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APPROXIMATE CONVERSIONS TO Sl UNITS

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
) AREA )
in‘ square inches 645.2 square millimeters mm”*
ft* square feet 0.093 square meters m?
yd2 square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi° square miles 2.59 square kilometers km?
VOLUME
floz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft* cubic feet 0.028 cubic meters m’
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m*
MASS
oz ounces 28.35 grams a
b pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius e
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m’ cd/im?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibffin® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm?* square millimeters 0.0016 square inches in’
m® square meters 10.764 square feet ft*
m? square meters 1.195 square yards 3.|rd2
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces floz
L liters 0.264 gallons gal
m’ cubic meters 35.314 cubic feet ft'
m* cubic meters 1.307 cubic yards yd*
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°c Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cdim® candela/m® 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibffin*

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.

(Revised March 2003)
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1. Introduction

Highway bridges are a significant and critical component of the civil infrastructure. There are
over 600,000 public highway bridges in the United States (2009 ASCE report card for America’s
Infrastructure). In December 2008, over 72,868 (12.1%) of the total bridges in the U.S. were
categorized as structurally deficient and 89,024 (14.8%) were categorized as functionally
obsolete (2009 ASCE report card for America’s Infrastructure); indicating an eminent need for
repair, rehabilitation, or reconstruction (Kirk and Mallet, 2007, Friedland and Small, 2003).

Repairing or replacing deficient bridges is extremely time and cost consuming and, in
general, is not a realistic option. As such, addressing structural deficiencies of bridges safely,
economically, and time efficiently so as to increase safe-life and prolong replacement is of great
importance to bridge owners and the public as a whole. Reducing the dynamic response of truck
traffic is a particularly promising means by which to increase the safe life of an existing highway
bridge, as the fatigue life is inversely proportional to the number of cycles and the magnitude of
the stress range cubed as stated in AASHTO LRFR as

_ RRA
365n(ADDTsL)(Af eff>)

(1)

where Y is the total finite fatigue life (in years), Rp is the resistance factor specified for
evaluation, minimum, or mean fatigue life, A is the detail category constant, ADDTys; is the
estimated number of stress range cycles per truck passage, n is the average number of trucks per
day in a single lane averaged over the fatigue life, and Af, ¢ is the effective stress range.

Among the various ways to reduce the dynamic response and resulting stress range is
structural control. Structural control shows great potential for reducing vibrations in various civil
structures. Structural control devices can be classified as passive, active, or semiactive (Spencer
and Sain, 1997). Semiactive devices may be more appropriate for field applications (Spencer and
Nagarajaiah, 2003) since these devices offer the reliability associated with passive control
devices, maintain the versatility associated with active control devices and require a low power
supply.

Numerous semiactive control devices have been proposed for structural control of civil
engineering structures. The Magneto-Rheological (MR) fluid damper appears to be a particularly
promising type of semiactive control device (Dyke et al., 1998, Johnson et al 1998). In addition
to the controllability, stability (in a bounded-input bounded-output sense), and low power
requirements inherent to semiactive devices, MR fluid dampers with their large temperature
operating range and relatively small device size have the added benefits of: producing large
control forces at low velocities and with very little stiction; possessing a high dynamic range (the
ratio between maximum force and minimum force at any given time); and having no moving
parts, thus reducing maintenance concerns and increasing the response time (compared to
conventional variable-orifice dampers).

Experimental testing is critical in structural dynamics in particular to validate structural
control strategies (Housner et al 1994). Full-scale experimental verification of structural control
is a challenging proposition. The concept of hybrid simulation was proposed and further refined
over the past four decades to provide the capability to isolate and only physically test critical
components of a structure, while the rest of the structure is simulated numerically in the
computer (Hakuno et al 1969, Takanashi et al 1975, Takanashi and Nakashima 1987, Mahin et al
1989, Shing et al 1996). With the continued advancement of computational technology and



hydraulic actuation, a real-time realization of hybrid simulation, called real-time hybrid
simulation (RTHS), is now possible to capture the rate dependent characteristic of physical
components (Nakashima 2001). The added benefit of RTHS is that it allows for various damper
control strategies and a wide range of system parameters (e.g. length of bridge, weight and speed
of truck, etc.) to be examined through the numerical model without modifying the experimental
(physical) setup. The Network for Earthquake Engineering Simulation (NEES) real-time multi-
directional  (RTMD)  earthquake  simulation  facility = at  Lehigh  University
(http://www.nees.lehigh.edu/) has real-time hybrid testing capabilities that was used to
experimental validate the simulation results in this research. The simulated component in these
hybrid tests is a highway bridge subjected to truck loading.

In this project the effectiveness of using MR damper to reduce truck induced vibration thus
extending the service life of highway bridges is examined. Simulation results are conducted to
identify the performance and operating conditions for the MR damper control of truck induced
bridge vibration. Real-time hybrid simulations are then conducted on two large-scale 200kN MR
dampers at the Lehigh NEES facility to validate the simulation results and demonstrate the
ability for this class of semiactive damper to extend the lifespan of existing highway bridges by
reducing the stress range resulting from truck traffic.

2. Numerical Studies

In order to examine the performance of the MR dampers in reducing the truck induce
vibrations, models of the bridge and MR dampers are needed. In this section, the models used in
this research are described in details.

2.1 Bridge Model

The bridge model represents a typical highway bridge and is based on an actual in service
highway bridge in Connecticut — Cromwell Bridge (National Bridge Inventory, NBI, number:
03078). The bridge is located in the southbound direction of Interstate 91 in Connecticut near the
town of the Cromwell. It is a simply supported composite, steel girder and concrete slab, bridge,
65.68 m in length with three simply supported spans of lengths 23.05 m, 23.24 m, and 19.39 m.
The width of the bridge is approximately 15.5 m and it carries three lanes of traffic. Figure 1
shows an elevation view of the Cromwell Bridge identifying the span selected for control in this
study.

Direction of Travel

™ T8.8m -

r 65.68 mr -

19.39 m 2324 m
Span 3 Span 2
— T
|1
| | )
Abutment 2 I
11
Pier 2 Pier 1

Figure 1: Elevation View of Cromwell Bridge (Span 1 is considered in this study).



A low order model of the bridge capturing the salient features of the vertical bridge dynamics
is developed to facilitate the control design and real-time hybrid implementation 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. The span of the bridge is modeled as a simply supported
Euler-Bernoulli beam (Clough and Penzien, 1993). The simplified beam model is assumed to
have a constant cross-section and material properties (e.g. modulus of elasticity, mass per unit
length and moment of inertia) along its length as determined from the structural plans. The inputs
of the system are vertical point loads representing a v ehicle traveling across the bridge. The
vehicle loading representing a Federal Highway Administration (FHWA) Class 9 five axle truck
traveling at a constant speed is modeled as a time and spatially varying load, F;(x,t). The
vehicle dynamics are neglected for simplicity. The equation of motion governing the dynamic
behavior of the undamped bridge model with applied truck and control device forces is presented
as the partial differential equation

_ 9%y(x,t) *y(x,t)
m— + EI ot

= F,(0t) + X B/ (O 8(x — %)) )

where y(x, t) is the vertical displacement of the bridge; F, term is the control force provided by
the MR damper which is a function of the length of the bridge, x, the location of the damper, x;,
and time, t; 6(-) is the Dirac delta function; N is the number of forces associated with the
dampers; m is the mass per unit length of the bridge; E is the modulus of elasticity; and [ is the
moment of inertia for the composite cross section 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 11.7 X 103 kg/m. The modulus of elasticity, E, is selected as the modulus of
elasticity of steel 2 X 108 kPa. The moment of inertia, I, is calculated using effective areas for
the concrete components of the cross section (Beer et al., 2006) to be 0.156074 m”.

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 equation of motion
can be rewritten as

AP(x)((t) + EIO"()Q() = F,(x, ) + XL F/ ) 8(x—%)  (3)

where [-] indicates a derivative with respect to time, t, and ['] indicates a derivative with respect
to length, x. The modal equation of motion governing the dynamic behavior of the bridge model
with applied truck and damper forces is determine by pre-multiplying Equation (3) by ®7(x)
and integrating over the length of the bridge such that

MQ(t) + KQ(t) = F.(t) + F.(t) (4)

where M = i [} &7 (x)®(x)x.K = EI [[(®"T(2))(@"(x))dx, Fe(t) = [ ®T(x)F,(x, t)dx
and F,(t) =X, CDT(JE]-)ch (t). Inherent damping is added to the bridge model as modal
damping where the damping coefficient matrix, C, is

C=3)CP(x)! (5)



and ®(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_'] = 21\7Ija)j( ;» where
M = ®(x)"'M®(x) (and M; is the jth diagonal term), w; is the natural frequency of the jth
mode, and {; is the damping ratio of the jth mode which is set equal to 5% in each mode based
on recent field observations of the bridge. The resulting damped equation of motion governing
the dynamic behavior of the bridge is

MQ(®) + CQ®) + KQ(t) = Fe(t) + F.(t) (6)

The truck force vector, F(x,t), simulates a FHWA Class 9 five axle truck crossing the
bridge at a constant speed. The force of each axle is assumed to be of constant magnitude, thus
neglecting the vehicle dynamics, but its location varies with respect to time. The truck load is
represented in the model as five transverse point loads moving along the length of the bridge at a
constant speed of 29 m/sec (65mph). The truck force vector is comprised of two components; a
loading vector and a magnitude coefficient such that

Fe(x,t) = Wi (x, t) (7)

where the loading vector, I, 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 W; is the total
weight of the truck. The loading vector varies according to the selected truck speed, x;, the
relative weight of each axial, Aj, as a percent of the gross vehicle weight of the truck, W;, and
the distance between the first axle and subsequent axles, d. The loading vector takes the form

T (x, ) = Yiog Ak 8(x + dj — %¢t) )

The corresponding modal truck force, written in terms of Equation (7), Equation (8), and
F.(t) = fOL ®T (x)F,(x, t)dx, to be used in Equation (6) is

R = {Wt Tema i @7 (et =) for  di/h <t < (LAd)/% 9)
0 otherwise

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 was collected. This actual data is compared to
data from the bridge model with no control force. Figure 2 shows the specifications of the known
weight truck. The total weight of the truck is W, = 275 kN. The relative weight of each axial is
A =0.17,1, =0.22, 13 = 0.21, 4, = 0.20, and A5 = 0.19. The distance between the first axel
and subsequent axels, d; =0, d; = 5.31 m, d3 = 6.63m, dy, = 15.70 m, and ds = 17.02 m.
The truck is assumed to travel over the bridge at a constant velocity of 29 m/sec (65 mph).
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Figure 2: Truck of Known Weight Truck Considered for Simulation Studies.

Figure 3 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.
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Figure 3. Comparison of Strain Data between Actual Testing and Model.
2.2 Magneto-Rheological Fluid Damper Model

The large-scale MR dampers are manufactured by the Lord Corporation. A schematic of the
two large-scale MR dampers used in this study is shown in Figure 4. The damper is 1.47 m
length, weighs approximately 2.73 kN, and has an available stroke of 584 mm. The damper’s
accumulator can accommodate atemperature change in the fluid of 27°C. The damper can
provide control forces of over 200 kN.



accumulator

. . electromagnetic coil
piston MR fluid

Figure 4. Large-scale Semiactive Damper Schematic.

The MR damper is controlled with a low voltage, current driven command signal. The coil
resistance is approximately 4.8 ohmQ),( with an associated inductance measured to be
approximately 5 henrys (H) at 1 ampere (A) and 3 H at 2 A. An Advanced Motion Controls
PWM Servo-Amplifier (30A8DDE) is powered by an 80 volts (V) DC, 5 A unregulated linear
power supply. The servo-amplifier is used to provide the command signal that controls the
electromagnetic field for each damper. The PWM Servo-Amplifier is controlled by a 0-5 V DC
signal and utilizes pulse width modulation for current control. The input control signal can be
switched at a rate up to 1 kHz, although the rise time of the current signal is limited by the
inductance of the MR damper. Each damper has been fitted with a 1.5KE75A transient voltage
suppressor to protect the MR damper electromagnetic coils from unintended and damaging
voltage peaks, limiting the peak voltage to 75 V.

In general, the bridge response under truck loading lies on a low velocity range (~ 10 mm/s),
where the performance of the dampers is quite different to the common velocity range (Bass and
Christenson, 2007). Figure 5 shows a comparison of damper behaviors at 0.5 Hz with 25.4 mm
(left) and 2.54 mm (right) amplitude.
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Figure 5. Measured 200 kN MR Damper Force to 0.5 Hz Sinusoidal Displacement: (a) Low
Amplitude and Peak Velocity Representative of Truck Loading on Highway Bridge; and (b)
Moderate Amplitude and Peak Velocity Representative of Seismic Loading.

A MR damper model system, which includes a model of the pulse-width modulated power
amplifier providing current to the damper, a model of the inductance of the large-scale 200 kN
MR dampers coils and surrounding MR fluid, and a hyperbolic tangent model of the controllable
force behavior of the MR damper, developed for seismic applications is extended for use in this
study by appropriately adjusting the damper parameters to provide increased accuracy at low
velocity. Details on t his model system can be found in (Jiang and Christenson 2011). The
hyperbolic tangent model describing the controllable force behavior can be expressed in state
space form as

[;2] N [(—ko —Ok1)/m0 (—¢o _101)/7”0] [ig]

+ [kl/omO cl/omo] [ﬁ] + [—12m0] fotanh (Xo/Vyer) (10)

The modified parameters used in this research for the hyperbolic tangent model are listed in
Table 1.



Table 1. Parameters of the Hyperbolic Tangent Model

Parameters as a function of damper current, i (A) Units

ko = (0.10i* — 1.00i3 + 1.30i% + 2.30i + 6.20) x 10~* kN /mm
k, = —0.24i* + 2.38i® — 8.07i% + 11.06i + 60 kN /mm

co = (—0.98i* + 9.33i3 — 29.96i?% + 35.80i + 12.64) x 1072 kN -s/mm
c; = (0.62i* — 6.73i3% + 26.69i% — 46.06i + 35.67) x 1072 kN -s/mm
mgy = (0.16i* — 1.62i3 + 5.48i% — 7.05i + 4.85) x 1073 kg

fo = 2.24i* — 15.12i3 + 4.12i® + 139.34i + 7.5 kN

Vier = —0.11i* +1.23i%® — 5.57i%* + 11.79i 4 0.76 mm/s

2.3 Simulation Results

A series of simulation studies are first conducted to identify a feasible damper configuration
and identify anticipated levels of performance. The MR dampers are configured in the system as
shown in Figure 6. T he dampers are located beneath the bridge deck. Seven dampers are
assumed to be placed at each end of the bridge, located between the eight steel girders — with
loads distributed to the girders. The dampers are connected to the bridge at a location from the
end support of 15% the total length of the bridge. The 1.47 m long dampers are extended to the
abutments by wusing 305mm X 305mm X 9.5mm (12"x12" X 3/8")steel tubes. The
compliance of the steel tubing is included in the simulation.

<Y 73

¢ /~—200 kN MR Damper "
*— 305mm X305mm X9.5mm
(12"x2"%3/8") Steel Tube

Figure 6. MR Damper Controlled Highway Bridge Configuration

Three different scenarios are considered, namely passive off, passive on and semiactive. For
the passive off case, constant 0 A current is sent to the MR dampers for the entire event while
constant 2.5 A current is used for the passive onc ase. For the semiactive controller, the
command current to each damper is controlled in real time as the truck crosses over the bridge.
The desired control force is determined as alinear quadratic Gaussian (LQG) controller with
output weighting of the sum of the strains over the length of the bridge. Strains at critical details
can be targeted for future studies. A Kalman filter is employed to estimate the states of the
system using three strain measurements of the bridge. The command current sent to each damper
is determined using an over-driven back-driven clipped-optimal (bang-bang) secondary
controller, with a maximum current of 7.5 A, to achieve a faster response time of the damper
forces.



Results are given for the truck crossing over the bridge for the MR damper controlled bridge,
as compared to the bridge with no dampers. The midspan strain time history in Figure 7 is shown
as a representative strain time history. The MR damper forces comparison among different cases
are shown in Figure 8. The currents input to the dampers in the semiactive case are shown in
Figure 9. The stress range over the length of the bridge is provided in Figure 10 for the crossing
of the truck.

The strain time history in Figure 7 illustrates the potential of the MR dampers to reduce not
only the strain range (stress range) of the bridge due to a truck crossing, but also to effectively
reduce the dynamic free vibration response of the bridge model. As can be seen from Figure 7,
the damper forces in the semiactive case follow the same path as passive on case when the truck
is on the bridge. On the portion when the truck left the bridge, semiactive controlled damper
forces track the path of passive off case while eliminating the free vibrations as seen in the
passive off case. This illustrates the benefits of using the semiactive control over passive cases.
The reduced strain range is noted as the reduced difference between the peak (positive) strain
and negative strain (these are dynamic strain measurements) reduced from 40 pe to 32 pe as the
truck crosses over the bridge. This reduced stress range, in particular for critical details, can
increase the safe life of the structure. The reduced free vibration response can be observed after
1.4 seconds in Figure 7. The controlled response has a highly damped oscillation. The
uncontrolled bridge however has a peak-to-peak 5 pe oscillation at the fundamental period of the
bridge. While this oscillation is significantly less than the longer period strain associated with the
forced vibration of the truck, the shortened period and increased number of oscillations may
result in fatigue concerns.
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Figure 7. Midspan Strain due to Crossing Truck — Pure Simulation.

The MR damper forces shown in Figures 8-9 result from the low velocity across the dampers
that result from truck induced vibration. Figure 8 shows the force response for constant current
sent to the MR dampers. Figure 9 shows the force response of the MR dampers controlled in a



semiactive control strategy. Also shown in this figure are the command currents sent to each
damper. These resulting MR damper forces, while significantly less than the 200 kN capacity of
the MR dampers, provide adequate performance for the bridge system. The command currents
for the dampers are observed to be turned off at approximately 1 sec, which is the approximate
time that the truck begins to unload from the bridge. In this manner the MR dampers that were
restricting the downward deflection of the bridge are allowing the bridge to return to the
undeflected shape without restraint.
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Figure 8. MR Damper Force and Corresponding Current due to Crossing Truck
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Figure 9. Force Output and Current Input for Semiactive Control
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The strain range from the crossing truck plotted over the length of the bridge is shown in
Figure 10. The maximum strain range (over the length of the bridge) can be reduced using the
MR damper control strategy from 45 pe to 33 pe, a 27% reduction in strain. This level of
response reduction is very promising for fatigue purposes. The simplified bridge model
employed is this section of the report is sufficient to allow for simulations to observe and verify
the applicability of the performance of the large-scale MR dampers. From these simulation
studies it is determined that the MR dampers will provide sufficient control for the truck induced
bridge vibration. Further experimental verification is warranted. These further experimental tests
will consider a more detailed bridge model.
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Figure 10. Strain Range over the Length of the Bridge

3. Experimental Verification

Experimental verification is critical in structural dynamics and control (Housner et al 1994).
Full-scale experimental testing of structural dynamics and control can be ach allenging
proposition due to the size-scale and cost of the experiment. The concept of hybrid simulation
has been proposed and further refined over the past several decades to provide a means to isolate
the critical components of a structure and test them physically, while the rest of the structure is
simulated numerically (Hakuno et al 1969, Takanashi 1975, T akanashi and Nakashima 1987,
Mabhin et al 1989, Shing et al 1996). In hybrid simulation, the system to be tested is partitioned
into numerical and physical components (Takanashi et al 1975). The numerical component
typically provides the displacement needed to be enforced on the physical specimen. The
resulting measured force response of the physical component is fed back into the numerical
component. In such a manner, the complex behaviors of interest can be isolated and physically
tested while the dynamic behavior of and interaction with the entire structural system are fully
captured. Real-time hybrid simulation (RTHS) is a relatively new method of testing which is
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made more feasible by the recent advances in computing power, digital signal processing, and
hydraulic control. In RTHS, the physical component is tested in hard real time such that any rate
dependencies of the physical component are fully captured. In RTHS, it is necessary to perform
all of the calculations, apply the displacements, and measure and feedback the forces within a
single time step (typically less than 10 ms). A relatively small time step is required for RHTS to
ensure convergence in the simulation and maintain accurate velocity tracking in the experiment.
Typical numerical integration time steps for RTHS are often selected to be a multiple of the
sampling time of the digital servo-controller, e.g. 1/1024 seconds, based on s tability and
accuracy (Chen and Ricles 2009). The time required to integrate the equations of motion across
an individual time step must be less than the time step itself. This computing time can become
large, especially for complex models with numerous degrees-of-freedoms. Therefore, the size
and complexity of the numerical component in traditional RTHS is limited.

Magneto-Rheological (MR) fluid dampers are a promising type of structural control device
that have been studied extensively using RTHS. Various RTHS tests have been conducted with
MR dampers. Emmons and Christenson (2006) and Christenson et al (2008) examined the
seismic performance of a numerical 3-story steel frame structure with three physical 200 kN MR
dampers located between each of the stories in RTHS tests at the University of Colorado at
Boulder Network for Earthquake Engineering Simulation (NEES) facility. These tests used a 33
degree-of-freedom (DOF) model of the building. The 200 kN MR dampers were manufactured
by the Lord Corporation and have been used in subsequent RTHS tests at the University of
Illinois at Urbana-Champaign and the Lehigh University NEES facility. Wu et al (2006)
conducted RTHS of a numerical model of an offshore platform with MR dampers for protection
from both earthquake and ice loading. The model of the offshore platform was an 8-DOF system.
Fujitani et al (2008) examine the use of 10 kKN MR dampers for smart base isolation, comparing
results to actual shake table tests. Lin and Christenson (2011) compared shake table tests of a 2
kN MR damper in a 2-story building frame to RTHS tests with the physical MR damper and
numerical simplified building model. The RTHS facility at the University of Illinois at Urbana-
Champaign, Smart Structures Technology Laboratory (SSTL) has been used to test MR dampers.
Carrion and Spencer (2007) conducted an extensive study of various issues associated with
RTHS by using a 3 kN MR damper and single-degree-of-freedom (SDOF) structure. Zapateiro et
al (2010) examined a 3-story building with a 3kN MR damper at the first story, and proposed
and tested in RTHS the quantitative feedback theory (QTF) control technique for the MR
dampers. These tests utilized a 3-DOF building model at the SSTL at the University of Illinois at
Urbana-Champaign, SSTL. More recent RTHS tests at the SSTL (Phillips and Spencer, 2010;
Phillips et al 2010) have used a 200 kN MR damper for RTHS. The 200 kN MR dampers have
been used in RTHS tests at the Lehigh NEES facility as well (Chen et al 2010). In a recent NEES
project (PI S.J. Dyke), numerous RTHS studies were conducted using the 200 kN MR dampers
(Jiang and Christenson 2011; Friedman 2012; Phillips and Spencer 2013; Cha et al 2013; and
Chae et al 2013). These RTHS tests have been restricted, at some level, by the size and
complexity of the numerical model of the structure.

In a previous study (Kim et al 2011), a new approach to RTHS was proposed employing the
convolution integral (CI) method to specifically address the challenges of the size and
convergence of high frequency behavior of the numerical model. The CI method for RTHS of a
simple two-story building model with a small-scale 2 kN MR damper was validated in the
previous study comparing the CI results to a traditional numerical time stepping approach. In this
project, RTHS using a finite element model of a highway bridge with 263,178 de grees-of-
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freedom as numerical component and two MR dampers as physical component is conducted by
utilizing the CI method. The RTHS tests are conducted at the Lehigh University NEES facility to
explore the use of semiactive control devices to reduce fatigue of highway bridges due to truck
traffic. The results demonstrate the applicability of the CI method to RTHS with large and
complex numerical components and provide an efficient and effective means to experimentally
examine the efficacy of MR dampers for fatigue protection of highway bridges.

3.1 Formulation for RTHS using the Cl Method

The CI method as proposed by Kim et al (2011) partitions the RTHS into three phases:
preprocessing; real-time hybrid simulation; and post-processing.

* Preprocessing — where the necessary prerequisite calculations are determined in non-real-
time using the numerical model, including: (i) the structure responses from external
excitations (i.e. the truck tire dynamic loading across the bridge deck); and (ii) the unit
impulse response function for all input and output combinations of the numerical model at
the boundary conditions of the physical component.

* Real-time hybrid simulation — where, in hard real time, the physical component is tested
using the CI method to solve for the dynamic response of the numerical component at each
time step, enforce these displacements on the physical component using hydraulic actuators
and measure the restoring force of physical component to feed back into the numerical
simulation.

* Post-processing — where the external excitation and measured physical restoring force are
used as inputs to the numerical model to determine, in non-real-time, all desired responses of
system (e.g. strains on a steel girder).

With this approach, a substantial part of the numerical computational burden is moved from the
hybrid testing phase into the pre- and post-processing where real time processing is not required.
The detailed formulation of the preprocessing phase is described subsequently.

Using a highway bridge under truck loading and MR damper forces as an example, the equation
of motion for such system in hybrid simulation can be expressed in matrix form as

M%(t) + (C + I'CL)x(0) + (K + TKL)x(t) = T'F,(t) (11)

where M is the mass matrix of structure; C and K are the damping and stiffness matrices of
numerical component, which is the bridge for this case; C and K are the damping and stiffness
matrices of physical components; L is the matrix that maps the physical components to the
appropriate degrees-of-freedom in the numerical system; I' is the loading influence vector of
physical components; I’ is the loading influence vector of the trucking loading, F,(t); ¥(t), x(t),
and x(t) are the acceleration, velocity and displacement vectors, respectively. In the CI method,
restoring forces of physical components are considered as additional external forces. In such a
fashion, the remaining numerical component is a linear time invariant system and, Equation (11)
can be written as

Mi(t) + Cx(t) + Kx(t) = I'F.(t) + T'Fy(t) (12)
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where the physical components of the hybrid simulation are represented completely in F;(t),
such that F;(t) = —CLx(t) — KLx(t) in Equation (12). Note that if there is physical mass, it can
be treated in a similar fashion to the stiffness and damping. For this specific formulation, the MR
damper force vector F;(t) is not a linear function of C and K but is a highly nonlinear function
of x(t), and x(t) as well as other time varying parameters such as command current and coil
inductance. At this time, the MR damper force vector F;(t) is simply denoted at time varying
and necessary inputs will be provided in the RTHS.

The response of highway bridges under typical truck loading is designed to remain in the
linear range and Equation (12) can be separated into two equations by using the superposition
principle:

Mit(t) + Cxt(t) + Kxt(t) = I'F.(t) (13)
Mi%(t) + Cx%(t) + Kx4(t) = T'F,(t) (14)

where xt(t) and x%(t) are displacement vectors of numerical components due to trucking
loading and external forces from physical components, respectively, and the total response is
x(t) = xt(t) + x%(t). Note, again, that the response of the physical component can be highly
nonlinear. The only constraint on linearity here is in the numerical component that remains after
any nonlinear behavior is removed and treated as external forces. Equations (13) and (14) can be
converted into state space form with state vectors
zt=[(xH)T, (xHT]T and z¢ = [(xD)T, (xDT]T as:

Zt =AZt+BtFt (15)
yt =Czt (16)
Zd = AZd + BdFd (17)
yd = Cz¢ (18)
where
_ 0 I 7 O
A= [—M‘lK —M—lc]’ Be = [M‘lf]
0

and y = y* + y¢ is the output displacement vector at the interface between the numerical and
physical components. The response of the numerical components due to trucking loading in
Equations (15) and (16) can be obtained without consideration of the physical components,
indicating that y® can be determined prior to the hybrid simulation. The response of the
numerical component from the physical restoring force, F,;, needs to be computed in real time
since total response of the structure is needed during the computational process. While this
response can be solved numerically through either integration time-stepping of the second order
differential equation or the first order state space system, as is done in traditional real-time
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hybrid simulation, there is an advantage to obtain the response by using the convolution integral
such that

YA(O) = [, Ha(t — T)F4(t)dr (20)

where the output impulse response function, Hy(t) = Ce“*B,, can be pre-calculated using
matrix algebra or evaluated numerically from either the state space matrices or obtained from the
finite element analysis. Since the system is causal and H;(t —7) = 0 for t > t, F;(7) is only
needed for T < t. That is to say that the measured restoring force is only needed for times prior
to the current time of the simulation. Thus, the integral in Equation (10) can be calculated during
the RTHS using numerical integration employing, as done in this study, a simple rectangle rule.
A schematic of the CI method for RTHS is illustrated in Figure 11. The response of the
numerical component is subdivided into two components: a pre-calculated response due to the
truck loading; and the response due to the physical component calculated in real-time by
numerically evaluating the convolution integral at each time step. The unit impulse function, as
part of this calculation, is determined prior to the hybrid simulation. Therefore, the integration
time-stepping method is not necessary during the hybrid simulation. A numerical model with any
number of degrees-of-freedom can be employed in the RTHS since the computational load of
calculating the effects of the physical component is independent of the size of the linear
numerical model.
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Figure 11: Schematic Block Diagram for RTHS using the CI Method (Kim et al 2011).
3.2 Prototype Structure and Components of RTHS

A description of the highway bridge subjected to truck loading and controlled with MR
dampers is presented. The MR dampers are attached to the bridge in order to reduce the response
due to truck loading. As described in the previous section, RTHS divides a structural system into
two components, both of which are described here.

Prototype Structure

The prototype structure is a typical highway bridge which is based on an actual in-service
highway bridge located in Connecticut. The selected bridge (referred to as the Cromwell Bridge)
is located in the southbound direction of Interstate 91 in Connecticut near the Town of Cromwell
(National Bridge Index # 03522). The Cromwell Bridge is a simply supported composite bridge
with steel girder and concrete slab. As shown in Figure 12, the bridge length is 65.68 m with
three simply supported spans whose lengths are 23.05 m, 23.24 m, and 19.39 m, respectively.
The bridge has eight W36x194 steel girders that support and carry the load of the concrete deck
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and crossing vehicles to the piers and abutments. The width of the bridge is approximately 15.5
m and carries three lanes of interstate traffic. A view of the cross section of the bridge shown in
Figure 13 details the locations and specifications of the girders, diaphragms, and cover plates as
well as the dimensions of the deck and parapets.
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Figure 12. Elevation View of the Cromwell Bridge (same as Figure 1, shown again for
convenience)
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Figure 13. Cross Section of the Cromwell Bridge

Numerical Component

The numerical component is selected to be the span 1 highlighted in Figure 12. The
numerical component is modeled as a three-dimensional finite element model in ABAQUS
(http://www.simulia.com/) as illustrated in Figure 14. The bridge is modeled using plate
elements. The model is comprised of 15,952 nodes and 50,348 plate elements with total 263,178
degrees-of-freedom and a fundamental frequency of 5.14 Hz. The plate elements in the slab and
bridge girders were assigned with a uniform thickness and material properties corresponding to
the specifications of the composite steel girder bridge. To ensure composite action for the model
between the elements in the slab and the elements in the girders, the nodes in the top flanges of
the girders were tied to the nodes in the concrete deck. The concrete parapets were modeled by
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plate elements with a uniform thickness that approximates the weight and dimensions of the
actual parapets.

Figure 14. Finite Element Model of Composite Steel Girder Bridge, Span 1.

Physical Component

The physical components are selected to be large-scale 200 kN MR dampers, manufactured
by the Lord Corporation. A schematic of the two large-scale MR dampers used in this study is
shown previously in Figure 4. The damper is 1.47 m in length, having a mass of approximately
280 kg and an available stroke of 584 mm. The damper’s accumulator can accommodate a
temperature change in the fluid of 27°C. The damper can provide maximum control forces of
over 200 kN. The MR damper is controlled with a low voltage, current driven command signal.
The coil resistance is approximately 4.8 ohms (), with an associated inductance measured to be
approximately 5 henrys (H) at 1 ampere (A) and 3 H at 2 A. An Advanced Motion Controls
Pulse Width Modulated (PWM) Servo-Amplifier is powered by an 80 volts (V) DC, 5 A
unregulated linear power supply. The PWM servo-amplifier is used to provide the command
signal that controls the electromagnetic field for each damper. The PWM Servo-Amplifier is
controlled by a 0-5 V DC signal and utilizes pulse width modulation for current control. The
input control signal can be switched at a rate up to 1 kHz, although the rise time of the current
signal is limited by the inductance of the MR damper. Each damper has been fitted with a
transient voltage suppressor to protect the MR damper electromagnetic coils from unintended
and damaging voltage peaks, limiting the peak voltage to 75 V.

As depicted in Figure 15, the MR dampers are assumed to be placed under Girder 3 (G3)
shown in Figure 14 at 3 m from both sides of the abutments with a 45 degree angle. It is found
that the angle between the MR damper and the bridge vary from 44.989 degrees to 45.001
degrees from the preliminary analysis without the damper and it is expected that the variation of
the angle can be smaller once the dampers are placed on the bridge. Therefore, such small
variation of the angle is neglected and it is assumed that the angle remains a 45 degree during the
experiment.

The response of this type and size of bridge under truck loading lies in the low amplitude,
low velocity (~10mm/s) range (Christenson et al 2011). Figure 5 shows experimentally
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measured force versus displacement curves for a 200 kN MR damper undergoing a 0.5 Hz
sinusoidal displacement. While the low velocity force is still controllable, the yielding behavior
is less pronounced for the higher damper currents. Furthermore, the performance of the MR
dampers can be difficult to model compared to the more commonly examined higher velocity
ranges in seismic applications as the authors speculate that the MR damper fluid in the gap
between the electromagnetic coil and the housing can remain energized in the gap even at zero
current. This behavior results in uneven and offset forces with zero current input observed in the
testing. For this reason, RTHS is helpful in evaluating the performance of the MR dampers for
reducing truck loading response in highway bridges.
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Figure 15. Schematic of MR Damper Locations on Girder 3 (G3), Span 1 of the Highway
Bridge.

3.3 Truck Loading and Validation of the Numerical Model

The bridge is assumed to be subjected to the truck loading which represents a five axle truck
driving over the bridge at a constant velocity. As shown in Figure 16, the truck has a length
between the first and last axle of 14.3 m with a 1.8 m wheelbase and a total weight of 310.3 kN.
The truck configuration is that of an actual truck used in testing on the Cromwell Bridge (Cardini
and DeWolf 2009), which is described in more detail subsequently. The truck is positioned so
that it straddles G3 to simulate a truck travelling in the right (slow) travel lane. The contact area
for the tires is based on AASHTO specifications and constitutes a moving area of 0.25 m by 0.5
m (AASHTO 2007). Each axle is modeled as a distributed load over two tire areas. The five axle
load pairs of the truck are then incremented over the bridge deck in time corresponding to a
vehicle speed of 29 m/s (65 mph) traveling from North to South. The inertial and dynamic
effects of the truck are neglected as the mass of the truck is less than 0.9% of the mass of the
bridge itself.
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Figure 16. Configuration of the Truck Used to Load Bridge in RTHS test.

The Cromwell Bridge was monitored as part of a bridge health monitoring research project
with the University of Connecticut and Connecticut Department of Transportation (DeWolf et al
1998; Lauzon and DeWolf 2003; Jiang et al 2011). Spans 1 and 2 o f the bridge have been
monitored since November 2004. In total, there are 20 uniaxial strain gauges installed on the
bridge; 16 gauges on Span 1 and 4 gauges on Span 2. The strain gauges are installed on the web
of the steel W36xX194 girders; at locations 50.8 mm from the top of the bottom flange and 50.8
mm from the bottom of the top flange. To validate the finite element model, the structural
response of the model is compared to the measured strain data from the bottom of three girders
when the truck crosses the bridge.

Figure 17 shows a comparison of the strain in three of the girders as the truck crosses the
bridge. The finite element model yields peak strains of 55ue and 43pe in G3 and G4, respectively
which match well with the peak strains of 51pe and 45pe recorded by the field monitoring
system. The finite element model is shown to capture the dynamic behavior of the bridge as
loaded by the 5-axle truck.
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Figure 17. Comparison of Measured and Modeled Strain Response due to Truck Crossing.
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3.4 Experimental Testing and Results

RTHS of the abovementioned highway bridge attached with two large-scale MR dampers
and subjected to the identified truck loading is conducted at the Lehigh NEES facility. The
process of the experiment is depicted Figure 18. Note that the pre-calculated responses of the
bridge due to truck loading and unit impulse loading are converted from Cartesian coordinates to
the Damper coordinate (Damper direction). For example, the response of the bridge due to truck
loading in Cartesian coordinates, y* can be converted as y§ = \/ (xqa = Dy)? + (Ya — Dy)? — Lo,
where y§ is the displacement in a Damper direction, x4 and y, are the coordinates of the brace
points connecting to the bridge piers shown in Figure 15, D, and D,, are the horizontal and the
vertical displacements of the bridge due to truck loading, respectively, L, is the original length
of the brace including the damper shown Figure 15. The components in Cartesian coordinates for
the response due to unit impulse loading, H;(t), can be calculated using the same way. This is
intended to further reduce the computational load during hybrid simulation.

In the preprocessing phase, y* and H,(t), are calculated by utilizing the bridge model in
ABAQUS. The truck loading is applied as described in section 3.4. The calculated y* and H,;(t)
from the preprocessing phase are shown in Figure 11 and 12 in Cartesian coordinates.

Response in Cartesian Coordinates of Response in Cartesian Coordinates of
the bridge due to truck loading from the bridge due to unit impulse loading
FE Model, y' from FE Model, H,

| |
v

Convert y' and H, to responses
in the Damper Coordinate

(a) Preprocessing

Pre-calculated O y Servo-hydraulic Specimen
L —p y p
Response + Controller =¥ actuator > (MR Damper)

v

A

[ Hyt=0)F, (0)dr

(b) Real-time hybrid simulation

Calculate the response of the bridge by using
known truck loading and the obtained force
history of physical component F,

(c) Post-processing
Figure 18. Process of RTHS using CI method.
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Figure 19. Bridge Response at Locations of North and South MR Damper under Truck Loading
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Figure 20. Bridge Response under Unit Impulse Loading - H,(t); (a) and (b) are due to impulse
load at North; (c) and (d) are due to impulse load at South.

As can be seen from Figure 20 the impulse response function at the south has very small
horizontal displacement (D,,), while the north side has comparable magnitudes of horizontal (D,,)
and vertical (D,) displacement. This is due to the fact that south side is the pinned end of the
simply supported bridge and horizontal translation is restricted.

An inverse compensation method is used to achieve accurate actuator control in a RTHS at
Lehigh University (Chen and Ricles 2009). The experimental setup for the large-scale MR
dampers at Lehigh University is shown in Figure 21. The digital controller and time step of
integration scheme for the RTHS is run at 1/1024 seconds (1024 Hz).
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Due to the unique characteristics of the MR damper, many researchers, beginning with Dyke
et al, 1997, have devoted their efforts on various controllers to provide proper currents to the
damper. A primary Linear Quadratic Gaussian (LQG) controller together with a secondary over-
driven back-driven clipped-optimal controller has been adopted in this study. The primary
controller seeks to minimize the strain of the bridge summed up over the length of the bridge.
The feedback measurements available for the controller are measured strains on the bottom of
the girder below the slow lane (G3) at %4, %2 and % span of the girder. The weighting matrices are
selected accordingly and optimized through a series of pure simulations to provide maximum
response reduction for the semiactive system. Details about the secondary controller used to
track the prescribed control forces can be found in Phillips et al (2010). Figure 22 shows the
measured damper forces during RTHS. It should be noted that the force levels, well below the
maximum achievable forces of 200 kN, are a result of the low velocities of the MR dampers.
This issue could be resolved by amplifying the motion mechanically, however, in a multi-hazard
application this current configuration might be desirable for seismic protection.
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Figure 22. Measured Damper Forces at the Damper Coordinate
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With the damper forces measured in the RTHS, desired responses of the bridge can be found
by inputting the damper forces into the finite element model together with the truck loading and
choosing the appropriate output. To confirm the performance of the CI method, the displacement
response of the bridge at the two damper locations is calculated from finite element analysis and
then compared to the total displacement at the dampers obtained from the RTHS. Results are
shown in Figure 23 and detailed in Table 2, which indicate both results match well. The
differences of peak displacements between both results are small with a maximum error of
3.18%. Note that the response of finite element analysis is calculated by applying damper forces
measured from the experiment. Thus, such a small difference could be due to measurement error
of displacement and force. In addition, compared to the uncontrolled case, the response is
reduced by upto about 9% due to MR damper. It is demonstrated that real-time hybrid
simulation using the CI method can be successfully conducted with the complex numerical finite
element bridge model with 263,178 degrees-of-freedom.
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Figure 23. Response Comparison at the Damper Coordinate.

Table 2. Comparison of peak displacement between RTHS-CIM and FEA - ABAQUS

Controlled
. Uncontrolled RTHS - CIM
Location FEA **Frror
(um) (mm)  Peak (mm) Damper - sared to FEA
Effect (%) p %)
0
North 1.831 1.616 1.668 -8.91 3.18
South 1.118 1.087 1.094 -2.07 0.66

* Damper effect: comparison between uncontrolled and controlled cases
** Error compared to FEA: comparison between RTHS-CIM and FEA - ABAQUS
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To further illustrate the post-processing ability, the strain comparison at locations 50.8 mm
from the top of the bottom flange of the bridge at north damper location without and with the
dampers attached is shown in Figure 24. Strains at the bottom mid-span of the steel girders, at
the location of the end of the cover plates on the bottom of the steel girders, or at any other
critical location could be determined at this post-processing stage. From Figure 24 it is observed
that the peak strain (and thus stress) range is reduced from 55ue to 40ue, providing significant
fatigue protection.
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Figure 24. Strain Comparison at North Damper Location.

4. Conclusion

The effectiveness of using MR damper to reduce truck induced vibration thus extending the
service life of highway bridges is examined. Purely simulated results of the system show a 27%
reduction in the strain range as well as virtual elimination of the dynamic free vibration response
of the bridge with the use of sixteen MR dampers located underneath of both side of the eight
girders. The maximum strain range, over the length of the simple bridge model, can be reduced
using the MR damper control strategy from 45 pe to 33 pe, a 27% reduction in strain, thus
reducing fatigue and increasing the lifespan of the bridge. In addition to reducing the peak strain,
two other benefits of semiactive control are identified from this study. First, the dynamic
response of the bridge is observed to be effectively reduced, eliminating any fatigue from this
lower amplitude, yet higher frequency strain. Second, the semiactive control is able to reduce the
peak response similar to the passive on case, yet avoid and ratcheting effect that could result
from multiple trucks crossing the bridge in a short duration. The performance of the MR dampers
observed in these simulation studies is very promising for fatigue purposes.

The convolution integral (CI) method proposed by Kim et al (2011) is experimentally
validated for a structure with a complex numerical component in Real-Time Hybrid Simulation
(RTHS) by successfully conducting large-scale RTHS at the Lehigh University NEES facility. In
this study, a high fidelity finite element bridge model, with total 263,178 degrees-of-freedom,
under truck loading is used as the numerical component, while two 200 kN MR dampers are
physically tested. The implementation procedure of the CI method of the complex bridge model
with truck loading and damper forces is provided in detail. Comparison results between RTHS
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using CI method and the finite element analysis using the measured damper forces from the
RTHS as inputs show good agreement with a maximum error of about 3%. This confirms the
feasibility of involving complex numerical models in RTHS by utilizing the CI method.
Displacements and strains at damper locations of the bridge model are calculated to demonstrate
the ability to obtain the desired responses of the numerical component in post-processing. The
peak strain at the location of the MR damper is observed to be reduced from 51 pe to 41 pe, a
20% reduction in strain when using only the two MR dampers.
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