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1. Introduction
There exists a current need in our nation to address the deteriorating integrity of our
infrastructure. Highway bridges in particular are continuously exceeding their design life and are
increasingly being classified as structurally deficient. In 2006 over 74,000 (12%) of the total
bridges in the U.S. were categorized as structurally deficient; meaning there is an eminent need
for repair, rehabilitation, or reconstruction of the structure. This work attends to these particular
concerns by proposing time and cost effective methods for extending the lifespan of highway
bridges through controllable stiffness and damping devices. These topics are explored in the
work presented through analytical and experimental research including: an analytical study on
the use of various structural control strategies to mitigate heavy vehicle traffic induced highway
bridge vibrations, an experimental verification of the performance of a semiactive control device
to reduce vehicle induced highway bridge vibration through real-time hybrid simulation, and an
analytical study which develops and evaluates a structural health monitoring method for
identifying local nonlinear damage on a highway bridge.
The first topic examined in this work is use of structural control strategies to reduce
heavy vehicle traffic induced highway bridge vibrations. Passive, active, and semiactive
structural control strategies are each considered; but primary focus is afforded to semiactive
control. A brief background on previous structural control strategies applied to mitigate bridge
vibration is covered. Four types of ideal structural control devices are designed for analytical
testing; passive stiffener, passive damper, active device, and semiactive device. The
performance of the four structural control devices is evaluated under various loading cases and
bridge parameter values.
The second topic explored in this work is the development and evaluation of a structural
health monitoring procedure for identifying local nonlinear damage on a highway bridge. A
semiactive control strategy is described and the device is employed to excite the highway bridge
with a random white noise command for monitoring purposes. The proposed SHM method
employs the coherence relationship between the semiactive device input and vibration response
midspan acceleration output. An analytical study is conducted to investigate the SHM method’s
ability to accurately and precisely detect local nonlinear damage.
2. Examining the Effectiveness of Semiactive Structural Control to Reduce Traffic
Induced Bridge Vibration
This study examines reducing heavy vehicle traffic induced highway bridge vibrations through
the use of structural control strategies. Passive, active, and semiactive structural control
strategies are each examined; but primary focus is afforded to semiactive control. A brief
background on previous structural control strategies applied to mitigate vehicle induced bridge
vibration is covered. For this work an analytical model of an in service highway bridge under
heavy vehicle truck loading is developed. Four types of ideal structural control devices are
considered for analytical testing; passive stiffener, passive damper, active device, and semiactive
device. The structural control device is integrated into the bridge system and the performance of
the four structural control devices are evaluated under various loading cases and bridge
parameter values. The results show that in general the performance efficiency and robustness of
the active and semiactive devices was greater than either of the passive devices. Beyond the
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performance based criterion the semiactive control device awards additional benefits by offering
multi-hazard protection and multi-bridge application and demonstrates beneficial intrinsic
characteristics. As such the semiactive control device is selected as the most attractive control
strategy for mitigating heavy vehicle induced highway bridge vibrations.
2.1 Motivation for Structural Control
Highway bridges are a significant and critical component of the civil infrastructure in the United
States. There are nearly 600,000 public highway bridges in the United States (Kirk and Mallet,
2007), about 90% of all personal travel and 80% of all freight travel is accommodated on
highways traveling over these bridges (Friedland and Small, 2003). Figure 1 shows a histogram
of the age of bridges in the U.S. along with the percentage of bridges classified in 2006 as either
structurally deficient and/or functionally obsolete by the Federal Highway Administration
(FHWA). The large number of bridges built more than 40 years ago is compounded by the fact
that traditionally bridges were designed with a theoretical 50 year design life (Friedland and
Small, 2003). In 2006 over 74,000 (12%) of the total bridges in the U.S. were categorized as
structurally deficient; meaning there is an eminent need for repair, rehabilitation, or
reconstruction (Kirk and Mallet, 2007, Friedland and Small, 2003). Observed in Figure 1,
approximately 1.5% of the bridges built in the past 20 years are considered structurally deficient,
compared to the 21% of bridges built between 50 to 70 years ago classified as structurally
deficient. The percentage of structurally deficient bridges increases exponentially with age,
reflecting the fact that the design life of many bridge structures is being exceeded. According to
the trends observed in Figure 1, the problem of structurally deficient and/or functionally obsolete
bridges will increase over the next few decades.
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Figure 1: Histogram displaying the number of in service bridges built organized by bridge age and by percentage of
current highway bridges deemed structurally deficient by age.
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These statistics on the condition of the nation’s highway bridges validate the sense of
urgency to fix the nation’s infrastructure. The U.S. Department of Transportation (DOT)
estimates it would cost a total of $65.3 billion to repair and retrofit the nation’s structurally
deficient bridges (Kirk and Mallet, 2007). The total does not include the cost of replacing
existing bridges, which would greatly increase the estimate (Kirk and Mallet, 2007). Replacing
deficient bridges is an extremely time and cost consuming task and is not, in general, a realistic
option. As such, addressing structural deficiencies of bridges safely, economically, and time
efficiently so as to increase the safe-life and prolong replacement is of great importance to bridge
owners and the public as a whole.
The life span of a bridge, which structurally is governed by fatigue caused by truck
traffic, is often described in terms of fatigue life. The fatigue evaluation of steel bridges is
typically categorized as either load-induced or distortion-induced damage. Load-induced fatigue
arises from in-plane stresses in the steel plates that make up bridge member cross sections
(AASHTO LRFR 2003). There are two levels of load-induced fatigue evaluation; the infinitelife check and the finite-life calculation. A fatigue prone detail of a steel bridge that is found to
have an infinite life, i.e. passes the infinite-life check, is found to have an infinite-life because it
experiences a maximum stress range which is less than or equal to the constant amplitude fatigue
threshold. The infinite life check formula can be found in the AASHTO Manual for Condition
Evaluation and LRFR of Highway Bridges. The maximum stress range for the fatigue prone
detail can either be numerically calculated or experimentally measured for the bridge in question,
with appropriate evaluation constants applied. The constant amplitude fatigue threshold for the
fatigue prone detail can be found in the AASHTO LRFD Bridge Design Specifications.
A bridge which does not pass the infinite-life check is said to have a finite-life. The
finite-life of a steel bridge is calculated using the equation developed in NCHRP Report 299 and
adopted by the AASHTO Manual for Condition Evaluation and LRFR of Highway Bridges
(AASHTO LRFR 2003)
RR A
(1)
Y=
3
365n( ADDTSL )(Δf eff )

where Y is the total finite fatigue life (in years), R R is the resistance factor specified for
evaluation, minimum, or mean fatigue life, A is the detail category constant, n is the estimated
number of stress range cycles per truck passage, ADDTSL is the average number of trucks per
day in a single lane averaged over the fatigue life, and Δf eff is the effective stress range. The
values for RR and n are specified in the AASHTO Manual for Condition Evaluation and LRFR
of Highway Bridges. The values for A and ADDTSL are given in the AASHTO LRFD Bridge
Design Specifications. The maximum effective stress range, Δf eff , is calculated numerically or
through monitoring.
The life span, or total finite fatigue life, of a bridge can be increased in Equation (1) by:
changing the bridge details; decreasing the number of trucks traveling over the bridge; and/or
reducing the dynamic response of the bridge, reducing peak stresses, and thus the effective stress
range. Changing bridge details can be a tedious and costly process for existing bridges.
Decreasing the number of trucks may not be feasible within the transportation network.
Reducing the dynamic response of truck traffic appears to be a particularly promising means by
which to increase the safe life of an existing highway bridge because the fatigue life is inversely
proportional to the cube of the stress range.
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Reducing the dynamic response and resulting peak stresses can be accomplished by
reducing vehicle weights, modifying the structural system itself, or integrating a structural
control device. Eighty percent of the freight traffic in the US is on highways and travels over
highway bridges. These vehicles play an important role in commerce for the nation (Friedland
and Small, 2003). The increased efficiency of larger payloads makes reducing vehicle weights a
less desirable option. Retrofitting a bridge to modify the structural system is often a time and
cost consuming measure and while traditionally this is the method chosen to increase bridge safe
life, there may exist more efficient methods through structural control.
Structural control shows great potential for reducing vibrations in various civil structures.
There are three primary classes of structural control devices: passive, active, and semiactive
(Spencer and Sain, 1997). Passive devices, such as viscous dampers, require no external power
to operate however their parameters are fixed which quite often results in limited performance.
Active control devices, such as hydraulic actuators, are fully controllable providing high
performance however they can require significant power to operate and can raise issues of
stability. Semiactive devices include controllable stiffness and damping devices which are used
to produce dissipative and conservative control forces. Semiactive control devices require little
energy to operate, are controllable in real time, and are inherently stable (Spencer and Sain,
1997). Semiactive control devices offer the reliability associated with passive control devices while
maintaining the versatility associated with active control devices. Semiactive devices typically
require a low power supply compared to active control devices (Spencer and Nagarajaiah, 2003)
(e.g. a 200 kN Magneto-Rheological fluid damper can operate with a 20 volt power supply).
Structural control, in particular semiactive structural control, appears to be well suited to increase
the safe life of existing highway bridges.
This paper provides a background on previous structural control strategies applied to
reduce vehicle induced bridge vibration. Following, an analytical model of an in service highway
bridge system with truck loading is defined. The combined bridge-truck model is validated
using actual measured bridge data from a permanently monitored highway bridge in Connecticut.
Ideal passive, active and semiactive control strategies are proposed for the bridge model with
traffic loading. The performance of the semiactive control device, compared to uncontrolled,
passive and active control, at reducing heavy vehicle induced vibrations for a range of truck
loading and bridge properties is examined.
2.2 Literature Review of Structural Control for Traffic Induced Bridge Vibration
In recent years utilizing structural control devices as a method for reducing vibrations of
structures has received significant attention. During the past four decades researchers have
worked to turn the concepts of structural control into a feasible technology for civil structures
(Spencer and Nagarajaiah, 2003).
The use of structural control devices to mitigate the vibration of a structure has been
investigated largely for seismic and wind induced vibration in buildings and bridges. Analytical
and experimental research has lead to the full scale implementation of structural control for civil
structures. Structural control devices, including passive, active and semiactive, have been
implemented on buildings and bridges all over the world. Research and implementation have
demonstrated the benefits and rewards that structural control devices offer; most apparent being
that these devices allow for safer and more economical structures.
Over the past decade various research has examined the mitigation of traffic induced
vertical bridge vibration. Unlike lateral motion of bridges involving seismic and wind
excitations, the vertical vibrations are typically attributed to vertical forces traveling along the
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length of the bridge. To date, researchers have primarily investigated pedestrian, train, and
vehicle induced vibrations. Structural control devices including all three classes; passive, active,
and semiactive, have been investigated as a means for mitigating vertical vibrations induced by
time varying vertical loads. These studies are discussed in what follows.
The implementation of passive devices including tuned liquid column dampers (TLCDs)
and tuned mass dampers (TMDs) has been investigated for reducing vibrations arising from
pedestrian, train, and truck loading of bridges. The control of pedestrian induced vibrations on
long-span bridges using TLCDs was explored by Reiterer and Ziegler (2005). In an analytical
study preformed by Reiterer and Zeigler it was found that by utilizing TLCDs vertical vibrations
could effectively be reduced. The control of train induced vibrations using passive TMDs has
also been investigated. An analytical study conducted by Kwon et al. (1998) investigated the use
of a TMD to control vertical vibrations under moving train loads. In this study the bridge was
modeled as an Euler-Bernoulli beam excited by a high-speed train and a TMD was placed at the
midspan of the bridge. Results from the study showed that by employing the TMD the
maximum vertical displacements generated by the high-speed train were effectively reduced by
21% and free vibration of the bridge quickly died out. Klasztorny (2001) also examined the
effects of using a TMD to reduce bridge responses. More specifically, Klasztorny examined the
effectiveness of a TMD at reducing resonant responses of a bridge subjected to a superfast
passenger train. Klasztorny analytically examined several bridges subject to critical train speeds
and the effectiveness of the TMD designed specifically for each bridge at reducing vibrations.
Klasztomy’s research shows midspan displacements and stresses were shown to be reduced by as
much as 60%. Karoumi (2000) investigated truck traffic induced vibrations of cable-stayed
bridges. Karoumi describes a method for modeling the bridge and truck which includes a
nonlinear finite element model (FEM) of the bridge using beam and cable elements and a 2
degree of freedom (DOF) model for the truck. An analytical analysis of the cable-stayed bridge
model subjected to the truck model with a TMD located at the center of the bridge and tuned to
the first bending mode of vibration is presented by Karoumi. The results of the analytical study
indicate that the TMD is not effective at reducing the maximum dynamic response during forced
vibration but is very effective at reducing the dynamic response during free vibration. In general
results presented for TLCD and TMD passive control devices to reduce vertical bridge vibrations
have shown a positive trend. However, there are several drawbacks to these devices which
should not be ignored. The drawbacks include: the device weight and fixed parameters inherent of
passive control devices. The added weight of a TLCD or TMD on a bridge effectively reduces the
capacity of the bridge. The fixed parameters of a passive device mean that the device is not
controllable in real-time. In addition, the fixed parameters of the device are exclusively determined
for each application in order to assure effectiveness; meaning a new device design must be obtained
for each individual bridge employing a control device of this nature.
Another type of passive device has been considered for reducing vertical bridge vibrations is
a fluid viscous damper (FVD). Museros and Martinez-Rodrigo (2007) investigated the use of
linear FVDs to mitigate vertical bridge vibrations of simply supported beam bridges. Museros
and Martinez-Rodrigo explored the use of a damping system consisting of a simply supported
auxiliary beam located below the bridge, parallel in direction, with FVDs linking the beam and
bridge at several locations. The focus for the design of the control system in their research was
to mitigate flexural vibrations of the bridge produced by railway traffic. The analytical research
presented by Museros and Martinez-Rodrigo demonstrated that the vertical vibrations of the
simply supported beam bridge could drastically be reduced at resonant excitations using the
developed control system. Graphical results from the research show a reduction in bridge:
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accelerations, displacements, stresses, and end reactions. Two bridge lengths with ideally
designed control parameters specific to each bridge were considered in the research; for one
particular case maximum midspan accelerations were reduced by 80.9% and maximum midspan
displacements were reduced by 58.8%. Similar to the passive devices mentioned earlier in this
paper, a drawback inherent of passive control devices exists. The detail that passive control
parameters must be specifically designed for each individual structure they are being applied to
and loading they are subject to. This characteristic makes the application of these devices to
different and multiple structures very time consuming, alluding to the fact that a device of this
nature would have difficulty becoming widespread in application.
Utilizing active control devices to mitigate vertical bridge vibrations has also been
investigated. The idea of using active control has been intensely addressed by DeBrunner et al.
(2001, 2003, 2004). DeBrunner et al. (2003) investigated reducing bridge vibrations induced by
heavy vehicle traffic. DeBrunner et al. propose the use of a black box identification method and
an adaptive vibration control technique with feed forward and feedback active control; the
control system developed is called the Intelligent Vehicle/Bridge System (IVBS). The IVBS
combines the use of sensors, antennas, DSP controllers, and active control actuators to mitigate
bridge vibrations. For the IVBS described by DeBrunner et al. (2003, 2004) the active control
actuators are installed on the trucks. Analytical results presented by DeBrunner et al. report a
very efficient reduction in bridge vibrations. Like passive control devices, active control devices
have several drawbacks in bridge application intrinsic in their makeup. The drawbacks are that
active control devices require significant power to operate and have the potential to become
unstable.
Mitigating vertical bridge vibrations by employing semiactive control devices has
received significant attention from researchers. The research in this control realm focuses on
vehicle traffic induced bridge vibrations (Patten et al., 1996, 1996, 1997, 1998, 1998, 1999,
1999, Zeng et al., 2000, Sammartino et al.,1999). Patten et al. (1996) designed and constructed a
semiactive control device which was experimentally tested. Patten et al. modeled the bridge
considered in the study as an Euler-Bernoulli beam and the truck as a 2 DOF system; these
models were used to design the controller for the bridge. Patten et al (1996) designed a
semiactive hydraulic actuator which uses feedback control based on either strain-gage or
accelerometer readings from the bridge. A single-lane bridge was constructed to experimentally
investigate the effectiveness of the semiactive vibration absorber. The semiactive vibration
absorber was shown to provide a significant reduction of vertical bridge vibrations; deflections
were reduced by more than 70%. The semiactive vibration absorber was also tested as a fixed
damper, i.e. passive control device; the deflection reduction was more than 30% greater utilizing
the semiactive vibration absorber compared to the passive vibration absorber.
Additional research into the area of semiactive control devices for traffic induced
vibration mitigation was preformed by Patten et al. (1999). Patten et al. present a semiactive
control system; called the Smart Bridge Dampers (SBD) system, which employs a semiactive
vibration absorber as the controllable element. The SBD system includes a hydraulic actuator
with a motor controlled valve; the motor controlled valve is regulated to provide appropriate
amounts of stiffness and damping to the bridge in order to minimize bridge vibrations.
Analytical simulations indicated that by using the SBD system maximum stresses were reduced
by as much as 65% and the useful service life of the bridge was extended by approximately 65
years (Patten et al., 1999).
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Further experimental research was preformed by Patten et al (1997) in the first, and only
to date, full scale implementation of a semiactive control device onto a highway bridge for the
purpose of reducing vehicle traffic induced vibrations. The semiactive vibration absorbers
(SAVA) system was installed on the Walnut Creek Bridge on Interstate 35 in Oklahoma,
installation of the SAVA system was completed in October of 1996. Initial results from field
tests suggested that the SAVA system was capable of increasing the safe life of the Walnut
Creek Bridge by several decades.
Further research and data collection presented by Patten et al. (1999) includes the
employment of intelligent stiffeners for bridges (ISB) in the SAVA system, referred to as SAVA
I. ISB are semiactive control devices which use 12 volt batteries and are equipped with
adjustable hydraulic links used to regulate the amount of stiffness and damping provided to the
bridge. The design of the IBS controllers was based on a FEM developed from modal testing
and model reductions and a multi-DOF truck model. The IBS controllers were implemented into
the SAVA I system and testing was conducted for 22 months. The SAVA I system employs a
full-state control algorithm based on Lyapunov stability theory in order to control the ISB.
Patten et al. (1999) concluded that the SAVA I system equipped with IBS was able to
significantly reduce the maximum stresses in the girders of the Walnut Creek Bridge, resulting
from a reduction in the displacements and velocities of the girders, and increase the safe life of
the bridge by about 50 years. Further research was conducted on the Walnut Creek Bridge by
Zeng et al. (2000) where a bi-state Lyapunov control algorithm employing only 3 sensors, where
all sensors are installed directly onto the semiactive actuator, was considered. This second ISB
prototype was installed on the Walnut Creek Bridge in 1998 and is the major element which
differentiates this system, SAVA II, from SAVA I. Simulations indicated that the SAVA II
system exhibits favorable behavior for vibration mitigation. Field tests comparing SAVA II, bistate control algorithm, to SAVA I, full-state control algorithm, found that SAVA I reduced peak
stresses by 40% and SAVA II reduced peak stresses by 33%. Zeng et al. note that although the
SAVA II system provides less stress reduction, it is much more cost efficient and practical for
use on a large structure.
Sammartino et al. (1999) have also proposed a method for minimizing the structural
vibration of a vehicle and bridge system utilizing semiactive control. Sammartino et al.
developed a beam bridge FEM and a multi-DOF vehicle model. The bridge model was intended
to represent the Kishwaukee Bridge in Rockford Illinois; the first 3 modes of the model were
validated with experimental testing data from the Kishwaukee Bridge. Analytical simulations
were conducted by the Sammartino et al. exploring the effectiveness of passive and semiactive
control devices applied to the vehicle and variable vehicle speeds. In general bridge deflections
were reduced by a greater percent using the semiactive control as opposed to the passive control;
deflections were reduced by as much as 56% using the semiactive control.
Research, analytical studies, and experimental testing reported by researchers have
efficiently demonstrated that structural control devices are a feasible and promising option for
reducing vertical bridge vibrations. Of the three control device types semiactive devices have
shown particular promise for this type of structural application. Semiactive control devices are
emerging in the forefront because they offer several advantages compared to their competitors
and are capable of demonstrating robust performance. Specifically, semiactive devices benefit
over passive devices in that they are controllable in real-time; passive devices are not.
Semiactive devices benefit over active devices in that they require little power to operate and
they do not have the potential to become unstable; active devices require a significant amount of
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power to operate and have the potential to become unstable. Semiactive devices offer multihazard protection; more specifically this type of device affords protection from many excitations
including: varying truck speeds, varying truck configurations and loads, earthquakes, wind loads,
etc.; the device reduces vertical vibrations regardless of their origin. Semiactive control devices
offer robust performance fostering a multi-bridge application. More explicitly identical devices
can be used on many different bridges without being redesigned or altered; the physical device is
not bridge specific.
To date and to the knowledge of the authors, no studies have been published on the
performance of structural control over a range of truck excitations and bridge properties directly
comparing passive, active, and semiactive control devices. This paper examines the performance
of passive, active and semiactive control strategies applied to a typical highway bridge,
considering variations in the dynamic load and bridge structure.
2.3 Highway Bridge Model with Truck Loading and Control Device
A highway bridge model with associated truck loading and control device application is
developed. The bridge model is to represent a typical highway bridge and is based on an actual in
service highway bridge located in Connecticut. The truck loading represents a 5 axle truck
driving over the bridge at a constant velocity. The control device represents vertical
supplemental control device forces applied at specified locations on the bridge.
The bridge selected for this study, the Cromwell Bridge, is located in the southbound
direction of Interstate 91 (I-91) in Connecticut. The bridge is a simply supported composite, steel
girder and concrete slab, bridge. The Cromwell Bridge is approximately 66 meters (215 ft) in
length; with 3 simply supported spans of lengths approximately 23 meters (75 ft), 23 meters (75
ft), and 19 meters (63 ft). Expansion joints are located between each of the spans (50.8 mm (2
in)). Figure 2 shows an elevation view of the Cromwell Bridge, the span selected for modeling
is indicated with a red circle.

Figure 2: Elevation View of Cromwell Bridge

The width of the bridge is approximately 15.5 meters (51 ft) and carries three lanes of traffic. A
view of the cross section of the bridge can be seen in Figure 3; which details the locations and
specifications of the girders, diaphragms, and cover plates as well as the dimensions of the deck
and side barriers.
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Figure 3: Cromwell Bridge Cross Section

The Cromwell Bridge is one of six bridges currently being monitored in a combined
effort bridge monitoring project hosted by the University of Connecticut and the Connecticut
Department of Transportation. Spans 1 and 2 of the bridge have been monitored since
November 2004. In total there are 20 uniaxial strain gages installed on the bridge; 16 on span 1
and 4 on span 2. The strain gages are installed on the web of the steel W36x194 girders; either
50.8 mm (2 in) from the top of the bottom flange or 50.8 mm (2 in) from the bottom of the top
flange. The monitoring system records strain data at a sampling rate of 50 Hz and with a 1με
resolution. The actual strain measurements for a known truck load are used to validate the model
developed in this paper.
An infinite-life check for the Cromwell Bridge was preformed by the authors using strain
data collected from the bridge monitoring efforts. The calculations indicate that the maximum
stress range experienced by the structure was well below the constant amplitude fatigue
threshold. As such, the Cromwell Bridge has, in reality, an infinite-life. However, for this study
it is assumed that the corresponding bridge model has a finite fatigue life so that reducing
stresses in the bridge will translate to increased safe life.
2.3.1 Galerkin Method Formulation of Highway Bridge Model
A low order model of the bridge is sought to capture the salient features of the vertical bridge
dynamics in order to better facilitate the control design and evaluation of the system. Span 1 of
the Cromwell Bridge is modeled, as this span of the bridge has been the subject of a long term
monitoring project since 2004 and data is available to validate the bridge model. The first span of
the bridge can be assumed as its own entity because of the structural constituents, essentially
pinned-roller end conditions. Span 1 of the Cromwell Bridge is modeled as a simply supported
Euler-Bernoulli beam (Clough and Penzien, 1993) with pin-roller end conditions. The simplified
beam model is assumed to have a constant cross-section and material properties (e.g. modulus of
elasticity and mass per unit length) along its length. The inputs of the system are vertical point
loads representing a vehicle traveling across the bridge and an applied control force. The vehicle
loading representing a 5 axle truck traveling at a constant speed is modeled as a time and
spatially varying load, Ft ( x, t ) . The control force loading represents N vertical supplemental
control device forces applied at x = xcj (where j = 1,..., N ) on the bridge is modeled as a time
varying load, Fc (t ) . The equation of motion governing the dynamic behavior of the undamped
bridge model with applied truck and damper forces is presented as the partial differential
equation
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m

N
∂ 2 y ( x, t )
∂ 4 y ( x, t )
(
)
+
EI
=
F
x
,
t
+
Fc j (t )δ x − x cj
∑
t
2
4
∂t
∂x
j =1

(

)

(2)

where y ( x, t ) is the vertical displacement of the bridge; a function of both distance along the
length of the bridge, x , and time, t , m is the mass per unit length of the bridge, E is the
modulus of elasticity, I is the moment of inertia for the composite cross section of the bridge,
and δ (⋅) is the Dirac delta function. The m , E , and I , are assumed constant along the length of
the bridge. The mass per unit length, m , calculated as the product of the cross section area and
the appropriate material mass density, is determined to be 11.7e3 kg-m/s (1.7025 lb-sec/in2).
The modulus of elasticity, E , is selected as the modulus of elasticity of steel 2x108 kPa (29000
ksi). The moment of inertia, I , is calculated using classical methodology (Beer et al., 2006)
taking into account effective areas for the concrete components of the cross section to be
0.156074 m4 (3.7497x105 in4).
The partial differential equation of motion for the bridge model system in Equation (2)
can be written as an ordinary differential equation using a Galerkin method. The Galerkin
method assumes that response of the bridge is represented by the finite series
n

y ( x, t ) = ∑ φ i ( x)q i (t ) = Φ ( x)Q(t )

(3)

i =1

where φ i (x) is the ith trial function of the bridge, q i (t ) is the ith generalized coordinate of the
bridge and n is sufficiently large to ensure accuracy (n = 40 for this study). Φ (x) and Q(t ) are
the matrix representations of the trial functions and generalized coordinates, respectively, such
that y ( x, t ) = Φ ( x)Q(t ) . The trial functions are based on the closed-form eigenfunctions of an
Euler-Bernoulli beam with an additional shape function equal to the static deflected shape of the
simply supported beam with moments applied at the location of the device connections. This
static deflection shape replaces the first sinusoidal trial function. The trial functions are given as
AL(α − 0.5)x
⎧
⎪ A / 2 x 2 − xL + α 2 L2
⎪
φ i ( x) = ⎨
⎪ AL(α − 0.5)(L − x )
⎪⎩
B sin (iπx / L )

(

)

i = 1 x ≤ αL
i = 1 αL < x < (1 − α ) L
i = 1 x ≥ (1 − α )L
i = 2,3,..., n

(4)

where the constants A and B can be set to any value to produce a desired norm for the mode
shapes, and α is the ratio of the distance from the end of the bridge to the location of the control
device divided by the total length of the bridge.
Substituting Equation (3) into (2) results in
m

N
∂ 2 (Φ ( x)Q(t ) )
∂ 4 (Φ ( x)Q(t ) )
(
)
+
EI
=
F
x
,
t
+
Fc j (t )δ x − xcj
∑
t
∂t 2
dx 4
j =1

(

)

(5)

The trial functions are invariant to time and the generalized coordinates are invariant to position;
as a result Equation 5 can be rewritten as
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N

(

&&(t ) + EIΦ '''' ( x) Q (t ) = F ( x, t ) + F j (t )δ x − x j
mΦ ( x)Q
∑ c
t
c

)

(6)

j =1

where [⋅] indicates a derivative with respect to time, t , and [′] indicates a derivative with respect
to distance along the length of the bridge, x . This equation of motion governing the dynamic
behavior of the bridge model with applied truck and damper forces is next premultiplied by
Φ T (x) and integrated over the length of the bridge to get
N

&&(t ) + KQ (t ) = F (t ) + F j (t )
MQ
∑ c
t

(7)

j =1

where M = m ∫ Φ ( x)Φ ( x)∂x ,
and
K = EI ∫ (Φ ′′ ( x) )(Φ ′′( x) )∂x ,
Ft (t ) = ∫ Φ T ( x) Ft ( x, t )∂x
j
j
T
j
0
0
Fc (t ) = Fc (t )0Φ ( xc ) . Inherent damping
is added to the bridge model
where the damping
coefficient matrix, C, is
L

L

T

L

T

C = Φ ( x)CΦ ( x) −1

(8)

and Φ ( x) is the matrix of mode shapes obtained by solving the eigenvalue problem with M and
K , C is the diagonal modal damping matrix with the jth diagonal term C j = 2M j ω j ς j , where
−1
M = Φ ( x ) MΦ ( x) (and M j is the jth diagonal term), ω j is the natural frequency of the jth
mode, and ς j is the damping ratio of the jth mode. The resulting damped equation of motion
governing the dynamic behavior of the bridge is
N

&&(t ) + CQ& (t ) + KQ (t ) = F (t ) + F j (t )
MQ
∑ c
t

(9)

j =1

Of particular interest in this study is displacement of the bridge at the midspan, xm, the strain at
midspan of the bridge, and the rotation, or slope, of the bridge at the locations of the control
device connection to the bridge, xd. These physical outputs can readily be obtained from the
generalized coordinates, Q(t ) , by utilizing the relationship in Equation (3) such that
y ( x m , t ) = Φ ( x m )Q(t )

y ′( x d , t ) =

dy
= Φ ′( x d )Q(t )
dx

ε ( x m , t ) = y ' ' ( x m , t )d =

d2y
d = Φ '' ( x m )Q(t )d
2
dx

(10)
(11)

(12)

where ε represents strain and d is the distance between the neutral axis of the cross section and
the location where the strain is being measured.
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2.3.2 Truck Force Description
The truck force vector, Ft ( x, t ) , simulates a 5 axle truck crossing the bridge at a constant speed.
The force of each axle is assumed to be of constant magnitude, but its location varies with
respect to time. It is represented in the model as 5 transverse point loads moving along the bridge
length in time, dependent on a constant truck speed. The truck force vector is comprised of two
components; a loading vector and a magnitude coefficient such that

Ft ( x, t ) = Γt ( x, t )Wt .

(13)

The loading vector, Γt , designates the location along the length of the bridge of each of the 5
point loads at each time step, as well as the relative weight of each axle and Wt is the total
weight of the truck. The loading vector varies according to the selected truck speed, x& t , the
relative weight of each axial, λk , as a percent of the total weight of the truck, Wt , and the
distance between the first axle and subsequent axles, d k . The loading vector takes the form
5

Γt ( x, t ) = ∑ λ k δ ( x + d k − x& t t ) .

(14)

k =1

The corresponding modal truck force in Eq. (8) is
⎧ 5
⎪W
λ k Φ T ( x& t t − d k )
Ft (t ) = ⎨ t ∑
k =1
⎪⎩
0

for

( x + d k − x& t t ) ≤ L

(15)

otherwise

2.3.3 Control Force Description
The control force simulates the applied force of a structural control device. The control device is
implemented in a configuration similar to the variable stiffness device installed on the Walnut
Creek Bridge (Patten, 1997). The control device is attached to the under side of the bridge deck,
in parallel with the deck using cantilever arms fixed rigidly to the underside of the bridge deck.
The connections and links connecting damper to the bridge are assumed to be rigid. The
schematic in Figure 4 illustrates the basic configuration of the control device integration into the
bridge system. As the bridge deflects the slope of the bridge deck causes the cantilever arms to
rotate, resulting in translational displacement and velocity across the control device and thus
producing a force in the control device.

Figure 4: Fundamentals of Device Configuration with Bridge
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Dominated by a first mode response, the flexural behavior of the bridge girders induces
displacements and velocities across the control device. The displacement across the control
device, Δ d , is determined as a function of the bridge deformation such that difference in the
curvature of the bridge at the two connection locations produces a linear displacement
Δ d = l( y ′((1 − α )L, t ) − y ′(αL, t ) )

(16)

where l is the length of the vertical rigid link connecting the damper to the bridge.
The force produced by the control device, f d (t ) , is applied to the bridge at two locations,
αL and (1-α)L, and results in two applied moments on the bridge deck, equal in magnitude but
opposite in direction. The control force is applied to the bridge model as two force couples at
each location where the damper is connected to the bridge resulting in four transverse point
loads, Fc j (t ) (for j=1,2,3,4).
The force produced by the control device, f d (t ) , is related to the control forces applied
to the bridge model, Fc j (t ) , as illustrated in Figure 5 and described in the following manner. The
horizontal force produced by the control device results in two equal and opposite moments
applied to the bridge at the connection locations [αL and (1-α)L] such that
M (t ) = f d (t ) * l

(17)

where M is the moment at each connection location and l is the length of the vertical rigid link
connecting the damper to the bridge (i.e. lever arm length) and is assumed to have a length of
1.2192 m (48 in). The moments at each connection location are applied to the bridge model as
vertical point load force couples, whereby the magnitude of the force couples relates to the
moment at connection location as

M (t ) = Fc j (t ) h

(18)

where h is distance between the forces in the couple and is set to h = 0.001L for this study.
Substituting Eq (17) into (18), solving for Fc j (t ) , and taking into account the assumed directions
from Figure 5, results in
Fc j (t ) = (− 1 j +1 )(l / h ) f d (t )

for j = 1,2,3,4

Knowing that the locations of the force couples are xc1 = αL −
xc3 = (1 − α )L +

(19)

h
h
, xc2 = αL + ,
2
2

h
h
, and xc4 = (1 − α )L − , the modal control force in Eq. (8) becomes
2
2

⎡ ⎛
h⎞
h⎞
h⎞
h ⎞⎤
⎛
⎛
⎛
Fc (t ) = ⎢Φ⎜ αL − ⎟ − Φ⎜ αL + ⎟ + Φ⎜ (1 − α ) L + ⎟ − Φ⎜ (1 − α ) L − ⎟⎥ (l / h ) f d (t ) (20)
2⎠
2⎠
2⎠
2 ⎠⎦
⎝
⎝
⎝
⎣ ⎝
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Figure 5: The forces and moments associated with the device and the vertical force couples representing the device
force in the analytical model

2.4 Highway Bridge Model Validation
The numerical model of the bridge with truck loading is validated using experimental strain data
from the Cromwell Bridge monitoring efforts. A known weight truck was driven across the
Cromwell Bridge and corresponding strain data collected. This actual data is compared to data
from the bridge model with no control force.
For the numerical model, the weight of the truck passing over the bridge is adjusted to
account for two phenomenon: (i) the dynamic impact factor accounting for the vehicle dynamics
induced by the roughness or irregularities on the bridge or approach surface (AASHTO LRFD
Bridge Design Specifications 2004, Kwasniewski, 2006, Sammartino, 1999); and (ii) the
distribution of the load across the width of the bridge, accounting for the fact that for the actual
collected strain data the truck passed over the bridge in the far right lane and each girder carried
an unequal portion of the trucks weight (AASHTO LRFD Bridge Design Specifications 2004,
Cardini , 2007). The amplification factor accounting for both of these phenomena is set to 2.0 so
that the peak strain value in the model closely matches the measured peak strain for the truck
crossing. For simplification the amplification factor is held constant for all simulations. Figure
6 shows the specifications of the known weight truck. The total weight of the truck is Wt =
275.078 kN (61.84 kips). The relative weight of each axial is λ1 = 0.1727 , λ 2 = 0.2222 ,
λ3 = 0.2144 , λ 4 = 0.2044 , and λ5 = 0.1863 . The distance between the first axle and subsequent
axles, d1 = 0 , d 2 = 5.31 m (17.42 ft), d 3 = 6.63 m (21.75 ft), d 4 = 15.70 m (51.50 ft), and
d 5 = 17.02 m (55.83 ft). The truck is assumed to travel over the bridge at a constant velocity of
29.0576 m/sec (95.33 ft/sec, 65 mph).

Figure 6: Known weight truck driven over Cromwell Bridge during experimental testing
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Figure 7: Comparison of strain data between actual testing and model

Figure 7 provides a comparison of the strain data between the actual testing and the results of the
numerical model. The basic shape and local peak values of strain data match well between the
model and actual data. The model is able to capture the critical and fundamental behavior of the
Cromwell Bridge and is thus used for conducting further investigation.

2.5 Mechanical Amplifying Device
The displacement and velocity generated by the flexural behavior of the bridge girder are
increased using a mechanical amplifying device. The amplification factor, γ, is selected at a
value of 5.0. This degree of magnification could be achieved, for example, by using a scissorjack-damper system (Sigaher and Constantinou, 2003). The possible integration of the scissor
jack device into the bridge system is illustrated in Figure 8. This particular configuration is
desirable as both the displacement across the control device and the device force are amplified
by this factor.

Figure 8: Scissor-Jack Amplifying Device Implemented into Bridge System
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2.6 Structural Control Strategies for Truck Excited Highway Bridge
While the focus of this paper is the application of semiactive control to the highway bridge,
passive and active control strategies are also considered for comparison.
2.6.1 Passive Control Strategies
Two ideal passive control devices are considered; a viscous damping device and a stiffness
device. The damping device provides a control force which results from relative velocities
across the control device as

f d (t ) = γ 2 c d Δ& d
(21)
The stiffness device provides a control force which results from relative displacements across the
control device as
f d (t ) = γ 2 k d Δ d

(22)

2.6.2 Active Control Strategy
The active control strategy employs a linear-quadratic state-feedback regulator with output (y)
weighting (LQRY) controller and assumes an ideal device that can produce any desired force and
possesses no device dynamics.
Equations (8)-(11) can be rewritten as a state space representation of the bridge system
with truck and control device loading where

z& (t ) = Az (t ) + Bt Ft (t ) + Bd f d (t )
y ( x m , t ) = Cz (t )

[

(23)

]

where z (t ) = Q(t ) Q& (t ) are the states of the system, and A, Bt , Bd , C are the systems matrix
⎡ 0
where A = ⎢
−1
⎣− M K
Φ( xm )
0
⎡
⎤
.
C=⎢
−1
−1 ⎥
⎣− Φ( x m ) M K − Φ( x m ) M C ⎦

coefficients

I ⎤
,
− M −1C ⎥⎦

⎡ 0 ⎤
Bt = Bd = ⎢ −1 ⎥ ,
⎣M ⎦

and

The LQRY active control strategy operates using state-feedback control, regulated by the
state-feedback gain matrix Klqr. The corresponding active control force is
f d (t ) = − K lqr z (t )

(24)

where for this study it is assumed the states are known. In practice the states can be estimated
with a state observer. The state-feedback gain matrix, Klqr, is selected to minimize the quadratic
cost function
τ
1
J (u ) = lim E ⎡ ∫ {(Cz (t )) T Qlqr (Cz (t )) + f d (t ) T Rlqr f d (t )}dt ⎤
⎥⎦
⎢⎣ 0
τ →∞ τ
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(25)

Simplified as:

∞

J (u ) = ∫ ( y T Qlqr y + R
0

lqr

f d (t ) 2 )dt

(26)

where y ( x m , t ) = Φ ( x m )Q(t ) . The full state-feedback gain matrix Klqr is equivalent to
−1 T
K lqr = Rlqr
Bd P

and P is determined by solving the Riccati equation
~
−1 T
0 = PA + AT P − PBd Rlqr
Bd P + Qlqr

(27)

(28)

~
where Qlqr = C T Qlqr C .
For this work a Matlab toolbox function lqry.m was used to calculate Klqr. The optimal
design of the state-feedback control is accomplished by selecting values for the output weighting
matrices, Qlqr and Rlqr.
2.6.3 Semiactive Control Strategy
The semiactive control strategy is designed as a clipped optimal controller such that the
semiactive device produces only the dissipative forces of a primary controller. The primary
controller used is the same as that used for the active control strategy. The resulting ideal
semiactive control force is
⎧− K lqr z (t ) − K lqr z (t )Δ& d < 0
f d (t ) = ⎨
0
otherwise
⎩

(29)

Additionally, the semiactive device is implemented with a rate limiter; the rate limiter
restricts the slope of the device force. Because of device dynamics, the semiactive control
device is not capable of instantaneously altering the force it is producing, and is thus limited to
some specified rate for which the force magnitude can be changed per each time step. The rate
limiter for this study is selected to have a value of 1.5e5.
2.6.4 Performance of Optimal Control Strategies
The optimal control strategy for each device is achieved by selecting a maximum force the
controllers are permitted to produce. The control device parameters, cd, kd, Qlqr, and Rlqr are
established to accomplish the maximum device force for each control strategy. The maximum
device force for this study was selected as the force value realized by the active controller when
reducing peak midspan displacement by 50%. The value was determined to be 124.55 kN (28
kips).
The device parameters for the passive damper and stiffener, cd and kd, are physical
quantities which can be changed only by physically altering the device. Alternatively, for the
active and semiactive devices the device parameters, Qlqr, and Rlqr, are not physical values; they
are numerical, housed within the control algorithm of the device. The physical design of each
control device is constant for the simulations. The design is determined from the original
parameters of the Cromwell Bridge subject to the known weight truck traveling at the speed limit
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with a peak force limitation of 124.55 kN (28 kips). The midspan displacement time histories for
each control device operating with optimal control design parameters are displayed in Figures 9
through 12. These simulations were run using 40 shape functions; which included one static
deflection and 39 mode shapes. For each simulation: the original parameters of the Cromwell
Bridge were considered, the control device attachments were located at α = 0.2 , a scissor
magnification factor of 5.0 was utilized, and the truck velocity was 29.06m/s (95.33ft/s, 65 mph).
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Figure 12: Passive Damper Performance

The individual performances of the control devices with optimal device parameters are illustrated
in Figures 9 through 12. As intended in design, the active control device reduces peak midspan
displacement by approximately 50%, specifically 50.13%. The semiactive control device
displays comparable performance capable of reducing peak midspan displacement by 49.79%.
While the passive stiffener reduces peak midspan displacement by 47.72% and the passive
damper reduces peak midspan displacement by 30.78%.
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2.7 Robust Performance of Structural Control Strategies
The performance of each control strategy is evaluated by investigating various loading scenarios
and structural parameters. The various loading cases entail a range of truck speeds and the
various structural parameters include a range of bridge stiffness values, analogous to a change in
bridge length.
The device parameters for the passive damper and stiffener, cd and kd, are physical
quantities which can be changed only by physically altering the device. Thus the device
parameters, cd and kd, for these two control strategies are selected only once for the original
Cromwell Bridge, and employed for each of the various structural parameter scenarios.
Alternatively, for the active and semiactive devices the device parameters of the control
strategies are not physical values; they are numerical, housed within the control algorithm of the
device. This characteristic allows the optimal parameters, Qlqr, and Klqr, to be selected
specifically for the individual structural application. For this study a range of bridge lengths is
investigated, for every bridge length evaluated specific optimal device parameters are
determined.
Simulations were conducted to demonstrate what class and type of control strategy is
most prominently and efficiently able to mitigate heavy traffic induced bridge vibrations. The
criterion for evaluation is performance efficiency and robustness of the control device. The
measure of evaluation is the percent reduction the control device affords in peak midspan
displacement subjected to a single truck loading.
The performance of each control strategy is evaluated by investigating varying loading
scenarios and structural parameters. The varying loading cases encompass a range of truck
speeds. The speed of the truck range from 8.94m/s (29.33ft/s, 20mph) to 35.76m/s (117.33ft/s,
80 mph); the speed limit across the Cromwell Bridge is 29.06m/s (95.33ft/s, 65 mph). The
varying structural parameters include a range of bridge stiffness values, analogous to a change in
bridge length. The bridge length range selected is half of the length of the Cromwell Bridge to
twice the length of the Cromwell Bridge.
The robustness of each control strategy is evaluated by considering the device
performance over the range of truck speeds and bridge lengths. In this study a device which
demonstrates generally invariant performance behavior over a range of loading cases or bridge
parameter scenarios is considered robust.
The simulations were run using 40 shape functions; which included one static deflection
and 39 mode shapes.
For every simulation, the control device attachments were located
at α = 0.2 and a scissor magnification factor of 5.0 was used.
The simulations were conducted using Matlab and Simulink. A variable-step ODE 45
solver with a relative tolerance of 1e-3 was used for all cases excluding the semiactive control
device which used a fixed-step ODE 3 solver with a step size of 1e-5. The performance results
from the numerical testing are graphically summarized in Figures 13 and 14.

20

Midspan Displacement Reduction Comparison

55
50
45

Percent Reduction

40
35
30
25
20

Passive Damper
Passive Stiffener

15

Active

10
5
5

Semiactive

10

15

20

25

30

35

40

Truck Speed (m/s)

Figure 13: Control device performance summarized over a range of truck load speeds

Figure 13 illustrates the performance of each control device subject to various loading
conditions. The results in their entirety assess the robustness of each control device for the range
of loading conditions. These results show that the active and semiactive control devices
demonstrate performance behavior that is nearly identical and achieve performance efficiency
greater than the passive devices. The passive stiffener performance is very close to that of the
active and semiactive control devices. And in all cases the performance efficiency of the passive
damper falls well below the performance efficiency realized by any of the other control devices.
The passive stiffener, active, and semiactive control devices each demonstrate robustness.
The performance behavior is consistent over the range of vehicle speeds; considering all three of
these devices the performance efficiency ranges only from around 44% -51% reduction of
midspan displacement for all truck speeds investigated.
The efficiency of the performance and robustness is further demonstrated by recalling
that the passive stiffener, active device, and semiactive device were all designed to produce a
midspan displacement reduction of approximately 47% - 50%.
Figure 14 summarizes the results obtained for various bridge parameters while employing
identical physical control devices to each bridge configuration. The results illustrate the
performance of each of the four control devices subject to each structural parameter variation.
The results in their entirety assess the robustness of each control device for the range of bridge
properties.
A stiffness factor of 8 corresponds to a bridge 8 times as stiff as the Cromwell Bridge; a
bridge of half the length of the Cromwell Bridge. A stiffness factor of 0.125 corresponds to a
bridge 0.125 times as stiff and the Cromwell Bridge; twice the length of the Cromwell Bridge.
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Figure 14: Control device performance summarized over a range bridge lengths

For the vast majority of the stiffness range the active and semiactive control devices
perform superiorly compared to the passive devices. Additionally, these two devices perform
very near the targeted reduction value of approximately 50 % for the entire stiffness range. For
the stiffness value of 0.125, the passive devices achieve better performance efficiency than the
active and semiactive devices. This can be attributed to the fact that the device force developed
is much greater in the passive devices (around 244.65 kN (55 kips) for each device). This is
because, for the passive devices, the physical control parameters are not individually designed
for each structural parameter scenario investigated. Conversely, for the semiactive and active
devices the device force is limited (124.55 kN (28 kips)) for each structural parameter scenario
and these device parameters are redesigned for each structural parameter scenario investigation.
Ideally the active and semiactive devices could achieve performance as great as the passive
devices demonstrate if the control design constituents were changed.
For the active and semiactive devices the results exhibit robust behavior. These results
allude to the idea that control devices of the active and semiactive nature can efficiently and
effectively offer midspan displacement reductions to a multitude of bridges without being
redesigned for every individual bridge. Where as to achieve a 50% displacement reduction using
either the damper or stiffener, the device would have to be designed and built specific to the
bridge of interest.
2.8 Conclusions on Structural Control to Reduce Traffic Induced Bridge Vibration
The purpose of this study was to examine mitigating heavy vehicle traffic induced highway
bridge vibrations utilizing several structural control strategies. This investigation was conducted
by developing an analytical model for an in service highway bridge under heavy vehicle truck
loading. Three primary classes of structural control devices were considered for the study. Four
types of devices were designed to be investigated through analytical testing; passive stiffener,
passive damper, active device, and semiactive device. The bridge system with integrated control
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device was tested for various loading cases and structural parameter values in order to observe
the performance efficiency and robustness that each device was able to achieve.
The results obtained from the simulations illustrate the effectiveness of each of the
devices over a range of loading cases and bridge parameters. Results summarize the
performance efficiency and robustness of the active and semiactive devices were far greater than
either of the passive devices.
Considering results from the simulations as well as characteristics of the control
strategies, the semiactive device is selected as the forefront device for this particular application.
The semiactive controller offers several benefits over the other devices while still affording
performance levels and robust behavior very near that of the active control device, which
achieves the highest performance efficiency. The benefits of the semiactive device over its
competitors include: it requires little energy to operate, it is controllable in real time, and it is
inherently stable. Additionally, the semiactive device exhibits a multi-bridge application
characteristic. More specifically, one semiactive device can be designed and that design can be
used on many different bridges, while still offering consistent performance and behavior. This is
demonstrated through the robustness of the semiactive device displayed in the numerical testing
results.
This paper considers the feasibility and benefits of using a structural control strategy to
mitigate vehicle induced vibration of a highway bridge. The findings support the selection of a
semiactive control device for reducing heavy vehicle traffic induced bridge vibrations.
3. Development of a Coherence-Based Structural Health Monitoring Method for
Semiactive Controlled Structures

This study develops and evaluates a SHM method for identifying local nonlinear damage on a
highway bridge. A typical in service highway bridge is selected for the study and a numerical
model of the highway bridge with truck loading is developed. A semiactive control strategy is
described and the device is employed to excite the highway bridge with a random white noise
command for monitoring purposes. The proposed SHM method utilizes the coherence
relationship between the semiactive device input and the midspan acceleration vibration response
output. An analytical study is conducted to investigate the capability of the SHM method to
accurately and precisely detect local nonlinear damage. Results from the study demonstrate a
high sensitivity of the SHM method to identify local nonlinear damage. The proposed SHM
method is unique in several respects: a semiactive structural control device is used to excite the
structure (rather than traditional application of vibration mitigation) and the coherence function
is utilized as a tool to detect local nonlinear damage.
3.1 Literature Review of Structural Health Monitoring
There exists a responsibility to insure the safety of the structures established for and used by the
public. Structural health monitoring (SHM) is the practice of identifying the presence, location,
and severity of structural damage. SHM fosters a procedure for ensuring safe structures and
preventing deterioration through timely maintenance. A clear need for SHM is comprehensible
when evaluating the condition of the nation’s infrastructure. For example, there are nearly
600,000 public highway bridges in the United States (Kirk and Mallet, 2007), about 90% of all
personal travel and 80% of all freight travel is accommodated on highways traveling over these
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bridges (Friedland and Small, 2003). In 2006 over 74,000 (12%) of the total bridges in the
nation were categorized as structurally deficient; meaning there is an eminent need of repair,
rehabilitation, or reconstruction (Kirk and Mallet, 2007, Friedland and Small, 2003) of the
structure.
Structural health monitoring includes methods of visual inspection, non-destructive
evaluation (NDE), and vibration based identification. Visual inspection is a common method of
health monitoring. Visual inspection, however, is neither objective nor reliable, containing great
uncertainty in identifying the existence, location and degree of damage (Doebling et. al, 1996,
1997, 1998).
New technologies for the NDE of civil structures include ultrasonic testing, penetrant
testing, visual testing (different than visual inspection), magnetic particle testing, radiographic
testing, acoustic emission, eddy current testing, and thermal field methods (U.S. DOT, 2001,
Chang, 1997, Chase and Washer, 1997). These technologies determine local damage and
typically require the general region of damage on the structure to be first identified. For many
structures, locating the damage prior to inspection is difficult. Further, most of these methods
require that the portion of the structure being inspected is readily accessible.
Vibration measurements are a less subjective method for SHM. Vibration based SHM
fosters global as well as local evaluation of the structure. As such, vibration based techniques are
receiving much recent attention (Farrar et. al, 1994, Chakrabarty and Okaya, 1995, Salawu and
Williams, 1995, Farrar and Doebling, 1997, Salawu, 1997, Doebling et al., 1998, Farrar et. al,
2000, Caicedo et. al, 2000, Chang, 2000). Vibration based damage detection is considered rather
intuitive; as it presumes that damage alters the stiffness, mass, or damping properties of the
system, which results in a change in the dynamic response of the system (Farrar et al., 2000).
Damage is typically identified through interpretation of changes in the systems vibration
characteristics (i.e. natural frequencies, damping ratios, modes shapes). Vibration based methods
require monitoring at predefined locations on the structure, where the monitored locations do not
need to be at the location of the damage.
There are, however, a number of challenges associated with vibration based SHM.
Vibration based identification relies on employing ambient vibration or operational loads, which
can often prove difficult. These excitations often tend to excite the lower frequency global modes
that can be insensitive to local damage (Sohn, 2001). Sensitivity to local damage and small
flaws is critical to permit health monitoring to identify damage in time for repair. Additionally,
environmental and operational variability of civil structures can affect the natural frequencies
and mode shapes, rendering SHM methods that rely on changes in these parameters ineffective
except in the presence of extreme damage (Sohn, et. al, 1999, Olund, 2006). Another challenge
is the inability of most vibration based SHM methods to detect nonlinear behavior, such as the
opening and closing of fatigue cracks in structural members or connections. Despite the
challenges associated with vibration based identification methods for SHM these methods
continue to receive much attention.
Structural control devices are primarily designed to mitigate the vibrations of structures
and accordingly the damage to structures, with a goal of extending the life of structures.
Although structural control devices have shown promise in application, the possibility of damage
resulting from extreme events and long-term service life of a structure is certainly possible. Of
recent interest is the concept of using a structural control device on a structure to simultaneously
mitigate vibration, increase safe life, and monitor health.

24

A recent project in California has investigated the combination of structural control and
structural health monitoring for highway bridges (Johnson, 2003, Elmasry and Johnson, 2004).
Variable stiffness and damping devices (VSDDs) are considered for the study. This analytical
research demonstrates that more accurate estimates of structural characteristics can be achieved
through the use of controllable stiffness and damping technology by allowing parametric changes
to the structure’s stiffness and damping characteristics. Parametric changes to the structure’s
stiffness and damping characteristics allow for multiple structural responses to be accomplished
under a single force type, thus fostering a very effective method for system identification.
A similar approach is taken for a system integrating structural control and structural
health monitoring for buildings (Xu and Chang, 2007). The research explores employing
semiactive friction dampers to mitigate earthquake induced vibrations of a building while
simultaneously utilizing the semiactive devices to develop and establish a SHM procedure. The
SHM procedure identifies structural parameters by adding known stiffness values to the system
via the semiactive friction dampers. The identification of the structural parameters is based on
model updating by looking at two states of the building: the original building and the building
with added stiffness; and thus providing a reference state for subsequent damage.
The research presented in this work investigates employing a semiactive structural
control device on a highway bridge to perform SHM. More specifically, this paper proposes a
SHM procedure capable of identifying local nonlinear damage on a highway bridge. A typical in
service highway bridge is selected for the study and a numerical model of the highway bridge
with truck loading is developed. The semiactive structural control strategy is then introduced
and the proposed SHM procedure and application are discussed. A closing crack is selected as
damage to the structure; the nonlinear effects associated with closing cracks are introduced into
the model to investigate the capabilities of the proposed method to accurately and precisely
detect the local nonlinear damage. Finally, simulation results illustrating the efficiency and
effectiveness of the proposed SHM technique are presented.
3.2 Proposed Coherence Based Structural Health Monitoring Method
In this study, the system of interest is the Cromwell Bridge; by the previously described
configuration the system is of a multiple input single output nature. The two inputs for the
system are the truck loading and the device force. The single output for the system is selected as
the midspan acceleration vibration response of the bridge.
Multiple input single output systems are frequently described by the multiple coherence
function, γ y:x ( f ) , a correlation relationship between the system’s output and the system’s

multiple inputs. For a constant parameter linear system the multiple coherence function is equal
to unity.
For uncorrelated inputs there is a linear relationship between the multiple coherence
function and ordinary coherence of the individual input to output relationships, Equation (14)
demonstrates this relationship for a two input single output system.

γ y2:x ( f ) = γ 12y ( f ) + γ 22y ( f ) = 1.0

(14)

where γ 1 y ( f ) is the coherence between input 1 and the output and γ 2 y ( f ) is the coherence
between input 2 and the output. Uncorrelated inputs greatly simplify calculating the multiple
coherence function (Bendat and Peirsol, 2000).
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For mitigating traffic induced bridge vibrations the truck loading is used to generate the
control algorithm for the semiactive device and therefore from Equation (3) the inputs are
correlated. Alternatively, for monitoring purposes, the truck loading is used to power the
semiactive device which in turn generates an uncorrelated random vibration input. This is
possible because of the use of the smart structure; the device can be controlled in real time and
utilized to produce any desired dissipative force. So for monitoring purposes, the semiactive
device is used to randomly excite the structure rather than provide forces for vibration
mitigation. For SHM purposes the semiactive device produces a random band limited white
noise excitation which is applied to excite the bridge. The random input achieved by the
semiactive devices for SHM purposes ensures that the inputs in this investigation are indeed
uncorrelated. This simplifies the multiple coherence relationship, making it linear and thus
allowing the input output relations to be viewed individually (essentially 2 SI/SO systems) as
shown by Equation (14).
For a SI/SO system the relationship between the input and the output is often described
by the ordinary coherence function, γ yx ( f ) . The ordinary coherence function is a real valued
measure that quantifies the correlation of the system’s input to the system’s output. For a linear
system, the ordinary coherence function can be interpreted as the fractional portion of the mean
square value of the output that is contributed by the input at frequency f (Bendat and Piersol,
2000). Constant parameter SI/SO linear systems exhibit a coherence of unity.
Of interest is when the coherence function for a constant parameter linear system with a
SI/SO exhibits behavior other than unity. For situations where the coherence function is between
unity and zero, there are 3 possible physical situations that can exist: extraneous noise is present
in the measurements, the system relating the input and output is not linear and/or the output is
due to multiple inputs.
The one-sided auto and cross spectral density functions of a system can be utilized to
express the ordinary coherence function of a SI/SO system

γ xy2 ( f ) =

G xy ( f )

2

(15)

G xx ( f )G yy ( f )

where G xy ( f ) is the one-sided cross spectra and G xx ( f ) and G yy ( f ) are the one-sided auto
spectra of the input and output respectively. For this work the spectral density functions are
defined using finite Fourier transforms
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(16)

where X ( f , T ) and Y ( f , T ) represent the finite Fourier transforms of the input and output
respectively. For this investigation, it is assumed that the input, semiactive device force (y), and
output, midspan acceleration vibration response (x), are stationary over the record length.
Midspan displacement, midspan strain, and damper force time histories for the system
with no control, semiactive control, and random excitation can be seen in Figures 5 through 7.
The time history plots shown in Figures 5 through 7 are for a 331.4 kN (70 kip) truck traveling at
a speed of 29.1 m/s (65 mph).
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3.2.1 Results for the Undamaged Structure
The ordinary coherence relationship is proposed for use to monitor the structure; specifically, the
ordinary coherence between the semiactive device input and midspan acceleration vibration
response output. This ordinary coherence relation is utilized to develop the proposed SHM
procedure.
A sequence of 70 random trucks cross the highway bridge (ADTT of the bridge is
approximately 8,145); the mean truck weight is 289.1 kN (65 kips) with a standard deviation
44.5 kN (10 kips) and the mean truck speed is 29.1 m/s (65 mph) with a standard deviation of 4.5
m/s (10 mph). The motion of the bridge due to the truck passages enables the semiactive control
device to be implemented into the system. For SHM purposes the semiactive device is
commanded to produce dissipative forces of a random nature, thus ensuring the two inputs of the
system are indeed uncorrelated. These random forces are characterized as a white noise signal
with a specified bandwidth. The white noise has an expected peak device force of 133.4 kN (30
kips) with a standard deviation of 66.7 kN (15 kips) and a mean value of 0 kN (0 kips). The
white noise is filtered by a bandwidth specified as 200 Hz and applied using a 12th order low
pass Butterworth filter.
During this process of truck passage and semiactive device random excitation the device
force and acceleration vibration response at midspan are measured. Sensor noise is included in
the evaluation and modeled in the system as band limited white noise. The sensor noise is added
to the collected signals, semiactive device force and midspan acceleration vibration response.
The noise signals have an expected mean value of 0.1% the peak expected peak values of the
measured signals with RMS values 1/3rd of the peak noise signal values.
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The one-sided auto spectral density functions for the collected signals of interest,
semiactive device force and midspan acceleration vibration response, are presented in Figures 8
and 9. Figure 8 shows that the energy of the semiactive device force is indeed generally constant
over the excitation range, as intended by employing the white noise excitation. Figure 9 shows
that the majority of the energy of the acceleration vibration response is concentrated at the first
bending mode natural frequency of the structure.
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An ordinary coherence relation is developed using the collected signals. Figure 20
illustrates the ordinary coherence relationship between the semiactive device input and midspan
acceleration vibration response output, including signal sensor noise. The time step for the
simulations used to generate Figure 20 was 1e-4 sec correlating to a sampling frequency of 10
kHz. The number of fast Fourier transforms selected for the processing was 1e4, resulting in a
frequency step size of 1 Hz and 140 averages.
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Figure 20: Coherence Function: Damper Force Input and Midspan Acceleration Vibration Response Output

The coherence relationship developed between the semiactive device input and midspan
acceleration vibration response output is employed to monitor the system. As previously stated,
when the coherence strays from unity there is an indication of three possible physical situations:
extraneous noise present in the measurements, nonlinear behavior, and/or multiple input
responses. These phenomena are utilized for SHM as a format to classify the system and detect
damage.
In order to utilize the specified coherence relationship for SHM, the system behavior
should be understood and generalized. The following gives a description of the coherence
relation of interest for the system being investigated, shown in Figure 20. For the system the
sensor noise associated with collecting the data is modeled in the system, as such it is assumed
no additional or extraneous noise exists. The coherence of the system is not at unity below 20
Hz. This behavior can be attributed to a nonlinear system or multiple inputs. The system was
developed as a linear model, and therefore the coherence behavior below 20 Hz is ascribed to the
presence of multiple inputs. In the range of 0 Hz to 20 Hz the system response is due to the two
inputs; the truck force and the semiactive device force excite the bridge in this frequency range.
Above 20 Hz the coherence is essentially unity. Meaning the system is acting as a single SI/SO
system in this range. Only the semiactive device is exciting the bridge in this frequency range,
the semiactive device linearly controls the bridge response in this higher frequency range.

30

3.3 Simulating Local Bridge Damage
For this study, damage is selected as a crack located in a longitudinal component of the
substructure of the bridge, essentially a girder or cover plate. More specifically, a closing crack
is assumed for the damage. The vibratory behavior of cracked beams has been investigated
thoroughly by a large number of researchers; see Dimarogonas (1996) for an extensive overview.
A closing crack, often termed a breathing crack, opens and closes during the cyclic
deformation of a structure. The vibratory behavior and modeling techniques of this category of
cracks has been studied thoroughly by researchers (Bovsunovsky and Bovsunovsky, 2007,
Bovsunovsky and Surace, 2005, Saavedra and Cuitino, 2001, Pugno et al., 2000, Dimarogonas,
1996, Ruotolo et al., 1996). The mathematical modeling of such cracks is typically based on the
assumption that the crack periodically closes and opens, where the opening and closing of the
crack leads to instantaneous changes in the structure’s stiffness.
The dynamic behavior of a vibrating system is significantly nonlinear in the presence of a
closing crack (Bovsunovsky and Bovsunovsky, 2007). Effects associated with the nonlinearity
of the system are characteristic of a vibrating system with a closing crack. These nonlinear
effects include: the appearance of subharmonic and superharmonic resonances and significant
nonlinear behavior of the vibration response (displacement, acceleration, strain, etc.) at the
subharmonic and superharmonic resonances (Bovsunovsky and Surace, 2005). Extensive
research investigating the presence of the subharmonics and superharmonics has been
preformed; showing subharmonic and superharmonic resonances occurring at integer multiples
of the forcing frequency (Saavedra and Cuitino, 2001, Ruotolo et al., 1996) and at integer
multiples of the structure’s natural frequencies (Bovsunovsky and Bovsunovsky, 2007).
The nonlinear effects exhibited by a cracked beam are much more sensitive to the
presence of cracks than the changes in natural frequencies or mode shapes (Bovsunovsky and
Surace, 2005). This characteristic enables the revealing of nonlinear behavior to be a very
sensitive method for crack detection. Much research has been dedicated to correlating the level
and response of nonlinearity to the quantitative evaluation of damage parameters (type, size,
location) (Bovsunovsky and Surace, 2005, Ruotolo et al., 1996).
Of interest in this particular study was to determine the potential of the developed SHM
technique at detecting local nonlinear damage, specifically closing cracks. To evaluate the
proposed method the effects of the crack are modeled. Effectively the nonlinear effects
characteristic of a closing crack are modeled rather than the physical crack. The effects are
modeled as a harmonic frequency; representing a subharmonic or superharmonic resonance. The
capability of the developed SHM procedure is demonstrated by the ability of the method to
detect the nonlinear behavior at subharmonic and superharmonic resonances.
The nonlinear harmonic frequency representing the behavior of a closing crack is
modeled as an additional output to the system. This additional output signal representing the
nonlinear behavior of the opening and closing of the crack is selected as sinusoidal and added to
the vibration response of interest. The sinusoidal signal has an amplitude of approximately 1%
of peak vibration response being measured, midspan acceleration, and is selected to have an
arbitrary frequency of 90 Hz. Note that any frequency within the excitation capabilities of the
semiactive control device could potentially be selected.
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3.4 Structural Health Monitoring Procedure and Results
The dynamic behavior of the system is characterized by the coherence function between the
semiactive device input and midspan acceleration vibration response output. This coherence
function relation is established as the reference state for the SHM procedure.
Damage is introduced to the system as an additional sinusoidal input having an amplitude
of approximately 1% of peak vibration response and a frequency of 90 Hz. The dynamic
behavior of the system is again characterized by the coherence function between the semiactive
device input and midspan acceleration vibration response output. This coherence function is
established as the damaged state.
The reference state and damage state are determined identically. A series of 70 random
trucks cross the highway bridge; the mean truck weight is 289.1 kN (65 kips) with a standard
deviation 44.5 kN (10 kips) and the mean truck speed is 29.1 m/s (65 mph) with a standard
deviation of 4.5 m/s (10 mph). The ADTT of the Cromwell Bridge is approximately 8,145
trucks; meaning the coherence relation can be determined in approximately 15 minutes. The
semiactive device is commanded to produce dissipative forces of a random nature; these random
forces are characterized as a white noise signal with a specified bandwidth. The white noise has
an expected peak device force of 133.4 kN (30 kips) with a standard deviation of 66.7 kN (15
kips) and a mean value of 0 kN (0 kips). The white noise is filtered by a bandwidth specified as
200 Hz and applied using a 12th order low pass Butterworth filter. Sensor noise is modeled in the
system as band limited white noise and added to the collected signals. The noise signals have an
expected mean value of 0.1% the expected peak values of the measured signals with RMS values
1/3rd of the peak noise signal values. Using the measured quantities from the semiactive device
force and midspan acceleration vibration response the reference state and damage state
coherence relations are developed. The time step for the simulations was 1e-4 sec and the
sampling frequency was 10 kHz. The number of fast Fourier transforms selected for the
processing was 1e4, resulting in a frequency step size of 1 Hz and 140 averages.
The reference state and damage state are compared to evaluate the sensitivity and
effectiveness of the SHM method. Damage is classified as a change in the system. The goal of
the described SHM method is to identify accurately and precisely local nonlinear damage.
Figure 11 shows the simulation results for the reference state and damage state.
Figure 11 illustrates the ability of the SHM procedure to accurately and precisely identify
the damage to the system. The nonlinear behavior characteristic of the damage is clearly picked
up through the capacity of the SHM procedure, shown as a dominant antipeak in Figure 21.
Intrinsic of the coherence function is the departure from unity in the presence of nonlinearity in
the system. The SHM is highly proficient at detecting accurately and precisely the nonlinear
behavior characteristic of the local damage.
The one-sided auto spectral density function for the midspan acceleration vibration
response is presented in Figure 22. The spectral density function is capable of detecting the
damage to the system, observed as a peak at 90 Hz. However, if the discrete frequencies of the
fast Fourier transform do not coincide with the damage frequency, the damage may not be
observable. Rather the damage would be distributed to the discrete frequencies neighboring the
damage frequency, due to the property of spectral leakage, making the damage less observable
(Bendat and Piersol, 2000).
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Figure 22: Auto Spectral Density Function: Midspan Acceleration Vibration Response Output with Damage

3.5 Conclusions on SHM using Semiactive Control Devices
The purpose of this study was to develop and evaluate a SHM method for identifying local
nonlinear damage of a highway bridge. An analytical model for an in service highway bridge
under heavy vehicle truck loading is developed and used for the study. A semiactive control
device strategy is described; the device is used to excite the highway bridge with a random white
noise command. Damage is selected as a closing crack and introduced to the highway bridge
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model. The effects of the closing crack are modeled, selected as a sinusoidal signal of arbitrary
frequency and amplitude of 1% of the peak vibration response signal being measured. A SHM
procedure employing the coherence function is proposed. The proposed SHM method is
evaluated by investigating the method’s ability to accurately and precisely detect local nonlinear
damage. Results of the analytical study demonstrate a high sensitivity of the SHM method to
identify local nonlinear damage accurately and precisely.
The proposed SHM method is unique in several respects. First, semiactive control
devices are traditionally used for structural vibration control, in the proposed SHM method the
semiactive control device is employed to excite the structure with vibrations over a large
frequency range. Second, the proposed SHM method utilizes the coherence relationship to
detect nonlinear damage, capitalizing on an intrinsic characteristic of the coherence function.
The proposed SHM method is certainly feasible for application. Utilizing structural
control devices to create safer and more cost effective structures has been explored and endorsed
by many researchers. Making use of structural control devices for dual purposes, vibration
mitigation and health monitoring, could potentially foster safer, more reliable, and more cost
effective structures and monitoring programs; significantly benefiting the public in all aspects.
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