dynamic displacement components in truck pass-by test are investigated, and a
numerical example is used to verify the idea of estimating stiffness loss from bridge
dynamic displacement. This chapter mainly provides the theoretical basis of this

dissertation.

In Chapter 3, the effect of measurement noise on curvature is studied with laboratory
experiment of a beam model. A noise/damage effect ratio is defined to evaluate the level
of noise. Two approaches are proposed to reduce the effect of measurement noise. The
first one uses averaged multiple displacement measurement to minimize the noise level,
and the other selects appropriate curvature calculation interval based on the noise/damage

effect ratio. At last, the approach was verified on a three dimensional bridge model.

In Chapter 4, firstly, principle of the Radar device for displacement measurement is
introduced, which can measure multiple points at high sampling frequency. Laboratory

experiment and field test verified the precision of the displacement measurement device.
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And the multi-point measurements of displacements were also utilized to predict

displacement at one point to illustrate its merit.

In Chapter 5, the proposed load carrying capacity estimation method is applied on
two pre-stressed concrete bridges to verify its reliability and efficiency. In the first bridge,
truck pass-by test was conducted and curvature results showed no stiffness loss. The
measurements were used to calibrate a finite element model, on which artificial damage
of concrete spalling and prestressed tendon rupture was created. Stiffness loss estimation
is performed on the calibrated bridge model, which indicated that the artificial damage is
equivalent to 22.3 % of stiffness loss. In the second bridge, both static proof load test and
truck pass-by test were performed, and the proposed method is applied, which showed
that the proposed method with truck pass-by test can be a substitute for the static proof

load test.

In Chapter 6, conclusions are drawn for this dissertation, and recommendations of

future work are discussed as well for application of the proposed method in practice.
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Chapter 1 Introduction

1.1 Background

Bridges play an important role in sustainable economic development and societal
functioning. By 2019, there were totally 722,942 bridges (longer than 2 m) in Japan, most
of which were completed between 1960s and 1980s. According to statistics of Ministry
of Land, Infrastructure, Transport and Tourism (MLIT) of Japan, 27% of the bridges are
more than 50 years old, and this number will increase to 52% in 2029. As aged bridges

increase, they pose a lot of challenges for bridge maintenance.

Generally, routine inspection of bridges is conducted in most countries, and
condition rating is given based on the inspection results. According to the rating level,
bridge operators may implement repair or strengthening on severely damaged bridges. If
some defects in a bridge became more and more severe and not repaired in time, it may
cause sudden collapses. United States and China are two countries which have
experienced generally more bridge failures than other countries. Harik et al. (1990)

conducted a study on 114 bridge failures in the United States between 1951 and 1988,



and found that more than 20 % of the failures were due to overweight, and 5% were
caused by bridge aging. Wardhana and Hadipriono (2003) studied over 500 bridge failures
in the United States between 1989 and 2000, revealing that 386 of them occurred in the
service stage. The results also showed that 44 of the failures were due to overloading, and
43 were maintenance related, they account for 22.5 % of the bridge failures during service
life. Xu et al. (2016) analyzed 302 highway bridge catastrophic collapses in China
between 2000 and 2014, out of which 171 bridge collapses were during the service stage.
They had an average service life of 18.7 years. Almost half of the collapses were due to
overloaded trucks, and other causes include performance degradation, lack of

maintenance, etc.

In Japan, there were relatively rare reports of collapsed PC bridges. On June 15,
1989, Shinsuge Bridge in Nagano Prefecture, a 25 m simply supported prestressed
concrete (PC) box girder bridge collapsed after 24 years of operation. On July 16, 1990,
Shimada Bridge in Gifu Prefecture, a 38 m PC cantilever cable-stayed bridge, collapsed
after opening for 27 years (55 H #4, 2015). In both cases, trucks were running over the
bridges, and they fell down with the bridges. It could be concluded that both bridges did
not have enough live load carrying capacity, but this cannot be revealed by routine

inspection.

In order to ensure that bridges are in a healthy condition, a maximum interval is
regulated for routine inspection of bridges. For example, the routine inspection interval
is 2 years, 3 years and 5 years in US, China and Japan respectively. Special inspection
may also be scheduled by the bridge owner to investigate a particular known or suspected

deficiency. In these inspections, visual observation and nondestructive techniques (NDTs)
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are the main techniques which are used. Visual observation is usually the first step for
bridge condition assessment, which confirms visible defects such as concrete cracking,
delamination, concrete spalling, exposed corroded reinforcement etc. Size and location
of these defects are recorded, and photographs are taken as documents. After that, NDTs
are used to investigate the defects in more details, which can be categorized as surface
testing methods and sampling methods. Surface testing includes rebound hammer, half-
cell potentials, resistivity, ultrasonic pulse velocity, corrosion rate measurements etc. The
procedure and limitations of these NDTs are introduced with details in most bridge

inspection manuals, and have been adopted in engineering practice.

Visual inspection and NDTs can provide basic information of the bridge health
condition. Though labor-intensive and time-consuming, they are the existing practice in
most countries, and are specified in maintenance codes. Frankly speaking, there are very
few defects which can escape detection. However, the most critical shortcoming of these
methods is that they could not relate the defects with bridge stiffness loss, hence could
not give any hints on load carrying capacity of bridges. This is fine for bridges with
moderate defects, because the defects could be easily repaired with existing methods
available. However, load carrying capacity evaluation is of significant value for bridges
with severe defects. Even the defects are repaired, bridge operators care about the bridge
load carrying capacity after retrofitting. Such information would be important to
determine whether a weight regulation is necessary for passing trucks. If the load carrying
capacity of severely damaged bridges is not determined and no traffic weight regulation
is performed, in worst cases, sudden bridge collapse may occur without any warning

(Woodward and Williams, 1988).



From the viewpoints of bridge operators, they care about two questions. The first is
where is the defects, which could be generally answered with existing visual inspection
and NDTs in engineering practice. Based on the inspection results, the bridge conditions
are rated as Level 1~4, in which Level 3 and 4 bridges needs early or emergent
maintenance actions. The second question is that, for bridges rated as Level 3 and 4, how
much is the local stiffness loss at damaged locations, and how much is the load carrying
capacity of these bridges. By answering the former, decisions on repair or strengthening
plans can be made. By answering the latter, truck weight limitations can be posted on
severely damaged bridges with load carrying capacity lower than design. In this way,
further damages or bridge collapses can be avoided. However, the current practice of
visual inspection and NDTs cannot provide answer to this question. According to statistics
of MLIT, Japan, among the 722, 942 bridges (longer than 2 m), almost 10 % falls into
bridge condition rating level 3 and 4, which needs for early action or emergent action. By
2022, almost 40 % of all the bridges in Japan will become more than 50 years old, which

poses more and more challenges for bridge management and maintenance.

Apart from condition rating, which is usually conducted based on results of visual
inspection and NDTs, there are also load rating requirements in bridge maintenance codes
in US (AASHTO, 2011) and China (JTG /TJ21, 2011). However, there is no such
requirement in bridge maintenance codes in Japan. This is probably due to the fact that
the emphasized bridge seismic load capacity in design can largely improve the real bridge
live load carrying capacity compared with the bridges in US and China. However, as
bridges age, they become more deteriorated and the load carrying capacity is decreasing.

In US and China, the load carrying capacity is evaluated with static proof load test. During



the test, more than 10 personnel are often allocated, and traffic closure is often required
which lasts 5 to 8 hours. This is indeed expensive considering the necessary labor forces
and traffic closure time. In Japan, static proof load test is not in the bridge maintenance
code, but is sometimes conducted by the bridge operators to confirm load carrying
capacity of severely damaged bridge. For example, proof load test was conducted on
Myoko Bridge in Niigata Prefecture, which is a severely damaged PC box girder bridge.
This kind of load test is rarely performed in Japan because of high cost, especially for
expressway bridges and rural bridges. In the former, traffic closure is almost impossible,

and in the latter, there is often very little budget available to perform such tests.

From the viewpoint of bridge maintenance, the bridge operators care about the

following questions.

First, where are the defects in a bridge? This question can already be answered by
the existing condition rating practice, which mainly uses visual inspection and non-
destructive methods such as infrared thermography method, impact elastic wave method,
acoustic emission method, supersonic method, etc. There are already maintenance codes

or manuals in most countries around the world.

Second, suppose a bridge is rated as in a poor condition, such as Level 3 or Level 4

in the bridge condition rating system in Japan (Table 1.1).

In a local scale, how much is the stiffness loss at the location of damages? Knowing
this will help bridge operators to decide repair or strengthening countermeasures. Results

from the current condition rating cannot answer this question yet.

In a global scale, how much is the load carrying of the damaged bridge? Knowing

5



this question will provide reference for posting truck weight limitations, which can
prevent further damage or even collapse of the bridge when a very heavy truck passes

OVer.

To address these questions, in this dissertation, a displacement-based load carrying
capacity estimation method is proposed for damaged girder bridges, with Radar-based

displacement measurements under a moving truck.

1.2 Literature review

1.2.1 Introduction

The cornerstone of bridge preservation is inspection. In Japan, bridge inspection is
conducted by experienced bridge inspectors, and the condition rating of the bridge is

determined as one of the four levels shown in Table 1. 1.

Table 1.1 Four level of bridge condition rating (B 32 B4 1B /F, 2019)

Level Condition Description
I Healthy No adverse effect on bridge function
11 Preventive No adverse effect on bridge function, but action is
maintenance required from point of view of preventive maintenance
11 Early action Possible adverse effect on bridge function, and early
v Emergent action Adverse effect or probable adverse effect on bridge
function, emergent action required

In Japan, rating for load carrying capacity is not required in bridge maintenance
codes. In comparison, load rating is required in US and China codes. It is conducted for
bridges designed with old design standards, bridges with severe visual damages and

retrofitted bridges. Field test is often performed when bridge design documents are not
6



available, or analytical computation methods are not able to determine the load carrying

capacity. Static load test is implemented step by step, which costs a lot of time and labor.

In addition to the aforementioned methods used in bridge standards or guidelines,
there are also other methods to assess the structure properties based on response such as
displacement, acceleration, strain, etc. Damage is often simplified as changes in material
and geometric properties or boundary conditions (Farrar and Worden, 2007). In recent
years, different damage estimation techniques have been developed to avoid sudden and

premature failure of bridges.

Vibration-based damage estimation has attracted interests from researchers for a
long time. The basic idea behind vibration-based methods is that localized structural
damage will cause change in dynamic parameters of structures. These dynamic
parameters include mode frequency, mode shape and mode shape curvature (Pandey et
al., 1991). Detailed review of these methods can be found in some previous literature
(Salawu 1997; Doebling et al. 1998, Farrar et al. 2001). The methods utilizing modal
parameters need analytical models or test data of undamaged structure as a baseline,
which is often unavailable. Environment conditions such as temperature or humidity also
contribute to changes in structural mode properties, making damage identification
difficult (Sohn et.al. 1999, Sohn 2007; Xia et.al. 2011). Generally, global modes reflect
the whole performance of the structure, and they are not sensitive to local damage. Local
modes are very difficult to excite, and many sensors are needed to capture the local

behavior in measurement, which is costly in time and labor work. .

1.2.2 Review on load rating and proof load test



Generally, periodic inspection is specified in codes of most countries, with visual
inspection and non-destructive techniques as the main methods. Conditions of bridges are
rated into different levels, and the deficient bridges are payed more attention by bridge
operators. In order to determine rational and economic countermeasures such as repair,
strengthening or traffic weight regulation, load carrying capacity evaluation of severely

damaged bridges is often needed.

Bridge load carrying capacity evaluation could be carried out by computation based
on design drawings and simplified boundary conditions. Inspection results on local
damages are also incorporated to achieve a more realistic modeling of the bridges. Ghosn
et al. (1986) proposed an approach to incorporate field test results in the load rating
process. The collected data of traffic weights and volume, stress and girder distribution
factors could improve the accuracy of load rating. Nowak and Tharmabala (1988) used
bridge load test data to evaluate the actual load carrying capacity more accurately, and it
is demonstrated with an example of a steel truss bridge. Chajes et al. (1997) conducted
tests which showed that the girders were acting compositely with the concrete deck, and
that the support was having significant restraints. A numerical model of the bridge was
developed to determine the bridge load rating. Brownjohn et al. (2001) described a
sensitivity-analysis-based finite element model updating method, and applied it to
condition assessment of real bridges. Jauregui and Barr (2004) performed a load rating
analysis on the I-40 Bridge, and field test data and finite element analysis results were
considered to obtain a more realistic rating result. Rens et al. (2005) proposed a
methodology to integrate non-destructive field test with bridge evaluation using a

Markovian deterioration model. Ding et al. (2012) incorporated model updating with field



test data in a nonlinear finite element analysis to predict the behavior of a slab-girder
bridge. Nonlinear analysis is performed on the updated model to evaluate the bridge load

carrying capacity, which verified its effectiveness.

It is believed that computation methods may not reflect the real status of the bridge,
due to the variation in factors such as material properties, boundary conditions and
composite action (Bakht and Jaeger, 1990; Saraf and Nowak, 1998). In addition, design
documents may not be available for some bridges. As such, static proof load test is
sometimes adopted for deficient bridges in engineering practice (Faber et al., 2000;
Wisniewski et al., 2012; Casas and Gomez, 2013). The proof load test is often preferred
as it can demonstrate the resistance of the tested bridge with reduced uncertainty (Fujino
and Lind 1977). There are codes and guidelines for assessment of load carrying capacity
in UK (Highway Agency, 2006), Denmark (Danish Road Directorate, 1996; 2004.), US

(AASHTO, 2003) and China (Ministry of Transport, China, 2011).

In bridge maintenance codes, load rating is often defined to determine the live-load
carrying capacity of an existing bridge. In US, highway bridge load rating is conducted
with the AASHTO specification Manual for Bridge Evaluation (2011). A rating factor
(RF) is used to demonstrate the live load carrying capacity, which is the ratio of available

live load carrying capacity to the live load demand due to passing truck loadings.

_ C-A4(DL)
RE = Ap(LL)(1+1) (1.1

In which, C denotes the capacity of the bridge; DL and LL denote the dead load
and live load effects respectively; A; and A, are magnification factors for dead load

and live load respectively; [ is the impact factor for the live load.
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In a load rating analysis procedure, RF can be calculated for each bridge member
under specified truck loading. If RF is smaller than 1, it indicates that the bridge cannot
satisfy the designed live load carrying capacity. Proof-load test is often used to evaluate
the realistic live load carrying capacity of a bridge, as it directly provides the bridge
member responses under truck loading. Based on the test result, an adjustment factor is
incorporated into the load carrying capacity evaluation procedure. It may also permit
utilization of possible sources of strength that are neglected or not revealed in the analysis

(Fujino Y., and Lind N.C, 1977).

1.2.3 Review on stiffness loss estimation methods using displacement

As widely known, displacement is directly correlated with stiffness and load
carrying capacity of a bridge. Besides, displacement is an important indicator for bridge
behavior, which is specified in bridge evaluation codes or guidelines (AASHTO, 2011).
There have been a lot of efforts by researchers to utilize bridge displacement response for
quantitative bridge condition assessment. Compared with other damage evaluation
methods, displacement curvature-based methods have been recognized as more sensitive

to damage (Wenzel H. 2009).

Some researchers have concluded that static deflection is a local phenomenon related
to damage or stiffness loss, while dynamic response is a global or distributed phenomenon
(Jekins et al. 1997). Numerical and experimental investigations have shown that it is more

sensitive to local damage than natural frequency.

For plate-like structures, deflection curvature was proved to be the most sensitive in

numerical and experiment study by Yam et al. (2002). They investigated static parameters
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such as out-of-plane deflection, and its slope and curvature. In comparison with dynamic
parameters and strain frequency response function, deflection curvature was shown to be
most sensitive among analyzed parameters. Another advantage of curvature for damage
estimation is that a baseline model of undamaged structure is not needed. Sanayei and
Onipede (1991) estimated structural stiffness at the element level from applied static
forces and displacement measurements through an algorithm to solve sensitivity matrix.
Banan et al. (1994) proposed algorithms for estimating member constitutive properties of
a bridge model from measured displacements under known static loading. They were
based on the concept of minimizing an index of discrepancy between model and
measurements. These methods deal mainly with space structure such as truss, and damage
estimation is at member level. Choi et al. (2004) utilized static displacement changes
between undamaged and damaged states for damage identification of bridges. Maxwell-
Betti Reciprocal Theorem was suggested as an alternative to obtain more deflection
measurement with limited displacement transducers. Effect of measurement noise was

not studied, and damage extent was not assessed.

Compared with the methods based on mode properties, the advantages of
displacement-based methods are as follows. First, baseline of structure under undamaged
state is not needed. Second, displacement curvature could reflect change in stiffness,
which leads to quantitative assessment of damage extent. However, dense displacement
measurements are needed to obtain curvature. In reality, bridges are often built over rivers
or highways. Linear Variable Differential Transformer (LVDT), the most frequently used
contact-type sensor for displacement measurement, needs stable fixed reference point.

This makes field measurement work very difficult, if not impossible.
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To cope with this difficulty, Maxwell-Betti reciprocal theorem can be utilized to
obtain dense measurement. Instead of measuring displacement with dense displacement
transducers, vehicle can run across the bridge and displacement is measured at a single
point. The displacement measurements are equivalent to deflection of the bridge under a

concentrated load.

Stohr et al. (2006) measured inclination influence line with an inclinometer at the
left support in laboratory test of a girder under moving load. The moving load was applied
by weights and pushed by hands. Simulation of damage was made by stiffening some
cross sections with plates. Difference before and after damage was calculated to detect
the damage. Field test on a pedestrian bridge was also conducted, and location of stiffness
modification was successfully located. In case of lack of reference of undamaged state, a

finite element model (FEM) was proposed.

Cheng et al. (2012) evaluated stiffness of a uniform simply supported beam using
dynamic displacement influence line under moving load. Displacement response was
calculated from theoretical model. Empirical mode decomposition (EMD) and window
smoothing are applied to displacement response to obtain the quasi-static influence line.
Comparison results showed EMD cannot effectively remove all the modal vibration part
of the response. Using quasi-static displacement filtered by window smoothing, curvature
is calculated as second derivative of the displacement. By dividing moment diagram, the
flexural stiffness was recovered. Through parameter study of moving speed, it is
concluded that reducing moving speed leads to larger range of steady recovered stiffness.
With speed at 10 km/h, stiftness distribution at central 80% of the span can be reasonably

assessed.
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1.2.4 Review on stiffness loss evaluation using a moving vehicle

Regarding condition assessment of bridges in the long run, the need to reduce the
dependence upon excitation forces is noted by many researchers (Doebling et al. 1998).
The use of operating loads such as a vehicle will reduce the cost in the field investigation.
Stiffness loss evaluation methods utilizing dynamic responses under a moving vehicle are

reviewed in this section.

Mazurek and Dewolf (1990) conducted experimental study on a two-span aluminum
plate-girder bridge model with vehicular excitation. The effects of roadway roughness
(bumps using different thicknesses and spacing of duct tape strips), vehicle velocity, and
damage on resonant frequencies and mode shapes were investigated. The results show
that resonant frequencies and mode shapes are not influenced by vehicle velocity or
roadway roughness. Mass of vehicle has significant effect on resonant frequency, but
minimal influence on mode shapes. Released support and crack damage (29%, 32% and
33% at mid-span) cause change in frequency and mode shapes, and change in mode shape
is used to determine the damage location. Mahamound (2001) presented a procedure for
determining stress intensity factors (SIF) for single and double edge cracks in simply
supported undamped Bernouli-Euler beams under a moving load. The approach is based
on using modal analysis to determine the equivalent load on the beam, with results
showing (a) SIF of moving load is larger than same static load; (b) it is largest when the
crack is near mid-span, and the load is at or shortly after it reaches mid-span. Mahamound
and Zaid (2002) developed an iterative modal analysis approach to determine the effect
of transverse crack on the dynamic behavior of simply supported undamped Bernouli-

Euler beams subject to a moving mass. The presence of crack results in larger
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displacements and alters the beam response patterns. Huang (2001) applies HHT to a
model of simply supported bridge with loading of three axle truck. Damage is simulated
as reduction in cross section. The research used undamaged model as baseline, and used
the variation of local frequency and deformation to detect the damage. The research
claimed that HHT could deal with non-stationary and nonlinear time series. However,
there 1s limitation that a baseline of undamaged model is needed, and the damage extent
is 50% reduction of cross-section, which is not realistic. The use of variation in
displacement is very vague, and accurate detection is not optimistic. The use of variation
in frequency still has the same problem as wavelet analysis, as the author criticized,
shorter local time sub-series would make frequency resolution worse. Lee et al. (2002)
investigated the feasibility of detecting structural deterioration in highway bridges using
vehicular excitation in laboratory. The damage assessment is carried out based on the
estimated modal parameters using the neural networks technique. Simply supported
bridge model is built in laboratory, which is loaded by moving vehicle model. Damage
was inflicted by cutting of bottom flange. Because frequency changes according to weight
of vehicle model, the frequency ratio before and after damage is chosen as parameter and
input to neural network. Majumder and Manohar (2003) proposed a time-domain
approach for damage estimation using vibration data with moving oscillator as excitation
source. Effects such as dynamic interaction between vehicle and the bridge, bridge deck
unevenness, spatial incompleteness of measured data and presence of measurement noise
are incorporated into analysis. A validated finite element model for the bridge structure
in its undamaged state is assumed to be available. Bilello and Bergman (2004) conducted
theoretical and experimental study of response of a damaged Euler-Bernoulli beam

traversed by a moving mass. Damage is modeled through rotational springs connecting
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two intact sections. The analytical solution is based on the series expansion in the basis
of beam eigen-functions. And it is validated through experimental tests on a small-scale
bridge model. Experimental results of natural frequency and deflection agrees well with
theoretical predictions, with experimental response being larger. Compared with natural
frequency, deflection showed larger difference between undamaged and damaged case,
indicating higher sensitivity of deflection to damage. Law and Zhu (2004) studied the
dynamic behavior of damaged reinforced concrete bridge structures under moving
vehicular loads. The vehicle is modeled as a moving mass or moving oscillator, and bridge
is modeled as a simply supported Euler-Bernoulli beam. A damage function representing
either the open crack model or breathing model is used to model the crack zone in the
reinforced concrete beam. An experimental study is performed on a reinforced concrete
beam with T-section subjected to vehicular loadings. Effects of parameters like moving
speed, road surface roughness and oscillator parameters are studied. Dynamic
displacement, relative frequency change (RFC), absolute frequency change (AFC) and
phase plot of the responses are studied, showing dynamic displacement and RFC can be
sensitive indicator of damage in bridge structures. Gonzalez and Hester (2009) performed
wavelet transform on response of damaged bridge under moving load, and investigated
feasibility of this method to detect the damage. It is concluded that multiple measurement
points need to be used to detect and accurately locate damage, mainly due to the fact that
closer measurement location to damage will provide best result. However, from the paper
it is found that sensor location causes clear peak in wavelet coefficient line rather than
damage. The influence of damage on peak is totally lost compared with that caused by
sensor location. Hester and Gonzalez (2012) applied wavelet-based approach to

acceleration signal of bridge under moving vehicle. Wavelet energy content, proving to
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be more sensitive than wavelet coefficient line, is used at each bridge section. Higher
vehicle speed is found to weaken the method to detect damage, due to shorter singularity
at damage location. Meredith and Gonzalez (2012) used empirical mode decomposition
to detect and locate damage in a bridge using acceleration response to the crossing of a
vehicle. Damage is identified through a distinctive peak in decomposed signal. Damage
1s simulated as localized loss of stiffness. The influence of damage size and location, road
surface smoothness, vehicle speed sensor location is studied. The limitations are (1)
weight of the vehicle should be increased for rough road surface, while the increased
weight 50 ton or 200 ton is unavailable in reality; (2) sensor location also causes peak in

the signal, whose effect cannot be distinguished from that caused by damage.

In the previous studies, very few have tried to evaluate damage effects using
dynamic displacement of bridges under a moving vehicle. In those few literatures which
did, limitation is summarized as: (1) simplified analytical beam model is used, which is

not practical; (2) a baseline of undamaged bridge state is needed.

The previous curvature-based studies were not used much in engineering practice,

which is mainly due to the following reasons.

First, dense measurement of displacement through the bridge span is necessary to

calculate curvature, but such measurement is impossible with traditional LVDT or dial

gages.

Second, according to Maxwell-Betti Theorem, the dense measurement could be
equivalent to dynamic displacement under a moving vehicle. However, there is dynamic

component in obtained dynamic displacement, which should be treated in curvature
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calculation. Besides, new type of displacement sensor with high-frequency measurement

is needed.

Third, curvature calculation is very sensitive to measurement noise, and its effects

should be investigated and treated.

1.3 Research objectives and outline

1.3.1 Research objectives

In this dissertation, a displacement-based capacity estimation method is proposed
for girder bridges. It has the potential to estimate the local stiffness loss due to severe
defects more reliably and evaluate bridge load carrying capacity more efficiently, which
are from local and global scales respectively. The method is applicable for girder bridges
with a span of 20~50 meters, which could be simply supported or continuous. It is also
noted that the method is mainly based on bending theory, so shear load carrying capacity
and shear load related defects are beyond the scope of this dissertation. The objectives of

the research are as follows.

1) To develop a load carrying capacity estimation method using moving-vehicle-induced
displacement for damaged girder bridges, which includes local stiffness loss

estimation and live load carrying capacity evaluation;

2) To propose a dynamic displacement treatment approach for curvature based stiftness

loss estimation;

3) To investigate the effect of measurement noise on application of the displacement-

based method, and propose approaches to reduce noise effects;
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4) To verify the method on real bridges, with a moving truck as the loading condition,

and a Radar device for displacement measurement.

1.3.2 Research outline

Organization of the dissertation is as follows.
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In Chapter 1, the background and previous research on current studies are reviewed. The
displacement-based load carrying capacity estimation method is proposed with two
objectives, the first is to estimate stiffness loss due to severe local damage, and the second
is to evaluate the bridge load carrying capacity. At last, the outline of the whole

dissertation is presented.

In Chapter 2, firstly, the load carrying capacity estimation method is described. Secondly,
the correlation between curvature and stiffness loss is deducted based on beam bending
theory, and the difficulties for its application in practice are summarized. Thirdly, the
dynamic displacement components in truck pass-by test are investigated, and a numerical
example is used to verify the idea of estimating stiffness loss from bridge dynamic

displacement. This chapter mainly provides the theoretical basis of this dissertation.

In Chapter 3, the effect of measurement noise on curvature is studied with laboratory
experiment of a beam model. A noise/damage effect ratio is defined to evaluate the level
of noise. Two approaches are proposed to reduce the effect of measurement noise. The
first one uses averaged multiple displacement measurement to minimize the noise level,
and the other selects appropriate curvature calculation interval based on noise/damage

effect ratio. At last, the approach was verified in a three dimensional bridge model.

In Chapter 4, firstly, principle of the Radar device for displacement measurement is
introduced, which can measure multiple points at high sampling frequency. Laboratory
experiment and field test verified the precision of the displacement measurement device.
And the multi-point measurements of displacements were also utilized to predict

displacement at one point to illustrate its merit.
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In Chapter 5, the proposed load carrying capacity estimation method is applied on two
pre-stressed concrete bridges to verify its reliability and efficiency. In the first bridge,
truck pass-by test was conducted and curvature results showed no stiffness loss. The
measurements were used to calibrate a finite element model, on which artificial damage
of concrete spalling and prestressed tendon rupture was created. Stiffness loss estimation
is performed on the calibrated bridge model, which showed 22.3 % of stiffness loss. In
the second bridge, both static proof load test and truck pass-by test were performed, and
the proposed method is applied, which showed that the proposed method with truck pass-

by test can be a substitute for the static proof load test.

In Chapter 6, conclusions are drawn for this dissertation, and recommendations of

future work are provided as well for application of the proposed method in practice.
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Chapter 2 Displacement-based load carrying

capacity estimation method for girder bridges

In recent year, there is more and more concern over load carrying capacity of aging
bridges, based on which maintenance plan such as repair or strengthening can be made.
In addition, traffic weight limitation can also be regulated for severely damaged bridges
with load carrying capacity lower than design. In this chapter, the load carrying capacity
estimation method is proposed for bridges rated as Level 3 and 4, and it has two goals.
They are stiftness loss estimation and load carrying capacity evaluation, which are in local
and global scales respectively. The estimation result provides information of health

condition of existing bridges in light of ability to bear live loads.

2.1 Description of the proposed method

2.1.1 Background

In engineering practice, bridge condition assessment often requires rating of the
bridge status, which involves periodic bridge inspection and load carrying capacity
evaluation. In US and China, proof load test is required to evaluate load carrying capacity
of bridges. The relevant guidelines are The Manual for Bridge Evaluation (AASHTO,
2011) and Highway Bridge Maintenance standards (China, 2011) respectively. A

flowchart of the bridge condition assessment is illustrated in Fig 2.1.
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Fig 2.1 Flowchart of bridge condition assessment in US and China

In Japan, bridge condition rating is mainly based on bridge member rating. Proof
load test is not required, but in some rare cases, static proof load test can be performed
as reference for load carrying capacity evaluation. For example, static proof load test

was performed on Myokyo Bridge in 2011 in Niigata prefecture as shown in Fig 2.2.

Fig 2.2 Static proof load test on Myoko Bridge in Nov, 2011
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2.1.2 The displacement-based load carrying capacity estimation method

In August, 2019, Road Maintenance Report was published by MLIT of Japan, as
shown in Fig 2.3. It is observed that Level 1 and 2 bridges take up 41 % and 49 %
respectively, while Level 3 and 4 account for 10 % and 0.1 %. Therefore, early action and
emergent action are needed for the 68,369 and 682 bridges respectively. Considering the
large volume of these bridges, it is a big challenge for bridge management and
maintenance, and determination on repair, strengthening or traffic weight regulation is

not an easy job.

0.1%51V
I (682)

10%
(68, 36 |

H26~304 | 41%
Ep (206,909
- 716, 46648

(350, 506)
Il

Fig 2.3 Percentage of bridges in different level of condition rating

(From ‘Road Maintenance Report’, 2019)

Static proofload test is a main method to assess the load carrying capacity of existing
bridges (Faber et al., 2000; Wisniewski et al., 2012; Casas and Gomez, 2013) with
increasing load steps. The actual load carrying capacity of a bridge is often higher than
the analysis result, which may be due to system effects, load redistribution or variation in
material property (Bakht and Jaeger, 1990; Saraf and Nowak, 1998). Therefore, a proof

load test is often preferred as it can demonstrate the resistance of the tested bridge with
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reduced uncertainty (Fujino and Lind 1977). However, a complete static proof load test
is very expensive to perform. For example, for a short or medium span bridge, one test
costs up to 6% of the bridge replacement cost in New South Wales, Australia (Faber et
al., 2000). In addition, it takes almost 1 day to install the instrumentation of strain gauges
and displacement sensors, and another half a day to conduct the test. Closure of all traffic
lanes is required, which is very difficult to implement, and almost impossible on

expressways.

The proposed method uses displacement in the bridge girder under a pass-by truck,
and it is applicable for short or medium span damaged girder bridges. After finishing the
preparation work, the bridge load carrying capacity estimation with the proposed method
can be performed as described in the following flowchart. And the procedure can be

implemented in seven steps.

1). Field test with
pass-by truck

<%

2). Calculation of mid-span
displacement influence line

<

3). Simulated static proof
load test on the influence line
& 5). Stiffness loss

estimation with
curvature method

Y

7).Complete
assessment

\ 6). Load carrying
Capacity capacity evaluation
satisified

Fig 2.4 Procedure for condition assessment of girder bridges
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Step 1—Execution of the test, with Radar device for measurement. The procedure
includes: 1) Measurement of relative displacement between the Radar device and the
reflectors. 2) Traffic regulation with road cones and two persons for traffic control. During
the truck pass-by test, public vehicles and pedestrians are not allowed to enter the testing

arca.

Step 2—Processing of the displacement measurements during the truck pass-by test,

and calculation of mid-span displacement influence line.
Step 3—Conduction of simulated static proof load test on the influence line.

Step 4—Check with the design documents. If the displacement is smaller than design,
it indicates that the bridge is in a healthy condition and the load carrying capacity can be
satisfied. The load carrying capacity estimation procedure is completed. If the

displacement is larger than design, step 5, 6 and 7 are performed.
Step 5—Stiffness loss estimation is performed with the curvature method.

Step 6—Load carrying capacity evaluation is performed and the load rating factor is

obtained as follows.
LF =22 x RF,
Yt

In which y, is the displacement obtained with the proposed method, and y, is the
displacement under the same condition according to design. RF is the load carrying
capacity based on calculation with Equation 1.1. If LF is larger than 1, the bridge cannot

satisfy the designed load carrying capacity, and countermeasures should be taken.

Step 7—Complete assessment of the bridge, and determination on repair,
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strengthening or truck weight limitation countermeasures.

2.1.3 Maxwell-Betti Reciprocal Theorem

In order to explain the proposed method using dynamic displacement under truck
pass-by test, Maxwell-Betti Reciprocal Theorem (Timoshenko and Goodier, 1951)
adopted as the basis for the concept of influence line. The theorem is explained as follows.
Consider a beam in two states; it is loaded by P1 and P2 in state 1 and state 2 respectively.
Maxwell-Betti Reciprocal Theorem states that the work of the forces of the first state on
the displacements of the second state is equal to the work of forces of the second state on

the displacements of the first state.

This is illustrated in Fig 2.5. In case 1, the beam is first loaded by P1 at position 1,
which causes displacement d11 at position 1. Then keeping P1 in position, load P2 is
applied at position 2, which causes displacement d12, d12 at position 1 and 2 respectively.
The total work done on the beam is

W, = P.(d,, +dy,)+ Pd,, Q2.1

Where the first subscript i in ; denotes displacement position, and second subscript |

denotes the load.

State 1 l P State 2 l P

(a) Case 1: loading sequence P1, P2 (b) Case 2: loading sequence P2, Pi
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Fig 2.5 Tllustration of Maxwell-Betti Theorem: beam loaded in two cases

In case 2, oppositely, the beam is first loaded by P2 at position 2, which causes
displacement d22 at position 2. Then keeping P2 in position, load P1 is applied at position
1, which causes displacement d11, d21 at position 1 and 2 respectively. The total work
done on the beam is:

W, = Py(dy, +d,,)+ Pd,, (2.2)

As the beam is loaded in elastic stage, changing the loading sequences will not affect
the work of the forces on the beam. Therefore the work done in two states are the same,
w, =w,, it is derived that

Pd,, = Pd,, (2.3)

If amplitudes of P1 and P2 are the same, d12 and d21 will have the same value.
Therefore as an important application, the displacement of a beam can be obtained at high
density under moving load P, as shown in Fig 2.6. When load P is applied on each position
on the beam at time t1, t2, t3, t4, t5 ..., displacement are measured. The result is equivalent
to displacement under load P applied at the position of measurement, which is also the

basis of the concept of influence line.

Pattl Patt2 Patt3 Patt4d patt5 Movingload P

Deflection D yattl,12.13,t4, 15, ...
measurement

Fig 2.6 Maxwell-Betti Theorem for dense displacement measurement

2.2 Curvature based local stiffness loss estimation method

2.2.1 Comparison between different displacement-based parameters

For a beam type structure, local stiffness loss estimation can be conducted with
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different displacement characteristics, which are displacement, slope (first derivative) and
curvature (second derivative) respectively. For example, Choi et al. (2004) used static
difference between displacement amplitude in undamaged and damaged states for

damage estimation.

In the following example, a simply supported beam is used for comparing the

feasibility of the three characteristics in stiffness loss estimation. The beam is 1 m long

2
with the bending stiffness EI = 93N-m” . The load F=5N, applied at 0.6 m position.
Stiffness loss of 15 % is simulated at range between 0.31 m and 0.36 m, as shown in Fig

2.7. Displacement amplitude, slope and curvature of the beam were obtained in Fig 2.8

(a), (b) and (c).
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Fig 2.7 Damaged beam for analysis
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Fig 2.8 Changes in displacement, slope and curvature due to local damage

It can be observed that for displacement and slope, baseline of undamaged state is
needed to detect and estimate the local stiffness loss. In addition, it is obvious that the
amplitude difference between undamaged and damaged state is less than 2 % of the
maximum value for displacement and slope respectively. For real bridges, baseline of
undamaged state is often unavailable, and analytical model or finite element model is
often used as baseline. However, analytical model or finite element model is only an
approximation, and modeling inaccuracy could be larger than 2 %. As a result, stiffness
loss using displacement or slope is unpractical. In contrast, stiffness loss can be evaluated
from curvature change without baseline of undamaged state. This could lead to better

understanding of bridge health condition from a practical perspective.

2.2.2 Theoretical explanation

Stiffness loss estimation with displacement curvature can find its origin from
bending theory of beam. Based on theory on strength of materials (Timoshenko, 1955),

bending moment of a beam is expressed as

d’>w(x)

M(x) = —EI(x) e

(2.4)
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In which, E is Young’s modulus of the material, I is the second moment of area of
beam cross-section, w(x) is displacement of the beam, x is the beam length coordinate,

M(x) is the bending moment.

Curvature x(x) of the beam, can be expressed as

_dw(x) _ M)
dx’ EI(x)

(2.5)

For a uniform beam, with flexural rigidity invariant along the length, the curvature

K (x ) should have the same distribution as bending momentM(x). If there is stiffness

loss in some location, there will be abrupt change of curvature at corresponding location.
As curvature can be calculated from second derivative of displacement, it is possible to
use displacement measurements of a beam to detect any curvature change and estimate

stiffness loss.

Local stiffness loss is defined as follows.

El, —EI,
o=——"""
El

1

(2.6)

Where EI; and EI, denote the stiffness in damage range under intact and damage

state.

From aforementioned equations, stiffness loss could be calculated.

Ki
a=1-—1L Q.7)
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Where K, is directly obtainable from curvature figure; K; is obtained from linear

fitting of curvature results at non-damaged range.
2.3 Stiffness loss estimation using dynamic displacement

In truck pass-by tests of bridges, however slow the vehicle is, there is dynamic
component in the displacement, and its effect should be investigated. The vehicle bridge
interaction problem is shortly introduced, and a computation method is proposed and used
in this research. Then a numerical example is used to illustrate application of the curvature

method for stiffness loss estimation.

2.3.1 The vehicle-bridge interaction analysis

The dynamic problem of moving vehicle and bridge has been a subject of interest
for a long time. From theoretical point of view, the system contains the vehicle and the
bridge, which interact with each other through a contact force. The force is time
dependent, and acts at the contact point between the wheel and road surface. It varies in
amplitude as a result of vibration of two subsystems. Depending on accuracy of the

models used, this problem has been studied by many researchers.

The problem of vehicle bridge interaction can date back to more than one century
ago. On May 24, 1847, Dee Railway Bridge collapsed with five fatalities in Chester,
England (Simmons,1847). After the accident, Willis (1849) and Stokes (1849)
investigated the failure, and the bridge was loaded under a moving vehicle with constant

velocity.

For an undamaged beam under a moving force at constant velocity, the closed-form
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solution is available. Timoshenko studied the case in which the moving load has no mass,
and the bridge was modeled with a uniform simply supported beam. Dynamic

displacement of the bridge is obtained as follows (Weaver et al., 1990).

. imx . imx
PP & Sm(zj imit) 2Pl & Sm(z} 2.8)
=" 2 z .2(.2 2 2 212)5111( ] )"’ sinw, ¢ ’
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- . 3 3(.2 2 2 -272
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In which,
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a = —; » = 3 —_—
m / m

[ : Length of the bridge;

P : Amplitude of the moving force;

m . Mass per unit length;

E1 : Flexural rigidity of the bridge;

i : Velocity of the moving force;

@,, : Natural frequency of the bridge.

Inglis (1934) studied the problem extensively with different practical cases using
harmonic analysis. Detailed review of the early analytical work can be found in
(Timoshenko, 1953) and (Fryba, 1999). Before the advent of computers, investigations
were mainly on developing analytical or approximate solutions with simplifications.
From the 1970s, the computer facilitated numerical methods based on FE model with a

large number of degrees of freedom.
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Depending on the purpose of investigation, mathematical models of bridge with
different accuracy are used to describe the dynamic response of a bridge under a moving
load. One dimensional model can be used in preliminary study of the problem, in which
bridge can be modeled with continuous or discretized finite beam elements. As 1-D model
cannot accurately represent 2-D and 3-D bridge behavior, more refined models are used
such as plate elements or solid elements. Plate bridge models have been used to
investigate the problem by Henchi et al. (1998) and Zhu and Law (2002). 3-D solid

elements were used by Kwasniewski et al. (2006) and Deng and Cai (2010).

Vehicle can be modeled as a moving constant force, mass or mass with spring. The
simplest vehicle model is a constant force that ignores interaction between vehicle and
bridge. This model gives good result when vehicle mass is negligible compared with
bridge. The mass models allow for inertial forces of moving load, but are unable to
incorporate the effect of road surface on vehicle and bridge response. The model of mass
with spring can incorporate the frequency of the vehicle, and varies in complexity

depending on assumption of performance of suspensions and tires.

A single-DOF model was used by Green and Cebon (1997) for preliminary study of
dynamic interaction between heavy vehicles and highway bridges. A two-DOF model can
be employed to represent the body bouncing and axle hop behavior of the vehicle (Green
and Cebon, 1997). The vehicle can also be modeled in 3-D to allow for rolling and

twisting motions (Kim et al. 2005; Kwasniewski et al. 2006).

The main interest of these studies is to obtain the maximum displacement under a
moving load, and provide a dynamic amplification factor for designing. In this

dissertation, it will be utilized to verify the curvature-based method of estimating local
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stiffness loss.

2.3.2 Stiftness loss estimation from dynamic displacement

Moving vehicle is very convenient for implementation in field tests. The proposed
method utilizing dynamic displacement is illustrated in Fig 2.9. Displacement transducer

is installed at one position, and it will supply the information of structure damage.

| PTIIIZZA |
damage n

Displacement transducer

Time

y(é,o

Deflection

N Discontiuity
Fig 2.9 Idea of stiffness loss estimation from dynamic displacement
The basic assumption is that there is corresponding discontinuity in recorded
dynamic displacement when a vehicle passes the damage range. Therefore, dynamic

displacement under vehicle loading is extracted to stiffness loss due to the damage.

According to analytical solution of the dynamic displacement response in equation
(0.8), it could be noticed that the first part is related to vehicle speed. It refers to the quasi-
static component, which is contributed from moving vehicle; the second part containing
bridge natural frequency refers to dynamic part, which comes from the vibration of the
bridge. Other characteristics are: (1) contribution of higher modes is negligible, because
the coefficients of them are much smaller; (2) for middle span displacement, contribution

of even number modes is zero.
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Fig 2.10 Static and dynamic components in displacement signal

In Fig 2.10, it is illustrated that the dynamic displacement at mid-span is composed
of static and dynamic components. As introduced in static displacement case, curvature
is calculated to estimate the stiffness loss. Similarly, curvature can be calculated using

dynamic displacement to obtain the stiffness loss.

w(x — Ax) = 2w(x) + w(x + Ax)
sz

K(x)=w"(x)=

where w(x)denotes displacement.

For dynamic displacement of a damaged bridge under vehicle loading, it contains
three parts: quasi-static component, dynamic component and damage component.

Therefore curvature can be expressed as below.
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(x AX) 2 statln (x) + wstatic (X + AX) +

K_(x) statln Ax2
Wdynamtc (x AX) 2Wdynamlc (x) + Wdylmmlc ('x + Ax) (2 9)
Ax’ '
Wdamage ('x B AX) o 2Wdamage (.?C) + Wdamage (x + AX)
AxZ

Noticing that dynamic component is periodic function (Fig 2.10), in curvature calculation

formula, calculation interval Ax can be chosen as the length of natural period.
A=T xf (2.10)

In which T, denotes fundamental natural period of the bridge; f ; denotes sampling

frequency of data acquisition. In this way, three terms in the numerator of dynamic
component will be canceled out, while contribution from damage is still kept in calculated
curvature. For beam, the fundamental natural period is integer times of higher bending

mode periods. Therefore higher bending mode components are also incorporated.

In fact, in equation of the dynamic displacement

V= sinw,?,

L[ imx . [ imx

s sin| — sin| —

_2PI ¢ (ZJ . [ it 2Plu (lj
I (]2

e (1271'2612 —u? miz a‘Si (2722412 L'tZIZ)
The first part represents the static component. And when velocity is very small, uis seen

as 0. Then the quasi-static component becomes

ipé;i"i“ . [i j .n[mZmJ @.11)

Takingy =y, tfrom 0 to i , the static component is obtained at point X, . It is noted
u

that this expression is equivalent to static deflection of the beam when load P is applied
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at x, from the left support.

2.3.3 Calculation algorithm

In uncoupled system, vehicle model can be established using Matlab, and contact
force could be obtained and applied to the bridge. Bridge model can be established in
FEM software such as ABAQUS, which facilitates the computation with good accuracy
and high efficiency. For different vehicles, only updating in Matlab codes is needed. As a
result, an uncoupled vehicle and bridge system is established, to investigate stiffness loss

estimation utilizing dynamic displacement of bridge under moving vehicle loading.

The main problem of vehicle-bridge interaction modeling is that the contact points
move with time, and at each contact point, displacements of vehicle and bridge affect
each other. The connection is contact force, which couples vehicle and bridge together.

The detailed modeling procedures are introduced below.

Equations of motion can be established for bridge and vehicle, and they should
satisfy compatibility of displacements at the contact points. The contact points of the
vehicle and the bridge move from time to time. In this way, they interact with each other.
Except for case in which simple vehicle model of moving constant force is adopted,
closed-form solution is unavailable. Numerical method is necessary for solving this

vehicle-bridge interaction problem.

For uncoupled system, interaction between the bridge and the vehicle is realized
through contact force. At the contact points between vehicle wheel and bridge, contact
force causes deformation of bridge; in the other way, bridge response affects dynamic

behavior of vehicle, hence changes the contact force. Convergence should be satisfied at
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each contact points.

Mainly two algorithms are available for the computation: step by step method (Wyss
et al. 2011) in which the vehicle moves through the bridge, and iteration is conducted at

each contact location to achieve convergence.

Another computation procedure is global iteration method (Gonzalez, 2010). Instead
of conducting iterations step by step at each contact points, iteration is realized on contact
force history. First, road profile is supposed as input force for vehicle, and contact force
history is calculated for each contact points. Then bridge response is incorporated in the
vehicle dynamic equation as input together with road profile, and a new contact force
history is generated. This procedure will be repeated until convergence between two

successive computed contact force histories is achieved.

2.3.4 Investigation with a finite element model

In order to verify the proposed curvature-based method, investigation is conducted
on a vehicle-bridge model using Matlab and finite element software ABAQUS. In the
analysis, the vehicle model is established using Matlab, and the contact force at the wheel
is calculated with Newmark’s Method. The bridge is modeled as a simply supported beam
in ABAQUS, and contact force is imported from Matlab calculation result. The analysis
scheme can be used to compute the bridge behavior with good accuracy and high

efficiency.

(1) Vehicle model

Equation of motion for the vehicle is obtained using principle of virtual work. The
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vehicle loading is simulated with a quarter-car model (Fig 2.11), composed of a spring
with stiffness coefficient of 8x10°~N/m , and a damper with damping coefficient of
1.44x10° N -s/m . The mass of vehicle body is 100 kg. Considering the mass of tire is much

smaller than the vehicle body;, it is neglected in the calculation.

Fig 2.11 Quarter car model

The equation of motion for vehicle is

Mw +Cw +Kw =f (2.12)

In which, M,,C,,K, are mass, damping coefficient, stiffness of the vehicle
respectively; Wv s Wv , W, are acceleration, velocity and displacement of vehicle motion

respectively; fv is the vertical contact force on the vehicle, assuming constant speed and

straight vehicle path.

The dynamic equation is calculated in Matlab with Newmark method. The contact force

on the bridge is calculated as
F,=f+Mg-Cw —-Kw, (2.13)
(2) Bridge model

Steel beam model is established with three dimensional beam element B31 in

commercial finite element software ABAQUS, and the schematic view is shown in Fig
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2.12.1tis 15m long and 1 m wide, with a thickness of 0.06 m, and the boundary condition

1s specified as simply supported. The beam is modeled totally with 200 beam elements.

|

. damage O
Displacement measurement ',

et}
llm D{
- -
15m

Fig 2.12 Schematic view of the bridge model

The bridge specifications are provided in Table 2.1. Stiffness loss of 42% is
simulated by reduction of cross section, which is 11 m away from the left end, with a
length of 0.75m and the thickness reduced to 0.05m. In analysis, vehicle passes at a
constant speed of 1 m/s, so totally it takes 15 s to pass the bridge. Rayleigh damping is

defined for the model.

Table 2.1 Properties of the beam model

Density 7800 kg /m’
Young’s Modulus 2.1x10" N /m?
Poisson’s Ratio 0.3
Damage location 11m from the left support

Road surface is continuously distributed in random fashion, which affects dynamic
behavior of both vehicle and bridge. It is usually assumed to be a stationary Gaussian
random process and generated from power spectral density functions (Dodds and Robson,
1973). The power spectra basically describe the distribution of mean square amplitude of

road geometry deviations as a function of the spatial frequency of the irregularities.
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When modeled as a stationary Gaussian random process, the road pavement profile can

be generated by an inverse Fourier transform as

N
r(x) =Y +2G, (n,)An cos(2m,x ~6,) (2.14)
k=1

Where G,(n,) = - : PSD function, and ¢ has different values according to the

a
(27mk )
road condition; here it is chosen as 2 x<107°, good condition.

An ; Frequency interval, Ay = Zmex ~"min  where 1, and 7, are the upper and lower
N

cut-off frequencies respectively; here they are chosen as 5 Hz and 0.1 Hz;

n, : Wave number;

0, : Random phase angle uniformly distributed from 0 to 27z .

When calculating the dynamic behavior of the vehicle, the space function is transformed
to time function according to the vehicle speed. The generated road profile is shown in

Fig 2.13, with the largest amplitude of roughness below 2 mm.
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Fig 2.13 Bridge surface profile

(3) Calculation algorithm

In this analysis, interaction between the bridge and the vehicle is realized through
contact force. At the contact points between the vehicle wheel and the bridge,
displacement of the vehicle and the bridge should satisfy compatibility at the contact
points, where the same deformation of both the vehicle and the bridge should be

maintained. Convergence should be satisfied at every contact point.

Computation procedure is conducted in a global manner presented as illustrated in
Fig 2.14, and interaction between the vehicle and the bridge is realized through the contact
force time history. First, road profile is used as the initial input for the vehicle, and the
contact force history is calculated for each contact points. The contact force history is
then applied to the bridge model in ABAQUS, which leads to bridge response. Then the
bridge response is incorporated in the vehicle dynamic equation as input, together with

the road profile, and a new contact force time history is generated. This procedure is
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repeated until a user defined convergence criteria is satisfied. Particularly the convergence
criterion is set that the maximum displacement difference between successive iterations
is smaller than 0.01% of the dynamic displacement at mid-span. Once the convergence
criterion is satisfied, displacement response of the bridge is extracted for stiffness loss

estimation.

.f lT J = ' -
mUr QUK ==Y Calculate bridge
> Calculate contact force —_— response using FEM

R g S

|

V=r(x)+U,(x,2) No
Nodes at different | <

Check convergence
A(U{E,z\.]so.m%w;[é,’i\
27 ) 2

2)

times
Yes l
m, ‘(j\"’Kv I'(x) b’l:(’\.*!)
Vehicle mass, Road profile Bridge
damping, stiffness displacement

Fig 2.14 Calculation algorithm for vehicle-bridge model

(4) Analysis result

Analysis is conducted until convergence is satisfied. The difference of dynamic
displacement at the mid-span point is shown in Fig 2.15. It indicates that after three
iterations, the maximum difference between two iterations is5x10”m, around 0.0025% of
the mid-span displacement of the bridge. It satisfies the convergence criterion that the

displacement difference is smaller than 0.01% of the mid-span displacement.
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Fig 2.15 Convergence of displacement at contact points

Dynamic displacement at the mid-span point is extracted for stiffness loss estimation,
as shown in Fig 2.16. The natural frequencies of the bridge were also extracted, which
shows that the fundamental natural frequency is 0.61 Hz. Hence the fundamental natural
period is obtained as 1.648 s. In data processing, the second derivatives of the dynamic

displacement data are taken, at an interval of the natural period of the bridge. The vehicle

passes the bridge in 15 s, and displacement is recorded. Therefore, s is calculated as 13.4

Hz. For the calculation of dynamic curvature, Axis chosen as ax =17, = .. Axis then

rounded to an integer value, which is 22.
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Fig 2.16 Dynamic displacement at the center of the bridge span

The curvature is illustrated in Fig 2.17. When the vehicle bridge interaction is not
considered, the dynamic curvature is also presented for comparison, given by the red
dashed line. In the curvature figure, there are no calculated curvature values at both ends
of the bridge span, because the second derivative was taken at an interval Ax. It can be
indicated from the figure that when interaction is not considered, curvature plot is
smoother, and peak caused by damage is more apparent. In contrast, there are more
fluctuations on the curvature result which incorporated interaction between the vehicle
and the bridge. But even considering the interaction effect, the damage location is clearly

confirmed.

Apparent peak at the location of 11m on the dynamic curvature plot indicates the
damage location. Using the calculation equation Eqn (9), the stiffness loss is obtained as
39.98%. Compared with the actual stiffness loss of 42 %, the difference is around 2%. It
demonstrates that even with the effects from road roughness and vehicle-bridge

interaction, the curvature method can evaluate the stiffness loss with good accuracy.
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Fig 2.17 Curvature of bridge at mid-point of the span

(5) Effect of damage location and extent

In order to investigate the effect of damage location and extent, different damage locations
and extents are analyzed. Damage is assumed at location of 3m (L/5), 5m (L/3) and 12m
(4L/5) respectively, and damage length is 0.75m with thickness reduced to 0.05m. The
displacement with measurement noise is calculated as the formula below (Zhu and Law,

2006; Nguyen and Tran, 2010).

w=w,+E,Now,)

Where .. is the polluted bridge displacement with measurement noise. E, is the noise

level and N is a standard normal distribution with zero mean value and unit standard

deviation. ,, is the calculated displacement at mid-point of bridge span, and &, ) is

its standard deviation.

Noise level is assumed as 0.1%, and it is added to calculated displacement in the

same way as in the last subsection. The curvature results are illustrated in Fig 2.18. It is
47



shown that damage can be detected reliably regardless of its location. Damage extent is

identified as stiffness loss of 36.8%, 32.9% and 33.9% respectively.

x 10
10 T . . .
Damage at 3m
I~ — — — Damage at 5m
9 AR PR A R Damage at 12m ||
8 Lo .

Curvature(1/m)
o]
|

Bridge(m)

Fig 2.18 Curvature at mid-span with different damage location

Effect of damage extent is also studied, by assuming stiffness loss of 20%, 40% and
60%. Noise level is assumed as 0.1%. The curvature results are plotted in Fig 2.19, which
shows that the peak caused by damage increases as stiffness loss increases from 20% to
60%, which were estimated as 17.9%, 32.2% and 49.6% respectively. The discrepancy

can be attributed to the road surface roughness and measurement noise.
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Fig 2.19 Curvature at mid-span with different damage extent

2.3.5 Conclusion on the curvature base method using dynamic displacement

A local stiffness loss estimation method is proposed based on dynamic displacement
of bridge under the loading of a moving vehicle. Through the investigation, several

conclusions are drawn as follows.

(1) Closed-form solution of the vehicle-bridge problem shows the idea of decomposing
dynamic displacement into quasi-static component and dynamic component, and

curvature of the quasi-static component can be used to estimate stiffness loss.

(2) In curvature calculation using dynamic displacement, the calculation interval is
chosen as natural period of the beam, by which dynamic component can be canceled out,
while stiffness loss is estimated with quasi-static component.

(3) Numerical simulation of a beam model is investigated, in which road surface
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roughness, vehicle-bridge interaction and measurement noise are considered. Parametric
study on damage location and extent verified the reliability and efficacy of this method.
It is also shown that the estimated stiffness loss level could be less accurate due to

measurement noise.

2.4 Conclusions

In this chapter, a displacement-based method 1s proposed for load carrying capacity
estimation of damaged girder bridges, which includes two goals. The first goal is to
estimate the local stiffness loss for damaged bridges, which is important for decision
making on repairing and strengthening methodologies. The second goal is to evaluate the
load carrying capacity for severely damaged bridges. The conclusions of this chapter are

drawn as follows.

(1) The proposed load carrying capacity estimation method is described, and

theoretical basis of Maxwell-Betti Reciprocal Theorem is presented.

(2) The curvature-based stiffness loss estimation method is theoretically explained.
Curvature is proposed as a parameter to estimate the stiffness loss at damaged location of

a bridge.

(3) An approach is proposed to eliminate the dynamic part in displacement curvature

calculation under a moving vehicle, which was validated with numerical investigation.
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Chapter 3 Investigation and treatment of noise in

displacement measurement

In any experiment, measurement noise is inevitable and may be caused by different

reasons. In practice, noise mainly arise from the following sources.
1) Instrumental error, caused by measurement device precision.
2) Environmental effect, caused by variation of temperature, humidity, wind, etc.

3) Experiment condition, caused by experiment arrangement, for example, loading

condition may not be exactly the same as planned.

In this chapter, the property of measurement noise is investigated, and a
noise/damage effect ratio is proposed to evaluate noise effects. Then two approaches are
proposed to reduce noise effects. Firstly, a laboratory experiment is conducted to
investigate the properties of noise and its effects on the curvature calculation results. A
noise/damage effect ratio is defined to evaluate the effect of noise on curvature calculation.
Secondly, two approaches are proposed to reduce the effects of noise, and effect of
measurement noise on curvature calculation is illustrated analytically. Both approaches
are verified with the laboratory test measurements. Thirdly, a three-dimensional bridge

FE model is established, which verified the proposed approach for noise reduction.

3.1 Laboratory experiment on noise properties
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3.1.1 Introduction

In laboratory, experiments were conducted on an aluminum beam specimen to investigate
the property of noise in displacement measurements and its effects on curvature

calculation.

The experiment setup is illustrated in Fig 3.1 (a) and (b). The length of the beam is 900
mm with gross cross-section of 20mm X 3mm. Damage was created through saw cut of
cross section at range between 237 mm and 313mm, which is about 60% stiffness loss.
Load was applied using a 5 N weighed mass, which was moved on the beam with 25 mm
interval. When the mass was at each position, static displacement was measured at mid-
point of the beam with Laser displacement meter LK-H050. Based on Maxwell-Betti
reciprocal theorem, the measured displacement is equivalent to deflection under
concentrated load at mid-point of the span. Experiment conditions are summarized in

Table 3.1.

Table 3.1 Experiment conditions

Length: 90;

Specimen dimension (mm) _
Beam cross section: 20%3

Boundary condition Fixed-fixed
Load (N) 5
Loading interval (mm) 25
Damage 60% , between 237mm and 313mm
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(a)Schematic view of experiment

(b) Experiment photo
Fig 3.1 Laboratory experiment set-up

The test was conducted three times under the same experiment condition, and the
displacement results are shown in Fig 3.2. It is observed that the three displacement
measurements almost coincide with each other, and the damaged location cannot be

distinguished from the figure.
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Fig 3.2 Displacement of the test beam

3.1.2 Curvature calculation results

Curvature is calculated using the following formula.

w(x — Ax) —2w(x) + w(x + Ax)
sz

K(x) =
In which, w(x) is displacement of the beam,;

x is the measurement position;

AX ig curvature calculation interval. It is taken as 25 mm here.

Fig 3.3 shows curvature calculation results of the beam in three tests. A linear fitting
is plotted in a least squares sense, and curvature change is computed as original curvature
subtracted by the linear fitted curvature, as shown in Fig 3.4. The largest discrepancy is
at 0.275 m for all three tests, which agrees with the damage location. It is observed from
Fig 3.4 that the curvature change is not zero even for undamaged positions. Instead, the

curvature change values vary around zero. This result is caused by noise in the test.
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Fig 3.4 Curvature change with respect to linear fitted curvature

As introduced in Chapter 2, stiffness loss be calculated from curvature change.

”
a=1——=
Kq

In which, K; and Kgare obtained from linear fitted curvature and the original

curvature value at 0.275 m.
The i1dentified stiffness loss results of the tests are demonstrated in Table 3.2. It is
indicated that identified results agrees well with actual damage extent of 60%.

Table 3.2 Identification results of specimen damage extent
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Measurement Test 1 Test 2 Test 3
Damage extent | 62.66 % | 64.88 % | 61.88 %

As shown in Fig 3.4, curvature in intact state K, (X) can be obtained

approximately through linear fitting, and curvature change Ak(x)=x(x)-x, (x) is

calculated. Noise/damage effect ratio § = is defined as noise/damage effect ratio,

K

max

inwhich O denotes standard deviation of calculated curvature variation in intact range.

Ax_ denotes the largest curvature change, for example, 0.275 m in Fig 3.4.

max

3.2 Approaches for noise reduction

In order to minimize the effect of noise on the proposed method, techniques are

required to cope with the measurements.

3.2.1 Noise reduction with multi-measurement averaging

It is widely known that random measurement noise can be minimized through averaging
multiple measurements under the same experiment condition. The average displacement
of three tests in Fig 3.2 is plotted in Fig 3.5. This averaged displacement is used to
calculate curvature, as shown in Fig 3.6. And the curvature change is obtained in Fig 3.7.
Table 3.3 shows the noise/damage effect ratio for the three different tests and the averaged

displacement. It is noticed that the noise/damage ratio is reduced effectively.
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Fig 3.7 Curvature change for averaged displacement

Table 3.3 Noise/damage ratio for three tests and averaged displacement (25 mm)

Test Test 1 Test 2 Test 3 Average

Noise/damage
16.19 % 10.60 % 17.84 % 3.63 %
effect ratio
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3.2.2 Effect of curvature calculation interval on noise and damage

It is shown in the last sub-section that noise can be effectively reduced through taking
the average displacement value of multi-measurements. However, tests in multi-times in
a bridge field experiment is time-consuming, and the same experimental condition should
be ensured. In this sub-section, effects of curvature calculation interval on noise and
damage are investigated to find an approach to reduced noise-induced variation in

curvature calculation.

As already introduced, measurement noise and damage both cause peaks in
curvature results. Measurement noise is intrinsically uncertain, and should be treated as a

random variable. In the discussion below, the effect of measurement noise in curvature is
described using standard deviation in curvature, and denoted as O ,. . The curvature

change caused by damage is denoted as Ak, , which is the largest curvature change and it

should stays at the same position even different curvature calculation intervals are used.

It is noticed that increasing curvature calculation interval will lower these peaks.

Suppose measurement noises in displacement are independent at different points, and

with same standard deviation, denoted as0, .

Curvature is calculated as below.

oo w(x — Ax) — 2w(x) + w(x + Ax)
= o

In which, w(x) is the displacement;

x is the measurement position;
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AX ig interval of measurement.

According to error propagation (Philip R. Bevington, D. Keith Robinson, 2003), standard

deviation of a function f(x,y,z) is as follows.

s, = (Zi) s§+(ZLJ sj+(zi) s?
x Y z

For curvature K , the standard deviation can be calculated as follows.
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If curvature calculation interval increases to 2Ax , the standard deviation decreases

to 1/4. Three sets of measurement are conducted in the experiment described in Section

3.1, and curvature are obtained using different calculation interval 25 mm, 50 mm, 75

mm and 100 mm. The curvature under undamaged state is plotted through linear fitting.

The standard deviations with different curvature calculation intervals are shown in Fig

3.8. It is illustrated that the noise level decrease agrees with the theoretical deduction.
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Fig 3.8 Standard deviation of curvature with different calculation interval
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On the other hand, the displacement of damaged beam can be seen as two parts: one

part of undamaged beam and the other caused by damage: W(X) =W, (X) +w, (X) . In which,

w, (X) denotes displacement of undamaged beam; W, (X) denotes displacement caused by

w(x — Ax) —2w(x) + w(x + Ax)

damage. In curvature calculation g (x)= g
Ax

, it can be

decomposed into these two parts, shown as below.

~ W (x—Ax) = 2w, (x) + w; (x + Ax) N w, (x =Ax) —=2w, (x)+w, (x + Ax)
- Ax? Ax?

K(x)

In which, x —Ax, X, x+Ax denote the three coordinates of displacements used for

curvature calculation at . Therefore, curvature change caused by damage is

_ w, (x, —Ax)—2w,(x,)+w,(x, +Ax) .
AX2

Ak,

In which X, denotes damage location. If curvature calculation interval increases to 2Ax,

_ wy(x, —2A%) = 2w, (x,) +w, (x, +2Ax) .
4Ax?

Ak,

For a simply supported beam, closed-form displacement caused by damage can be

obtained analytically (Appendix A),

(04 Pb 1 3 3 1 2 2
——| =, —x)——(x; —x)) |x O<x<x
l—a EI(312( b e) 21( b e) b
w P B et s xs
l—a 6IEI l-a EI'\3] 21 l—a 3IEI
a Pb( 1 5 a Pb, ;
—— | = -x) x———(x; —x x,<x<l
l-a E[(312( b e)j 1-a 31 (=) ¢

An example of beam displacement caused damage is shown in Fig 2.8(a). It can be

deducted that W,(x, —2Ax) and w,(x, +2Ax) are larger than W, (X, —Ax) and W, (X, +Ax)
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respectively. Therefore, when curvature calculation interval increases to 2Ax , the
decrease in amplitude is smaller than 1/4. For the five different scenarios in Fig B.2, the

relation between curvature change and stiffness loss level is summarized.

When curvature calculation interval changes from Ax to2Ax, possible scenarios are
explained here. Note that case 1 would not correspond to the largest curvature change, so
it is excluded. And in Case 3 to Case 3, the curvature calculation results is the same. Then
the other possible scenarios are Case 2 to Case 2, Case 2 to Case4, Case 3 to Case2, Case
3 to Case4, Case 4 to Case4 and Case 5 to Case5 respectively. In a numerical example,
when calculation interval changes from Ax to2Ax, curvature value results for noise and
the six scenarios are illustrated in Fig 3.9. It is demonstrated that the damage induced

curvature change decreases much smaller than that of the noise level (1/4).
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Fig 3.9 Curvature change with different curvature calculation interval

As the decrease of peaks caused by damage is faster than measurement noise,

curvature calculation interval is chosen to ensure that noise/damage effect ratio is smallest.
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3.2.3 Noise reduction with selection of curvature calculation interval

In this sub-section, a new approach is proposed to reduce noise effect with selection of

curvature calculation interval.

Noise-induced curvature variation is described as standard deviation of curvature
change, Ax(x)=x(x)-x,(x),inwhich K, (X) denotes curvature in undamaged state

obtained from linear fitting in least square sense. Damage-induced increase is described

as largest curvature change Ax,_ . The curvature calculation interval is determined

through an approach, as shown in Fig 3.10.

Step 1

Fig 3.10 Iteration process for determining optimum curvature calculation interval

w(x—i-Ax,)—2-w(x) +w(x+i-Ax,)
(- Ax, )’
k,, (x) is obtained from linear fitting;

Ax(x) =k(x)— K, (x)

i=Lx(x)=

= 9. in which o, is standard deviation of Ax(x).
(A'Krnax ).f
Step 2 |i =i+1 1dentify S, | «—
Step 3

(1). Location of (Ax,,.),.,
check  agree with (Ax, )

(2). S, < Tolerance.

(1) Calculate
stiffness loss;
(2) Choose

Ax =i+ Ax,,
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Suppose displacement measurement interval is Ax,,, In the first step, the curvature
calculation interval is chosen as 1 X Ax,, , and curvature figure is plotted. It is then
used as the length of curvature calculation interval in the first step. In the second step, the

calculation interval is chosen as 2 X Ax,, and the same process is repeated as the

previous step. After calculation for several steps, the curvature change A stays at the

same location, corresponds to the damage location. If s = satisfies the tolerance,

Ak

max

the curvature figure is plotted. In this research, the tolerance for the noise/damage effect
ratio is chosen as 15%. It is noted that the purpose of the study is for local stiffness loss
estimation of severe damage in a bridge, and the damage location is already known in

advance.

In this experiment, curvature is calculated with 50 mm interval, and the result is
shown in Fig 3.11. And the curvature changes in the three tests are plotted in Fig 3.12. It
is calculated as original curvature subtracted by linear fitted curvature.
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Fig 3.11 Curvature results with 50 mm calculation interval
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Fig 3.12 Curvature change for calculation interval 50 mm
The noise/damage effect ratios of the results in three tests are listed in Table 3.4. It
shows that noise effect is reduced when curvature calculation interval increases from 25
mm to 50 mm.

Table 3.4 Noise/damage effect ratio for three tests (50 mm)

Test Test 1 Test 2 Test3

Noise/damage effect ratio 16.19% | 10.60 % | 17.84 %
with 25 mm calculation interval

Noise/damage effect ratio 631% | 436% | 7.52%

with 50 mm calculation interval

The effectiveness of selection of curvature calculation interval can also be explained

from another viewpoint. It is known that beam deflection formula is a three-order

polynomial, which could be expressed as below.

w(x)=ax’ +bx* +cx+d (3.31)
Four coefficients a,b,c,4 could be determined from displacement measurement
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data at four positions. Taking four displacement data along the beam axis, and move the
origin of coordinate to the first of the four data, then d is zero. The other three

coefficients could be calculated with the following equations.

1 1 1 1
a= sz —EW3 +8W4 -3
5 1 1
b:[—2W2+2W3—2W4j2 (34)

3 1 1
C:(3W2 —EW3 +3W4)Ax

Curvature could be calculated from second derivative as follows.

2
o 2 —12aAx+2b (3.5)
dx

As itis a linear function, coefficient ?should be the same for the undamaged portion
of the beam. As a result, estimated of . from a least squares sense could indicate the noise
effect. Table 3. shows average of . in one test with different curvature calculation

interval.

Table 3.5 Average of coefficient o from different calculation interval

Calculation interval 25mm 50mm 75mm 100mm

Average of « 3.8564x10%  4.8148x10°  4.9053x10%  4.8056x10®

It is noticed that .changed largely from 25 mm interval to 50mm interval, but

stayed stable from 50 mm to 100 mm interval.

3.3 Numerical example of a three-dimensional bridge
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To verify the feasibility of this method on actual bridges, investigation is conducted

on a detailed 3-D bridge model established in finite element software ABAQUS.

3.3.1 Model introduction and calibration

The bridge is a single span bridge, with a length of 25m and width of 8.5m, as shown
in Fig 3.13. The concrete deck is supported by five I-shape steel girders. In transverse
direction, there is X-type cross frame which consists of top and bottom chords made of 100x100%9.5
angles and diagonals of 75x75%9.5 angles. The thickness of deck is 0.2 m, and concrete cover
1s 35 mm. The height, width and thickness of the I-shape girder are 1.2m, 0.6m and 0.05m
respectively. The boundary conditions are specified as simply supported at two ends of
the five I-shape girders on bearings. Both concrete and steel are specified as elastic. The
properties are illustrated in Table 3.6. Stiffness loss of 30% is simulated with reduced
cross section on the girder 4 at range 7 ~ 9 m, which is realized through reduced section

arca.

(a) Finite element bridge model (deck and girder with X-bracing)
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Fig 3.13 Bridge model

Table 3.6 Concrete and steel properties

Material Concrete Steel
Density (kg/m?) 2400 7890
Young’s modulus (Pa) 2.8x10' 2.1x10"
Poisson’s ratio 0.2 0.3

Surfaces between deck and girders, girders and bearings are connected together with
tie constraint, which defines that contact surfaces have the same motion. Reinforced bars
are embedded in the concrete deck, which specify same translational degrees of freedom
at adjacent nodes. The bridge model contains totally 11067 elements and 15897 nodes.

The mesh type and size are illustrated in Table 3.7.

Table 3.7 Element property of bridge model

Member Mesh type Mesh size (m)

Deck Solid element C3D8R 0.25X0.25X0.2
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Rebar in the deck Truss element T3D2 0.5
I shape Girder Shell element S4R 0.125X0.15
Bearing Solid element C3D8R 0.3

It is noted that the mesh size is calibrated before the analysis. Two other models with
mesh sizes as 0.5 times and 2 times the chosen model are also established, which are
denoted as model A and Model C respectively. The chosen model is denoted as model B,
and mode frequency is chosen as the parameter for calibration. Mode analysis is
conducted, and first four frequencies are obtained as summarized in Table 3.8. It is
indicated difference between Model B and Model A is less than 1% for all the first four
modes. The difference between Model A and Model C is small for the first mode
frequency, but quite large for other three modes. Therefore Model B is chosen as the

calibrated model for consequent analysis.

Table 3.8 Element mesh calibration

Model B Model C
Models Model A
/Difference /Difference
1 st bending frequency (Hz) 9.4573 9.4449/0.13% 9.4000/0.61%
1 st torsion frequency (Hz) 9.5824 9.5620/0.21% 9.2452/3.52%
2 nd torsion frequency (Hz) 29.682 29.516/0.56% 29.019/2.23%
2 nd bending frequency (Hz) 34.775 34.591/0.53% 32.856/5.52%

In the finite element analysis, vehicle loading is simulated with concentrated load of
100 kN. The load moves along the deck an interval of 0.5 m, and static displacement is
obtained at mid-span point of damaged girder. Effect of noise is studied through adding
the randomly generated noise, which is selected with zero mean and standard deviation
as 0.05% of mid-span displacement. After obtaining the contaminated displacement data,
they are used for stiffness loss estimation with the curvature based method. The

calculation intervals are chosen as 0.5 m, 1 m and 1.5m. Stiffness loss estimation is
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conducted and explained in the following subsection.

3.3.2 Curvature calculation with different intervals

In this subsection, effect of curvature calculation interval is studied. Load moves
over girder 4 with an interval of 25 mm. Displacement is obtained at centre of girder 4.
According to Maxwell-Betti theorem, interval for obtained displacement is 25 mm.
Damage severity of 50 % stiffness loss is considered. Measurement noise is considered
in a similar way as in (Shi et al., 1998), and it is selected with zero mean and standard
deviation as 0.05% of mid-span displacement. In order to investigate effect of
measurement noise, displacement ,(x) 1is generated as below.

w(x), = w(x) 0., + e(x) (3.6)

Where, w(x).

actual

is obtained from FEM analysis; e(x) is measurement noise which
follows normal distribution. The noise is selected with zero mean and standard deviation

as 0.05% of mid-span displacement.

Noise/damage effect ratios = is calculated for different calculation intervals,

K

max

which are 0.5 m, 1 m and 1.5m. The results of the ratio are 27.93 %, 7.61 % and 9.23 %
respectively. Curvature plots are shown in Fig 3.14 with corresponding calculation
intervals. It is indicated that noise effect is obvious when calculation interval is 0.5 m,
and 1 m is the most appropriate calculation interval to restrain the noise effect while

highlighting damage effect.
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Fig 3.14 Curvature plots with three different calculation intervals

In this numerical example, a realistic detailed Finite Element bridge model is used
to verify applicability of the proposed method. Measurement noise exists in any field test,
and its effect should be treated carefully when using curvature-based stiffness loss
estimation method. It is illustrated in this example that the proposed damage/noise effect
ratio can be a good indicator to evaluate the noise effect when choosing an appropriate

curvature calculation interval.

3.4 Conclusions

In this chapter, investigation is conducted on effect of measurement noise curvature-
based stiffness loss estimation method for bridges. Laboratory experiment and numerical
study both indicate capability of the method with the presence of measurement noise.

Based on the study, some conclusions can be drawn as follows.
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(1) Laboratory experiment was performed to investigate the property of noise. A
noise/damage effect ratio is defined to evaluate the noise level with regard to curvature

calculation.

(2) Two approaches are studied to reduce effect of measurement noise. The first one
i1s to average multiple displacement measurements, and the other one is to choose
appropriate curvature calculation interval. They are verified with the laboratory

experiment results.

(3) Numerical study on a detailed 3-D bridge model is conducted to validate the
applicability of selecting curvature calculation interval based on noise/damage effect ratio

in realistic bridges.
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Chapter 4 Displacement measurement with

Radar device

Displacement is an important indicators to evaluate the live load carrying capacity
of bridges, and it is widely used in static proof load tests. In engineering practice,
traditional displacement sensors, such as linear variable differential transformers
(LVDTs) and dial gages, are widely used in field tests. However, these sensors require a
stationary fixed point to measure the displacements. In many circumstances, it is
impossible because bridges are often constructed over highways/deep valleys. Even such
fixed point is feasible, the installation often requires traffic regulation and cost much time

and labor work.

Another common approach is to perform a double integration on acceleration
measurements. This integration process, however, requires filtering selection, baseline
correction and manual judgment if anomalies exist in the records (Hudson, 1979).
Furthermore, this process may introduce difference with the actual displacement.
Displacement could also be inferred from mathematical models using strains measured
by fiber sensors, but the accuracy of the obtained displacement is still a concern. The
global position system (GPS), which obtains the position of a receiver using a satellite
ranging method, is a displacement measurement technique is widely adopted in health
monitoring systems of long-span cable supported bridges (Xu et al., 2002; Yi et al., 2010;
Sun et al., 2017). Current GPS technology is capable of providing an accuracy of +1 cm,
which is applicable for cable-supported bridges with larger displacement, but not feasible

for small or medium span bridges. The existing displacement sensors used in
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engineering practice is shown in Table 4.1.

Table 4.1 Existing displacement sensors

Device Precision (mm) Static/dynamic Measuring point
LVDT 0.1 Static One point
Total station 0.1 Static One point
Digital level 0.1 Static One point
Laser-based sensor 0.003 Static/dynamic One point
GPS 5 Static/dynamic One point
Radar device 0.01 Static/dynamic Multi-point

In the proposed load carrying capacity estimation method, a non-contact radio
detection and ranging wave (Radar) device is used for displacement measurement. This
chapter describes the new interferometric radar device, which can measure displacement
at multiple points simultaneously with high sampling frequency. First, the technical
mechanism and the characteristics of the Radar device is described briefly. Subsequently,
a laboratory test and a field test were introduced which verified precision of this device.

At last, its merit of multi-point measurement is also illustrated.

4 1 Introduction on the Radar device

Recent development in radar technology has led to the development of a microwave
interferometer, which is suitable for non-contact displacement measurement of bridges.
When it is used in truck pass-by test of a bridge, it will not interrupt the traffic. Labor
work is only required for reflector installation, which is more efficient than traditional

LVDTs or dial gages.

Development of such device could date back to more than 20 years ago. In 1993,

Lawrence Livermore National Laboratory in the United States developed a micro-power
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impulse radar (MIR), which is a low-cost noncontact ranging sensor (Fraden, 2010). The
application was mainly in automation systems, intrusion alarms etc. (Farrar et al, 1999)
developed a non-contact Radar system using microwaves, and measured the vibration
response of 1-40 Bridge. The precision was found to be 0.1mm in the field. The identified

modal frequencies agreed well with that from conventional accelerometers.

In this study, a commercial interferometric Radar device (Gentile, 2010) is used for
non-contact displacement measurement in truck pass-by tests. The device mainly utilizes
two techniques: the SF-CW technique and the interferometric technique. The first is for
distinguishing multiple targets, and the second is for high frequency measurement. They

are introduced in the following sections.

4.1.1 The SF-CW technique

Stepped Frequency Continuous Wave (SF-CW) technique is used in the Radar
device, as shown in Fig 4.1. The signal has a large bandwidth of increasing frequency in
discrete steps, and the waveform at each frequency corresponds to a measurement range.
In a test with the Radar device, the signal at each frequency will be recorded for all the
ranges, no matter there is a moving object in the range or not. In this way, multi-point

displacements are measured simultaneously.
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Fig 4.1 Representation of SF-CW waveform in time and frequency domain (Reprinted from

(Gentile, 2010))

Suppose that 100 sampling frequency and range resolution of 1 m is set. During
measurement, SF-CW waveform of 0.01s (composed of the stepped frequency signals) is
sent and received continuously, in which wave of each frequency component is taking
information of every 1 m range. The distance from Radar to target can be determined as

follows.

(4.1)

In which, ¢ denotes speed of the radar wave transmission, 7, denotes the delay of

echo signal compared with the original sent signal.

A typical range profile for measurement of cable displacement in a cable-stayed
bridge is shown in Fig 4.2, where six clear peaks correspond to six cable targets in the
ranges. And ranges longer than 25 m have weaker signal, which means that there is no

moving objects which could reflect the signal.
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Fig 4.2 Range profile of a cable-stayed bridge

4.1.2 The interferometric technique

This technique enables measurement of the displacement response of each target at
high frequency. Electro-magnetic waves reflected by a target differ in the phase
information (Henderson and Lewis, 1998). Displacement of the target along the radar

wave direction can be computed from difference of phases, as indicated in Fig 4.3.
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Fig 4.3 Phase change for echo wave at different time

The displacement is obtained as follows.

A
d :_E(wz _¢7I) (42)

In which, A is the wave length.
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It is noted that the measured displacement is the component in the Radar wave
transmission direction, and the actual displacement of targets should be calculated after
conversion. For example, bridge displacement is vertical in Fig 4.4, and it should be
calculated with equation (4.3) based on geometry relation of Radar and target on the
bridge. Geometry information should be measured accurately in field tests to obtain the

actual displacement.

d=—2 (4.3)

4.1.3 Reflector in displacement measurement

Reflection is a general term for the process by which the incident flux leaves a
stationary surface of medium from the incident side, without change in frequency.
Reflection of electromagnetic waves by the target is the basis for radar operation (David

et al., 1998). There are several reasons which affect the reflectivity in the echo signal.

(1) Material. Metal especially aluminum, is strongly radar reflective, while wood and
concrete are less reflective. Therefore in measurement of concrete bridges, it is needed to
attach reflectors at measurement positions. Aluminum is often chosen as the material for

a reflector.

(2) Absolute size. Generally, the larger object has the stronger reflection. However, if a
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reflector is too big, the weight of it may change the local mass property of the structure.
When the reflectivity is enough in the tests, a relatively smaller reflector is preferred. In

this research, corner reflector with side length of 15¢m is used.

(3) Incidence angle. If the incidence angle is too large, the echo signal may be reflector

away from the receiver.

Reflector is a device designed to redirect the wave from a source. Typically,
reflectors have simple geometric shapes. Among them, corner reflector is widely used,
especially trihedral reflector (Fig 4.5). It is chosen in this research due to its broad beam-

width in both vertical and horizontal direction, and simplicity of installation on structures.

Fig 4.5 Corner reflectors in trihedral shape
4.1.4 Description of the Radar device

The radar equipment (Fig 4.6) consists of a sensor module, a control PC and a power
supply unit. The sensor module, weighing 12 kg, includes two horn antennae for
transmission and reception of the Radar wave and is installed on a tripod with a rotating
head. It is noted that corner reflectors shown as Fig 4.5 are needed for concrete bridges

to reach an acceptable reflectivity.
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Fig 4.6 View of the Radar device

The equipment radiates at a central frequency of 17.175 GHz with a maximum
bandwidth of 140 MHz. The main technical and operational characteristics of the device
are summarized in Table 4.2. It can work at a long distance from the bridge (if no other
objects are obstructing in the range), which will not interrupt the daily traffic. For

expressway bridges or other bridges with busy traffic, this is quite important.

Table 4.2 Specification of the Radar device

Parameters Amplitude
1000 m for static; 500 m f
Maximum Operation distance for statie o

dynamic

Displacement precision 0.01 mm
Distance resolution 1.1 m
Sampling frequency 200 Hz
Weight 12 kg
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Power supply 12 VDC

Central frequency and frequency band 17.175 GHz, 140 MHz

Compared with other existing displacement measurement devices, the Radar device
has the advantage of multi-point measurement. The merits could be illustrated through
measurement in two directions with regard to the bridge axis. In transverse direction, the
result is shown in Section 5.4 in next chapter. Mid-span displacements of two T-girders
were measured simultaneously with the Radar device, which can significantly reduce the
testing time in comparison of one-point measurement device such as laser-based sensors.
In longitudinal direction, the multi-point measurements could be utilized to improve the

displacement measurement precision, as described in Section 4.3.4.

Limitations of the Radar device are also shown here, which should be taken into

account in a field test.

(1) Space resolution. Measurement error will occur when different target points are in the
same range. In field tests, it is preferable that two targets are at least 1.1 m away from

each other in the Radar range.

(3) The precision of the measurements depend on reflectivity of the target. In a field test,

the accuracy decrease obviously if signal to noise ratio is low.

In order to verify the reliability of Radar device, laboratory test and field

measurement were conducted. Results are illustrated below respectively.
4.2 Laboratory experiment for the Radar precision verification

The performance and precision of the Radar device was investigated in a laboratory
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experiment. A vibrating shake table was measured using the Radar device and Laser
displacement sensor, as shown in Fig 4.7 (a) and (b). The corner reflector was fixed on
the shaking table, at a distance of 3.8 m from the Radar device. The sensor control
program was set to measure targets up to a distance of 100.0 m, with a sampling frequency
of 200 Hz. The vertical angle between radar transmission wave and horizontal direction
is measured as 10.8 degree. At the same time, horizontal movement of the shake table
was measured by a laser displacement sensor IL-S100 (produced by Keyence
Corporation) for comparison. The nominal accuracy level of IL-S100 is 0.004 mm with a
sampling frequency of 1000 Hz. It was mounted about 10 cm away from the shaking table.

Specification for the laser sensor is listed in Table 4.3.

(a) View of the experiment
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(b) Shake table

Fig 4.7 Radar and Laser measurement of the shake table

Table 4.3 Specifications for Laser sensor IL-S 100

Model IL-S 100
Mounting distance (mm) 100
Measurement range (mm) 70 to 130
Sampling frequency (Hz) 1000
Accuracy (mm) 0.004
Weight (g) 75

Input signals were chosen as three types: random signal, sine wave at 1 Hz, and sine

wave at 5 Hz, which are described in the following sections.

4.2.1 Input of random signal

The whole time history is shown in Fig 4.8. The period from 20 s to 40 s is triangle

signal which was used for synchronizing radar measurements and laser measurements.
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The detailed response comparison is illustrated in Fig 4.9. The largest discrepancy
between measurements of the two sensors is 0.02 mm. Noticing that the measured original
displacement results are in the Radar wave transmission direction, it can be said that they
showed good agreement with each other, and Radar measurements captured all the

important information of response.
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Fig 4.9 Detailed comparison of Radar and Laser measurements
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4.2.2 Input of sine wave at 1 Hz

The whole time history and detailed comparison are shown in Fig 4.10 and Fig 4.11

respectively. Still radar measurements agree well with laser measurements. The largest

difference is around 0.03mm.
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Fig 4.11 Detailed comparison of Radar and Laser measurements

4.2.3 Conclusion for laboratory experiment
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In the laboratory experiment, the Radar device can capture structural behavior of the
displacement amplitude with a precision of 0.03 mm. It is verified that the device can be
used for measurement with in bridge field tests high reliability and accuracy. The
difference between Radar and Laser sensor were resulted from two reasons. First, Radar
device measures the center of the trihedral reflector, while Laser sensor measures the
other side on the shake table. Second, Radar device measures the displacement in the

wave transmission direction, which should be converted to the horizontal direction.

4.3 Field test for the Radar precision verification

4.3.1 Introduction on the bridge

Chino viaduct (Fig 4.12) is a four-span continuous PC viaduct, located in Chino city,
Nagano prefecture in middle area of Japan. Each span is 24.75 m long and 8.5 m wide
with two lanes. The bridge deck is supported by five I-shaped PC girders, each of which
has a height of 1.35 m.

Nagano Side Tokyo Side

P18 P19 P20 P21 P2z

Fig 4.12 Profile of Chino viaduct

The picture and cross-section of the bridge is shown in Fig 4.13 (a), (b) and (c). The
viaduct is between Suwa interchange and Suwa-minami interchange, part of ChuO
Expressway, which connects Tokyo with Nagano Prefecture, managed by Central Nippon
Expressway Company. It consists of upward line and downward line, which are separated

as independent structures.
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Fig 4.13 Chino viaduct (Unit: mm)

86



4.3.2 Test preparation introduction

A 3-axle truck (Fig 4.14) is used in the field test, and the truck configurations are
shown in Table 4.4. Wight on each axle was measured before and after the test as listed
in Table 4.5. It is shown that the total weight and front axle weight before and after the
field test are the same. There is only slight difference in the rear axles1.31 m apart, which

has little effects on the test results.

Fig 4.14 Truck used in the test
Table 4.4 Truck configuration

Truck Truck Width between Distance between front axle Distance between
Length (m) | Outside of Tires (m) and second rear axle (m) two rear axles (m)
9.89 2.49 5.55 1.31
Table 4.5 Truck Weight
] Front Axle(Kg) ] Second Rear Axle
Weight Total (Kg) First Rear Axle (Kg)
(Kg) (Kg)
Before Test 21600 6350 7350 7900
After Test 21600 6350 8050 7200

There were two test scenarios, which are the truck pass-by test and the static loading
test. In truck pass-by test, the truck ran from P20 to P19 at speed of Skm/h and 30km/h.

The displacement at T4 with the Radar device and Laser RSV at the same time, with the
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objective to verify the precision of Radar device. In static loading test, the truck was
stopped with the front axle 0.6 m away from P19, which was intended to investigate the
merits of utilizing multi-point measurement. The scenarios are illustrated in Fig 4.15 (a)

and (b) respectively.

(a) Truck pass-by test

(b) Static loading test

Fig 4.15 Test scenarios

88



Truck pass-by test was conducted on the second span (P19 ~ P20), which ran from
pier P22 to pier P18. For displacement measurement, the interferometric radar device was
used simultaneously with a Remote Sensing Vibrometer (RSV), which has a precision of
0.003 mm. The objective of this test is to verify the precision and reliability of Radar

device in application on real bridges.

The reflector was attached to the girder before the test, with the help of an inspection
vehicle with elevating work platform. The aluminum reflector (Fig 4.16) was installed to
the girder bottom surface using strong adhesive, with the center directing toward the radar

device to obtain good signal.

Fig 4.16 The installed refelctor

4.3.3 Verification of Radar device precision

The truck pass-by test was conducted in the inner lane which was closed to traffic.
The passing lane was still open to traffic, and the truck pass-by test was conducted when
there was no other vehicle on the four-span viaduct. Two humps were placed at 6 m from
P19 on P18 ~ P19 span as in Fig 4.17, which excited vibration when truck passed by. It

served as a reference for calculating the truck position.

89



Fig 4.17 Hump Position on the viaduct deck

A total station was used to measure three-dimensional coordinates of the Radar
device and the reflector, which provides relative positions for calculating the actual
displacement. The elevation angle was calculated as 46.2°, and the actual displacement

in vertical direction was calculated with this angle.

The dynamic displacements at target T4 were measured both with the Radar device
and RSV-150, as illustrated in Fig 4.15 (a). The comparison of displacement
measurements with two devices for truck speed at 5 km/h and 30 km/h are shown in Fig
4.18 and Fig 4.19. It is indicated that the discrepancy is 0.05 mm and 0.06 mm
respectively, which should be due to mainly two reasons. First, the RSV measurement is
concentrated at one point, which is not exactly the same point with the Radar target.
Second, the Radar device measures the displacement in microwave transmission direction,
which was converted to vertical direction considering Radar antenna elevation angle.
Considering that the precision of traditional displacement sensor LVDT has a precision

of 0.1 mm, the Radar device has enough precision for application in practice.
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Fig 4.18 Comparison of Radar device and RSV measurement (5 km/h)
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Fig 4.19 Comparison of Radar device and RSV measurement (30 km/h)
4.3.4 Utilization of multi-point measurements
In static loading test, displacement were measured totally 4 times, which include
displacement at six points from P1 to P6 as shown in Fig 4.20. .

Hard

Median ()
é; L shoulder

P6 P5 P4 P3 P2 P1

¥

P19
- P20

Fig 4.20 Configuration of measurement
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All three coordinates for the Radar device and the six reflectors were measured by a
total station, and the elevation angle at each reflector was calculated and shown in Table
4.6. It is indicated that the distances between adjacent targets are all larger than the

resolution of 1 m, with the smallest as 1.39 m between reflector TS5 and T6.

Table 4.6 Elevation angle of the targets

Points T1 T2 T3 T4 T5 T6
Distance to
20.18 17.60 15.11 12.79 10.86 9.47
Radar (m)
Elevation angle
28.02 32.29 38.08 46.20 57.26 72.34

(Degree)

The measurement are shown in Fig 4.21, and the maximum displacement is 0.5 ~
0.6 mm at target T5.
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(a) Static test 1 (b) Static test 2

Figure 4.21 Displacement results in static loading tests

As introduced in Chapter 3, beam displacement formula is a three-order polynomial,

which could be expressed as below.

wx)=ax’ +bx* +cx+d
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Four coefficients a,b,c,d could be determined from displacement
measurements in a least squire sense. Taking the origin of coordinate to make d

zero. The other three coefficients could be calculated with the following equations.

After knowing the four coefficients, the displacement at unmeasured positions could
be predicted with the deflection formula. In this test, displacement at T4 is taken as the
prediction point. The results is shown in Table 4.7, which indicates that the largest
difference between prediction and measurement is 5%. In practice, this multi-point
measurement merit of the Radar device could be utilized to get more information on

bridge displacement response.

Table 4.7 Measurement and prediction of T4 displacement

Test Test 1 Test 2 Test 3 Test 4

Displacement result (mm) | -0.4973 | -0.4472 | -0.4558 | -0.4801
Prediction (mm) -0.4804 | -0.4333 | -0.4328 | -0.4667
Error (%) 34 3.1 5.0 2.8

4.4 Conclusions

In this chapter, the basic principle of Radar device is introduced, and its precision is
verified in laboratory experiments and a bridge field test. The device can also measure
multi-point simultaneously, which can be utilized to predict displacement at position of
interest. It can be applied in practice to measure bridge displacement efficiently with

reliable performance.
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(1)

(2)

€)

For practical application on bridges, the information below is summarized.

The device could achieve non-contact measurement, which saves much time and
labor work, and it has little effect on the normal traffic.

Measurement of displacement at high sampling frequency of 200 Hz, which is
suitable for displacement measurements during truck pass-by test.

Prior knowledge of relative position information of the device and the reflector
targets is required for actual displacement measurement.

For displacement measurements with the Radar device in a field test, the following

are recommended.

(1)

2)

3)

4)

(5)

Four personnel are needed;

Tests are performed when there is less traffic, such as during night;

The truck run at constant speeds, 10 ~ 30 km/h is recommended;

Elevation angle of each reflector target (with regard to the Radar device antenna) is

measured accurately, as the displacement should be converted to vertical direction;

Elevation angle is set larger than 20° for all reflector targets.
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Chapter S Load carrying capacity estimation

for girder bridges: applications

In recent year, there is more and more concern over load carrying capacity of aging
bridges. A proof load test is often applied to an existing bridge for the purpose of checking
that it has adequate strength for continued or modified service conditions (Fujino Y., and
Lind N.C, 1977). In order to investigate the feasibility and reliability of the proposed
method, field tests were carried out on a simply supported PC T-girder bridge and a four-
span continuous PC viaduct respectively. Radar device was used to measure
displacements under truck pass-by tests. In the first bridge example, the viaduct is in
healthy condition, and the curvature results demonstrated no observable stiftness loss.
Subsequently, the test results were used to calibrate a detailed finite element (FE) model
of this viaduct. Artificial damages were created, and stiffness loss estimation was
performed on the FE model with the proposed curvature method. In the second bridge
example, both static proof load test and the truck pass-by test were conducted, and the
results from them generally agree, which illustrated the feasibility of the proposed method

in practical application.

5.1 Introduction

5.1.1 Introduction on durability of PC bridge

In PC bridges, permanent stresses are created for the purpose of improving its
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behavior and strength under various service conditions (Lin, 1955). The principle of
prestressing technology improved structural performance of concrete greatly. The earliest
investigations of prestressed concrete beams were conducted in the nineteenth century in
Germany. In 1888, the German engineer W. Doring patented a system for construction of
slabs, planks, and beams, by which cracking was reduced through the use of prestressed
wires. The first PC bridge was constructed in Aue, Germany in 1937. After that, the
French engineer, Eugene Freyssinet (Menn, 1990) made great efforts in further
development of PC bridges for practical application. After the Second World War, rapid
economic growth triggered a boom in bridge construction, and new design and

construction techniques were tested and improved for PC bridges.

For internal tendon PC bridges, the tendons are inside the concrete and invisible, and
rupture of tendons may cause sudden collapse of bridges. There were reported collapses
of PC bridges occurred without warning. One early example of bridge collapse was 15
years old Bickton Meadows footbridge in Hampshire, UK in 1967 (The Concrete Society,
2002). It was a prestressed concrete bridge, and the collapse was caused by severe
corrosion of the top tendons and poor quality in the precast units and the thin mortar joints.
In 1985, Ynys-y-Gwas Bridge, which is a post-tensioned segmental bridge in South Wales,
UK, collapsed without any warning after 32 years of operation. The direct cause was
found to be corrosion of post-tensioned tendons. There was regular inspection but no
evidence of obvious deterioration was found before the failure. A detailed investigation
(Woodward and Williams, 1988) concluded that chlorides from deicing salt were the
primary cause of corrosion of tendons. Segmental joints were found to be the locations

susceptible to corrosion. Ineffective waterproofing, inadequate grouting, opening of the
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joints under live loads, and the wet environment induced the corrosion, which finally

caused the collapse.

Fig 5.1 Collapse of Ynys-y-Gwas Bridge (From & AZ%—, 2015)

In 1992, the bridge across the River Schelde in Belgium collapsed without warning
after 36 years of service. It was reported that corrosion of the post tensioning through the
hinged joint of the end tie-down member were found after the collapse (Mathy et al. 1996).
In 1999, Saint Stefano bridge in Italy collapsed as a result of pitting corrosion near the
box girder joint (Proverbio et al. 2000). The bridge was located near the sea, and chloride

contamination was considered to be the main cause of corrosion.

In Japan, the deterioration of PC bridges is also a severe issue, and examples of two
collapsed PC bridges are described in Section 1.1. PC bridges near the sea often suffer
from chloride taken by the wind. According to a questionnaire by NEXCO (Aoki, 2015),
27 severe damage examples of PC bridges were found, and the main damages were
corrosion (6), concrete crack (2) and transvers prestress tendon rupture (7) and main

tendon rupture (12). There have been several PC bridges which were removed and
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reconstructed because of severe tendon corrosion.

The bridge operators in NEXCO are concerned about the deterioration problem of
PC bridges, and carried out experimental study on load carrying behavior of PC girder
taken from demolished bridges (Osada et al. 2006; = FH #t4E, 2015). A PC girder was
loaded at two points in the mid-span, which has a span of 17.6 m with simply supported
boundary condition. Four tendons out of five were cut off one by one near mid-span to
investigate the effects of local tendon rupture on load carrying capacity. The loading force
was applied until 149.1 kN, which is equivalent to the design live load. It was loaded in
20 kN interval from 0 kN to 140 kN, and finally loaded at 149.1 kN. The force was plotted
against the mid-span displacement. When 1 and 2 tendons were cut off, the load-
deflection curve was almost linear, with stiffness loss of around 2.5 % and 13 %
respectively. When 3 tendons were cut off, there was clear stiffness decrease of around
30 %. And the load-deflection curve became nonlinear at around 118 kN, then the load
was applied until 130 kN. When 4 tendons were cut off, the load-deflection curve became
nonlinear at 60 kN, The stiffness decrease was around 40 %. The girder was loaded until
150 kN, with deflection increasing largely until almost 200 mm. These experiments

provided important information on the structural performance of PC bridges.

5.1.2 Procedure for field test with the proposed method

The procedure for implementation of the proposed load carrying capacity estimation

method is described as follows.

1) Evaluation of the inspection and condition rating results, and determine the

candidate bridges for load carrying capacity estimation from bridges rated as Level 3 and
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Level 4.

2) Development of truck pass-by test program, with detailed testing schedule and

testing scenarios, such as truck speeds and running lanes.

- For stiffness loss estimation at severe damage locations, truck pass-by test is
conducted over the corresponding lane over the damaged location, and displacement is

measured on the relevant girder.

- For live load carrying capacity evaluation of the bridge, truck pass-by test is
conducted over all lanes corresponding to regulated static proof load positions, and

displacement is measured at mid-span of the relevant girders.

3) Preparation for the test, which include bridge field survey, testing truck
determination and weight measuring. A 20 ~35 ton truck is chosen according to design
documents and current traffic weight regulation, which is around 10% ~ 20% of the

design loading.

4) Sensor installation. Mid-span is often selected as the displacement measurement
position. Radar device location is determined, and reflectors are installed. The distance
between the antenna and the reflector target, and the distance between the antenna and

the deck are measured for calculation of the Radar wave propagation direction.

5) Test implementation. To minimize the influence on traffic, non-rush hour time is
selected such as mid-night. Generally for a bridge with a span between 20 m and 40 m,

test truck speed below 30 km/h is preferred (such as 10 km/h, 20 km/h and 30 km/h).

6) Displacement measurement analysis. The measured displacement is converted to
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vertical direction, and the dynamic component is filtered. The influence line is obtained

for test truck over each lane.

7) Curvature-based stiffness loss estimation is performed on the severely damaged
bridge girder using the displacement measurements. It will gives information on stiffness

loss estimation of local damage on the bridge.

8) Static load test is simulated on the influence line, and the displacement result is
calculated. The result is compared with displacement response under design loads of FE
analysis. A smaller value indicates healthy condition of the bridge, and a larger value

provides information on the load carrying capacity of the bridge.

5.2 Field test for local stiffness loss estimation

5.2.1 Introduction on the test

Full-scale dynamic testing of structures can provide valuable information on the
service behavior and performance of structures. With the growing interest in the structural
condition of highway bridges, truck pass-by tests can be used as a tool for assessing the
integrity of bridges (Salawu and Williams, 1995). And a vehicle has been used for
assessment of bridge condition in different ways, such as identification of natural
frequencies of bridge (Dionysius and Fujino, 2012) or determination of dynamic impact

factor (Deng and Cai, 2010).

Chino Viaduct is a two-lane four-span continuous PC bridge, which was introduced
in details in Section 4.3. The interferometric radar device was used for displacement

measurement, as shown in Fig 5.1.
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Fig 5.1 Displacement measurement with Radar device

As the tested span is one of the four-span continuous PC viaduct, it is important to
identify the location of the truck corresponding to the measurement of displacement time
history. A GPS was put on the truck for synchronization of the truck location with the
displacement response. It identifies the position of the truck at 1 Hz during the truck pass-
by test. These data are stored in the laptop computer. Another GPS was connected with
the other laptop computer with the Radar displacement measurement. When the truck
passes over the hump, the effects can be located on the displacement time history. In this
way, the two GPS can synchronize the truck location with the bridge displacement

response.

The truck pass-by test was conducted at a speed of Skm/h and 30km/h respectively,
and twice were performed at each speed. The test took less than 1 minute for each running,

which has little effect on the traffic.

5.2.2 Truck pass-by test results

After conversion to vertical direction, the dynamic displacement measurement of the

target was obtained. As explained in Section 4.3.3, the hump was placed at 6 m from pier
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P19. Taking the vibration caused by hump as reference, the time history when the truck

was on the instrumented span in each test is extracted.

Mode frequencies of the viaduct are obtained using displacement measurements of
the viaduct in the truck pass-by tests. The first three frequencies are obtained as 4.227 Hz,

4.996 Hz and 6.149 Hz, which are illustrated in Fig 5.2.
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Fig 5.2 Frequency components of the viaduct

A low pass filter is applied to the dynamic displacement data to eliminate the high

frequency dynamic components, and the cut-off frequency is taken as 1.0~2.0 Hz.

Dynamic displacements in the four truck pass-by tests were filtered, and results of target

T4 before and after filtering are shown in Fig 5.3 ~ Fig. 5.6.

0.2
— Before filtering

—After filtering

s

/N

TN /
v\ /!

Displacement(mm)
. s .
[}

20 25



Fig 5.3 Dynamic displacements before and after filtering for test 1
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Fig 5.6 Dynamic displacements before and after filtering for test 4
5.2.3 Curvature calculation and stiffness estimation

After filtering, curvature is calculated according to the following formula.
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In the four truck pass-by tests, the calculated results of curvature are shown in Fig 5.7

~ Fig 5.10 respectively.

x10°

Curvature(1/m)
o

0 5 10 15 20 25
Bridge(m)

Fig 5.7 Curvature results in Test 1
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Fig 5.8 Curvature results in Test 2
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Fig 5.9 Curvature results in Test 3
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Fig 5.10 Curvature results in Test 4

It is noted that the position target T4 is 12.6m. Inspection results indicated that there
is no observable defects in the viaduct, and the curvature results in all the four tests

indicate that there is no stiffness loss.

In the following section, a finite element model is calibrated with the field
measurement to investigate reliability of the proposed curvature-based local stiffness

estimation method.

5.3 Numerical investigation with a finite element model

5.3.1 Calibration of finite element model of the viaduct

In order to further investigate the proposed method, a finite element model of the
viaduct is established in commercial software ABAQUS for further analysis. The viaduct
model is illustrated in Fig 5.11. The material properties of the concrete and steel are given
in Table 5.1. The deck and girders are modeled with solid elements, and the rebars and
tendons are modeled with truss elements. The continuous viaduct model contains totally

52343 elements and 79158 nodes. The mesh size is 0.2 m X 0.2 m, and there are totally
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495 meshes along the longitudinal direction of the viaduct. The prestress is applied
through decrease of temperature, and the shrinkage of tendon transfers the prestressing

force to adjacent concrete. The thermal expansion coefficient is defined as 1.2 X 10/°C.

Y
2
Fig 5.11 ABAQUS model of the viaduct
Table 5.1 Concrete and steel properties in bridge model
Material Concrete Steel
Density 2400 kg/m3 7890 kg/m3
Young’s modulus 2.33x10'" Pa 2.0x10'"' Pa
Poisson’s ratio 0.15 0.3

Mode frequency analysis is conducted on the viaduct model in ABAQUS, and the
first three bending frequencies are obtained as 4.349, 4.895 and 6.167. The corresponding
mode shapes are illustrated in Fig 5.12. Comparison between simulation results and
measurements is summarized in Table 5.2. It is shown that the extracted three bending
frequencies are in good agreement with measurement results. The largest difference of

the first three bending mode frequencies between the model and the real viaduct is below
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3%.

(1) First bending mode  (2) Second bending mode

(3) Third bending mode

Fig 5.12 Frequency of the viaduct

Table 5.2 Comparison of mode frequencies between simulation and measurement

Identified frequency from measurement (Hz) 4227 4996 6.149
Frequency from FE model (Hz) 4349  4.895 6.167
Difference 29% 2.0% 0.3%

5.3.2 Stiffness loss estimation on the FE viaduct model
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The same model in the last subsection is adopted for the stiffness loss estimation. As
concrete spalling and tendon corrosion/rupture are possible damages, artificial damage of
concrete crack and tendon rupture is created. The damage is created in the second girder
at position of 35 m. The concrete spalling 1s 0.86 m long, 0.2 mm wide and 0.01 m deep,
which is equivalent to 2.2% stiffness loss of the girder. They are illustrated in Fig 5.13.
The tendon rupture (Fig 5.14) is simulated as 1 m long, where no tendon is simulated in

this area.

o~ S
The second girder

Fig 5.13 Damage in the viaduct model

Fig 5.14 Tendon rupture simulation

The vehicle is simulated with a one-wheel quarter car model. The vehicle body is
represented by a 20 ton mass supported by a linear spring and a dashpot. The stiffness

coefficient 15 3.8 x10° N/m , and the damping coefficient 1S3.4x10* N-s/m .

Modal dynamic analysis in ABAQUS is conducted, and superposition of the first 7
modes (below 10 Hz) is used in this example. Damping ratio for each mode is set as 0.05.
The analysis step is conducted for 12 s, including two parts: vehicle passing the bridge

(9.9 s) and free-vibration after vehicle passing (2.1s).
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As illustrated before, a global iteration method is used for contact force calculation.
To achieve geometric compatibility conditions at the contact points, the convergence
criterion is set that the maximum contact force difference between successive iterations
is smaller than 0.1% of the dynamic displacement at mid-point of the span. Once the
convergence criterion is satisfied, the calculation is completed, and response of the bridge
is retrieved. The computation is conducted on a personal computer, which takes only

around 10 minutes to complete whole analysis

After the third iteration, displacement at 40m position of the loaded girder is
extracted, and it is shown in Fig 5.15. The fundamental natural frequency is 4.349 Hz,
and fundamental natural period is 1/4.349 s. The vehicle passes through 496 nodes over
the bridge in 9.9 s, and the sampling frequency is calculated as 50.1 Hz. Therefore the
curvature calculation interval is obtained as 11. For comparison, the intact model is also
analyzed, and the displacement is calculated. The curvatures of displacements in intact
and damaged model are shown in Fig 5.16. It is illustrated that damage caused by concrete
crack and tendon rupture near 35 m can be located and evaluated. The stiffness loss is

estimated as 22.3%.
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Fig 5.15 Displacement at 40 m position
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Fig 5.16 Curvatures of intact and damaged girder

Concrete spalling and tendon rupture are simulated as the damage in this PC viaduct
model, and it is shown that the defects of tendon rupture and concrete crack can be
estimated reliably with the proposed method. With carefully prepared field test and

measurement plan, this proposed method has a potential to be applied to real bridges.

5.4 Field test for load carrying capacity evaluation

5.4.1 Introduction on Wenxi Bridge

Wenxi Bridge is a PC T-beam bridge opened to traffic in 2007, which consists of
nine simply supported spans with a total span of 9x30 m. It has a total width of 12.5 m
with two lanes of traffic in the middle. There are 1.75 m wide pedestrian walkways on
both sides of the bridges. The bridge has a 15.7-cm thick concrete deck on five prestressed
concrete T-beams. The cross section of the bridge is presented in Fig 5.17 (a) and (b). The
photo of the bridge is illustrated in Fig 5.18. The reflectors were installed at mid-span of
T1 and T2 respectively Fig 5.19 (a), and the photo of one installed reflector is shown in

Fig 5.19 (b).
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Fig 5.17 Cross section of Wenxi Bridge (Unit: cm)

Fig 5.18 Photo of Wenxi Bridge
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Fig 5.19 Installed reflector

5.4.2 The static proof load test

The proof load testing was performed on both lanes, and the locations of the four loading
trucks are shown in Fig 5.20. During the test, the traffic was closed in both directions, and the
four trucks were stopped in place one by one, as illustrated in Fig 5.21. It is noted that the static
test takes around 3 hours with total traffic closure, and 12 personnel participated in the
test. The traffic closure was possible because the traffic was not busy in that area. The
traffic closure regulation was admitted by the local traffic administration, and announced

to local people in advance.
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Each truck weighs around 30 ton, and the configurations and the axle loads of the
four trucks are presented in Fig 5.22 and Table 5.3 respectively. Digital level Leica DNA-

03 is used to measure the displacement, which has a precision of 0.1 mm. The

Fig 5.21 Static proof load test

displacement results at mid-span of the four T beams are shown in Table 5.4.

0 _ =
SN NN, NN, \WZAVZZN

[\

Fig 5.22 Test truck configuration (Unit: cm)
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Table 5.3 Truck axle weights

Truck Axle weight (ton)
No. Total weight | Front axle Two rear axles
1 30.69 6.14 24.55
2 30.17 6.03 24.14
3 29.62 5.92 23.70
4 29.55 591 23.64

Table 5.4 Displacement measurements

T girder no. Displacement (mm)
T1 6.66
T2 7.18
T3 7.17
T4 6.80
T5 6.64

5.4.3 The truck pass-by test

For the dynamic test, the bridge was tested in both directions with one pass-by

truck. The truck configuration is the same as Fig 5.22.

In order to obtain the displacement at mid-span of T1 and T2 beams under static
proof load test configuration as shown in Fig 5.20 with one running truck, the pass-by
tests should be conducted on two lanes respectively. The truck was moving at three

different speeds, 10 km/h, 20 km/h and 30 km/h respectively. A schematic view is
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illustrated in Fig 5.23. The distance between the Radar device and T1 is 14.2 m with an
elevation angle of 24°. The traffic lane over T1 and T2 is denoted as lane 1, and the other

as lane 2.

The truck pass-by test was conducted for 6 running times from 22:46 to 22:58, which
took 12 minutes in total. Four personnel joined the test with 1 testing truck. Compared

with the static proof load test, it saves much time and labor force in field application.

Mid-span

Fig 5.23 Schematic view of truck pass by test

The displacements were measured, and the fundamental natural mode frequency is
obtained 4.41 Hz. A low-pass filter is used to eliminate the dynamic components in the
signal, and the cut-off frequency is chosen as 0.5 Hz after sensitivity analysis. The results

are summarized below.

(1) Truck speed of 10 km/h

When the truck ran over lane 1 and 2, the displacement time history at T1 are shown

in Fig 5.24 (a) and (b) respectively.
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Fig 5.24 Displacement time history at T1 mid-span under truck speed of 10 km/h

When the truck ran over lane 1 and 2, the displacement time history at T2 are

shown in Fig 5.25 (a) and (b) respectively.
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Fig 5.25 Displacement time history at T2 mid-span under truck speed of 10 km/h
(2) Truck speed of 20 km/h

When the truck ran over lane 1 and 2, the displacement time history at T1 are

shown in Fig 5.26 (a) and (b) respectively.
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Fig 5.26 Displacement time history at T1 mid-span under truck speed of 20 km/h

When the truck ran over lane 1 and 2, the displacement time history at T2 are

shown in Fig 5.27 (a) and (b) respectively.
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Fig 5.27 Displacement time history at T2 mid-span under truck speed of 20 km/h

(3) Truck speed of 30 km/h

When the truck ran over lane 1 and 2, the displacement time history at T1 are

shown in Fig 5.28 (a) and (b) respectively.
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Fig 5.28 Displacement time history at T1 mid-span under truck speed of 30 km/h

When the truck ran over lane 1 and 2, the displacement time history at T2 are

shown in Fig 5.29 (a) and (b) respectively.

120



1
G
E
I=
o
=
i)
(&)
z
o
B
&
G
£ 0.5 T
E Db N
o
T S S o T
o
o0
z b T ]
z
é 15 i L i i ! i
L 0 05 1 15 2 25 3 35
Time(s)
(a) The truck over lane 1
2
E
E
=
g
&
2
4 1
] 0.5 1 15 2 25 3 35 4
Tirne(s)
E
£ 0
% R T U S U SO U UL SUPUUUTSP- s NP
P E WA ST PSTPRS ERRIRYS 9~ (AOTFS EOSTPT SOPIPP
2 ;3 -
[ 04a 1 15 2 25 3 345 4
Tirne(s)
(b) The truck over lane 2

Fig 5.29 Displacement time history at T2 mid-span under truck speed of 30 km/h

5.4.4 The result analysis

From static loading truck configuration shown in Fig 5.20, it is known that truck 1
and 3 are at position of 22.4 m, and truck 2 and 4 are at position of 22.2 m. The values on

the displacement time history at the corresponding positions are extracted and added
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together. The mid-span displacement at T1 is obtained for three different truck speeds, as
shown in Table 5.5. It is illustrated that they are all smaller than the static proof load test

results, with the largest discrepancy of 10.3 %.

Table 5.5 Obtained displacement at mid-span of T1

Scenario 10 km/h | 20km/h | 30 km/h | Static results
Obtained 5.97 6.09 6.11 6.66
displacement (mm) | (10.3 %) | (8.6 %) (8.3 %)

The mid-span displacement at T2 is also obtained for three different truck speeds,
as shown in Table 5.6. It is illustrated that they are all smaller than the static proof load

test results, with the largest discrepancy of 5.3 %.

Table 5.6 Obtained displacement at mid-span of T2

Scenario 10 km/h | 20km/h | 30 km/h | Static results
Obtained 6.8 6.97 6.81 7.17
displacement (mm) | (5.3 %) | (2.8%) (5.0%)

The mid-span displacements at T1 and T2 are all smaller than the results in static
proof load test, which is probably due to the fact that the load-deflection curve is not
linear as the loading amplitude increases (Budette and Goodpasture, 1972). As the loading
increases, it is possible that some cracks in the girder opened, which reduced the stiftness
of the girder, as pointed out by Saiidi et al. (1994). It is recommended that an amplification

factor of 1.15 is adopted when using the proposed method to calculate the displacement.

Suppose RF)y, the load carrying capacity based on calculation is 1, the load rating
factor is calculated. After multiplying the amplification factor 1.15, the obtained
displacement from test is 6.97 and 7.89 for girder T1 and T2 respectively. Based on design

2

calculated displacement in FE analysis is 8.80 and 9.00 for girder T1 and T2 respectively.
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Therefore, the load rating factor is obtained as 1.26 and 1.14 for the two girders, which
demonstrates that load carrying capacity of the two girders can satisfy the design

requirement. No truck weight limitation nor repair is needed.

5.5 Conclusions

In this Chapter, truck pass-by tests were conducted on two PC bridges. The test
results are introduced with details, and the first test was used to estimate potential local
stiffness loss and calibrate a FE bridge model. The second test was used to evaluate load
carrying capacity as a substitute of traditional static proof load test. Results of the two
bridge examples verified applicability of the load carrying capacity estimation method.

The conclusions can be drawn as follows.

(1) Field test on a four span continuous viaduct model is performed. An FE model is
calibrated by the field test, and artificial damage of tendon rupture and concrete crack is
created to investigate curvature-based stiffness loss estimation method. The artificial
damage was estimated to be 22.3% stiffness loss. This can provide reference for decision-

making on repair or strengthening for the bridge operators.

(2) Truck pass-by test results is conducted on a PC bridge with testing time decreased
from 3 hours to 12 minutes. And it has very little requirement on traffic closure time. The
obtained displacement is around 10 % or less smaller than traditional static proof load
test. An amplification factor of 1.15 is recommended, and load rating factor is calculated
as 1.26 and 1.14 for the two girders. It is demonstrated that the proposed method could
serve as an efficient substitute of the traditional static proof load test, which is especially

suitable for expressway bridges or rural bridges.
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Chapter 6 Conclusions and future work

6.1 Conclusions

In this dissertation, a systematic study on development and application of
displacement-based load carrying capacity estimation method for girder bridges is
performed. It uses the displacement induced by truck pass-by test with a Radar device for
high-frequency and non-contact displacement measurement. Compared with traditional
static proof load test, it can significantly reduce the testing time and labor cost. The
method comprises two major tasks: local stiffness loss estimation and live load carrying

capacity evaluation.

In the first task, for damaged bridges rated as Level 3 and 4, the damage locations
are already detected by visual inspection and NDTs, but the stiffness loss is unknown.
The truck pass-by test is used to estimate the local stiffness loss with no need of a base-
line from previous tests. The stiffness loss estimation is of significant value for decision

making on repairing and strengthening methodologies.

In the second task, a method is established to use truck pass-by test for live load
carrying capacity evaluation, which can be a substitute to the traditional static proof-load
test. As it can be conducted more frequently with less labor and time, it’s especially useful
for expressway bridges and rural road bridges. In the former, traffic closure time required
by static proof load test is almost impossible; in the latter, traditional static proof load test

is too costly in labor and time, considering the large bridge volume and less maintenance
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budget.

The contribution of the research is four-fold.

First, the load carrying capacity estimation method is proposed, which includes
stiffness loss estimation in a local scale, and live load carrying capacity evaluation in a
global scale. Curvature (second derivative of displacement) is used as the indicator for
stiffness loss estimation. Truck pass-by test is selected for field application, and a method
is proposed to eliminate the dynamic part in the dynamic displacement for stiffness loss

estimation, which is verified with numerical investigation.

Second, investigation and treatment of noise in displacement measurement are
performed. A laboratory experiment showed the properties of noise in displacement
measurement. A noise/damage effect ratio is defined to illustrate the effect of noise on
curvature calculation results. Two approaches are proposed to reduce noise effects, and

they are verified with the laboratory experiment.

Third, a Radar device is chosen to measure displacement in the proposed load
carrying capacity estimation framework. Both laboratory and field tests were conducted
to verify the precision of the Radar device. And multi-point measurements are utilized to

predict displacement of unmeasured positions.

Fourth, the proposed load carrying capacity estimation method is verified with two
examples of PC girder bridges. In the first PC girder bridge test, results showed no
observable stiffness loss. And a calibrated FE model of the bridge with realistic artificial
damage is investigated numerically, which estimated local stiffness loss of 22.3 %. The

second PC bridge test indicates that the displacement obtained from the truck pass-by test
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is around 2% ~ 10% smaller than result of the traditional static proof load test. With an
amplification factor, it can efficiently substitute the traditional static proof load test,

especially for expressway and rural bridges.
6.2 Future work

After Sasago Tunnel Accident in December, 2012, more and more emphasis have
been put on infrastructure safety in Japan. The year of 2013 was called * X > 7 )2 A
JUHE’(The start year of maintenance), and between 2014 and 2018, the percentage of

inspection implementation for all the bridges is 99.9% ([E A2 @& & # 5, 2019).

Once constructed, bridges are deteriorating due to harsh environment, increased
traffic volume and heavy trucks year by year. As the bridges deteriorate, they bring more
and more burden for bridge management and maintenance. Therefore, more efficient
methodologies should be adopted in practice. The proposed load carrying capacity
estimation method utilizes displacement induced by a truck pass-by test to evaluate the
bridge capacity in both local and global scales. Though verification tests have been
conducted on two PC bridges, full-scale tests on more bridge types, such as slab bridges
and box girder bridges, are still advised to further widen the application of the proposed

method.

From a broader perspective, inspection, online health monitoring and load carrying
capacity evaluation methods are all means to achieve a better understanding of the bridges’
status as a whole. They should be integrated and utilized to exploit the potential practical
merits. One objective in this dissertation is intended to correlate inspection results (severe

damages) with local stiffness loss and load carrying capacity of bridges. Likewise, online
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health monitoring should be utilized together with inspection and load carrying capacity
evaluation, to constitute a more reliable and sustainable bridge maintenance framework.
Especially for rural bridges usually with less available budget, integration of the three
methodologies in a probabilistic way would improve the budget utilization and allocation
efficiency. Actions such as repair or strengthening could be taken more reasonably based

on the results of these integrated methodologies.
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Appendix A. Deduction of beam deflection
formula
When there is no damage, there are two different expressions for bending moment,

corresponding to two portions of the intact beam (S. Timoshenko, 1955). Deflection curve

must therefore be written for each portion.

E]c;_zg/:_PTbx O<x<a
X
A (A1)
E]F:—TX-FP(X—CI) a<x<|
X

In which, El is the flexural rigidity of the beam; P is the amplitude of the
concentrated load; 4, b and [ are length of the left portion, right portion and the whole

beam respectively.

Integrating these equations, we obtain

dy Pb ,
El=—=——x"+C =
a2 O<x<a a2
— 2 :
P Pa—a) +C,
dx 21 2 a<x<|

Since the two portions of the deflection curve must have a common tangent at the

loading point X = &, it is concluded c, =c,. Perform the integration again, we obtain
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El-y:—};—?)fJrClirC3 O<x<a

Pb P(x-a)’ (&3)
El-y=— '+

+Cx+C, a<x<l
At the loading point, X =a, the deflection curve has a common deflection, then we

obtain C3 = C4 . On the left end of the beam, deflection is zero, we obtain ¢, = ¢, =9. On
the right end of the beam, deflection is also zero, Substituting y=0and x=/ in the

second expression, we obtain

_ Pb(I*-b?)

C A4
1 ol (A4
Substituting all constants, we finally obtain the deflection curve
Pbx(I* —b*> —x*)
_ 6IEI ’
Pbx(I* —b? —x2)+P(x—a)3 0<x<a (A.5)
6/E] 6EI

a<x<l

If there is stiffness loss at area[x, , x_], then similarly the beam deflection formula
can be expressed in four portions onfo,x,] [x,.x.] [x..a] [a.Z]- And the flexural rigidity

at damage area iS g7, = (1-a)EI -

The expressions are

d’y Ph O<x<x,
Idxz T
EI d_ZyZ_P_bx X, <XSX
d 52
dx /
22 P (A.6)
oy A x,<x<a
dx’ [
2
Elfle——P—bx+P(x—a) a<x<]
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Integrating the first time, we obtain

Elﬂz—P—bszrCl 0<x<x,
dx 21/
EJdﬂzEl(l—a)@z—P—bqug X, <X X,
dx dx 21/ A7)
EI%z—P—bx2 C, x,<x<a
X
dy Pb P(x—a)’
For calculation convenience, the second equation can be modified,
E]Z—y:—i—?x2+q 0<x<x,
X
dy Pb 2
El—=- X"+ <
dx (1-a)2l 2 Yy SXS X s
dy Pb , '
d Pb P(x—a)’
Eld—i=—5x2+%+@ a<x<l

Because adjacent portions have the common tangent at the shared point, we have
Pb 2 Pb 2

% +C =————x,+C
27" T -2 7

Pb 2 Pbh

— 2 xlhC=-2x4C
(1 —a)2l xe 2 21 xe 3 (A9)

C,=C,

Integrating the second time, we obtain
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E1~y=—}6)—?x3+C1x+C5 0<x<x,

E].y=_P—bx3+C2x+C6 X, <x<X
(1-a)6l ’ ‘
‘ (A.10)
EI-y=—Ex3+C3x+C7 x,<x<a
3
E]-y:—z—?x3+¥+c4x+cg a<x<l/

Because adjacent portions have the common deflection at shared point, we have

—}g—?x,f +Cx, +C, = —ﬁx,ﬁ +C,x, +C;
-
Pb Pb
—(1_—a)6lxe3+C2X6+C6 :—Ex83+C3xe+C7 (Al])
G, =G

On the left end of the beam, deflection is zero, we obtain C;=0. On the right end of the
beam, deflection is also zero, Substituting y=0and x=/ inthe expression of deflection

on [, 7], we obtain

i
6l

)

+C,I+C=0 (A.12)

With eight unknowns and eight equations, we are able to obtain

Pb(I*-b*) a Pb, , a Pb , ,
C = + —(x, —x))————(x, —x
! 61 1—a312(b ) -« 21“’ )
2 2
o, DD, & P oy 20
6/ 1-a 31 1-a 21
Pb(I*-b*) a Pb,, ,
C, =C,= + —(x; —x
o 6l 1—a312(b ) (A.13)
C,=0
c, -2 P
1—-a 3l
a Pb
C7=C8=—§§(xj—x§)
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Substituting all constants, we finally obtain the deflection curve for a damaged beam,

212
B | P B B 0<xex,
6lEI EI 6l 1-a3l” 1-a 21
2 2
P s LIPE) o P oy, @ P @ PP x<asy,
(1-a)6lEI EI 6/ l-a3l° l-a 2] 1-a 3IEI
232 . R <x<
—P—bx3+L Pb(I" -b )+ a P—lz(x;—x;) - @ ib(xf,’—xj) x,<x<a
6lEI El 6l l-a 3l l-a 3l
a<x<l

V3 2 g2 R
Pb s Pama) L(PC-B) a Py ) P
6IEI 6EL  EI\ 6 1-a3P -a
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Appendix B. Curvature change for different

measurement scenarios

A damage O

Fig B.1 Simply supported beam with damage

Suppose a simply supported beam with length L as shown in Fig B.1, and the damage
range is between X, and X, . The stiffness isEl and «FI for the intact and damaged parts
respectively. The beam deflection formula can be expressed as Equation (A.14) in four
portions on [O, xd] [xd,xe] [xe,a] [a,L]. Here a denotes position of the concentrated

load, andb=L —a.

When estimating the stiffness loss in damage range, different cases of measurement
point configuration should be considered. Suppose there is damage on a beam, and
curvature figure is calculated from displacement measurement. It is noted that only the
displacement measurements near the damage range are affected. Specifically, in curvature
calculation equation, displacement data at three coordinates x — Ax, x, x + Ax are used.
Totally there are five different cases of configuration of measurement points near the
damage range (Fig B.2). The three highlighted points in each case refer to the three data

positions for curvature calculation.
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Fig B.2 Different cases of measurement point configuration for curvature calculation
Based on deflection formula of a damaged beam, the relation between curvature

change AX and stiffness loss & is derived asﬁzif(xd X,,x,_,x,x,,) - For
l—a r LA R R B R E R 8

K. K;

i

different cases, the expressions are as follows.

3 2 3
—2x; + 3xj+1xd —-x

Jj+l

fr(xdaxeaxj—laxjaxj-;-l): ( 3 > 3 3 ) fOV case 1

=\ —2x; +x,

3 2 3 3

_2x, 4+ By —6x )x; +2x; —x), 5
Fo (XXX, X ,,X )= (3 Py ) for  case
=i = 2x; + x5,

fr(xdaxeax/;laxjaxjﬂ):l fOV case 3 (Bl

3 2 2 2 3 3
2x; —6x;x; +3x,,,[x; —x; 1+ 2[x; +x.]
3 3 3
—(x/.f1 - 2x; +x,.+1)
2 2 3 3
alxg —x 1= 2x; —x;]

3 3 3
- (xj—l = 2x; + xm)

for case

(g, X, X, 5%, X)) =

3x
for case 5

.fr(xd’xe7xj—l’xj’xj+l):

where 2% denotes curvature change; & denotes stiffness loss level; X, and X, denote
K.

i

coordinates of starting point and end point of the damage range; and X, ;,X;,X;,, denote

coordinates of the three points in each case. AK =K, —K;;K,is directly obtained from

134



curvature results; K;is calculated from linear fitting of curvature values in the intact
section. For case 3, stiffness loss can be calculated directly from the curvature change.

For other four cases, damage range coordinates X, and X,are needed.
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