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INTRODUCTION

Bridges are critical components to the transportation system. There are close to 600,000
highway bridges in the United States, with approximately 3,700 in Connecticut (ConnDOT,
2009). It is paramount that bridge structures are kept in functional condition. Failure of a
bridge can be a catastrophic event. The failure of a bridge can cause more than just structural
damage, including loss of life and public loss of confidence in the transportation
infrastructure. The Mianus River Bridge collapse in Greenwich, Connecticut in 1983 was
tragic.  The Interstate-35W bridge failure in Minneapolis on August 1, 2007, is a recent
reminder of the importance of highway bridges in today’s society.

Understanding the dynamic loading on a bridge can help to correctly rate and maintain
bridges and the transportation infrastructure as a whole. Rating a bridge is the process of
calculating the maximum load a particular bridge can safely handle either on a daily basis or
for a one time loading. Live loads resulting from trucks have a more significant long-term
effect on the bridge safe life than a passenger car.

Information on truck weight data is important for many functions of maintaining the
infrastructure and transportation network. These functions include pavement design and
maintenance, enforcement, freight movement, traffic monitoring, air quality models,
determining remaining life of critical fatigue details, tracking weight limits on posted bridges,
and research.

Weigh-in-motion (WIM) is the process of estimating a moving vehicle's gross weight
and the portion of that weight that is carried by each wheel, axle or axle group or combination

thereof, by measurement and analysis of dynamic vehicle tire forces (ASTM International,



2009). WIM systems typically use sensors installed in the pavement to determine vehicle
characteristics, including gross weight, speed, axle weights, and axle spacing.

WIM systems utilize different sensor technologies, depending upon various factors
including application, environment, cost, and desired accuracy (Yannis and Antoniou, 2005).
The common WIM sensor technologies include piezoelectric systems, bending plates, and
load cells. Quartz-piezoelectric WIM systems are used for research and enforcement
applications in Connecticut (CASE, 2008). Polymeric piezoelectric sensor technologies are
used by ConnDOT for FHWA data collection and support of planning and engineering
applications (CASE, 2008).

There have been many initiatives that have contributed to the improvement of WIM
accuracy in recent years. In Europe, the Weigh-In-Motion of Axles and Vehicles for Europe
(WAVE) project was a significant advancement (WAVE, 2001). In addition, considerable
work conducted under the COST (European Cooperation in Science and Technology) project
323 resulted in numerous improvements, including guidelines for WIM referred to as COST
323 Specifications (COST 323, 2002). COST 323 includes a standardized method for
classifying the accuracy of a WIM system.

In the United States, there have been several initiatives that have resulted in the
improvement and focus on weigh-in-motion. ASTM standard specifications E-1318 (09)
“Standard Specification for Highway Weigh-In-Motion (WIM Systems with User
Requirements and Test Methods)” is the primary specification used for WIM systems in the
United States (ASTM International, 2009). AASHTO designated weigh-in-motion as a

concept of focus technology in 2004 (http:/tig.transportation.org/?siteid=57&pageid=1003,

November 18, 2009). The work conducted under the FHWA-LTPP Long Term Pavement



Performance Program (LTPP) as lead to collection of research quality data through improved
practices including specific installation, calibration and data validation procedures.

The International Society for Weigh-In-Motion (ISWIM) is an international society
comprised of researchers, manufacturers and end users of WIM technology (ISWIM, 2007).
ISWIM was established to support multiple aspects of WIM, including advances in WIM
technologies, standardization of WIM technologies, a more widespread use of WIM, and the
applications of WIM data.

Despite these best efforts to improve the standard practices, there are challenges
associated with use of current WIM technologies. The common challenge for all of the types
of WIM sensors is their placement in the road surface. The majority of technologies require
sensors that are embedded in the pavement and require pavement cuts or some form of
excavation. Other systems that place or adhere sensors on the pavement present different
challenges. Both methods require working in the lanes of traffic. This makes the WIM
systems both dangerous and costly to install and maintain. Pavement smoothness is a critical
factor for in-pavement (and on-pavement) WIM systems to produce accurate results. This is
necessary to minimize the influence of vehicle dynamics. It is difficult to build and maintain
pavements that are sufficiently smooth throughout the WIM approach and installation.

Bridge weigh-in-motion (BWIM) is an alternative to traditional WIM. BWIM uses
the response of a bridge to determine WIM data. BWIM has potential to produce similar
results as traditional WIM, while overcoming the challenges associated with sensors in the
pavement. BWIM is potentially less sensitive to vehicle dynamics than traditional WIM.

BWIM was first proposed by Moses in the 1970’s (Goble, et al., 1976; and Moses, 1979).



Recent advances in sensor technology and data acquisition hardware and software capabilities
can allow for improvements in the accuracy and application of BWIM.

This study proposes an automated BWIM methodology made possible by use of state-
of-the-art bridge monitoring sensor and data acquisition technologies. A literature review of
existing BWIM technology was first conducted. The proposed methodology utilizes strain
sensors that are mounted underneath a single-span steel-girder bridge. A test vehicle was used
as the control for calibration. A field study was conducted to validate the BWIM methodology
recording bridge strain measurements of reference truck traffic traveling on an in-service
Connecticut Interstate. The trucks are then measured at a nearby weigh station. The strain data
is processed to determine the gross vehicle weight, axle spacing, axle weights, and speed of
individual trucks crossing the bridge. The accuracy of the proposed BWIM results is

evaluated.

LITERATURE REVIEW

The concept of bridge weigh-in-motion was proposed over 30 years ago (Goble, et al.,
1976; Moses, 1979). An initial BWIM system was developed in 1979 that required sensors
both on the pavement and beneath the bridge. The pavement sensors were used to determine
vehicle speed and axle spacing. Strain sensors located beneath the bridge were used to
compare strain time histories to calculated influence lines from a model of the bridge. A field
test of this system reported that the gross vehicle weight of the calibration truck from twelve
crossings generated an 11% error for a 95% confidence interval. It demonstrated that truck
weight predictions from strain measurements were feasible (Moses, 1979). Subsequent
BWIM methods continued to be based on influence lines. These methods require an inverse

matrix solution to produce individual axle weights (Snyder and Moses, 1985). This innovative



system was groundbreaking for bridge weigh-in-motion. The drawbacks included that
determining the influence lines for an in-service bridge can be challenging and requires an
accurate model of the bridge structure. Additionally, sensors located in the pavement can be a
safety issue for installation and maintenance. This system was not easily implemented.

In 1999, O’Brien (O’Brien, et al., 1999) made the transition from requiring an actual
influence line for each bridge to only needing a theoretical influence line for bridge WIM.
This simplified the testing process as the theoretical influence line is scaled up or down
depending upon the calibration truck results.

A more recent procedure to determine gross vehicle weight requires no estimation of
influence lines, but instead consists of integrating the strain response data, adjusting for speed,
and using a calibration factor identified from a test truck to determine gross vehicle weights
(Ojio and Yamada, 2002). In a 2006 field test, this method was employed to demonstrate
feasibility of BWIM on a multi-span steel girder bridge in Connecticut (Cardini and DeWolf,
2009). Cardini and DeWolf illustrated that BWIM can be achieved using an existing bridge
monitoring system.

BWIM methodologies have adopted a non-intrusive approach whereby no sensors are
placed in the pavement — Non-intrusive is also known as Nothing-On-the-Road (NOR) or
Free-of-Axle Detector (FAD). The non-intrusive method eliminates the use of pneumatic
tubes or tape switches in the travel lanes. Neural network-based methods are also employed to
remove the need for intrusive devices on the roadway. A comparison study between three
types of neural network systems used for classifying trucks passing over a bridge was
conducted by Flood (2000). The study demonstrated the viability of using neural networks

for truck classification using the Federal Highway Administration (FHWA) system. More



recent testing, conducted by Chatterjee, et al. (2006), uses a wavelet-based approach to
analyze the strain signals, which can also produce vehicle speed, axle spacing, axle weights,
and gross vehicle weights. Truck speeds for Cardini and DeWolf (2007) were manually
calculated in their non-intrusive application by examining the time delay between the peak
strain responses of multiple adjacent spans.

The SiWIM system is the result of research conducted in Slovenia on BWIM
(Znidari¢, et al., 2002). SiWIM is a commercially available BWIM system that has been
deployed extensively for short-term BWIM applications.

The most recent application of BWIM in the United States was in Alabama using a
commercially available SIWIM BWIM system. The application of the SIWIM system in
Alabama was the focus of a recent FHWA-funded research project between the Alabama
Department of Transportation and the University of Alabama — Birmingham (UTCA, 2007).
The results of this testing are not yet available in open literature.

The literature indicates many applications where the need to determine the weights of
moving vehicles from bridge weigh-in-motion is useful. Examples of these include
prescreening, bridge rating, and health monitoring. Notably, Nyman and Moses (1985)
applied BWIM data to structures to design a bridge prescreening tool. More recently, the
portable SiWIM system has been used in Slovenia and France as a prescreening tool for
temporary weight enforcement. Ghosn, et al. (1986) used BWIM to assist in bridge rating and
evaluation. Similarly, Swan and Fairfield (2008) implemented a BWIM system to monitor the

condition of the bridge involved in testing.



PROPOSED BWIM METHODOLOGY

The proposed methodology uses strain measurements on a slab-on-girder highway bridge to
determine gross vehicle weight, speed, axle spacing, and axle weights. This method does not
require development of a bridge model or influence line. The unique aspect of the proposed
BWIM method in this study is the non-intrusive calculation of truck characteristics for a
single span highway bridge using only strain measurements of the steel girders beneath the
bridge. The proposed method builds on the theory for determining gross-vehicle weight from
the work of Ojio and Yamada (2002) and the findings of Cardini and DeWolf (2002). The
strain sensors are located on the steel girders beneath the bridge and are non-intrusive (i.e. no
sensors in the pavement). The bridge used for testing has just one span and can be assumed to
behave as a simply supported beam. While this approach neglects the spatial behavior of the
multi-lane bridge, examining girders located directly under the lanes of travel allows for the
simply supported beam assumption. Vehicle loads are applied to the bridge by the truck axles
and can be modeled as a group of point loads moving across the simply supported beam at
fixed spacing and constant speed.

A schematic of the simply supported beam is shown in Figure (Fig.) 1.

L
X
),
A (] (] [ ] B
C

Figure 1: Simply supported beam with point load representing a single span bridge
with axle loading.



The largest internal moment for a point load moving over a simply supported beam
occurs at midspan, C. The influence line for the moment at the midspan shows the variation
of the moment due to the application of a unit load at various distances along the length of the
beam. The influence line for the moment at the middle of the span (mid-span) and the

corresponding equations are shown in Fig. 2 and Equation (Eq.) (1) (AISC, 2005).

v

X

Figure 2: Influence line for moment at the mid-span of a simple beam.
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where M, is the internal moment at point C, P is the magnitude of the point load, x is the
distance from A to the location of the point load, and L is the total length of the beam.

The internal moment at a cross-section results in a stress distribution that can be

described by

o="" )

where o is the stress, M is the internal moment, ¢ is the distance from the sensor location to
the centroid of the cross-section, and / is the moment of inertia of the cross-section. While the

moment may not be available as a measurement, the strain at the midspan cross-section is an



available measurement in bridge monitoring. The strain in Eq. (2) can be written as a function
of the moment using Hooke’s Law (o = E¢) such that

_Mc

=7 3)

&

where ¢ is the strain and E is the modulus of elasticity. Substituting Eq. (1) into Eq. (3) gives

Pcx 0<x< L
Pex L
2EI
£(0=10 2 (4)

1-3 Lyt
2EI L 2

Assuming the point load travels at a constant speed, v, over the bridge, distance can be

converted into time, ¢, as x = vt. The strain at midspan C from Eq. (4) can be rewritten as a

function of time as

Pcvt 0 L
_ 2Bl <t<; 5
eW=1o0 (5)
Ca-Yy <<=

2EI L 2v v

The first time derivative of the strain measurement is

Pcv 0 L
dgc ~ 2Bl <t<;
4 _ ey St

2E] 2v v
If discrete samples of the strain are measured, at time interval Az, the second time derivative

of the strain measurement can be written as
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The strain and its associated time derivatives are illustrated in Fig. 3 as functions of time.
A

v

de
dt

v
~

S
™

0
v
-~

dt

Figure 3: The strain and associated derivatives of a simply supported beam with a
moving point load.

The strain at any location along the length of the beam will take the same form as in

Eq. (5), with reduced amplitude. As such, the subscript ¢ denoting the strain at the mid-span

of the beam can be dropped. Furthermore, the strain due to any magnitude point load will take

the same form amplified by the relative magnitude of the point load. Superposition can be

used to account for more than one axle (point load) such that the strain and associated

derivatives can be written as:
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where N is the number of axles (point loads), ¢, is the strain for an individual axle, and ¢, is
the time between when the first axle enters the bridge and the n™ axle reaches the midspan of
the bridge. Fig. 4 depicts the effect of multiple point loads as it illustrates the theoretical
influence line and associated derivatives for a typical five-axle truck traveling over a 26.0 m
(85.3 ft) span at 25.0 m/s (55.9 mph). For the purpose of generating Fig. 4, the weights of
axles one through five are estimated for this example to 45.0 kN, 60.0 kN, 60.0 kN, 70.0 kN,
and 70.0 kN (10.12 kips, 13.49 kips, 13.49 kips, 15.74 kips, and 15.74 kips), respectively.
The corresponding distances between axles are 3.60 m, 1.35 m, 7.40 m, and 1.20 m. The
dashed peaks in the first plot represent the strain from each individual axle load. The varying
heights of these peaks are a result of the magnitude of the point loads. The summation of the
strain caused by all five axles produces the larger peak (solid line). The shape is unique to the

axle spacing and relative weights.
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Figure 4: Theoretical response wave and associated derivatives as functions of time.
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The second (4B) and third (4C) plots in Fig. 4 represent the first and second
derivatives of the strain with respect to time. It should be noted that at other
measurement locations on the beam the general shape of the strain and derivatives of
strain only change in amplitude. The peak values in strain occur when the axle crosses the
midspan, regardless of the measurement location on the length of the beam.

Calculating the vehicle speed is the first and a vital step to calculating the gross
vehicle weight, axle spacing, and axle weights. This study uses only strain measurements
from sensors underneath the bridge to determine the vehicle speed. The second derivative
of the strain exhibits impulses when the axle loads enter the span, cross the middle of the
span, and exit the span. The first five positive peaks (Figure 4) correspond to the times
when the five axles enter the span. The five negative peaks correspond to the times ¢;
through #5 when each axle passes over the middle of the span. The final five positive
peaks and the final recorded time correspond to the times when each axle exits the span.
It should be noted that the negative peaks of the second derivative (Figure 4B)
correspond to the axles passing over the middle of the span are twice as large as the
positive peaks corresponding to the axles entering and leaving the bridge.

Truck speed is determined from the time it takes the first-axle to pass two fixed
points, specifically the initial point (start) on the bridge deck and mid-span of the bridge.
The strain gauge records the time the time it takes the first axle to reach the mid-span of
the bridge and the distance traveled in this time is known. As such, speed is determined
as half the span length, L/2, divided by time #,. The equation to calculate the truck’s

speed is

v=—— (11)
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where v is the speed of the truck (m/sec), L is the length (m) and ¢, is the time it takes for
the first axle of the truck to travel from the start of the bridge to the mid-span.

The second derivative of the strain (Figure 4 B) provides the times when each of
the remaining axles pass over the mid-span of the bridge; #,, #;, 7, and ¢5. The product of
time difference between these times and the calculated speed provides the truck’s axle
spacing, d,. The equation for axle spacing is

d,=v(t,, —t,), n=1,2,....N-1 (12)
where d, is the distance between the n-/ and n" axles, and ¢, is the time it takes for the n'"
axle to reach the mid-span of the bridge after the truck first enters the bridge, and N is the
total number of axles on the truck.

Gross vehicle weight is determined from the method of Ojio and Yamada (2002).
The response wave is the strain response of the bridge to a truck traveling over the
bridge. The response wave can be defined mathematically as the strain at a specific
location of the bridge due to multiple point loads traveling over the bridge. The response

wave is written as
N
e(x)=> P f(x—x,) (13)
n=1

where P, is the weight, or magnitude, of the nth axle, assumed to be a point load P, x, is

the distance between axles, and f(x—x,)is the influence line of the simply supported

(29 L
SEl O<x<—

beam as defined as f(x) = 7 I 2,
il S —<x<L
2FEI L 2
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The influence area, 4, of a single truck passing over the bridge is defined as
A(x)= Ig(x)dx (14)
Substituting Eq. 13 into Eq. 14 and rearranging slightly gives
N 00
A=P, [ f(x—x,)dx (15)
n=l —o
Recognizing that the Gross Vehicle Weight (GVW) can be written as

GVW = ﬁjpn (16)

n=1
allows Eq. (15) to be simplified as

N ©

A=GVw) jf(x —x,)dx (17)

n=1 o
For trucks with the same axles configuration the term in the summation is a constant,
such that

N

azzjf(x—xn)dx (18)

n=l _op
This constant « can be substituted into Eq. (17) and written as

A

A _, 19
GVW (19)

If the GVW of test truck is known, the GVW of any second truck can be determined

knowing that

4, 4, 20)
GVW, GVW,

15



where Ay and GV W; are the calculated area and reference gross vehicle weight for a test
truck of known weight, and 4, and GV W, are the calculated area and gross vehicle weight
for a truck with unknown weight.

Equation (20) can be arranged so that

A
GVW, ==L GVW, 1)

k

The ratio of GVWj to Ay is defined as the calibration constant  where

GVw,
= 22
B ) (22)
that the GVW of the unknown truck is then determined as
GVw, =A7p (23)

where A can be written in terms of &(t), again where x = v¢, and written in discrete form

such that

Alt)=v Tg(z)dz = %‘tﬁg(mz) (24)
S )
where At is the discrete sample time of the strain measurement, and N is the total number
of measurements needed for the truck to cross the bridge. It should be noted that the
method of Ojio and Yamada (2002) does not incorporate the dynamic effects of the
bridge response in the calculation of GVW.
As part of this study, the axle weights are then determined from the GVW and

strain measurements. For this methodology the point loads, P,, are assumed to be

equivalent to the axle weights. Distributing the GVW into axle weights is done by

2

% is directly proportional to the axle load, P,, where:

recognizing that the amplitude of —
t
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d’e Pcv

f )=——2" 25
dr’ ) EIAt 23)
cv .
If the constant I' = — is defined, then
EIAt
2
CTu)=pr (26)
The sum of this quantity over all axles results in
N ng N
> =(t,)=Y P =GVIWxT (27)
n=l1 dt n=l1
Dividing Eq. (26) by Eq. (27) gives
2
2,
dt ! _ Pnr _ Rl (28)
ZN:dzg(z ) GVWxI'  GVW
n=l1 dtz !
As such the n™ axle weight, P,, can be calculated as
d’e
o (t,)
P = \xGIW (29)
d°e )
,,Z::‘ da* "

As such, the gross vehicle weight, speed, axle spacing, and axle weights are
determined in this section from the time history measurement of the strain using Egs.
(21), (11), (12), and (29), respectively. In particular, the unique aspects of the
methodology proposed in this study are the calculation of speed and axle weight from the

second time derivative of the strain measurement.
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The BWIM methodology produces calculated sp