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PREFACE

In order to enable design of economic highway struc-

tures for a specified life from realistic fatigue considera-

tions, provide a basis for reasonably and accurately

predicting the remaining service life of existing highway

structures and the effect of proposed weight law changes

upon the service life of such bridges, and to provide traf-

fic pattern data for use by traffic engineers in planning

for highway considerations, the Structures and Applied

Mechanics Division, Office of Research of the Federal High-

way Administration contracted with ASE, Inc. to conduct a

feasibility study entitled "Feasibility of Utilizing High-

way Bridges to Weigh Vehicles in Motion". This final report

describes the study conducted and the basis for our opti-

mistic assessment of the feasibility of the proposed proced-

ure.

ASE, Inc. wishes to express its appreciation to the

Bridge Structures Research Group of the Structures and

Applied Mechanics Division for the guidance and background

material which helped so much to provide a solid basis for

the study and to bring it to a successful conclusion.

Special mention with thanks must be made of the efforts of

Mr. William Armstrong, Mr. Charles F. Qalambos and Mr.

J. Nishanian.

November 19 74
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SECTION 1

INTRODUCTION

1. 1 Background

Highway structures such as pavements and bridges are

designed to carry vehicular traffic safely and conveniently

for many years with maximum service life. The specifications

for highway bridge design are based on vehicle loadings,

vehicle size and traffic patterns which have been growing

and changing in character over the years. An accurate

knowledge of the current heterogenous loadings to which these

structures are subject is necessary in order to:

a) properly design economical highway struc-

tures for a specified life from realistic

fatigue consideration

b) provide a basis for extrapolation of past

and anticipated loading history so that

reasonable accurate prediction of remaining

service life may be made for existing

structures

c) provide a basis for the assessment of the

effect of proposed weight law changes upon

the service life of highway bridges

d) provide traffic pattern data to highway

traffic engineers and planners for their

use in considerations of efficient traffic

movement and weight law adjustments, and

for predictions of future traffic.

-1-



Research for the development of analytical techniques

for predicting the loading history of highway structures has

resulted in computer programs for predcting long term stress

ranges. The determination of present traffic characteristics

is an essential input to these methods.

Techniques for measuring traffic characteristics such

as numbers of automobiles and trucks, axle spacing and num-

berm and vehicle velocity are reasonably well developed. It

is, however, necessary to provide dynamic wheel forces to

supplement the data on traffic characteristics provided by the

current techniques. This data should be obtained without

requiring a change in vehicle speed, or other traffic inter-

ference, and preferably without driver awareness.

Different experimental methods have been used for

the determination of dynamic wheel forces. These may be

broadly categorized as on-board vehicle measuring techniques

and dynamic wheel load sensing devices either embedded in

the pavement or mounted on the pavement surface if the

device has a very low profile. Among the on-board vehicle

measuring techniques are wheel force transducers (Ref . 1)

,

strain gaged axle housing transducers plus accelerometers

(Refs. 1 and 2), and differential tire pressure trans-

ducers (Refs. 1, 2 and 3). These on-board methods, satis-

factory for laboratory studies, are obviously unsuited for

the purpose at hand because of the impracticality of in-

strumenting all the vehicles travelling on the highway.

Several types of individual dynamic wheel load

sensing devices in the form of treadles mounted in the pave-

ment have been developed and studied since the early 1950 's

(Refs. 4,5, and 6). A sensor with a flat profile, approxi-

mately 0.3" (0.76 cm) high, which requires no pavement modi-

fication has been marketed (Ref. 7). Aside from the long

term vulnerability of these sensors to the environment be-

-2-



cause of the internal strain gage transducer elements, this

class of equipment suffers from the same basic deficiency.

The actual dynamic force imposed by a wheel of a moving

vehicle is a randomly fluctuating cyclic load, affected by

vehicle factors and roadway factors. The wheel is on the

treadle for only a small portion of the cycle, and the sen-

sor detects the force existing during that time interval

only. As an example, for vehicles operating at 60 mph, a

treadle length of 3 feet in the direction of travel would

sense the load for only 0.068 cycles at a wheel frequency

of 2 cps and 0.17 cycles at a frequency of 5 cps. For a

treadle length of 5 feet, the load would be sensed for 0.114

cycles and 0.285 cycles for the same wheel frequencies,

respectively. Since the deviations of the dynamic force from

the static wheel force may vary for small road bumps as much

as 100% (Ref. 8, p 204), depending on the speed of the

vehicle and degree of wheel vibration excitation, the indi-

vidual wheel load sensing devices may therefore be in error

by the same percentage value.

Statistical treatments for single treadle readings

and sampled data techniques for treating outputs from a

multiplicity of treadles in a roadway have been advocated

for determining the averages of many readings (Refs. 8 and

9) . As the dynamic wheel forces are cyclic with randomly

varying amplitudes, i.e. non-uniform amplitudes, (Ref. 10,

p 127 and 129 - Figures 83, 84, and 85) such methods would

not lend themselves readily for determining the static axle

loads of any individual vehicle with accuracy.

A bridge might be considered a very long treadle,

with a mass substantially greater than that of the vehicles

which traverse it. As such, it should act like a mechanical

filter and not respond to the higher vehicle frequencies.

Instrumented properly, it should be able to indicate the

-3-



weight of the vehicles passing over iL, and possibly the

individual axle weights. Considerable analytical and

experimental work has been done on the effect that heavy

vehicles have on individual bridges' members. However, no

work has been done, to the best of the writer's knowledge,

on the reverse problem, i.e., given the measured effects on

the bridge structure, what are the axle weights and the

weight of the vehicle or vehicles causing these effects?

1. 2 Contract Objective

The stated contract objective is to "Determine the

feasibility of utilizing steel girder with concrete slab

highway bridges as a basis for weighing trucks in motion".

1.2.1 Scope of Work

This study will investigate the feasibility of

utilizing an instrumentation system on highway bridges as

a basis for weighing trucks, obtaining dynamic loads, and

evaluating vehicle traffic conditions. For each vehicle

crossing the bridge with a gross weight of more than 2,000

pounds, the following information shall be obtained:

1. Arrival time

2

.

Headway

3. Vehicle velocity

4. Bridge lane occupancy

5. Axle spacing and number of axles per vehicle

6. Vehicle type

For each vehicle crossing the bridge with a gross

vehicle weight of more than 10,000 pounds, the following

additional information shall be obtained:

7. Gross vehicle weight

8. Individual axle weight (over 10,000 pounds)

9

.

Dynamic load for vehicles with axle weights

over 10,000 pounds

-4-



1.3 The Problem

The vehicle is basically an oscillating system with

a number of frequencies not necessarily in phase, travelling

over a bridge which is also an elastic system with its own

natural frequencies. The wheels of the vehicle may be vibra-

ting at different and random amplitudes depending on the

degree of excitation caused by the roughness of the road

preceeding the bridge, the roughness of the bridge deck

itself, and the damping of the vehicle suspension system.

These variable forces - the forcing functions - acting on

the bridge structure cause the bridge to respond in an oscil-

lating manner which is dependent on the vehicle forces, the

bridge mass, the relationship of the vehicle and bridge

natural frequencies, the speed of the vehicle, the config-

uration of the vehicle, the presence of other vehicles on

the bridge in the same or other lanes, etc. Many of these

variables are independent, will vary from vehicle to vehicle,

and may vary from time to time in the same vehicle.

1.4 Method of Solution

Considerable data is available from numerous measure-

ments which have been made of the interaction of heavy trucks

moving across concrete slab and girder bridges, and of truck

characteristics. This data will be used to provide the

information necessary to accomplish the basic objectives

within the project constraints.

The tasks undertaken under this study may be divided

into three categories:

Task A - Literature Search

1. Data will be obtained on truck/bridge dynamic

interaction, both theoretical and experimental.

2. Determination of significant parameters.

3. Current data on transducers and m^ .rumentation

.
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Task B - Data Acquisition and Recording

1. Develop one or more concepts for weighing

vehicles in motion by applying the data

obtained in Task A to the fundamental con-

sideration of the interaction of the vehicle

and bridge. This should develop the require-

ments for data acquisition, recording, and

information processing.

2. Conceive and analyze several possible alter-

nate systems/procesures that will satisfy

the concepts developed under B-l above. The

analysis will include: (a) consideration of

the transducer type and installation, instru-

mentation interfacing, recording and monitor-

ing, and (b) determination and cataloging of

the characteristics of each system/procedure

such as accuracy, operation, maintenance, cost

and constraining factors.

Task C - Data Reduction and Interpretation

1. An analysis will be made of the concept devel-

oped under Task B-l to ascertain the practi-

cality of the measurement and information

processing requirements.

2. Correlation between bridge signals and vehicle

weight will be developed.

3. Techniques for obtaining static axle weights

from bridge signals by processing procedures

will be investigated.

1 . 5 Study Limitations

The basic objective of the contract will be most

easily accomplished within project constraints by elimina-

ting unnecessary complexity. This study will therefore

concentrate on straight, non-skewed simple span structures,

-6-



however, the influence of the effect of other types of
bridges upon the developed concept will be assessed.



SECTION 2

SUMMARY

2.

1

Study Objectives

The objective of this study is to investigate the

feasibility of using an instrumentation system on slab and

beam highway bridges as a basis for weighing trucks in

motion, obtaining dynamic loads, and recording vehicle

traffic conditions. For each vehicle crossing the bridge

with a gross weight of more than 2000 pounds, the following

traffic data shall be provided:

1. Vehicle arrival time.

2. Headway between vehicles on same lane.

3. Vehicle velocity.

4. Bridge lane occupancy

5. Axle spacing and number of axles per vehicle.

6. Vehicle type.

For each vehicle crossing the bridge with a gross vehicle

weight of more than 10,000 pounds, the following additional

data shall be provided:

7. Gross vehicle weight

8. Individual axle weight

9. Dynamic loads for vehicles with axle weights over

10,000 pounds.

2.

2

Literature Survey

To develop a background that would facilitate the

objectives of this study, a literature survey was made of

the general field of bridge/vehicle interaction theory,

correlation of experimental findings with this theory and



current data on transducers and instrumentation.

It was found that the interaction between a rapidly

moving vehicle and a bridge is complex, the wheels of the

vehicle imposing varying forces on the bridge deck. The

bridge structure, being an elastic system, responds in a

complex vibratory fashion. The bridge motion consists of a

cyclic dynamic increment varying at the bridge natural

frequency, superimposed on a crawl curve, which is an in-

fluence line obtained by measuring the effects at a given

station, of a very slowly moving calibrated vehicle. If

the approach to the bridge and the bridge deck itself are

relatively smooth with no abrupt discontinuities, the

amplitude of the dynamic increment may reach between 15%

to 30% of the crawl curve amplitude. There is no determin-

istic relationship between the gross vehicle weight and the

amplitude of bridge motion.

It was found that the fields of traffic transducers,

traffic instrumentation and recorders are relatively mature;

the fields of micro-computers and micro-processor components

are in a stage of rapid development. Data was also obtained

on bridge and vehicle characteristics, which are described

in some detail in Sections 3.4.2 and 3.4.3.

2. 3 Determination of Static Axle Weights

After a study of the influence lines for a load slowly

moving across a beam, and a review of the crossing frequency

of vehicles and natural frequencies of simple bridges, it

was determined that an electrical filter could separate the

dynamic and crawl components of the total bridge response.

It is further shown that static axle weights and gross

vehicle weights can be obtained by adding the filtered low

frequency component of the vertical reactions at both ends

of the bridge, and scaling the resultant against calibra-

tion data.

-9-



2.

4

Data Acquisition , Recording and Conversion

System relationships and functions are established by

the application of system engineering techniques. A data

acquisition, recording and conversion system based on direct

digital recording is selected as the preferred system. Con-

ventional traffic transducers, a set of pneumatic traffic

tubes and an inductive loop, installed on the approach to

each bridge lane, will provide the requisite traffic data.

Linear variable differential transformers (LVDT) are the

load transducers recommended for installation at each end

and at the middle of the bridge, for the determination of

static weights and dynamic loads respectively.

2.

5

Conclusions and Recommendations

As a result of this study, it is concluded that gross

vehicle weights, axle weights, and dynamic loads of moving

vehicles can be determined using an instrumentation system

in conjunction with slab deck and steel girder bridges.

Traffic data can also be acquired using conventional

traffic transducers and the load instrumentation system.

Using the recommended techniques and equipment, large volumes

of data may be acquired and processed with efficient digital

computer usage for data reduction.

It is recommended as a first step in the instrument

system procurement, when implemented, that tests be con-

ducted to optimize the approach recommended in this study.

The complete system need not be tested. Testing, study and

experience with items such as filtering of bridge shear

reaction signals and preprocessing this data to compensate

for the effect of vehicle drift within a lane will serve to

optimize the overall system performance and development

costs. The operation of the traffic data transducers can

be tested. The possibility of using load transducer data

to reduce the traffic transducer complement can also be
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explored during these investigatory tests
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SECTION 3

LITERATURE SURVEY RESULTS

3.

1

General

This section reports the data and information obtained

by means of the literature survey. Initially, bridge/vehicle

interaction theory are reviewed, including discussions on sig-

nificant parameters . Correlation of theory with experimental

data is next examined. In order to provide a realistic basis

for estimating the ranges of parameters to be measured, bridge

and vehicle data are then presented. The section closes with

a compilation of transducer and instrumentation data together

with comments as to their applicability to the proposed instru-

mentation system. To the extent possible, the data will be

presented in tabular form.

Sources for this information are the literature re-

porting on the above general areas, including items such as

the following: lateral distribution of loads on bridges;

dynamic characteristics of vehicles; distribution of types of

vehicles; and experience with instrumentation, and current

data furnished by instrumentation manufacturers.

3.

2

Bridge/Vehicle Interaction Theory

Schilling (Ref. 13) gives a short history of railroad

and highway bridge analyses, starting with Willis in 1847 and

continuing through the highway bridge efforts of the University

of Illinois and M.I.T. Walker (Ref. 12) summarizes the in-

vestigation of dynamic effects in highway bridges at the

University of Illinois Engineering Station from 1950-1967.

12



The University of Illinois' analytical effort started

with an idealization of the bridge as a single-beam represent-

ation of a simple span bridge with simplified loadings. With

the availability of the digital computer, additional factors

and more realistic representations such as the following were

included over a period of time to extend the mathematical

model: a more realistic model of the vehicle, including in-

terleaf friction in its suspension system; three-span contin-

uous and cantilever bridges; static and dynamic transverse

distributions for right, simply supported slab and girder

bridges; initial vertical vehicle oscillations; the effect of

road roughness; and inelastic behavior for the simple span,

single beam analysis.

Laboratory studies of both a simple beam and a multi-

girder bridge physical model were also conducted during this

period at the University of Illinois to guide and experimen-

tally verify the analytical results. The successful correla-

tion of the AASHO Road Test bridge studies with the analyti-

cal studies on simple span bridges provided full scale veri-

fication of the basic bridge-vehicle idealization (Ref. 12,

Part B, p. 2-4) . It should be noted, however, that the bridge

structures used for the AASHO Road Test (Ref. 10) were single

lane bridges, typically consisting of a slab supported on

three longitudinal beams. These bridges behaved essentially

as a single beam, thus matching the assumptions of the simple

beam analysis. The effect of static and dynamic lateral

distribution, encountered in bridges of more common design,

were thus not included in the correlation.

More exact studies, based on computerized finite

difference methods, have been applied to continuous ortho-

tropic plates on flexible girders (Ref. 14, p. 39).

In all of these analytical approaches, the thrust

has been to obtain the dynamic effects of moving loads on

-13-



bridges. Schilling, basing his work on the analyses developed

at the University of Illinois, produced a simplified and more

tractable closed form solution (Ref. 13, p. 12-26). This basic

theory should also serve to provide an insight into the physics

of the basic interaction, so that significant parameters may

be examined for applicability to the basic objectives of this

study.

3.2.1 Physical Concepts

The following explanation, in part excerpted from Ref.

13, p. 2-4 will serve to illustrate the differences in beam

deflections caused by a slowly moving load as opposed to

those caused by a rapidly moving load.

Let a single unsprung wheel load, P, move at a constant

velocity, V, over a simply supported beam of length, L. The

beam deflection at any arbitrary point B at a distance X from

support A due to the load at distance X from A will be y^,.
P °

See Figure 1.

If the wheel load moves along the beam very slowly,

the deflection y_ will be the static value corresponding to

the position of the load X =Vt. Thus, point B deflects

steadily from y =o, when the load is first applied at A, to

some maximum value (y„) with the load between B and mid-
^B max

span, then back to y =o, when the load leaves the span at

D. At any intermediate load position, X =Vt, the deflection

y lies between zero and (y ) , depending on the positiona a max
of the load. The beam thus exhibits a vertical velocity

which carries the wheel load with it.

If the velocity of traverse, V, is very low, the

resulting acceleration is also low and the dynamic effects

may be neglected. If the velocity, V, is higher, the beam

and the wheel will also experience a higher vertical velocity,

yp , and higher acceleration, y , and the dynamic effects may

no longer be neglected. Reference to Figure 2 will show that
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DEFLECTION CURVE

y B
(x

1)
= L/2)

DEFLECTION CURVE
xp = L/2

Figure 1. Beam Deflections Caused by
Moving Unsprung Load

1 yp , y*>,yp, yp.yp

Figure 2. Equilibrium Diagram - Dynamic Forces

-15-



the acceleration forces must be included for equilibrium.

Thus, the force, F, on the bridge is given by

P« .

F = P + —

y

where the plus sign is used in
" p its alaebraic sense, g is the

acceleration due to gravity,
• dy , « d 2

y
y =

at and y =
art

The external force on the bridge thus consists of

two components, the static force, P, and a dynamic increment
pi

given by —y . For completeness, it should be noted that the
y r

effective mass of the beam must be included in considering

the response of the beam.

Another basic approach to consideration of the dy-

namic deflection is to examine the response curve of a single

degree of freedom system with damping subjected to a force

of constant amplitude and variable frequency. See Figure 3.

The deflection curve of a simple beam may be approx-

imated by a half sine wave, the half period of which is L/V.
2LThe full period is T = -^-, and the corresponding frequencyIV

is — = -~=-. This represents the forcing frequency imposed on

the beam. The ordinates of Figure 3 represent the total

deflection normalized to the static deflection, and the

abscissae represent the frequency, f, of the forcing function

normalized to the natural frequency of the beam, f, . This

diagram is used for illustrative purposes only.

By inspection, it will be seen that with low values

of V, the normalized deflection is essentially equal to one,

i.e., the deflection is equal to the static deflection. As

V increases, the deflection increases to an appreciable

value over the static value. These approaches are admitted-

ly gross simplifications of real life, but they serve to

illustrate the basic system interaction. It will be noted

that the abscissa, j = -^y-ir is the definition of the speed
b b
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fb 2Lfb

Figure 3. Response Curve* for the Absolute Motion of a
Single Degree of Freedom System Subjected to
a Force of Constant Amplitude and Variable
Frequency (Illustrative Diagram)

.

*Adapted from Den Hartog, "Mechanical Vibra-
tions", McGraw Hill, 1947, p. 59.

parameter a, see 3.2.2.1.1 (c) . Figure 3 thus helps to

understand the overriding importance of this parameter.

In the actual case of a vehicle crossing a highway

bridge, many variables influence the vibratory characteris-

tics of the system. Specifically, the vehicle body is sup-

ported upon its axles by leaf or coil springs and a damping

mechanism; the axles, in turn, are supported by flexible

tires which react with the deck of the bridge. The body,

axles, and wheels of the vehicle is an interacting system

which are influenced by such factors as wheel spacing,

location of the center of gravity and the mass moment of

inertia. Initial motion of the vehicle before entering the

17-



bridge span and multi-vehicular loadings also influence and

complicate the problem.

The bridge itself also represents a complex system.

The simple span highway bridge, for example, has longitudin-

al members whose deflections differ from each other accord-

ing to which lane is loaded. These members, therefore,

vibrate differently and, because they are interconnected

through the deck and diaphragms , interact with each other

as well as with the vehicle. Influencing these vibrations

are factors such as type of bridge (i.e., plate girder, truss,

etc.), bridge weight and its distribution, variable flexi-

bility and end constraints. Also roughness of deck, bridge

damping factors, and initial motions due to previously

passed vehicles all influence and interact with the vehicle

to produce vibrations

.

3.2.2 Dynamic Analyses

Walker and Veletsos (Ref . 15) , Veletsos (Ref . 16)

,

and Nieto, Ramirez and Veletsos (Ref. 23) utilize the com-

puter model developed at the University of Illinois to inves-

tigate the dynamic response of simple span and three span

continuous bridges. Despite the recognized question as to

whether the simple span highway bridge can be adequately

represented as a simple beam, tests have shown that the

model contains all the salient features necessary to adequate-

ly describe the dynamic bridge-vehicle responses.

Schilling (Ref. 13) further simplifies the problem

by neglecting certain parameters in order to achieve better

understanding of the major parameters. Building upon theory

developed in References (15) through (22) inclusive, he

solves the differential equation of motion for a constant

force moving at a constant velocity across a simply supported

beam. Parametric studies in References (15) and (16) are

then used to investigate the significance of the other
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parameters

.

The latter approach will be adapted in this study,

supplementing the output with data on the effects of static

and dynamic lateral distribution of load in multi-girder

highway bridges, and other factors that may prove of signif-

icance.

3.2.2.1 Computer Model

3.2.2.1.1 Bridge Vehicle Parameter Definitions

The following is a summary of the bridge vehicle

parameters and assumptions used in References 15 and 16.

These were utilized in the computer programs referenced

therein, and are semi-standard throughout the literature.

Applicable parameters are also used in Reference 13.

A. Bridge Parameters

1. Span Ratio (for three span continuous

bridges) , a = ratio of side span to

center span.

2. Viscous Damping Factor, 3, = ratio of

coefficient of damping to the coefficient

of critical damping.

B. Vehicle Parameters

3. Distance parameter, a. This parameter

defines the location of the center of

gravity of the tractor and trailer,

See Figure 4(d)

.

4. The weight distribution parameters,

w
]/
w
v '

w2/wv * See Fi9ure 4 (d )

•

5. The dynamic index, i, for the vehicle.

The dynamic index is a measure of the

pitching moment of inertia of the weight
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(a) Bridge System
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(b) Bridge Equivalent System
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(c) Single-Axle Load Unit
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(d) Two-Axle Vehicle

Figure 4. Equivalent Dynamic Systems (Diagramatic)
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W , and is defined as
V

2(radius of gyration)
(distance of one support to eg)

x

(distance of other support to eg)

6. The coefficient of friction, u, for the

suspension system of each axle. For the

i"
1-" axle, u-j = f!/P . . , where F. is the1 i' st,i' 1

initial value of the force due to inter-

leaf friction for the i*-" axle.

Bridge-Vehicle Parameters

7

.

The speed parameter

_V_ = VT^
( }01

2Lf
b

2L U * 1J

Where V is speed of vehicle, assumed to be

uniform, L is span length of bridge and

f, is fundamental natural frequency of

the bridge. T, = -? .

8. The weight ratio R = W /W, where W is3 v b v
total weight of vehicles and W, is the

weight of the bridge (or the center span

of a three span continuous bridge)

.

9

.

The frequency ratios

<J>t = f'
t
/f

b
and

<f>ts = Fts/fb

f . and f , are the frequency of the vehicle

vibrating on its tires alone, and on the

combined tire and suspension system in series.

For the i
tn axle,

f = 1
x / 9 and

't,i 2tt \/p 4- -A. •

' V st,i t,i

f = -A J g,
ts,i 2tt UP. •/**.'

* St,l' t,l
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Where the limiting frictional force F . of

the axle suspension is so large that the

effective stiffness of the suspension-tire

system for the i axle is always equal to

k, . , or when F . is so small that the ef fec-

tive stiffness may be considered to be always

equal to k, .
r then it is necessary to

specify a single frequency, this frequency

is denoted by f .

,

2 v,i'

and d> = f /f,Yv v' b

10. The profile variation parameter d . k ./P
q1. •

The numerator is the change in interacting

force for the i axle when the tire spring

is deflected by an amount = d
Pi

11. The axle spacing parameter, s, see Figure 4 (d)

.

12. The following parameter defines the initial

conditions of the bridge-vehicle system

and the bridge surface profile. The surface

of the unloaded bridge is treated in two

parts:

a) a camber, which is approximated by a

parabola with an arbitrary amplitude;

and

b) deck roughness having a specified number

of half-waves of constant amplitude.

3.2.2.1.2 Assumptions and Treatments

The assumptions and treatments used in References

(15) and (16) are given below to provide an indication of

the limitations of the computer program:

1. The bridge is treated as a simple pris-

matic beam with damping assumed pro-

portional to the absolute vertical
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velocity of the bridge.

2. The effects of shear, axial deformation and

rotary inertia of the beam are neglected.

3. Bridge camber is simulated by a second degree

parabolic curve drawn through the supports.

4. Deck irregularities are treated as an inte-

gral number of sinusoidal half-waves of

constant amplitude.

5. The vehicle is idealized as having no width

and thus no rolling inertia.

6. The computer program used in References 15

and 16 has the capability of analyzing a one,

two, or three axle vehicle, although studies

were reported on only one or two axle vehicles.

Pitching inertia is included, where the bottom

springs are assumed to be made up of the tires

and leaf springs, both of which are assumed

linearly elastic. A hysteresis type of load

deflection relation is assumed for the axles,

because of the influence of interleaf friction.

The suspension spring remains locked whenever

the tire force is insufficient to overcome the

frictional force in the spring. When the

spring frictional force is exceeded in either

direction, the suspension spring engages, and

the effective spring constant reduces to that

of two springs acting in series. See Refer-

ence 18.

3.2.2.2 Closed Form Analytic Solution

The closed form analytic solution will be used to

investigate some of the major parameters. The importance of

other parameters will be ascertained via parametric analysis
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as reported in References (15) and (16)

.

The solution of a single constant force moving at

constant velocity across a simply supported prismatic beam

is investigated by Schilling (Ref. 13, p. 17-26). This

report will present the differential equations and the solu-

tions derived in Reference (13) to aid in investigating the

parameters. For the complete derivation of the solutions,

see Reference (13)

.

Assumptions ;

A. The bridge is represented as a simple beam of which

only the first mode behavior is considered. Thus,

a single-degree-of-freedom is assumed for the bridge

B. Bridge damping is assumed to be viscous and its

resistance is assumed to be distributed along the

span.

C. The mass of the beam is assumed to be distributed

evenly along its length.

D. The deck of the bridge is assumed to be smooth and

free of irregularities.

E. The vehicle is idealized as a concentrated force

whose mass is negligible with respect to that of

the bridge.

Figures 4a and 4b show the bridge-vehicle system and the

bridge equivalent systems, respectively. Notation is as

follows:

C = damping of bridge equivalent system

EI = flexural rigidity of cross section of bridge

fb = fundamental frequency of the bridge = V^Y/ bg

g = acceleration due to gravity
4 RFI= stiffness of bridge equivalent system = —^~
L

24
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L = span length of bridge

(m, ) = effective mass of bridge equivalent system
1 W
2 g

P = interacting force between vehicle axle and

surface of bridge

P = total weight of vehicle

V = velocity of vehicle

W = weight of bridge

w = weight per foot of length of bridge

x = distance of vehicle from left end of span

(see Fig. 4a)

Y = deflection of bridge at any point from left

end of span (see Fig. 4a)

y = midspan deflection of bridge

VT,
a = speed parameter =

?
, = -^
b

co = crossing frequency

a), = circular bridge frequency

The equations of motions for the bridge and vehicle

equivalent system, the forces for each are summed vertically.

For the bridge

:

d
2

d
{m
b ] e-i + Cbdi

+ K
by

= P
v
sin wt (3 - 2)

dx

To obtain (m, ) , the equivalent bridge mass term,

consider the differential equation of motion governing the

transverse free vibrations of a prismatic beam (Ref. 21,

p. 113)

:

^2„ „ „2„
, also (3.3)

and (3.4)

(3.5)
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from which we may obtain

, . 1 ,wL, 1 ,W
N

(m, ) = 77 (— ) = ~-(— ) .

b e 2 g 2
v

g

Substituting in equation (3.5), the solution to

which may be obtained:
P r

1
1

y = |T—
( j) sin wt ~( 2^ sin %*" (3.6)

b [ 1-a 1-a J

P /K, is maximum static midspan deflection (y )v jd sti max 1

and the static or crawl deflection is

y .
= (y . ) sin cot (3.7)2 st J st max

Subtracting equation (3.7) from both sides of

equation (3.6) ,

r 2

^st) =
^s^max

[

(I^2- ) sin wt "
(r=^ ) sin % fc (3.8)

The dynamic increment of deflection when normalized

with respect to the maximum static deflection, is

DI_ = -7 ^y = (-^-t) sin cot -(-2L_.) sin w. t (3.9)
D (y , ) n

2' , 2 b'st max 1-a 1-a

DI refers to the dynamic increment of deflection.

Dynamic increments may be obtained for moment, shear and

strain, resulting in the following relationships:

For Moment „

DIM " 12
DI

D
<3 - 10)

For Shear

DI
v TO di

d (3 - 11)

For Strain

DI . . ^ T (3.12)strain = DL,M

if^D " -
82 DI

D
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3.2.3 Significance and Range of Parameters

The interaction of an actual bridge structure with

a moving multi-axis vehicle with springs depends on many more

parameters than is given in equations (3.6) and (3.9). The

constant force solution, however, does provide insight into

bridge-vehicle interaction. For small values of
<J> , the

frequency ratio, the constant force solution is approached

regardless of the weight ratio (Ref . 15) . The constant

force solution thus represents, to some degree, the bridge-

vehicle system.

The degree of representation, and the parameters on

which it depends, will now be discussed along with the para-

meters which govern bridge-vehicle interaction. Judgements

based on analytical solutions and test results given in

References 15 through 22, inclusive, will accompany the

discussion.

3.2.3.1 General Bridge Response

The general nature of dynamic bridge response, pre-

dicted by theory and confirmed in general by field measure-

ments, may be represented by a cyclic component of shorter

wave length superimposed on the static influence line or

crawl response for the bridge. The cyclic component, better

known as the "dynamic increment" is defined as the algebraic

difference between the total dynamic response and the corres-

ponding static influence line.

The dynamic increment curve approaches a sinusoidal

variation for the case of a simple beam loaded by a single

moving constant force. For a sprung, multiaxle vehicle, the

dynamic increment curve may be irregular. Equations (3.6)

and (3.9) define the dynamic deflection and dynamic incre-

ment curves.
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The relationship between the amplitude of the

dynamic increments produced by a smoothly moving vehicle

and a, is, in fact, nearly linear over the practical range

of a for the simple span bridge, (Ref. 15).

For an initially oscillating vehicle, the speed

parameter has two important effects. First, it governs

the amplitude of the dynamic increment corresponding to the

moving constant force effect, and second, it controls the

point of "bottoming" of the vehicle - the position of the

vehicle on the span at which the interacting force attains

its maximum value.

It is shown in Reference 13 that the first maxi-
3mum occurs at X/L = -~a, and that successive positive peaks

occur at X/L = 7/2a, ll/2a In order that these posi-

tive peaks occur at midspan, where the static moment is the12 1greatest, X/L = .5, and a = -x- x = = =-, above the range of

practical interest. The next positive maximum will occur12 .

at midspan for a - =- x =- = .143 which is well within the

practical range.

3.2.3.2 The Speed Parameter

The speed parameter, a, as can be seen from Equa-

tion (3.9), is the universal parameter of the system. A

nearly linear relationship exists between maximum values of

amplitudes and a. This can be seen by taking the absolute

values of the term in Equation (3.9); this yields

(DVmax = <1^T> + <I^> = I=« (3 " 13)

Equations (3.10) and (3.11) become

(DI ) = — (J*. )v M'max 12 v l-a ;

(3.14)

3

(DI ) = — (
a

)v v'max 48 ^l-a ;
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3.2.3.3 Axle Spacing Parameter

For a two axle vehicle, distances between axles,

the quantity (s/v)/T, must be an integer, in order that each

successive wheel entering the span be in phase with the

natural period of the bridge. This quantity may be put into

the form (s/L/a) . If (s/L/a) = 2,4,6, ...., then maximum

response occurs; if (s/L/a) = 1,3,5, ..., then successive

wheels are tt radians out of phase with the bridge period and

cancellation occurs. For the three-span continuous bridge or

for any case where a number of natural modes contribute to the

response, a simple relationship does not exist.

When more than two axles act on the span at the same

time there is no clear cancellation of effects due to inter-

ference between the effects of the various axles nor is there

a large amplification due to the addition of effects unless

all axles are critically spaced and travelling at a critical

speed.

The axle spacing is also significant in the case of

initial oscillations of the vehicle and roughness on the

bridge deck. The fact that the axle spacing also affects the

value of the maximum static response is important to this

feasibility study.

3.2.3.4 Weight and Frequency Ratios

These ratios, defined in 3.2.2.1.1, describe the mass

and the stiffness of the bridge vehicle system, and taken

separately influence the bridge response strongly. However,

since both f and f, are functions of the mass of the vehicle

and bridge respectively, R and $ are not independent. Because

of this interdependence, and because the values of these ratios

are set primarily by the bridge, the response of the bridge-

vehicle system is generally insensitive to the range of these

parameters normally encountered in common types of heavy
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highway vehicles.

The frequency ratio determines the degree of correla-

tion between the sprung vehicle and the constant force solu-

tions. The degree of importance of <j) , however, depends largely

upon the initial oscillation of the vehicle. A summary of

this interrelationship is as follows:

(1) For small initial oscillations (i.e., 15% of

the static load) , the frequency ratio has no

effect.

(2) The responses for sprung vehicle approach

those predicted by the constant force solution

for ad) < .2 for the two axle vehicle, andTv —
for ad> <_ .3 for a single axle vehicle.

(3) For large initial oscillations, ad) =1 leads

to large effects. (Ref. 15 and 21)

However, although d; =1 implies a resonant condition

between the vehicle and bridge, the bridge response is

limited by the initial energy and damping of the

vehicle. In addition, the influence of i> diminishesrv
as R increases.

The weight ratio R is of importance in the study of

fatigue and life expectancy of the bridge, as this weight or

live load ratio directly affects the stress range and mean

stress.

The effect of the weight ratio can be generalized to

a greater extent than the frequency ratio. Variations in R

have practically no effect on bridge response if d>, is low;

for higher frequency ratios, and particularly for <}> =1,
the weight ratio was found to have a pronounced effect, but in

decreasing the bridge responses. (Ref. 21)

For the smoothly rolling load, the maximum interacting
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force is shown to be almost in direct proportion to R, and

the bridge response is considerably less sensitive. Also,

maximum static effects are obtained for the higher weight ratios

(Ref. 15)

3.2.3.5 Vehicle Initial Conditions (Ref. 15 and 21)

The amplitude of vehicle motion as the vehicle enters

the bridge strongly influences the dynamic response of the

bridge. The smoothly moving vehicle, the vehicle with "small"

initial oscillations, and the vehicle with "large" initial

oscillations all produce larger and larger amplitudes of

response respectively. If the other parameters are adjusted

to produce relative maximum effects, there is a nearly linear

relationship between the amplitude of initial motion of the

vehicle and the magnitude of the resulting maximum response

of the bridge.

The phase of the vehicle oscillation at the instant

the vehicle enters the bridge is also important. In general,

it is not possible to predict the phase value which would

produce maximum response. For the two-axle vehicle with small

initial oscillations, the in-phase relationship of the indivi-

dual axles leads to the absolute maximum response.

For single-axled vehicles with small initial oscilla-

tions the maximum and average values of bridge-responses are

approximately the same, even though details may differ and

the parameter 0, R, <j> and a are varied.

For double-axled vehicles, peak dynamic increments are,

in general, equal or reasonably close to the corresponding

effects for a single axle loading. These peak dynamic in-

crements for moment are given by Reference 13 in terms of

amplification factor and impact factor as:
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AF„. = 1 + 1, whereM

2 PL
77 a v

I
_ 12

(M J (3.15)
st max.

When 2 equal forces, each of magnitude P /L cross the

span, equation (3.15) becomes

7T
2 a 1

I =
12 1-a 1-s/L (3.16)

77
2

. aand I = 2 " ' " if s/L = 1/2max -r-TT— -=

12 1-a

j t 77
2

. aana I . = ,. /T ,.mm , if s/L = 0.
12 1-a '

Equation (3.15), with reasonable accuracy, represents

the impact factor for a two-axle smoothly rolling vehicle or a

vehicle with no more than 15% initial oscillation (Ref . 15)

.

On the basis of this data, the following equation was proposed

by Reference 15 as a means of estimating the maximum value of

the impact factor:

I = .15 + ^ a 1

12 ' 1-a * 1-s/L (3.16)

The first and second terms represent the components

due to the interacting force and the constant force respect-

ively. Equation (3.16) is used directly when wheel load ratios

are not known and modified for wheel load distributions other

than 1/2 (Ref. 13 p. 34)

.

3.2.3.6 Vehicle Suspension

This parameter describes the effects of the frictional

characteristics of the vehicle suspension, namely, the initial
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and limiting values of interleaf frictional forces for con-

ventional leaf-spring suspensions. The effect of interleaf

friction on the response of the bridge is related to the

amount of energy dissipated in the vehicle suspension and the

corresponding reduction in the vehicle interacting force

variations.

For a smoothly moving vehicle or one with small

amplitudes of initial oscillation the energy loss in the sus-

pension is generally insignificant since the vehicle oscillates

primarily on its tires and the suspension is not engaged.

However, for large amplitudes of initial oscillation, the energy

loss is important and cannot be neglected. The presence of

interleaf friction and the difficulty in evaluating the initial

frictional characteristics of the vehicle suspension contribute

substantially to the scatter usually seen in bridge response

data. Thus, it may be concluded that the use of air springs

or similar devices in heavy truck suspensions would produce

some differences in the response observed in the bridge.

Depending upon the damping present, the use of such suspensions

may be favorable in reducing, somewhat, the dynamic response of

the bridge (Ref . 12)

.

3.2.3.7 Dynamic Index

The dynamic index is a measure of the pitching moment

of inertia of the vehicle and is defined as

r 2

1 =
(a) (S-a) (see Figure 4d)

Although the dynamic index range has not been fully

determined or examined, it has been concluded through studies

concerning two axle smoothly moving vehicles that maximum re-

sponses of the bridge-vehicle system is insensitive to varia-

tion in i (Ref. 15).
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3.2.3.8 Roadway Unevenness

"Perhaps the single most important cause of large

dynamic response in a bridge-vehicle system is the presence of

roadway unevenness on the bridge deck and approach pavements

(and abrupt discontinuities in level, as at joints or pot holes).

Because of the difficulties in defining typical roadway rough-

ness characteristics, the effect of unevenness has not been

studied quantitatively in detail. It has been demonstrated

that a sinusoidal form of unevenness can lead to a very great

increase in dynamic effects. However, such a systematic un-

evenness is improbable in practice. It is felt that for un-

evenness on the bridge deck and approach of moderate amplitude

and random distribution, the magnitude of the maximum dynamic

effects produced in the bridge may not be significantly different

from those computed for an initially oscillating vehicle with a

moderate amount of initial oscillation, but operating on a

smooth deck." (Ref. 12).

3.2.3.9 Multigirder Structure

The above discussions of the effects of parameters are

drawn from a study of bridges idealized as a single beam. In

the AASHO Road Test Studies, (Ref. 10) the test bridges, 50 ft.

simple-span single lane structures behaved essentially as single

beams and the beam theory was completely adequate for predicting

the behavior of the structure. However, the applicability of

beam theory to two-lane structures with a minimum width of

28 feet and span lengths as short as 20 ft. is not clear.

Walker and Veletsos (Ref. 15) applied the theory and

computer program of Reference 20 to the problem of a specific

heavy vehicle travelling over bridges with spans from 30 ft.

to 70 ft. at 60 mph. One set of computer runs were taken over

the center of the bridges, and another in one of the two lanes.

Correlation with the single beam solutions showed good agreement

with the most heavily loaded beam of the multi-girder structure,
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i.e., the beam nearest to the center of gravity of the load.

Other results of the study were that the fundamental

beam mode of vibration, which has a uniform transverse shape,

dominated the dynamic increment for the structure. However

since this dynamic increment must be added to a non-uniform

static distribution of effects, the total dynamic moments or

deflections are usually highly non-uniform. It appears to be

difficult for bridges of usual dimensions and flexibility to

excite antisymmetrical or torsional modes of vibration in the

multigirder structure, even for eccentric paths of travel for

the vehicle (Ref . 12)

.

In view of the limited nature of the above study,

these results should not be applied to the behavior of floor

beams, slab, or other sub-elements, as the relationship had

not been explored. In addition, the conclusions are based

on the study of right, simple span bridges and should not be

extended to skewed or continuous structures (Ref. 12 and 15)

.

Sanders and Elleby (Ref. 24) have investigated

theories of the distribution of wheel loads on highway bridges

and have correlated them with experimental data. Their ob-

jective was to provide data for updating the section of the

AASHO Specification that deals with load distribution. Their

investigations were restricted to right, simple-span bridges,

between 20 to 130 ft. long, loaded with statically applied

live loads.

A summary of their conclusions relative to beam and

slab bridges and applicable to this study follows:

1. The moment coefficient (ratio of the individual

beam moment to the average beam moment) is most

accurately predicted for beam and slab bridges

by the use of orthotropic plate theory, within

the range of bridges studied.
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All errors between the measured value of the

moment coefficient of the most heavily loaded

beam and the value predicted by orthotropic

plate theory, for a total of 34 observations

and 11 bridges were under 10% except for one

12% and one 28% error.

The Halcomb test bridge, when eccentrically

loaded - the normal case - showed highest loading

on the outside girder and not the girder nearest

the center of gravity of the load. Other bridges

have also exhibited this phenomenom.

The Halcomb test bridge, located in Ames, Iowa,

is a two-lane 71 ft. simple-span composite bridge

The outside girders are 33WF194 and the inside

girders are 33WF130, for a total of four members

supporting the 8" concrete slab. The diaphrams,

at the third points, are 16WF36 beams. Moment

Distribution Coefficients for this bridge are

shown in Figure 5, for two conditions of loading;

eccentric and para-symmetric.

o.o

ORTHOTROPIC PLATE THEORY -

EXPERIMENTAL O

( b)

Figure 5 Transverse Moment Distribution in Holcomb
Test Bridge. (Adapted from Ref. 20,
Figure 5)
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3. 3 Correlation of Bridge/Vehicle Interaction Theory
with Experimental Data

3.3.1 General

Numerous studies have been made in the past on the

dynamic response of bridges under controlled and random moving

loads. Several of the more recent reports were reviewed to

correlate bridge/vehicle interaction theory with experimental

data. Summaries of pertinent comments from References 10,11,

25 and 26 will be given below as representative of many of the

reports which were reviewed. This correlation of theory and

experimental bridge response should provide background of the

parameters that are significant for the use of bridges to weigh

trucks in motion.

Reference 11 is a report on the investigation of the

dynamic stresses in three bridges, which although 2 or 3 span

continuous span continuous design, provides insight into actual

physical bridge/vehicle interaction. However, this data must be

examined in the light of the non-composite nature of the design,

which introduces some unique phenomena. Reference 10, the AASHO

Road Tests, have provided source data for many subsequent reports,

of which pertinent ones have already been discussed. Of signi-

ficance is the reported correlation between actual static response

with crawl response. Reference 25 reports on the results of an

investigation of a bridge damper specially designed to suppress

bridge vibrations on a simple span. Diagrams clearly show the

characteristics of the dynamic increment curves. Reference 26,

although reporting on a bridge of different design, adds some

information on bridge-vehicle interaction and verifies other

observations

.

3.3.2 Total Dynamic Response

Dynamic response is consistent with bridge interaction

theory in that the total dynamic response consists of two com-
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ponents, a static or crawl history plus a dynamic increment.

The crawl component dominates because the dynamic

increment is relatively small, on the order of 15 to 30 percent

for the bridges studied. However, pavement discontinuities or

rough surface conditions can significantly increase the dynamic

response. (Ref. 11)

In general, the pattern for both strain and deflection

is similar. The fundamental frequency of the bridge dominates

the frequency content of the response curves. The transverse

distribution of dynamic effect is substantially the same as in

the static case. The oscillations of all beams of the bridge

are substantially in phase, (indicating that the fundamental

mode predominates. (Ref. 11)

Throughout the AASHO Road Test runs of the simple span

steel bridges, the frequency of oscillation was essentially the

natural (fundamental) frequency of the bridge. Oscillations

corresponding to the frequency of the interaction forces cannot

be distinguished on the curves. (Ref. 10)

Figures 6 through 8 are reproduced from Reference 25

because of the clarity with which the total dynamic response

in deflection of a simply-supported beam is shown. These

diagrams also show irregularities in the dynamic increment (DI)

curve in the early phases of the vehicle entering the 97 ft.

long bridge which was the subject of experimentation. After

the vehicle passes midpoint, the DI curve becomes more cyclicly

regular.

This characteristic holds only for bridges whose span

is long compared to the vehicle. The irregularities have been

attributed to the interferences injected by the other axles

of the vehicle entering the birdge span. Also of interest is

Figure 9, which shows the residual vibrations of this span
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after the vehicle has left the bridge. This three-span bridge

has simply supported spans with no continuity.

Reference 26 reports on measurements taken on a two-

span partially continuous prestressed concrete bridge. Two

general types of dynamic bridge response are noted: (a) those

responses resembling an amplified crawl-speed response with

little or no associated vibration and (b) harmonic responses

at two distinct frequencies with peak responses occurring inde-

pendent of the instantaneous locations of the test vehicle axle

There was no consistent correlation of the type of response

with vehicle speed. In both cases, the relative magnitudes of

the test vehicle responses varied considerably without influ-

encing the simultaneous bridge strain responses . (Ref. 26)

The general irregularity of pattern of bridge response

was a conspicuous feature noted in the dynamic bridge response.

Except for brief periods on some runs, non-linear and abrupt

transients obscured any periodic elastic response. (Ref. 26

p. 134)

3.3.2.1 Static or Crawl Response

Static or crawl response curves, which resemble in-

fluence lines under a unit load, are a composite of the effects

of all the axles of the vehicles. The features of these curves

for the non-composite bridges tested are summarized by the

authors

:

" (a) The crawl curves for deflection are regular in

shape and do not contain cusps. This is an

expected result based on an idealization of the

bridge as a single beam."

" (b) The curves for strains in the beams close to

the load path contain cusp(s) which mark the

instant of passage of the heavy axles over the

section. The cusps are quite distinct. They
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are not apparent for the beams (transversely)

further from the load." (Ref. 11 p. 55)

A typical crawl test made during the tests reported

in Reference 10 is shown in Figure 10. Small dynamic effects

on POSITION OF PARAMETER. x/L

Figure 10. Typical Deflection Crawl Test
(Reproduced from Ref. 10 Figure 86)

amounting to several percent of the maximum response are visi-

ble, even at the low crawl speed ( ? mph) . A study was made to

determine whether the maximum ordinate of the mean crawl curve

was a reliable measure of the maximum static effect, i.e., the

vehicle standing on the bridge. Statistical analyses showed

that:

"a - run to run variations in measured deformations

were small for both static and crawl speed tests.

b - the maximum ordinates of the mean crawl curve gave

the best approximation of the maximum static response

for both strains and deflections.

c - the differences between the maximum ordinates in

(b) above, were always small, in more than 50% of

the cases, these were less than 1%. These differences

were not statistically significant for the steel
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bridges." (Ref. 10 p. 130)

No report was included in Reference 10 with regard

to a comparison of the total static curve with the ordinates

of the mean crawl curve

.

3.3.2,1.1 Composite Action

The crawl response curves containing cusps, described

in Reference 11, were prepared from tests conducted on non-

composite bridges. Although the bridges tested were non-compo-

site, they acted in composite fashion for light loads.

"There is evidence of a residual strain or deflection.

This is felt to be the result of breakdown in composite action.

When the vehicle is remote from the center of the span, the

strain response in the top flange is neglible. When the vehicle

is near the center of the span, there is a sharp increase in

strain. The strains in the top flange must increase (sharply)

if the neutral axis moves downward. Such a change would be

consistent with a decrease in the friction forces between the

slab and the beam flange" (Ref. 11)

.

3.3.2.2 Dynamic Increment Response

Dynamic increment curves were discussed in Section

3.3.2. Reference 11 provides some additional data from the

non-composite bridges reported upon.

VT
The speed parameter a (= b ) varies over a relat-

ively small range, within the normal speed range (40-70 mph)

and bridge dimensions. Within this range, the amplitude of

the DI curve varies directly as a, and the wave length of the

curve oscillations varies directly with a. (Ref. 11 p. 64)

"The dynamic increment curve for the Salt Fork River

bridge shows equal positive and negatives amplitudes until the

vehicle reaches about midspan. In the last third of the curve,

there is an upward shift in the entire curve. This shift is
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characteristic of the experimentally derived dynamic increments

and is due to inconsistent static and dynamic influence curves

or variable composite action. (Ref. 11 p. 66-67)

3.3.3 Transverse Distribution of Load

Reference 11 reports that the static lateral distri-

bution of strains in the beams across the bridge is non-uniform,

the beam laterally closest to the resultant of the load showing

the greatest strain. The strain distribution reflects the type

of loading, being symmetrical when the load is symmetrical, and

eccentric when the load is eccentric.

For the bridges investigated, it is possible to esti-

mate the effect of a second vehicle on the structure. The strain

values of each beam can be combined for loads in both lanes to

simulate the effect of side by side placement of two vehicles on

the bridge. (Ref. 11 p. 60,61) (It is not clear from the

report whether this effect was physically verified by test, or

whether the statement results from the application of super-

position theory)

.

The sum of the maximum strain for all five beams at a

given section is proportional to the total moment at that

section, neglecting the longitudinal moment carried by flexure

in the slab. Thus the sum of the maximum strains should remain

constant regardless of vehicle transverse position. For the

Salt Fork Bridge, the sums for loads on lanes 1,2 or 3 differed

from each other by a factor of only 2 percent. For the Shaeffer

Creek Bridge, the difference in sums of maximum strains between

lanes 1 & 2 was 10%. The sum of maximum strains for load on

lane 3 is not equal to one half for sums for lanes 1 and 2.

This result implies that there is a difference in composite

action for the various beams under the two loading conditions

and thus superposition does not hold for total moments. (Ref. 11

p. 62) .
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For the bridge measurements reported in Reference 11,

the transverse distribution of dynamic effect is substantially

the same as in the static case. (Ref. 11 p. 68)

Reference 24 does not concur with Reference 11 in the

statement that the beam laterally closest to the load resul-

tant shows the greatest strain. Examination of Figure 5(a)

shows that, by measurement, the exterior beam shows a greater

strain than beam 3, which is directly under the load and which

is closer to the load resultant. This observation is noted

despite the greater stiffness of the exterior beams (33WF194

vs. 33WF130) and the stiffening effect of the parapet. An

explanation for this effect may be found by an examination of

the moment distribution. It can be seen that the interior

moment is carried by several beams, whereas the exterior

moment is carried by only the exterior beam.

3.3.4 Comparison of Deflection and Moment

The history curves of amplification factors

(

.
]

for deflection and moment (strain) show that the total dynamic

response histories at the midspan were different.

This is attributed to the differences in the corres-

ponding crawl curves, as the dynamic increment curves for both

factors are practically identical, aside from amplitude. It

was noted that the amplitude' for dynamic increment of deflec-

tion is somewhat larger than that for moment (Ref. 10 p. 131)

(confirming equation 3.12 qualitatively).

(The differences between the crawl curves for moment

and for deflection will bear investigation, as information

existing on one curve may be non-existent on the other)

.

3.3.5 Effect of Vehicle Parameters

Vehicle parameters such as magnitudes of instantaneous

axle load forces, phase relationship of the axle vertical

motion to the bridge vertical motion, phase relationship
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between the driver and trailer axle forces, and periodic vi-

brations of the vehicle axle load, of themselves, had only a

secondary influence on the bridge dynamic response. The

factor of primary influence in controlling the amplitude of

bridge dynamic response is the initial mode of vibration (of

the vehicle) as the vehicle entered the bridge at some critical

speed. (Ref . 26)

.

3.3.6 Gross Vehicle Weight vs. Strain Range

Of particular interest to this study is a typical

plot from Reference 11 relating gross vehicle weight (GVW)

and strain ranges. Strain range is plotted as a function of

GVW in Figure 11 for a series of random traffic runs. The

solid line is the best fit or linear regression line for the

mean value of strain as a function of weight. The dashed lines

represent strains at a level of one standard deviation above or

below the mean regression line. (Ref. 11 Fig. 4.77). (From

this data, approximately 68% of the runs show an error of

approximately -13%, while 32% of the runs show a positive error

between 13% to 30% and a negative error between 13% to 43%. It

should be noted that this data is applicable only for the con-

ditions stated on Figure 11.)

Although there is a clear relationship between the

strain range and GVW, there is considerable scatter in the data.

Other variables obviously influence the results. Among these

are speed differences, distance between axles, transverse

position of the vehicle, and other parameters which have been

previously discussed (Ref. 11) . (Although the data is of value

in estimating the distribution of ranges of stress to be expected

from given GVW's for fatigue considerations, the inverse function

will give only a statistical value to the expected GVW, which is

not the deterministic approach sought in this study.
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3.3.7 Stress Ranges

Reference 11 provides live stress ranges resulting

from various parameters as investigated on three bridges.

The data are repeated here because of their applicability to

the objective of this study.

"In general, strains or stresses induced in the

bridge are low. Mean stresses are on the order of 2,000 to

3,000 psi; maximum stress levels seldom exceed approximately

8,000 psi in the case of the Shaffer Creek Bridge. A number

of significant parameters (for purposes of determining stress

range) are identified and investigated, including gross

vehicle weight, wheelbase, vehicle speed and transverse posi-

tion of the vehicle. Of these parameters, gross vehicle

weight predominates" (Ref. 11 p. 111).

To the above parameters should be added one, the

lack of which is implicit in the above - roughness or un-

evenness on the approach runway and the road deck. When the

roughness becomes appreciable and the vehicle enters the road-

way oscillating appreciably on its suspension, then the fol-

lowing additional parameters become significant to stress

range; frequency of vertical vibration of the vehicle rela-

tive to the fundamental frequency of the bridge and damping

in the vehicle springs, which are unknown for random traffic.

3. 4 Collateral Data

3.4.1 General

In order to define the ranges of parameters required

for the objectives of this study, it is necessary to utilize

geometric and physical quantities characteristics of bridges

and vehicles currently in use. Comprehensive data is not

required as long as sufficient data is available to indicate

the ranges that may be expected. Prior surveys reported in

Reference 15 supplemented by data from other sources will be

used. For the purpose of this study, effort will be restric-
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ted to steel bridges with concrete decks. Distribution of

truck types currently in use will provide data to aid in

establishing truck categories.

3.4.2 Bridge Characteristics

3.4.2.1 Bridge Types

The Catalog of Bridge Plans of the Bureau of Public

Roads (Ref. 27) contains data obtained from various State High-

way Departments in a survey made by the BPR in 1957. The

designs are based on H20-S16 or heavier loadings. Although

the survey was taken in 1957, the data is applicable for the

purpose of this study.

As of the time of the survey, the distribution of

U.S. bridge types is listed in Table 1. It will be seen that

the bridges which are the subject of this study constitute a

substantial majority of U.S. bridges.

TABLE 1

DISTRIBUTION OF BRIDGE TYPES, U.S., 1957

Type of Bridge % of Survey Total

Steel I-beam/concrete slab 47

Reinforced concrete slab 23
with T-beams

Prestressed concrete 11

Other types 19

3.4.2.2 Bridge Lengths

A survey of bridge lengths in California in 1957 com-

piled by Mitchell and Borrmann (Ref. 29) reported on highway

bridges from simple spans to major suspension bridges. The

distribution of bridge lengths for the California bridge

system in 1957 is summarized in Table 2. The exact numbers

are not important, as this information is sufficiently valid,

even at this date, to indicate that approximately 50% of the

-51-



bridges are less than 29 feet, to which consideration should

be given in this study.

TABLE 2

DISTRIBUTION OF LENGTHS, CALIFORNIA BRIDGES, 1957

Bridge Length % of Survey Total

Less than 19 ft. 19

19 ft. to 29 ft. 35

29 ft. to 69 ft. 38

69 ft. and over 8

It is not explicitly stated but is assumed that

nearly all the bridges in this span range are simple-span

type.

3.4.2.3 Bridge Weight

Bridge weight is required for the computation of the

ratio of vehicle weight to bridge weight and of natural

frequency of the bridge. The bridge weight includes all

components of the structure which are supported by the beams -

roadway slab, beams, sidewalks, parapets, diaphragms, bracing,

wearing surface, drains, etc. The results of field tasks

provide the data in Table 3, which includes a brief descrip-

tion of the bridge, weight and fundamental natural frequency.

Analysis of Standard Plans for Highway Bridge Superstructures

of the BPR provided the data for Figure 12, which graphically

shows variation in bridge weight as a function of span length.

3.4.2.4 Bridge Frequency

Bridge frequency is required for calculations of

dynamic effects, and to aid in the selection of transducers.

The data summarized in Table 3 were obtained from field tests.

The values of natural frequencies computed for the Standard

Plans for Highway Bridges are summarized in Table 4, and are
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plotted in Figure 13, together with the observed data from

Table 3

.

3.4.2.5 Bridge Damping

From studies conducted on 15 spans, and reported by

three sources, Reference 15 concludes that damping was

generally a combination of viscous and frictional types.

However, it may be assumed, with accuracy sufficient for

practical purposes, that damping is viscous. The values of

logarithmic decrements ranged from 0.03 to 0.4 (i.e., 3

values from 0.005 to 0.06), depending on bridge type and

condition. It is concluded that bridge damping is usually

less than 5% of critical, and that a value of 1 to 2 percent

is representative of the data reviewed (Ref. 15 p. 16).

3.4.3 Vehicle Characteristics

As previously stated, if the approach to the bridge

and the bridge deck are relatively smooth and contain no

abrupt changes to induce vehicle excitation, the dynamic

characteristics of a vehicle do not significantly affect

the dynamic bridge response. However, the static properties

of a vehicle are significant, affecting both the bridge

crawl (static) response and through that, the dynamic re-

sponse. The static properties are the features of geometry

of the vehicle: the spacing of the axles, the number of

axles, and the static distribution of the vehicle weight to

the axles.

Walker and Veletsos (Ref 15, p. 18-21) recap the

results of several vehicle surveys, and applies the data to

the selection of three typical configurations as representa-

tive of medium-weight, heavy-weight, and extra-heavy-weight

tractor-trailer combinations. This data is assumed valid

as of the date of their study (1966) . It is also recognized

that change is constant and that current pressures are lead-

ing to increasing allowable gross vehicle weights. The data
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is deemed sufficiently valid, however, to establish ranges

of value satisfactory for the purpose of this study. For

completeness, the dynamic properties of vehicles will also

be recorded.

3.4.3.1 Vehicle Geometry and Weight

Table 5 provides the geometry and weights of the

representative vehicles used in Reference 15. Some addition-

al data of interest:

° The heaviest vehicle recorded in the survey corres-

ponds closely to the AASHTO typical design vehicle

except that the loads are carried on tandem-axle

bogies rather than on a single axle.

° Very heavy off-the-road vehicles have an upper limit

of 60,000 lbs. per loaded axle, as of 1966.

° The Army Tank Carrier, which under certain conditions

must operate on civilian roads, has a triple bogie

with 4 ft. axle spacing and with individual axle

loading limited to 2 0,0 00 lbs.

3.4.3.2 Vehicle Vibration Characteristics

In the computer model, two characteristic frequencies

are used to define the vibration characteristics of each

vehicle axle. First is the vibration frequency of the vehicle

acting on its tires alone. This is the characteristic observed

when the vehicle is moving on a relatively smooth road. The

second is the frequency of the vehicle vibrating on its com-

bined suspension system and tires. This characteristic is

observed when the moving vehicle is excited by an abrupt dis-

continuity in the road. Table 6 tabulates values for these

characteristics, synthesized from a number of sources.

The stiffness chararacteristic of the suspension

springs are usually constant but not linear for a given

vehicle. Tire stiffness is non-linear, and is largely
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dependent on the load level and tire pressure. Air suspen-

sion systems are not included in the data presented herein,

Table 6 - Vehicle Vibration Frequencies

Axle
Frequency, cps

On Tires On Tire-Springs

Front

Rear

Front

Rear of Tractor

Rear of Trailer

Two-Axle Vehicles

3.0 - 4.9

3.5 - 4.9

Three-Axle Vehicles

4.0 - 4.9

3.0 - 4.9

3.4 - 4.3

2.1 - 2.9

2.4 - 2.6

1.7 - 2.5

1.7 - 2.2

2.1 - 2.6

3.4.4 Parametric Ranges

Reference 15 provides data on practical ranges of para-

meters which are reproduced in Figures 14 and 15, and are

included for general interest. Figure 14 gives the relation-

ship between the frequency ratios cj) and
(f>, , and the weight

ratio R, see Section 3.2.2.1.1 for definitions. Figure 15

gives the practical ranges of the speed parameter a for

various speeds of vehicles as a function of the length of

standard plan bridges.

3.5 Instrumentation Data

The transducers required for the objectives of this

study may be divided into two categories; those required to

provide traffic data, and those required to provide the load

or weight data.

3.5.1 Traffic Data Transducers

Since the installation of transducers or other in-

strumentation is permitted in the bridge approach, it seems

reasonable to explore the equipment currently in use for
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traffic studies and traffic control purposes. Again, these

may be categorized by purpose:

(a) Counting

(b) Vehicle presence detection

(c) Velocity determination

Reference 29 tabulates the results of a comprehensive

study of vehicle detectors made by Barooshian for a Diamond

Interchange Control System. The results of the study are

entirely applicable to this study, and the tabulation is re-

produced as Appendix A.

Additional information regarding current developments

of vehicle detectors was obtained at the recent Federal

Coordinated Program Research Review Conference held under the

auspices of the FHWA at Arlington, Texas during September

9-13, 1974. Descriptions were given of the development

status of two different vehicle detectors now under contract

with the FHWA (Project 2L - Mr. L. G. Saxton and Mr. F.

Mammano) . The status of development should be investigated

when the instrumentation system design is implemented. Table

7 provides data with respect to the current status of these

vehicle detectors.

3.5.2 Strain Transducers

Numbers of instruments, based on mechanical linkages,

mechano-optical principles, and electric systems, have been

developed in the past for the measurement of strain. Because

of the high volume of data to be processed, attention will be

concentrated on those transducers which generate an electrical

signal suitable for automated data reduction. Table 8 pro-

vides data relative to such transducers. Section 5.3 will

discuss the transducers recommended for the selected in-

strumentation system.
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3.5.3 Deflection Transducers

Various types of instrumentation can be used to measure

the deflection of beams- Again, because of the high data

volume required for automated data processing, attention will

be concentrated on equipment which will generate electrical

signals useful for this purpose.

A popular form of such deflectometer is an instrument

similar to that designed and built by the FHWA. This con-

sists of a short triangularly shaped flexible measuring

beam, one end of which is anchored to the beam and the other

end of which is anchored by a wire to an immovable reference,

generally an area beneath the point at which the bridge de-

flection is to be measured. With no load on the bridge, the

measuring beam is preloaded to deflect an amount greater

than the expected bridge deflection. A strain gage, mounted

on the measuring beam, is zeroed with the bridge in the zero

deflection position. As the bridge deflects under load, the

strain gage senses the deflection relief of the measuring

beam as a strain. The shape of the measuring beam is select-

ed to provide a constant strength beam, so that the strain

is constant along the length of the beam.

An LVDT could be selected to measure deflection

directly, but would also require a wire or linkage to establish

a ti e to the reference.
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SECTION 4

DETERMINATION OF STATIC AXLE WEIGHTS

4.

1

Bridge Response

The total dynamic response of a bridge is seen as a

dynamic increment superimposed on a static component or static

influence line. The static component dominates, as the dy-

namic increment is on the order of 15 to 30 percent of the

maximum static value for reasonably smooth approaches or

bridge decks, with no abrupt discontinuities in either the

approach or the deck. The static component can be evaluated

by relatively simple static solutions or by approximate em-

pirical influence lines determined for selected locations in

the structure. The input parameters for the static analysis

depend on the geometry and dimensions of the bridge and the

dimensions, axle weights and gross vehicle weight. The static

component can be predicted with a reasonable degree of cer-

tainty (Ref . 11)

.

The dynamic increment (DI) is not deterministic with

currently available analytical techniques, being a complex

function of numerous variables. The speed parameter, a, is

a dominant variable in the determination of the amplitude of

the DI, but other vehicle and bridge parameters, not all of

which are available, are also factors, as described in Sec-

tions 3.2.3 and 3.3. Suffice it to say, the scatter in the

relationship between the gross vehicle weight (GVW) and the

strain ranges discussed in Section 3.3.6 (See Fig. 11), re-

flects the difficulty in accurately determining the GVW from

dynamic load data, taken at the center of the bridge.

4.

2

Data Enrichment Through Processing

The mean crawl curve reflects the static response

-67-



within 1%, see Section 3.3.2.1. If the crawl curve could be

extracted, from the total dynamic response curve, then the

axle weights and the GVW could be determined from this data

and the dimensions of the bridge and the vehicle.

The frequency of oscillation of the dynamic response

curve for simple slab and girder bridges is essentially the

natural frequency of the bridge. Oscillations corresponding

to the frequency of the interacting forces cannot be distin-

guished on the curves. See Section 3.3.2. A reasonable dif-

ference between the bridge natural frequency and the vehicle

crossing frequency would permit filtering of the dynamic in-

crement from the bridge signal, resulting in the crawl curve.

Figure 13 indicates that natural frequencies of a

simple span, 2 8 ft. (8.5 m) wide, slab on steel girder bridges

range from 2.2 to 20 cps. Crossing frequency is expressed as
V

f = -Tpf. A vehicle crossing a 100 ft. (30.5 m) long bridge at
c

100
100 ft/sec (30.5 m/sec) will have f = ~ ^-?^k = 1/2 cps, and7 ' c 2 x 100 '

c

for a 50 ft. (15.25 m) long bridge, f = » f-tt = 1 cps. For

lower velocities, f will be linearly lower. The ratio
c *

ji 2_J2
f 1
c

is the minimum that may be reasonably expected, and is slight-

ly more than an octave for the lowest practical ratio.

Filtering to yield 12 dB/octave/filter section atten-

uation of the dynamic increment can be easily achieved. A

two section active filter will provide approximately 30 dB

attenuation of the dynamic increment, reducing it to noise

level. This will reduce the dynamic increment to approxi-

mately 2% of its value or .30 x .03 = .009, or approximately

1% of the value of the static response. For a bridge 100 ft.

(30.5 m) long,
f
n

f
c

2.2
1/2

4.4
1

-68



and the same filter will now provide approximately 60 db

attenuation, which is more than ample. Filtering, easily

and inexpensively achieved, can therefore be used in the

processing of bridge signals to enable the determination

of static weights.

4. 3 Correlation of Bridge Output Signals and Axle

Weights

4.3.1 Single Ended Approach

There are several characteristics for which crawl

curves might be developed for static weight determination;

reaction (shear) , moment or strain, deflection and accele-

ration. Of these, shear seems most amenable for the most

accurate calculation of axle weights and gross vehicle

weight.

Figure 16 is a shear crawl curve referenced to the

far end of the bridge, based on reasonable assumptions for

the truck and bridge. It was developed by superpositioning

the influence lines for each of the axles. For the interval

0-(l), the slope of the resultant is due to the influence of

the front axle (F) . For the interval (1) to (2) the slope

of the resultant is due to the influence of the drive axle

(D) and the front axle (F) . For the interval (2) to (3)

the slope of the resultant is due to the influence of all

axles, (F) , (D) and the tractor (T)

.

It is shown in Appendix B, that

l

l (V ]F = m, (=) = front axle weight

F+D = m
2 (^)

D = (m - iru ) (—

)

= drive axle weight

l

3
(V ]

m
2

F+D+T = m (—

)

= gross vehicle weight

(m m m n ) (-) = trailer axle weight
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where m., nu , and m
3

are the slopes of the crawl curve at the

respective intervals, L the bridge span, and V the vehicle

velocity.

These equations can be expanded for any number of

axles, all that is required is the determination of the slopes

of the curve, and the constant (— ) . L is known accurately

from bridge measurements, and V is determined by instrumenta-

tion as described in Section 5.2.1.

It is expected that the filtered bridge response sig-

nals for a 2S-1 vehicle will resemble the curve of Figure 16,

except that the various slopes will be joined by gentle

curves, which will not affect the final results.

The advantages of this approach are:

o The output is not dependent on the values of the

maximum ordinates of the curve - (These values do

not possess any significant value and will be lost

in filtering)

.

o The effects of beam action are completely elimina-

ted in the determination of static weights - (the

number of variables and associated errors to be

handled in computation are reduced and uncertain-

ties associated with composite/non-composite

action in non-composite structures, see Section

3.3.2.1, are completely eliminated).

o The effects of initial vehicle conditions on en-

tering the bridge are minimized by locating the

instrumentation on the far end of the bridge.

o The time available for smoothing the bridge sig-

nal outputs is maximized.

The disadvantage of this approach is that the static

weights are a function of the velocity. Should the velocity

change after measurement or should any errors exist in ve-

locity measurement or computation, then these will be reflec-
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ted in weight errors. This leads to the double ended approach,

where outputs from transducers at both ends of the bridge are

summed,

4.3.2 Double Ended Approach

Figure 17 shows a shear crawl curve referenced to the

near end of the bridge, which is shown by the solid line. The

shear crawl curve referenced to the far end of the bridge is

shown by the dotted line, and the curve resulting by super-

imposing both crawl curves is shown by the dash line.

Appendix C shows that the slopes of the near end bridge

instrumentation output are identical with those of the corres-

ponding intervals in Figure 16, but opposite in sign. The con-

sequence is that the curve which results by adding both crawl

curves is flat for the intervals (0)-(l), (l)-(2), (2) -(3),

(3) -(4) and (4) -(5). The ordinates of these intervals, when

the structure and instrumentation are properly calibrated, will

reflect the static weight of the respective combinations of

axles as noted on Figure 17. The static weights of the indi-

vidual axles and the GVW may now be obtained by the appropriate

simple arithmetic. As a matter of fact, if only the single

vehicle is on the bridge, since values of each axle weight can

be obtained from each end of the diagram, the accuracy of the

results may be enhanced by averaging.

The advantages associated with the double ended ap-

proach are:

o The velocity and any associated velocity error

are eliminated from static weight determination.

o Adding a greater number of transducer outputs

will decrease the random error.

o The effects upon the static weight of a vehicle

by a second vehicle entering the bridge in the

same lane and close behind the first vehicle may

be easily offset by the use of obvious algebraic

techniques.
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4. 4 Selection of Output Signals

4,4.1 Static Weights

Appendix C shows that when the shear crawl curve re-

sponses for both ends of the bridge are added, the resultant

is a constant value proportional to the static weight of the

axles on the bridge. The proportionality constant is the

real part of the instrumentation system transfer function and

the bridge parameters do not enter into the equation. The

parameters which produce the dynamic increments are filtered

out by the low pass filter, so that phase relationships drop

out of consideration.

Since the shear value can be measured only by strain,

the choice of instrumentation narrows down to strain gages of

some sort. Section 5.3.2.2 discusses the selection of trans-

ducers for this application.

An alternate technique is to attempt to measure the

static weights by transducers located at the midpoint of the

bridge, where deflections and strains are greatest (neglect-

ing points of stress concentrations for the purpose of this

discussion) . This would introduce unnecessary parameters

and complexity. Beam action, area properties, composite/non-

composite action, decreased time for filter settling, and

data gathered by only one set of transducers can serve only

to decrease accuracy.

Novak, Heins and Looney (Ref . 30 p. 63) , attempted

to instrument the alternate (mid-point) technique to estimate

the weight of any vehicle crossing a bridge. It was the in-

tent that this procedure could then be utilized in predicting

vehicle weights on other bridge structures. The maximum

dynamic strain range in the maximum strained girder, reduced

to static values by averaging techniques, average axle spac-

ing and load distribution for various types of trucks were

fed as inputs into a computer. The computer program was
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based on standard static load-moment-stress relationships,

and the gross weight of the vehicle calculated. The vehicle

actual weights, as determined by loadometer, were compared with

the calculated weights to yield the errors listed in Table 9

(Ref. 30 p. 99)

.

Table 9 Error Distribution in Calculating Gross
Vehicle Weight by the Method of
Reference 30

Numbers of Numbers of
Percentage Range (+) Errors (-) Errors

- 10% 9 9

10 - 20% 11 5

20 - 30% 6 5

30 - 40%
40 - 50% 1

50 - 80%
80 - 90% 1 _0

Sub Totals 27 20
Total: 47

Table 9 indicates that the errors associated with this method

exceeded 10% in 62% of the 47 vehicles tested, and exceeded

20% in 2 8% of the tests. It is obvious that this approach

is totally inadequate.

4.4.2 Dynamic Loads

Dynamic loads, the maximum forces imposed by the

vehicle upon the bridge structure, can be measured by the

total dynamic response of the structure to these forces.

Since this data is required to enable design of the bridge

stringers, be they rolled beams or built-up girders, this

data must be taken at the center of the bridge where moment

and strain are the greatest. By applying the filtering

technique discussed in Section 4.2, the static value of

strain or deflection can be separated from the bridge total
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response and the amplification factor ( o4. a4. • ) derivedStatic
by simple division of these values. The dynamic load is

obtained by multiplying the static weights by the amplifica-

tion factor.

The amplification factor approaches infinity near the

span ends, which would overload the circuitry. In the

data processing therefore, the inverse of the amplification

factor is found and searched for the maximum value.

The parameters that may be measured are strain, de-

flection, or acceleration. Strain is the parameter which is

recommended for the purpose of this study. This recommenda-

tion is made as a result of several considerations.

Based on accelerations calculated for a 97 ft. bridge

and a 50 ft. bridge in Appendix D, the use of accelerometers

is contraindicated. The following values are excerpted from

Appendix D and are used as typical values:

97 ft. Bridge 50 ft. Bridge

Dynamic Incre-
ment Accel.

Crawl Defl.
Accel.

Accel. Ratio —

0.0855 g

0.0037 g

23.2

0. 440 g

0.00036 g

1220

Several factors militate against the use of accelero-

meters :

(1)

(2)

The DI/CD ratios indicate that an accelerometer

sensitive enough to record the crawl deflection

accelerations would be swamped by the dynamic

increment accelerations. A single accelerometer

is desired for a valid comparison of the filtered

DI and crawl deflection data.

The crawl deflection acceleration is very low and

would require special sensitive accelerometers.
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(3) The purpose of filtering is to remove the dynamic

increment from the dynamic signal and pass the crawl

deflection. For acceleration, the dynamic component

is so much greater that the crawl deflection could be

separated if possible, only by the use of special and

expensive techniques. As no special advantage is

gained by using acceleration, further consideration

of this parameter was dropped.

Strain data is preferred to deflection data because

of the following considerations. Appendix E shows that

moment (and strain) are completely linear with X, the dis-

tance moved by the moving load. For deflection, however,

it is shown that as the vehicle approaches the center of

the bridge, the linearity and hence the sensitivity of the

deflection signal falls off.

This difference in linearity of the parameters is

evident in the comparison of the crawl curves shown on Figure

18, which is reproduced from Reference 10, Figure 88. Early

in the travel across the bridge, both curves contain the same

information. Near the center of the bridge, the strain crawl

curve peaks more sharply than the deflection crawl curve. A

break in the slope of the strain curve near the center, show-

ing the entrance of an axle, is lacking in the deflection

curve. Another demonstration of this higher linearity or

sensitivity of strain over deflection is contained in Refer-

ence 11, Figures 4.1 and 4.2. The "cusps" which appear in

the crawl curves for strain (Figure 4.2) do not appear in the

crawl curves for deflection (Figure 4.1), showing that the

strain curves contain information lacking in the deflection

curves.

Another approach to comparing strain and other para-

meters is to view the range of the transducers required to

provide the raw data. In the design of bridges of like
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(Reproduced from Reference 10, Figure 88)

construction, the designers keep the working stresses sub-

stantially in the same range for all bridge sizes. As a con-

sequence, strain gages of whatever form, need have only a

single range which is consistent for all bridges of the same

basic design, e.g., steel stringer with concrete deck. De-

flection, on the other hand, will vary with the length of the

bridge, as will the natural fundamental frequency and hence

the accelerations. This will require transducers of differ-

ent ranges to handle different spans of bridges of the same

basic design.

The bases for the preference for strain as the para-

meter for measuring raw dynamic data are summarized below:

o Strain data contains more information because

the sensitivity and resolution of deflection
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data decreases as the vehicle approaches mid-

point.

o Transducers of only a single range need be pro-

vided, regardless of the span of the bridge.

o Measurement of strain is self contained. De-

flection measurements require attachment to a

reference below the point where the deflection

is being measured. Deflection cannot therefore

be measured over a road or highway or navigable

river without interfering with traffic. This

provides an unnecessary and undesirable con-

straint in the selection of bridges to be

measured.

4. 5 Alternates Considered

Early in this study, because of the lack of definitive

correlation of GVW with stress range, a concept known as

"Signature Analysis" was considered. In this concept, the

dynamic bridge response of a vehicle would be recorded, the

axle spacing measured and static axle weights obtained by

loadometers after bridge passage. A library of such

signatures and correlated vehicle data would be developed

for different speeds, weights and sizes and types of trucks,

and placed in computer memory, as a look-up table. After

the development of the library, the signatures of unknown

trucks would be "looked-up" by the computer, and the desired

data printed out.

This concept was abandoned for many reasons: the length

of time to develop the signature files; the probability of

change in the bridge structure characteristics with time and

temperature, necessitating periodic updating of the signature

files; and the large signature file that would be required

because of variability in vehicle characteristics of the

same GVW causing signature variations.
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SECTION 5

INSTRUMENTATION AND DATA PROCESSING SYSTEM

5. 1 System Engineering Analysis

The techniques for system functional analysis which

have been developed and applied to the design and development

of complex systems will be applied to the instrumentation and

data processing system. These techniques are general in

nature, and may be applied to any system to optimize the sys-

tem configuration, and to establish the functions and allocate

them to major elements.

5.1.1 System Development Guidelines

In analyzing the functional requirements and select-

ing a system, the following guidelines will be employed:

° The traffic and weight information is not required

in real time or at the location of the instrumented

bridge.

° The required information is not an end result in

itself, but is to serve as an input to a sophisti-

cated data processing system for further analysis.

The output format must therefore be compatible with

the existing computers and programs.

° Categorization of vehicles may be done as described

in the literature - by the number of axles. The

number of categories and the selection of same must

be compatible with the user program. No problem is

anticipated in satisfying this requirement.

° The amount of data that will normally be collected

and processed for any one site can be overwhelming.
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For this reason, it is assumed that once equipment

has been installed and checked out, further data

acquisisiton, processing, reduction and analysis

must be automated as much as possible. It is assum-

ed that an operator will be standing by to change

tape reels or disc packs as necessary and to monitor

operations. This function, of course, will be

accomplished manually.

5.1.2 System Engineering Methodology

The method employed in system engineering analysis is

described briefly below. The separate functions that emerge

together with pertinent criteria will then be discussed.

A. Determine the mission to be performed from the

operating requirements.

B. Analyze the mission requirements into major functions.

C. Define one or more candidate system implementations.

D. Allocate system functions to system equipment , data

processing elements, or operators.

E. Estimate performance of candidate systems.

F. Synthesize an optimum system configuration.

5.1.3 Mission

The mission of the system is to determine the traffic

conditions and weight data of the traffic traversing highway

bridges of concrete slab with steel girder design.

A. For vehicles weighing less than 2,000 lbs., no

data is required.

B. For vehicles weighing between 2,000 lbs. and

10,000 lbs., the following traffic data is required:

(1) lane identification

(2) arrival time

(3) headway

(4) velocity



(5) identification of vehicle type

(6) axle spacing and number of axles per vehicle

C. For vehicles weighing over 10,000 lbs., in addition

to the traffic data identified above, the following

additional weight or load data is required:

(1) static axle weights for axles weighing more

than 10,000 lbs.

(2) gross vehicle weight

(3) dynamic load

5.1.4 System Functions

5.1.4.1 Definitions

Data Acquisition

To sense the physical effects of the truck traffic

and convert these parameters into electrical signals for

storage as real time analog or digital recordings.

Data Conversion

To play back the analog recordings or feed the analog

signals in real time into an electronic system which is preset

to automatically capture, sort, sample and convert to digital

format and store the traffic/load data on magnetic tape or disc

packs. The conversion system will contain logic to operate on

the analog data for standard patterns of truck traffic.

Data Reduction

To extract the digitally stored truck event histories

for interpretation and processing by a computer system. Com-

puter programs will contain the logic and processing algo-

rithms necessary to calculate, or determine for a stored data

base, the desired load and traffic information.

Instrumentation

Analog transducers plus support electronics interfac-

ing with multichannel analog recorder or a digital recorder
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via analog/digital converters.

5.1.4.2 Descriptions and Criteria

The functions which must be performed to accomplish

the mission at any single bridge are listed below. Figure

19 shows the functional flow graphically.

A. Install Instrumentation

This provides the physical and electrical interface

with site. The sensors are attached intimately to the bridge

structure and approaches. The balance of the instrumentation,

defined in Section 5.4., is assumed installed in a van, which

is parked conveniently close to the bridge. The sensors are

installed on the bridge so as to function with no effect on

the bridge structure, and with minimal or no effect on bridge

traffic during installation and operation.

B
. Calibrate Sensors and Instrumentation

In this function, following an established procedure,

operation of the sensors and instrumentation is verified and

the equipment zeroed. The system is calibrated by running a

test vehicle, with known axle weights over the bridge in each

lane and recording sensor output. The system is then initial-

ized by inputting the time of day, and such bridge parameters

as are necessary for data reduction and interpretation.

C

.

Acquire Data

This function relates to recording transducer out-

put on magnetic tape. The operation is monitored continu-

ously to assure that all sensors and equipment are operating

properly. Tape reels are changed manually as necessary.

Techniques should be employed for efficient utilization of

magnetic recording tape, i.e., no extensive blank spaces.

This will reduce data processing and reduction time, as well

as the storage and handling of the tape.
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D. Convert Data to Digital Form

This function converts the analog signals either di-

rectly in real time or from analog recorder tape into digital

form, and records the data on digital tape in a format which

is compatible with the computer and program to be used for

data reduction. This function should be accomplished inde-

pendently of the computer complex used for data reduction.

E. Reduce Data

From the event history recorded on the digital tape,

the data reduction function computes the data to satisfy the

mission requirements.

F. Analyze Data

The output from data reduction may require sorting

and statistical analysis to provide compatibility with other

computer programs. This function is recognized as a possible

functional requirement but not within the scope of this study.

G. Output Data

The resulting data output may, as desired, be in the

form of print-outs or digital tape in a format suitable for

BRGSTRS or other desired program.

5. 2 Candidate Instrumentation Systems

Two suitable instrumentation systems are shown in

Figures 20 and 21. Figure 20 shows a system based on the

use of analog recording, while Figure 21 shows a system

based on the use of direct digital recording. These are

essentially similar insofar as equipment complement is con-

cerned. However, Figure 20 shows a system where the data

is first recorded on a multichannel analog tape recorder.

A/D conversion and recording on digital tape are accomplished

optionally either in the instrumentation van or at the Data

Reduction Center. The equipment complement shown in Figure
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21 may be simplified to some extent by the elimination of

the Lane Multiplexer (LANE MUX) . In this case, the analog

tape is converted sequentially for each lane. This approach

increases the computer usage time substantially because

the computer must now search the digital tape continuously

for each event to merge concurrent events and thus enable

decoupling of lanes. The decrease of hardware is thus off-

set by an increase in software and operating time for the

computer

.

In Figure 21, the analog data is converted to

digital data and recorded digitally in the instrumentation

van under the control of a microprocessor. The analog tape

recorder which is now optional, is bypassed, but provides

back-up data in the event of a malfunction in either the

conversion or digital recording process. The direct digital

recording system is inherently more accurate than the analog

recording system because the errors associated with analog

recording are eliminated. This system is therefore pre-

ferred for that reason.

5.2.1 Physical Description and Operation of the System

Figure 22 shows the physical arrangement of the sys-

tem as installed on a two-lane simple span bridge with five

girders. The traffic data sensors are installed on the

bridge approach and exit for each lane. The load sensors,

used to determine axle weight, gross vehicle weight, and

dynamic load are installed on the bridge structure proper.

One set of load sensors is required for each lane.

The traffic data sensors consist of standard

pneumatic traffic tubes used almost universally as traffic

counters, and an inductive loop, used successfully as a

vehicle detector for traffic control systems. As an axle

passes over the pneumatic tubes, the air pressure pulse in

turn closes an electric circuit, creating an electrical

pulse. The entrance tube is used to start the analog
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recorder. The two velocity tubes provide two pulses of

opposite polarity as the front wheels of the vehicle pass

over them. The distance between the velocity tubes, which

is a known constant - approximately 8 feet - divided by

the time interval between the pulses will yield the velocity.

As the balance of the vehicle axles pass over the velocity

tubes, the pulses from the first tube count the axles, while

the time interval between pulses, given the velocity, deter-

mines the spacing. The pulses from the second tube, being

of opposite polarity, may be and are, discarded.

The inductive loop, used widely as a detector in

traffic control systems, is used here to eliminate any

ambiguity resulting between tailgating passenger vehicles

and trucks with similar axle patterns. The loop consists

of three loops of wire inserted in slots sawed in the pave-

ment, and sealed with asphaltic mastic. A 25 to 170 KHz sig-

nal constantly energizing the loops, induces a magnetic field.

As a vehicle passes over the loop, the change in the field

is sensed by the associated electronics, and the passage is

indicated by a pulse.

The rationale for the spacing of the traffic trans-

ducers is contained in Section 5.4.1-1.

The load sensors for determining the static weights

are installed on beams at both ends of the bridge. To account

for tolerances in the lateral positioning of a vehicle in its

lane, the outputs from the three beams nearest the lane are

filtered and summed, as discussed in Section 4.3.2. Modest

shifting of the vehicle in the lane should therefore have

little or no effect on the total output.

The load sensor for determining the dynamic load

should be installed at the center of the beam showing the

greatest strain. As noted in Section 3.3.3, this could be
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either the beam nearest the vehicle resultant as it travels

in the lane, or the outside beam in an exterior lane, depend-

ing on the bridge design. Measurements during set-up time

should be made to determine the governing beam.

The signal conditioners and other transducer support

electronics, the filters and adding circuits, together with

the recorders, multiplexers, the microprocessor and the A/D

converters are installed in an instrumentation van. At

least one technician is required to monitor system operation,

change tapes, and exercise surveillance over the sensors and

traffic conditions on the bridge. He should record any

unusual circumstances in connection with traffic or equip-

ment, so that anomalous outputs from the recorders or the

computers may be analyzed.

The bases for the selection of the load transducers

is contained in Section 5.3. Descriptions of the equipment

and system operation for the systems based on analog record-

ing and direct digital recording are provided in Section 5.4,

while data reduction is described in Section 5.5.

5. 3 Transducer Selection

As previously noted in Section 3.5, the transducers

required for the objectives of this study must provide two

different categories of information - traffic data and load

data. Traffic data transducers are in a relatively mature

state of development and are in wide use in this country.

Since transducer installation in the bridge approach is

allowable, as is required for the traffic data transducers,

it seems practical to utilize this body of experience for

the traffic data information.

The theory in Appendix C suggests that the load

data transducers and instrumentation might be used to pro-

vide some of the traffic data. However, it will be shown

later that early velocity data is required to optimize the
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digital scan rates. Secondly, the lag and smoothing action

of the filters may inhibit extraction of traffic data from

the step inputs expected in the bridge reaction response.

Although these filter characteristics will not inhibit deter-

mination of load data, the determination of traffic data is

less certain. It is possible that after implementation of

the system and with definitive experience gained with the

overall system that the load transducer data may be applied

to extract traffic data. However, the recommendations for

transducer selection contained in Section 5.3.1 will assure

positive control of traffic data sensing.

5.3.1 Traffic Data Transducers

Pneumatic traffic tubes are recommended to provide

the inputs for the starting and exit functions, velocity

determination, and the axle counting and the axle spacing

determination. One each is required for the starting and

exit functions, and two are required for the other functions,

for a total of four per lane. One inductive loop per lane

is recommended to provide vehicle sensing. These have been

selected over other candidates because of their simplicity

and reliability. The pneumatic tube characteristics, in par-

ticular, are admirably suited for temporary use in test pro-

grams. Developments in vehicle detectors, discussed in Sec-

tion 3.5.1, should be explored when the instrumentation sys-

tem is implemented.

5.3.1.1 Pneumatic Tubes

The traffic counter tube consists of a rubber tube

sealed at one end and connected at the other end to a

pressure sensitive switch. As a wheel passes over the tube,

the switch senses the air pressure pulse and closes a switch

to control an electrical circuit.

Objections have been levelled in the past to the

use of rubber pneumatic tubes on two known accounts. One
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of these is the lack of tube life, the tubes apparently-

wearing out in several months of continuous use. The second

apparent problem is the shape and dispersion of the pulses

when the pressure switches close the electrical circuits.

Since the tubes may be replaced at a cost of approximately

$.20 per foot (1974), approximately $10.00 per lane, and a

set of tubes should last for more than a year in the antici-

pated usage, the lack of long life is not considered a

serious objection.

There is no unusual requirement for accuracy of

pulse shape or timing for the entrance tube, used to start

the analog recorder, or the exit tube, used to stop the

recorder when a vehicle exits the bridge before the actuation

of the time delay relay. However, the pair of tubes - the

velocity tubes - will be used to provide pulses to measure

the vehicle velocity and to count the axles and measure the

axle spacing. For these tubes, the shape and dispersion of

the pulses merit consideration.

To evaluate the significance of pulse shape and

dispersion, assume a distance of 8 feet (2.44 m) between

the velocity tubes. A vehicle travelling 100 feet (30.5 m)

per second, 68 miles (109.5 km) per hour, will traverse the

tubes in 0.08 seconds, with a count of 80 pulses of the 1 KHz

frequency oscillator used for timing in the instrumentation

circuitry. An error of one millisecond (a high value) caused

by the dispersion of the two tube switch pulses about the

mean value will cause a maximum error of 2.5% in the calcu-

lated velocity of the vehicle. For vehicles travelling at

less than 100 feet (30.5 m) per second, the error will be

proportionately less. The rise time of the tube switch pulse

will be in the order of 50 ysecs. An error in initiating

the oscillator pulse count on some indefinite point on the

leading edge of the switch pulse can cause an additional
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maximum error of 0.1% in the velocity calculation. Also,

pulse shape and the effects of contact bounce will be con-

trolled by the use of pulse shaper circuitry. The penu-

matic tube therefore appears entirely suitable for the

objective of this study.

Alternates have occasionally been used in place of

pneumatic tubes. Photocells with light sources, and a sound

level detector were used by the University of Illinois for

stress investigations (Ref . 11 p. 24-26) . The photocell

produces a consistent pulse shape with a sharp pulse rise.

However, problems arise because sensitivity adjustments

must be made to adjust to changes in the ambient light con-

ditions and glint from chrome, hubcaps, etc. Another problem

arises because the light sources installed of necessity be-

tween the lanes for individual lane sensing, are subject to

damage from passing vehicles. Other problems with photocells

are reported in Reference 11 with signals of unanticipated

length and amplitude. The sound level detector, also used

by the University of Illinois, when adjusted to respond only

to the normally higher sound level of trucks, also introduced

problems by infrequently allowing trucks to pass by without

triggering the system.

5.3.1.2 Inductive Loop Detector

An inductive loop detector consists of a loop of

several turns of wire inserted in a 5/16" wide x 1-3/4"

deep slot approximately 6 ft. x 6 ft. in the pavement and

covered by a hot asphalt mix or by an epoxy compound. An

RF signal in the range of 25 kHz to 170 kHz is applied by

the small electronics detector package to the roadway imbed-

ded loop. Passage or presence of the metallic mass of a

vehicle changes the inductance of the loop. This change is

electronically sensed by the detector, amplified and trans-

mitted to a relaying circuit.
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"The majority of traffic engineers in this country

are convinced that inductive loop detectors are the best type

currently available to use for freeway control and surveil-

lance" (Ref . 11 p. 87) , and it may be added, for the objective

of this study. Their advantages and disadvantages are out-

lined in Appendix A, but salient points are worth stressing.

1. They are the simplest and best type of detector for

sensing presence.

2. They have been found to be as reliable as most other

forms of detector, if not more so. Most of the problems

experienced with them were concerned with either pavement

movement, or maintaining them "in tune". Problems with

pavement movement can be eliminated by locating the loop

so that crossing of expansion joints is eliminated. If

the loop "lead-in" must cross an expansion joint, a piece

of conduit can be used to bridge the joint. Problems

with maintaining the loop "in tune" may be eliminated by

the use of self tuning detectors, which are commercially

available.

3. Vehicle counting can be achieved with an accuracy of

2%-3%. Allocating equal accuracies to both detection

and counting, this implies that detection, on a root

mean square basis, can be achieved with an accuracy of

1.4%-2%. Considering the simple requirements of this

application, accuracies of better than 1% for detection

are believed achievable.

4. A major disadvantage is the one-time traffic disruption

when the slot is sawed in the pavement and the wire

inserted. Reference 2 9 p. 167 estimates the time that

a lane would be blocked off as approximately 1 hour and

55 minutes for a 3 man crew.

Other devices have been used and are commercially

available for vehicle detection purposes. Magnetometers have
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been used in Houston and Dallas, and sonic (or ultrasonic)

detectors have been used in Detroit and Houston.

Magnetometers operate by utilizing the voltage in-

duced in a coil placed beneath the pavement resulting from

the disturbance of the earth's magnetic field caused by the

passage of a vehicle. They are not recommended for this

application because their sensitivity to magnetic material

distribution within vehicles may result in double counting.

If adjusted for this condition, close following vehicles may

be missed. Advantages and further disadvantages are dis-

cussed in Appendix A.

Sonic detectors operate by detecting the reflection

of sonic pulses by the passing vehicles or by measuring the

doppler shift of a continuous wave sonic emission. Aside

from the greater total expense, they are not recommended for

this application because of their:

o inaccuracy due to the conical detection zone

and wide variations in vehicle configurations

and height,

o inaccuracy under congested conditions

,

o sensitivity to environmental conditions, dirt,

traffic, vibrations, etc., with resulting lack

of reliability/

o annoyance to humans and animals if sonic output

is not properly adjusted

5.3.2 Load Transducers

Section 4.4 discusses the selection of output sig-

nals, and recommends the measurement of strain for the de-

termination of both the static axle weights and dynamic

loads.

There are three types of sensors that are readily

available for measuring strain with a concomitant electrical
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signal; the metallic electrical resistance strain gage, the

semiconductor strain gage and the linear variable differen-

tial transformer (LVDT) , The resistance gage converts

strains or unit deformation to change in resistance, which

are transformed into electrical signals by an electrical

bridge network. The semiconductor strain gage is used

similarly to the metallic electrical resistance gage, but

has a 50x-60x higher sensitivity, which is accompanied by

a non- linear output coupled with a markedly temperature

dependent strain sensitivity. The LVDT converts unit de-

formation directly into a change in an electrical signal

since the dimensional change is coupled directly to the

motion of a movable transformer slug.

Other types of strain gages exist, based on mechani-

cal, optical, and mechano-optical principles. As these

either do not produce an electrical signal which is required

or are more suited for laboratory use, they will not be

considered further.

The LVDT is recommended for use as the strain trans-

ducer to be used for the objective of this study. When

correctly selected and used with the appropriate signal

conditioner, it is resistant to the outdoor environment,

has excellent linearity (< than 0.15%) and good sensitivity.

A simple support bracket or stud is bonded to the member

being measured, and the LVDT field coil and movable core

are fastened to each by reusable hardware. Except for the

bracket or stud, the LVDT is reusable from site to site.

Metallic electrical resistance strain gages have

been used for similar purposes on many bridge investigations

with good and useful results. However, subject to the

environment as they are on an open structure, and being

sensitive to water, extreme precautions must be taken to

achieve reliability, and even with the current waterproof-
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ing techniques, frequent failures occur. Personal experi-

ence with a quantity of electrical resistance strain gages

on a structural investigation showed an incidence of approx-

imately 10% failures per week.

An economic analysis shows that the cost of a her-

metically sealed reusable LVDT (about $44) , is approximately

four times the cost of a resistance strain gage rosette.

Since the resistance strain gage is not reusable, the use

of an LVDT is more economical if four or more bridges will

be instrumented. This factor, coupled with the above-

described unreliability which imposes an additional cost

penalty, is the basis for the selection of the LVDT.
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5. 4 Data Acquisition/ Recording and Conversion

Two candidate systems a,re discussed briefly in Section

5.2; a preferred system where the primary data recorder is

a digital recorder, and a second system where the primary

data recorder is an analog recorder. Figure 23, an elemen-

tary block diagram of the Digital Recording System, is an

expanded version of Figure 21. Figure 24, an elementary

block diagram of the Analog Recording System, is an expand-

ed version of the data acquisition and recording subsystem

shown in Figure 20. The data conversion for this system

may be accomplished either as shown in Figure 25 or Figure

26. Figure 25 shows A/D conversion accomplished under

microprocessor control while Figure 26 shows A/D conversion

implemented by hardwired logic. The microprocessor, being

programmable, offers the option of making changes in the

system control by software changes. Because of this flexi-

bility and the increased overall system speed, the micro-

processor is the preferred system for controlling A/D con-

version for the Analog Recording System, should this sys-

tem be used.

It will be observed that there are three different

types of data that will be transmitted through the system:

traffic data, amplification factor profile and weight

profile. The traffic data also supplies the logic to turn

the analog recorder on or off. The flow of this data, the

timing considerations, and general processing will be

essentially the same, regardless of the method of implemen-

tation. The discussions that follow provide the rationale

for these aspects, and apply to all systems.

5.4.1 Data Processing Rationale

The passage of one vehicle over a bridge will be con-

sidered one event.
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A. Sampling Rate : Assume 150 samples are adequate to de-

fine the weight data profile and the amplification

factor profile. For a 100 ft, bridge, and a 40 ft.

vehicle , this will provide data every 11 inches,

yielding a total of 300 data points per event.

B. A/D Conversion Rate ; Assume 0.6 second is the minimum

traverse time for a fast truck over a short span -

example: 68 mph (109 km/hr) over a 30 foot (9.15 m)

bridge with a 30 foot (9.15 m) long truck = 100 '/sec

(30.5 m/sec) for 60 feet (10.3 m) = 0.6 seconds.

Therefore, 300 A/D conversions in 0.6 sec. = 50 0/sec

or 2 ms per conversion in real time.

C. Digital Tape Recording (Data Tape)

Assume 800 frames/inch 7 channels = 6 data +

2 frames/word 1 ParitY

•400 words/inch 12 bit word (max ' )

Tape Speed, forward = 120 inches/sec (305 cm/sec)

•*.48,000 words/sec.

A/D conversion rate is 500 words/sec from analog

tape at real time.
^/^ , -,-. n 48,000A/D process can be speeded up by ,-

'

— or approxi-

mately 100:1 by analog tape playback at approxi-

mately 100 times the record speed.

Analog recording time is 2400 ft (730 m) at 1-7/8

in/sec (4.75 cm/sec) =
-^
—^=-^ TaKr\ ~ 4-1/4 hrs.

Analog tape run at 120 in/sec (305 cm/sec) is 64:1

speed up. Velocity of 120 in/sec (305 cm/sec) is

commercially available and will be used for play-

back during A/D conversion and recording onto

digital tape.

This will compress the A/D process to

4. 26 x 60 „
-pr-. = 4 minutes.
64
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300 Data points are recorded from memory

in 48 QQQ
= 6.25 msec. The time available

0-600 n -_,.
is —-p-i— or 9.375 msec per event.

Approximately 1 record/inch will give 30,000 records

on 2400 ft (730 m) digital tape.

D. A/D Conversion Interval : If the analog tape recorder

is played back at 64 times the speed of record, 4-1/4

hours real time is reduced to 4 minutes extraction
9 375

time. Then A/D conversion interval is ' ~ = 31.25

microseconds maximum. Ten bit A/D converters are

available at 20 ysec conversion time, at 30 ppm/ C

temperature coefficient. This allows 10 ysec for

storage, sequencing, multiplexing, etc.

E. Variable Sampling Rate : Assume the system to be design-

ed to convert the load data signals at a fixed rate

nJ- 300 data points/event r . _„ nAn , . . . ,°t „ cnn j .

' x 64 = 32,000 data points/0.600 seconds/event

second (31 ysec per cycle) for the truck speed and

bridge length described in Paragraph B. Then any

trucks at slower speeds will provide excessive data

points. To keep the number of data points per event

a constant value, the A/D converter interrogation

rate must be a function of the transit time of the

vehicle. The entrance velocity must be determined

early in order to control the sequencing of the A/D

converter. The length of the span involved must

therefore be preset into the system.
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F. Data Estimates , The following bit sizes are estimated

for the digital data to be recorded;

Velocity - inverse function of count - 10 bits

No. of axles - direct count in register - 4 bits

Time of Arrival - time code format in register

(2 words) - 17 bits

150 data points - Load data profile - 10 bits

150 data points - Amplification factor profile -

10 bits

Total = 304 data points per event

G. Minimum Velocity . If the velocity tubes are spaced

at 8 feet (2.44 m) ; then the number of the one KHz

oscillator pulses that will be counted during the

interval between the pulses from the #1 and #2

velocity tubes will be, for the following veloci-

ties as examples;

100' /sec =0.08 sec = 80 counts

50 '/sec =0.12 sec = 120 counts

10' /sec =0.80 sec = 800 counts

8' /sec = 1.00 sec = 1000 counts

» a 10 bit counter (for 1000 counts) will accom-

modate a minimum velocity of 8 ft. (2.44 m) per

second or 5.4 miles (8.7 km) per hour. Any vehicle

travelling less than this velocity is considered

an abnormal situation and will be entered at the

lower limit. A lower velocity than this will

penalize the data handling system by increasing

the word size.

H. Memory Size Required for Data Reduction . The follow-

ing is an estimate made for determining the size

of the computer memory required for data reduction

for a 3 lane bridge:
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Data (for one lane) 30K words

Program 3 OK words

Scratch 5K words

Data for two additional
lanes to allow for cor-
relation of lane to lane
effects. 6 OK words

Memory Size~for three lanes 12 5K words

Traffic Transducer Spacings .

(1) Off-Bridge Spacing for Inductive Loop . If 100

ysec is the logic time from time of day code until

A/D sequencer initialization, then 64 x 100 ysec

is required in real time lead for load recordings,

= 6.4 msec. In addition, the time of day code,

initiated by the trailing edge of the inductive

loop pulse requires 17 bits, or 17 msec, for a

total of 23.4 msec. The space provided, 4 feet

(1.2 m) , see Figure 22, provides an ample margin

(total is 40 msec at velocity = 100 ft. (30.5 m)

per second)

.

(2) Loop Size. Flexibility in loop size is

claimed by the manufacturers of loop detectors.

The inductive loop is therefore sized 6 ft. x

6 ft. (1.8 m x 1.8 m),so as to be able to dif-

ferentiate between vehicles spaced approximately

6 ft. (1.8 m) to 8 ft. (2.4 m) apart.

(3) Loop to Second Velocity Tube Spacing . A

distance of 8 feet (2.4 m) is allowed between the

inductive loop and the second velocity tube. This

is assumed sufficient to prevent the front wheel

overhang of the vehicle from initiating inductive

loop action prior to the velocity tube #2 activa-

tion.
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(4) Velocity Tubes #1 and #2 Spacing . The velo-

city tubes will also be used to discriminate

against light weight vehicles. Motorcycles and

compact vehicles weighing less than 2000 lbs. can

be assumed to have a wheelbase less than 8 ft.

(2.4 m). If a vehicle with such a wheelbase

enters the lane, then two pulses will be received

from velocity tube #1 before the pulse is received

from tube #2. The discriminator circuit can input

the recorder run logic to stop the analog recorder,

unless another and larger vehicle is on the bridge.

(5) Entrance Tube to First Velocity Tube Spacing .

The distance between the entrance tube and the

first velocity tube is governed by the accelera-

tion time for the analog recorder. Available re-

corders accelerate to full speed of 1-7/8 inches

(47.5 mm) per second between 1.5 to 3.0 millisec-

onds. The three feet (0.9 m) allocated to this

distance allows 30 milliseconds, which is more

than ample.

J. Time of Arrival . The exact time of arrival of each

event will be recorded to the nearest second. A

digital time code generator can be implemented

from the 1 kHz frequency reference. By counting

the 1 kHz pulses with appropriate decode logic,

the elapsed seconds, minutes and hours can be

established from an arbitrary zero time (master

clear) or preset time synchronization to local

time of day. A 17-bit format will encode 32

hours. When the recorder has come up to speed,

a serial pulse train made up of pairs of 1 kHz

pulses will be used to indicate the time of

arrival. Suitable combinations of pulse pairs
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will indicate the "ones" and zeros" making up the

binary coded hours-minutes-seconds time count with

an appropriate start of word indicator code. Upon

playback this serial code will be converted into

two parallel data words for digital recording.

K. Headway . The relative time spacing between trucks

crossing a bridge will be determined during the

data reduction phase. A simple algorithm can

extract headway from the recorded time of arrival.

Hence, no special instrumentation is required for

this parameter.

L. Identification of Vehicle Type . With the number of

axles per vehicle and axle spacing determined,

the category of vehicle can be established during

data reduction based on ground rules in the data

bank. The categories must be compatible with

those of the companion programs, to which the out-

put of this program will be an input.

M. Traffic Data Recording . The traffic data can be re-

corded on one channel of the analog tape recorder

for each lane. Figure 27 shows the traffic data

pulse timing for a 3S-2 vehicle, with assumed but

realistic wheelbase dimensions, travelling at

100 ft. (30.48 m) per second. The spacing of the

traffic transducers is in accord with Paragraph I

above, as shown in Figure 22. The complement of

traffic data transducers consists of 4 pneumatic

tubes and the inductive loop.

The outputs from the entrance and the exit tubes

are inputs to the analog recorder stop and start

logic only, and are not recorded.

The output pulses from the two velocity tubes,

shaped by the pulse former circuits, are of
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opposite polarity, and can be recorded on a

single channel without mutual interference.

These outputs provide data for vehicle velocity

and axle count, which later in processing, to-

gether with the 1 kHz pulse count, also provide

data for axle spa'cing.

The output of the inductive loop detector is

not recorded, but serves to implement the time-

of-day encoder. The time-of-day code is record-

ed on the traffic data channel of the recorder

to indicate the time of arrival and the presence

of a vehicle. This marks the conclusion of the

axle count and enables the allocation of the axle

count to that vehicle.

The output of the 1 kHz oscillator is recorded

on a separate channel and is common to all traf-

fic lanes.

N. Reference Timing Signals . Accurate timing of the

pneumatic tube signals can be obtained regardless

of the absolute speed of the analog recorder dur-

ing record or playback, by recording the 1 kHz

reference signal on an analog channel. Rather

than time the separation of the velocity and axle

spacing pulses, an accurate time base is obtained

by counting the recorded pulses. The 1 kHz

reference signal is recorded on a separate analog

channel.

0. Signal Monitoring . Signal monitoring is accomplished

by the use of multichannel strip chart recorders,

which permit real time examination of the quality

of all signals as they flow through the system.

One channel of the chart recorder is allocated to

each transducer. The selector switch enables the
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tracing of each signal through the data process-

ing circuits and as an input to, and output from,

the analog tape recorder. If chart recorders

with sufficient channel capacity are available,

then the selector switch may be eliminated. The

1 kHz oscillator is monitored with a switched

speaker. The digital circuitry will be monitored

with indicator lights.
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5.4.2 Analog Recording System

A 14-channel analog magnetic tape recorder will re-

cord the necessary data for four traffic lanes; 3 channels

per lane = 12 channels plus one common reference channel

plus one spare channel. By recording data for all lanes

on one tape, or at least with a common time base, the

multilane traffic alignment correlations are simplified

for the computer processing required to uncouple lane-to-

lane load deflections.

The data channels for each lane are:

No. 1 - Time sequential pulses indicating time of

arrival; vehicle velocity data; number of

axles and axle spacing.

No. 2 - (Inverse) amplification factor profile,

derived by dividing the filtered output

from the dynamic load transducer (the

crawl response) by the raw output from

the same transducer (the bridge dynamic

response) . This transducer is located

at the center of the beam closest to the

lane centerline, or the outside beam for

an exterior lane. See Section 5.2.1.

No. 3 - Weight data profile. This profile is de-

rived by summing the output from each of

the 3 transducers located at each end of

the three beams closest to the lane. The

shear measured by these transducers will

provide weight data as discussed in Sec-

tion 4.3.2.

Figure 2 4 is an elementary block diagram of the

Analog Recording System. The method for deriving the

arrival time and for starting and stopping the recorder

are shown together with the filtering and arithmetic

processing of the transducer outputs.
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5.4.2.1 Data Conversion

A means of extracting the continuous analog data from

the on-site recorders and converting and recording this data

in digital form on a digital magnetic tape is required be-

fore any digital computer processing can occur. Previous

timing estimates indicate that a 64:1 playback speedup can

be used with a moderate speed A/D converter to provide 150

data points of each parameter desired (weight data profile

and amplification factor profile) . Since this capacity must

be repeated for each lane of traffic across the bridge,

either a speedup in conversion speed and digital recording

data rate or a replay of the analog tape for each lane of

data stored is required.

By repeating the conversion process on a per lane

basis, commercially available converters and recording equip-

ment, sized for one lane can be used at the cost of playing

back the tapes a number of times . Now the speedup in con-

version is reduced by a factor of 64/ (no. of lanes) which is

nominally 32:1 for a two lane bridge and 16:1 for a four

lane bridge. Computer utilization in data reduction is

increased because of the necessity of searching the tape for

simultaneous multilane events to enable correlation and

elimination of the lane-to-lane cross coupling.

Figures 25 and 26 are two alternate methods for A/D

conversion of the analog data and recording the digital data

on tape in a lane sequential basis. The data reduction

computer can store this data for subsequent correlation of

simultaneous multilane events with considerably simpler

programming.

Figure 26 is a hardware logic type of implementation

whereas Figure 25 is a micro-controlled data bus architecture

type of implementation. By use of micro-controller and micro-

processing components the actual logic can be developed and
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modified through computer programming techniques, thereby

reducing costs and providing a more flexible system.

5.4.2.2 Analog Recorder Run Logic

No data is required for vehicles weighing less

than 2000 lbs. The recorder will therefore not run when

only such vehicles are on the bridge. Since such vehicles

have a short wheelbase, assumed as 8 ft. (2.44 m) at the

present, these vehicles will be screened on the basis of

this value, see Section 5.4.1-I-(4). If two positive

pulses are received from velocity tube #1 before the nega-

tive pulse is received from velocity tube #2, the discrimi-

nator circuit will input to the recorder run logic circuitry

to turn the recorder off. The recorder will continue run-

ning only for other vehicles on the bridge. The following

rules will guide the operation of the analog recorder.

o Start recorder whenever a vehicle crosses the

entrance tube.

o Maintain recorder operation if wheel base >8'-0".

o Run recorder as long as such a vehicle is on the

bridge.

o Stop recorder when the last such vehicle exits

the bridge, as indicated by exit tubes.

o Vehicles can change lanes on bridge.

o Vehicles can pass on bridge.

o Vehicles can not back up after entering bridge.

5.4.3 On-Line Digital Recording System

The recording of traffic and load sensor data in

digital form requires an instrumentation of transducers sim-

ilar to that used for the analog recording scheme and an

analog-to-digital conversion system similar to that used to

convert the recorded analog data. The major differences

are the bypassing of the analog recorder and the direct on-

line conversion of sensor signals to digital form before

recording.
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This eliminates the errors contributed by the analog tape

recorder and the complexity of the two step analog record-

playback process. The analog recorder is retained however,

as a back-up method for retaining data should a malfunction

occur in the A/D conversion or recording processes. In the

balance of this section, all reference to "recorder" that

follows should be understood to refer to the digital record-

er.

The conversion of sensor data in real time requires

an intermediate storage facility and control interface for

recording the traffic and load data stream associated with

one or more events. Otherwise, the slow word transfer rate

to the digital recorder will result in a gross inefficiency

of digital tape usage. By storing the complete extent data

in a semiconductor random access memory (RAM) device, an

efficient block transfer of 300 to 500 data words to the

tape recorder is achieved. This method is expanded to

collect data from all lanes by means of a multiplexer inter-

face between each lane's sensor-converter instrumentation

and the digital recorder. Digital recording of traffic and

load data is described below: (See Figure 23.)

A. Single Truck Event in Lane

1. Recorder is run only when lane-event memory buffer

in completed.

2. Lane converter-storage cycle is initiated by entrance

tube pulse.

3. Block header identification code and lane number is

stored in address No. 1.

4. Time of arrival is stored in address No. 2.

(LSB = 1/32 sec.)

5. Entrance velocity counter (number of 1 KHz pulses

between first pulse from Tube 1 and first pulse from

Tube 2) contents are stored in address No. 3.
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6.

7.

8.

9.

10.

Axle counter (number of pulses from Tube 1 while In-

ductive Loop gate signal is active) contents are

stored in address No. 4.

Each axle spacing counter (number of 1 KHz pulses

between each pulse from Tube 1 while inductive loop

gate is active) contents are stored in addresses

No. 5, No. 6, No. 7, and No. 8.

Entrance velocity counter is gated into sequence

controller logic to adjust A/D converter and multi-

plexer rate for approximately 300 conversions during

the traverse of the span.

Multiplex is sequenced to interleave (alternately

feed) amplification factor profile signals and

weight data profile signals to A/D converter.

Output of A/D converter is stored in memory. Address

controller is indexed so that the sequence of midspan

gage data is stored in odd contiguous addresses and

the sequence of end-span gage data is stored in the

alternating even contiguous addresses using the

following logic:

Conversion No. MUX Setting
Memory
Address

Register Logic
A B

1

2

3

4

•

•

299
300

Mid-Span
End-Span
Mid-Span
End-Span

Mid-Span
End-Span

11
12
13
14

309
310

11
11
13
13

309
309

1

1

1

10a. Register A is initialized to 11 and is incremented

by +2 every other conversion.

Register B is set to when MUX is set for Mid-Span

and set to +1 when MUX is set for End-Span.

Memory Address is sum of Registers A and B.
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11. Conversion data is stored in the above manner until

address 500 is reached or the exit tube pulses are

detected - for constant velocity vehicles this should

occur at approximately address 310.

12. End of conversion data code is written into next ad-

dress (A+B+l)

.

13. When the address control reaches address 500 of the

storage memory, a memory buffer READY pulse is initia-

ted to start the digital recorder and transfer the

event data in a block.

14. The recorder channel multiplexer honors the lane data

transfer request when the recorder is not busy. It

holds the request in queue if the recorder is busy.

15. The recorder will read the memory up to address A+B+2.

If the memory buffer contains 500 words, this will

take approximately 10 milliseconds for a recorder data

rate of 48,000 words/sec. Therefore the lane converter

recycle for the next traffic event must wait at least

10 milliseconds for each lane converter in the ready

queue. Normally, this will not cause loss of data

since a truck will travel only 1 foot in 10 ms at 6 8

mph, should another truck enter the span as the ob-

served truck exits.

B. Multiple Truck Event in Same Lane

1. For a second vehicle entering the span before the first

one exits, a composite load effect will be recorded.

In order to capture the total data stream, the control

logic will add the number of entrance pulses and sub-

tract the number of exit pulses to establish the

presence of a vehicle, rather than stop the conversion

process after the exit pulse as in step A-ll. Now

additional memory is required to preserve continuous

traffic and load data. By adding a second memory block
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of 512 words, data can be stored and transferred to

the recorder in ping-pong fashion until all traffic

clears the bridge span.

2. Appropriate modification to address logic can be design-

ed to store each entering truck's velocity data and axle

spacing data.

3. Appropriate interface control logic can be designed to

transfer continuous lane data to the recorder.

4. Additional time out logic is required to protect a busy

lane (or a missed exit pulse) from locking out other

converter channels from gaining access to the recorder.

This also protects the recorder from being run under

abnormal traffic conditions.
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5. 5 Data Reduction

Because the memory required for simultaneous multi-

lane correlation is greater than available in present mini-

computers, as indicated in Section 5.4.1-(H), it is assumed

that data reduction will be performed on a larger central

digital computer. Descriptions of the program and operations

are given below. The flow chart is given in Figure 28.

5.5.1 Computer Program

The computer program can be divided into the follow-

ing functional categories:

A. Executive or Control Program : To allocate com-

puter resources, schedule various tasks, communi-

cate with peripheral devices, process interrupts

according to allocated priorities and monitor the

data processing flow either alone or in conjunc-

tion with an operating system if the data reduc-

tion is run in a large EDP environment.

B. Task Programs : The major logical and processing

functions performed on the raw event data are

broken into modules which are linked and sched-

uled by the executive program. These task

modules consist of related routines, sub routines,

local data base and scratch pad.

C. Common Data Base : Key parameters for the bridge

and instrumentation system. Special initializa-

tion data sub routines callable and used by more

than one task module and the calibration event

data are stored in on-line (resident) memory

areas which can be accessed by the various task

modules.

D. Data Files : The raw event data read in from mag-

netic tape, the tables of pointers used to locate,

coordinate and correlate the event data such as a
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ENTRANCE 3

READ 100 EVENT
BLOCKS FROM TAPE

I
ESTABLISH EVENT

FILE ^LOCATION OF
START OF VARIABLE
LENGTH BLOCKS

ADJUST COUNT LIMIT TO
l,N H IN CASE TAPE CONTAINS
LESS THAN 10 EVENTS
(END OF TAPE)

SET EVENT COUNT TO 1

I
FILE ARRIVAL
TIME POINTERS

I
DETERMINE: VELOCITY

NO. OF AXLES
AXLE SPACING

STORE IN EVENT FILE

I
IDENTIFY TRUCK TYPE
STORE IN EVENT FILE

I
PERFORM REASONABLENESS

TESTS ON LOAD DATA
&

EDIT WILD POINTS

I
ADD 1 TO EVENT COUNT

DUE TO VARIABLE
RECORD BLOCK LENGTHS

VELOCITY =

VEL. TUBE SPACE
COUNT

AXLE SPACING =

COUNT

x 1000

VEL x
1000

COMPARE NO. OF AXLES
& SPACING TO DATA BASE

Figure 28 - Data Reduction Flow Chart
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1

1

DO THE FOLLOWING FOR 90 EVENTS STORED BETWEEN EVENT 5 AND 95

SEARCH ARRIVAL TIME FILE FOR
CONCURRENT EVENTS IN SAME

AND ADJACENT LANES

y.

COMPENSATE LOAD DATA FOR
ADJACENT LANE COUPLING.

TAG CONCURRENT EVENTS FOR
DATA ALREADY DECOUPLED

V

UNCOUPLE LOAD DATA FOR
OTHER VEHICLES IN SAME LANE

CONCURRENTLY. TAG ALL
EVENTS ISOLATED AS ALREADY

ISOLATED.

COMPARE ARRIVAL TIMES
AS A FUNCTION OF
VELOCITIES

USE CALIBRATION COUP-
LING FACTORS AND LANE
ALIGNMENT. APPLY SI-
MULTANEOUS EQUATIONS.

USE UNMERGING ROUTINE
FOR BEST DATA FITS.

7
DO THE FOLLOWING FOR ALL EVENTS STORED.

SCREEN ALL END GAGE RECORDS
FOR CHARACTERISTIC LOAD

PATTERN

DETERMINE GROSS WEIGHT BY
LOCATING PEAK PLATEAU AND
SCALING TO CALIBRATION DATA

G

COMPARE DATA POINTS TO
DATA BASE PATTERNS FOR
TRUCK TYPE IDENTIFIED.

STORE ALL PLATEAU
VALUES. IDENTIFY NON-
CONFORMING DATA PAT-
TERNS AND BYPASS
WEIGHT CALCULATIONS.

FIGURE 28 - Data Reduction Flow Chart (cont.

)
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CLASSIFY EVENTS FOR 2001 LBS.
TO 10,000 LBS., AND GREATER

THAN 10,000 LBS. IN EVENT FILE

T
DO THE FOLLOWING FOR ALL EVENTS CLASSIFIED AS GREATER THAN
10,000 LBS.

DETERMINE AXLE WEIGHTS FROM END
GAGE DATA POINTS BY SCALING

ALL PLATEAUS TO CALIBRATION DATA

SEARCH FOR PEAK DYNAMIC
AMPLIFICATION FACTOR

I
DETERMINE DYNAMIC LOADS

FOR AXLES

DETERMINE HEADWAY FOR ALL
EVENTS

FORMAT EVENT FILE FOR
ALL EVENTS

Lane
Truck Type
Arrival Time
Headway
Velocity
Axle Spacing
Gross Weight if over
10,000 lbs.
Axle Weight if over
10,000 lbs.
Dynamic load if axle
weight is over 10,000 lbs

USE SHEAR LOAD
FORMULAS AND CHECKS

DYNAMIC LOAD EQUATED
TO EQUIVALENT STATIC
LOAD. TEST VALUE -

SHOULD BE GREATER
THAN 1.0.

APPLY AMPLIFICATION
FACTOR TO STATIC AXLE
WEIGHTS DETERMINED
ABOVE

.

SEARCH ARRIVAL TIME
FILE AND SUBTRACT
SEQUENTIAL ARRIVAL
TIMES FOR EACH LANE
EVENT

.

FIGURE 28 - Data Reduction Flow Chart (cont.)
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STORE EVENT FILE ON
TAPE OR DISK

I
STORE ALL ADJUSTED AND

VALIDATED LOAD PROFILES
WITH APPROPRIATE CROSS INDEX

EVENT NO. TO EVENT FILE

FILE MANAGEMENT SYSTEMS
ESTABLISHES SPOOLING OF
PROCESSED EVENT FILE (USED
FOR STATISTICAL SUMMARIZA-
TION)

USED FOR INPUTS TO STRUC-
TURAL STRESS PROGRAMS

Figure 28 - Data Reduction Flow Chart (cont.)
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file of pointers to locate the arrival time of

each event, or processed event data required for

output

.

5.5.2 Calibration Data

The calibration data provides a means to verify the

operability of the instrumentation system and the data proces-

sing system as well as provide the translation of strain gage

outputs into actual load information. This can be accom-

plished by reading the calibration runs as event data after

the program load, initialization and storage of the calibra-

tion data in the common data base. In this case, the data

reduction program should be able to accept the calibration

event data, recognize the strain gage patterns, scale the

loads and output the actual calibration run weights, veloci-

ties, truck type and axle data all within the accuracy of

the data processing system.

The calibration data is obtained under a controlled

bridge environment.

A. No major traffic is present to add to the strain

gage deflection readings.

B. Crawl speed runs are made to eliminate dynamic

load deflections from the gage scale factor

determination

.

C. Load distribution between lanes is obtained for

evaluation of the cross coupling coefficients of

the multi-lane traffic load equations.

5.5.3 Load Profiles

The mid-span deflection data and the end-span load

data are stored as a sequence of sampled data points. These

points define the amplification factor and weight data

profiles caused by the traffic events in traversing the

span. When traffic occurs in more than one lane at a time

or if the lane roadway is such that more
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than one vehicle is on an instrumented span, the load pro-

files will not conform to the standard patterns produced by

the bridge structure for singular events. Hence, the cross

coupling coefficients, determined by the adjacent lane data

during a calibration run, are used to compensate the lane

data points for multilane traffic. This is done by solving

sets of simultaneous equations which equate the gage outputs

to the sum of the contributing lane loads. Since the multi-

lane traffic will be randomly spaced along the span and

travelling at different velocities, the exact time of

arrival and the velocity for each load producing vehicle

must be used to rescale the cross coupling coefficient by

the calculated offset distance between the lane load of

interest (this event) and the other influences.

Once the load profiles are compensated for multi-

lane cross couplings, the analysis and data reduction can

proceed. The compensated load profiles and raw singular

event data must be screened for reasonableness. Wild data

points are edited out and replaced by interpolated data.
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5, 6 Procedures

5.6.1 Calibration Operations

It is assumed that the bridge has been selected, and

that the instrumentation van has been parked at the desired

location; 60 Hz power is available at the equipment, either

through local power lines or via engine-generator set; all

transducers have been installed, including an extra dynamic

load transducer on the exterior (fascia) beams of outside

lanes.

A. Power is turned on and the electronics system is

allowed to reach equilibrium. Except for the

recorders, all equipment runs continuously while

data is being taken.

B. The time of day and bridge length are set into the

system.

C. The transducers are zeroed.

D. The calibration truck is run across the bridge in

all lanes.

(1) The operation of all transducers is verified,

and adjusted as necessary.

(2) The dynamic load transducers giving the high-

est readings are connected to the appropriate

circuitry via a patch board. See Section

5.2.1.

E. The calibration truck is operated over all lanes

again, and the readings taken by the system are

recorded as calibration inputs.

5.6.2 Traffic Data Acquisition

A. As the vehicle crosses the entrance tube, a start

signal is sent to the analog recorder via the re-

corder run logic circuitry.
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B. The vehicle then crosses the velocity tubes. If a

greater than 2000 lb. vehicle wheelbase - longer

than 8 ft, C2.43 m) - crosses the velocity tubes,

the resulting electrical pulses, one positive (#1)

and one negative (#2) , are shaped by the pulse

shaping circuitry and recorded. In the data pro-

cessing and data reduction phases, having the 1 kHz

count between the pulses from the velocity tubes

#1 and #2, and knowing the distance between these

tubes, the velocity is easily calculated.

If a less than 2000 lb. vehicle, - wheelbase

less than 8 ft. (2.43 m) - crosses the velocity

tubes, then two positive pulses will be received

from tube #1 before the negative pulse from tube

#2 is received. The discriminator circuit will

implement the recorder run logic to turn the

analog recorder off, unless a larger vehicle is

on the bridge. The two positive pulses which will

have been recorded will be disregarded in the data

processing phase.

C. The vehicle enters the inductive loop field, which

energizes the solenoid or transistor switch in the

loop detector, completing an electrical circuit.

When the vehicle leaves the loop, the circuit is

opened, and the voltage pulse goes to zero. The

trailing edge of the pulse implements the time-of-

day encoder, and the ensuing time-of-day coded

pulses are recorded, marking the passage of the

vehicle.

D. While the vehicle is in the inductive loop field,

the balance of the vehicle wheels pass over the

#1 and #2 velocity tubes, giving rise to a train

of velocity tube pulses, one for each axle. The

128



positive pulses only are counted to give the axle

count
r
and in the data reduction phase, having

the 1 Hz count between each of the wheel pulses,

and now knowing the velocity, the wheel spacing

is determined by a simple algorithm.

E. After the front wheel passes over velocity tube #2,

if the vehicle is over 8 ft. (2.43 m) in length

as determined by the discriminator circuit, a

calibration reading is obtained automatically from

the transducers to establish a zero reference. In

the data reduction, calculations are based on ex-

cursions from the zero reference. This procedure

compensates for any temperature drift in the

transducers or the bridge.

F. When the vehicle enters the bridge the outputs

from the shear strain and bending strain trans-

ducers are processed as previously described.

G. When the vehicle leaves the bridge, the pulses

from the exit tube implement the analog recorder

run logic circuitry, and the recorder stops, un-

less vehicles greater than 8 ft. (2.43 m) long

are on the bridge. The recorder run logic cir-

cuitry keeps the recorder running until no ve-

hicles are on the bridge.

H. During the calibration and traffic data gathering

phases, a trained technician perioidically monitors

transducer and equipment operation. Unusual cir-

cumstances with bridge traffic are noted so that

computer output anomalies may be understood.

5. 7 Other Bridge Designs

In Section 1.5, it was stated that this study would

be limited to simple span, right (non-skewed) structures, so
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that the feasibility aspects would not be obscured by un-

necessary complexity. The effects of continuous span and

skewed bridge design on the concept will now be examined.

5.7.1 Continuous Span Bridges

One of the end spans of a continuous span bridge

could be instrumented to provide weight data in accordance

with the single ended approach discussed in Section 4.3.1.

The double ended approach is inapplicable because the re-

action between the end and center spans is reduced by the

moment in the beam above. It would be possible to monitor

the position of a vehicle as it traverses the bridge away

from the center reaction , and thus knowing the moment, com-

pensate for the reduction of reaction. This, however,

introduces additional position sensors and complexity. The

single ended approach offers more promise of applicability.

5.7.2 Skew Bridges

There is no apparent reason why the double ended

approach could not be applied to a skew bridge. The fact

that the transducers on the ends of the three beams lateral-

ly nearest the center of the lane are added, compensates

for the differences in reaction seen by the outside beams

of the trio. Errors will be introduced by the amount of

the displacement of the beam trio from the center line of

the lane. These would have to be evaluated individually

for each bridge.

5. 8 System Characteristics

The characteristics of the system proposed under

this study are listed in Table 10. Inasmuch as all the

systems discussed in this study have essentially the same

complement, accuracy is given for the preferred system -

the direct digital recording system. If the analog unit

is selected as the prime recorder, or if the data from
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this machine in the back-up mode is used, the additional

error introducted thereby is listed as a separate item.

Table 10 System Characteristics

Items Comments

Accuracy

Accuracy

Operation

Constraining
Features

Maintenance

Direct Digital Recorder: 4.0%

When Analog Recorded Data is Used: 2.0% Add'l.

This system provides simple operational
requirements and requires simple arith-
metic algorithms to achieve deterministic
results. It may be possible to simplify
the system even further if the test plan
recommendation in Section 6.2 is imple-
mented.

There are no constraining features other
than those discussed in Section 5.7.
Accuracy will be enhanced however, if
the vehicle enters and travels smoothly
on the bridge. This requires that the
approach to the bridge and the bridge
deck be relatively smooth, and that
these contain no abrupt discontinuities
to excite the vehicle suspension system.

It is expected that minimum maintenance
will be required. All the data proces-
sing circuitry will be solid state or
integrated circuit design. The relia-
bility of these devices is well known.
With the use of the LVDT, it is expected
that the reliability of the strain trans-
ducers would be at least an order of
magnitude greater than electric resist-
ance strain gages.
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

6.

1

Conclusions

As a result of this study, it is concluded that gross

vehicle weights , axle weights, and the dynamic loads of

moving vehicles can be determined using slab and beam highway

bridges together with the appropriate transducers and in-

strumentation system. The procedures and calculations are

straightforward, resulting in deterministic values for the

weights and loads. Using the recommended techniques and

equipment, large volumes of data can be acquired and pro-

cessed with efficient computer usage for data reduction.

The traffic pattern data objectives of this study can

also be acquired, using conventional traffic transducers

and the load instrumentation system. Developments in vehicle

detectors now being pursued under the direction of the FHWA,

if successful, may serve to reduce the installation time

associated with the vehicle detector recommended by this study.

The amplification factor and associated dynamic loads,

determined by measurement of their effects on the bridge

structure, will be satisfactory for use in the design of

other bridge structures. However, the values should not be

taken as necessarily applicable to bridge decks, as no attempt

was made to correlate the dynamic load seen by the bridge

structure with the instantaneous wheel forces under the mov-

ing vehicle.

6.

2

Recommendations

It is recommended that the Digital Recorder System

shown in simplified form in Figures 21 and 23 be selected
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when the Data Acquisition and Recording System is implemented.

It is further recommended when the instrumentation

system, acquisition is implemented, that the first phase be

a test program to optimize the approach recommended in this

study. It is not necessary that the complete recommended

system be tested, as the implementation of the A/D conversion

and digital recording functions is a straightforward design

problem and involves no particular advances in the state of

the art.

However, with no known available field experience

with filtering of bridge shear reaction signals and with

processing of this data to compensate for the effect of

lateral vehicle drift within the traffic lane, it seems

prudent to obtain such experience before committing to

complete system procurement and computer programming. During

this test period, the operation of the traffic data trans-

ducers can be tested. The possibility of using load trans-

ducer data to reduce the traffic transducer complement can

also be explored at this time. In this way, the overall

system performance and development costs may be optimized.

6.2.1 Test Plan

The minimum effort seen as necessary to implement the

test plan is:

A - Procure transducers and necessary signal

conditioning equipment.

B - Design and procure or fabricate the filters

and the circuitry for the traffic trans-

ducers and the preprocessing of load data.

C - Install this equipment in the FWHA in-

strumentation trailer, so that available

strip chart recorders may be utilized.

D - Select a bridge to conduct tests.
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E - After the transducers are installed,

operate the test truck with no other ve-

hicles on the bridge, making runs on all

lanes, and recording data from all trans-

ducers.

F - Analyze this data, and make such equipment

modifications as necessary to improve per-

formance. In addition to study of the

expected operation of the equipment, the

analysis should include determination of:

o cross coupling effects. It is anticipated

that cross coupling may be negligible in

reaction shear response. If so, the

computer program module for static weight

calculations could be considerably simpler.

No such reduction is anticipated for the

dynamic load transducers.

o vehicle detection by filtered shear re-

action weight signals. This is highly possi-

ble and may permit deletion of the inductive

loop vehicle detector and its installation

problem.

G - Remove the reaction shear transducers from

all beams except the beam nearest the center

of each lane, and operate the test vehicle,

e.g. of load away from vehicle center, several

times in each lane, varying its distance a

constant value from and on each side of the

center line of the lane.

o If the test data shows an insignificant

effect when the vehicle changes its posi-

tion laterally within the lane, then the
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complement of static load transducers

and associated signal conditions may be

reduced to 1/3, and the adder circuitry

simplified.
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APPENDIX A

TABULATION OF DETECTORS

PRACTICABLE FOR

HIGHWAY SURVEILLANCE AND CONTROL

This appendix reproduces data researched from many sources
and tabulated in Reference 29. This data is applicable to
the transducers for the traffic data required for this study.
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APPENDIX A

TABULATION OF DETECTORS PRACTICABLE FOR

HIGHWAY SURVEILLANCE AND CONTROL

Types of traffic detectors have been under intensive

study in recent years, and the results of these studies are

summarized in Reference 29, Table 16. Although the end use

of the detector is different for this study than for Refer-

ence 29, the data contained therein is entirely applicable.

For this reason, Table 16 of Reference 29 is reproduced in

its entirety in this appendix.

140



£3

I
E
T3
e
a.
a.
<

3
ft.

§£

S

e
8

9

k.

a
8

I

o
s

e « 2
bO • u iS

si -2 •*- ? C
5 = sii

aj
1 si

o u a ja >
O

T3

a ado
S .2 »> >
3 Si = -"

1 S.2 |d « .- c
"S-d 3 = u

o O *^:

o a g o O
:«|- s .1 -j =5

o ^ n U o 3 °>
"0 O C — O to =

£

o -2 S£ a
i a a a ->i

!U > 2 —a ** ~ s
<D o

a o
~-j aa_
x —
o _
a) "5

° IS

U 0> u o

51

a

-5

a

3
•a

o—

>

a
3

>

03

S3

09
O
B

3

|

d
'3

3
a

d
3

0)

&)

a
a

a

-3

0
a
a

o
c

d

5
>
—

u
a a **- d — A C3 s u H S

a j ._

>4_ W

,2 d .2

«< N

a

>

5

=

!

"3 * « £
1! s'lM 5* -

68 01 a 03 « T? C
£ 2 c - .2 -g. c3 a 2 oi ^> bO 3

5 ss .- £

d "
£ "m*

5 d = S
— 3 ~ a
s - 2 =
O a 3 *->

i • a •

3*3 a - => a o
_ *a d 5 r- O O
gE-Qi. e-a 3

S«a3g"SSo
^ "O 0! o '- CJ 0) cSq,

| J.2 .8 3 3 «03 *0

2

o 3
i d

d
O

i o
Q

o ».

d e 3 g .s

otifc
03 o

s

"

d

.S 2 2 o c—
• *— a.* •- O

~ d^ o

= ^2 >

£

i °

o. 2

2 c S

5 =i

c i d a

S 2

d 2 ^ 2>, o t

« d ?? ?

> 3 a 5 -S* c
-3 _> ^

5"s

<a .2 "g 5 -o
> -2

= 2 _
i

« "3 a °
^ g S>5
5 2 « «S *• _ o
•— • a 4>
rfs j: a j=
«» •»» 3 a

a
d o
O "5

i. K J
-C d d ^
s o « to

? J3 t. 3
o "o i
d d e

<u ^
° 1-

O) r- v= = —
o u .2

=J°S2>S=ft>
§55-?

a w
o -a

*: £ -
.s > =
3 O 3
« m O
S J E

3 *>
4) 60
3 a

da O a

ft. v

•o S E
-j v a

S SC d
V o

3

13
CO

141



Si

S
32
8-

rs 3< o a

* e 5> o O •» & to o
to

I
s
•n

2aa
«!

§
•o s

js v a
s s> o

3 a
O j2

as

C

B

>

d

c .2 .

S ic o "a

— 2 «

u -o

c o
3

« m

5

1

s

*

a, w n w <-

a

8 1*S
S3" a g.«o

«» *> oi a S
ftgl-o

*

S •- E « io .

g c «i .5. . o
.2 •- s >. "o — .a3 c u o a . »

So
= c

o

B
3

E
d

W

c a o

a o
E c

B a> •

C HI C

. o *-

'

% « m

V
t -*'

c E -3

2 o c 2
ft-o *»--

!
8 s E *

I o 1) » •

•
ft B oi c ,

H

5- ---^
fc<
—

E —
2 >- O
E o id ^.

> c U
"S .2 —
Ji

ft™
2 = 2£ i" B

.2 c
o g

tf W w

a .5
o _3 o
g -B 0]C O

»T) » j

« i. i» O J3

ft 2

* 5 S

u a -o

<» .a

3 - .2
u d o

~ *» o
Q

>

5

n b£)

a
a

>

41
OS

3
a

m 3 01

E
na

a
oi -a OJ

ci > 5.
n c

«,'

5
P.

E
^ E

El 5 5ff

•S « g E is g
o £ jsfl 03
"*

-S v a S la *
• 2 » 5 •* d sa Si ° to T) ™ *

E *•"£

•« _ & _ oOS'S a
«% 3 3 3 g>

ft N _ 3 V
JS 5 2 ^•c ft ^
d
•3 S3 " "Z ft >:
10 3 d g O^ Plogo

>> <U — 0J
*» *S •«

5.3

S a 2 o g o

o ^ "2 d « g »

ww

s,

O
o
"S.

•s
a
•c
ft 'i

I

» 5

£ "O m
•3. a .

<* d ©
O ^ L.

a a 3
« O M
d B K

o

d •- s a i
S co 3 .-S "3 "K

•2 5 - | ° -2

UN'S
•>, to as

E 3-S

^ a c > 3 d e
S b b o d a •

"" 3
" 23 £y OJ

So 3
d ea

JS CO
O d
3 £

3 *5

3 a
>>o
3 O
3 rt
d ^3
a d
o "-'

0) 3a
fc. o

u -A •
O o 60° 3 3
60-O d
3 S -3
•s-= «
d a) d» J3
o ** d
E MI.C

.5
**

o o mM t- 0>

• So
js o a

3 3& Si

r>
da
d

4 8

ft «

3
I
a

3 d

?!
«-. 3

a

a*o

3 •
3 b
a -->

142



I

.a.

i

i

a
I

1
s
T3

saa
<

a
o

31
S3

As

above

$350-1500

s
a
9
a. As

above

$200

8
to
3
•*»

c
a
>

I

s
bed

vehicles

are

counted.

As

1-3,

5-7

above,

but

in

addition:

1.

A

number

of

Bclf-

tuning

detectors

located

in

the

same

controller

cabinet

have

been

known

to

interfere

with

one

another,

indicating

importance

of

case

shielding

and

cable

coupling.

2.

Response

time

may

bo

slower

than

with

fixed

tunled

ones.

1.

Poorly

defined

detec-

tion

zone

that

may

necessitate

more

than

one

sensing

head.

2.

Will

double

count

some

vehicles

due

to

magnetic

mate-

rial

distribution

within

the

vehicle

(or

may

miss

close-

following

vehicles

if

adjusted

for

this).

3.

Subject

to

electromag-

netic

interference

if

not

compensated.

s
SP
40
a
OS

>

><

3.

Relatively

insensitive

to

weather

conditions.

As

above,

but

in

addition:

1.

No

initial

or

periodic

calibration

re-

quired.

1.

Relatively

inexpensive

to

install.

2.

Unaffected

by

weather

conditions.

3.

Docs

not

produce

any

radiation.

c

tW

1

o
!§•
"3

c
'C in

resonant

frequency,

impedance,

amplitude

or

phase

shift

is

de-

tected

and

transmitted

to

amplifying

or

relay-

ing

circuit.

1-4

turns

of

insulated

wire

in-

stalled

in

slot

in

pave-

ment

and

covered

by

hot

asphalt

mix.

Passage

of

vehicle

dis-

turbs

vertical

com-

ponent

of

earth's

mag-

netic

field,

thereby

in-

ducing

a

voltage

in

a

coil

placed

beneath

the

pavement.

>>

s
ata
«S
CI

*»
a
O
E
S
s
09
S)
V
s

2 J5

» to
s c M

J

O a
M M

a
aw

h !

™ 2
>. a
Eh «

M M

Pas- sage/ count K M

u
s
o
u
41

a
(b)

Self-tuning.

0.

Magnetic:

(o)

Magnetom-

eter

143



S3
•3
O
o
o
a

£
°E
o
hiaa
<

a
o

5 .2

CO

e
5
a*

s
d
O
fat

9
PL,

g

n
o
bC
cs

"c
OS

>

aw

3

4.

Are

not

very

suitable

where

ferrous

material

is

present

(e.g.,

bridge

decks).

1.

May

be

unstable

due

to

instability

of

orthogonal

coils

in

pavement

surface.

1.

Counts

axles

result-

ing

in

poor

vehicle

count

accuracy.

2.

Cannot

measure

presence.

3.

Affected

by

bad

weather

conditions.

4.

Excessive

disruption

of

traffic

during

installation.

6.

Difficulty

in

resur-

facing

roads.

6.

Subject

to

mechanical

failure.

1.

Counts

axles,

hence

poor

vehicle

count.

2.

Needs

replacement

every

few

months.

3.

Adversely

affected

by

bad

weather.

1.

As

1,

2,

and

3
in

8

above.

2.

More

complex

than

pneumatic

detectors

with

little

ad-

vantage.

a
a>
bO
cs
•*»

oS

>
"O
<

1.

May

be

used

to

obtain

vehicle

classifications.

1.

Well-defined

sensing

zone.

2.

Simple

and

rugged.

3.

Can

be

used

to

give

one-directional

counts

only.

4.

Reliable.

6.

Cheap.

6.

Detects

all

moving

vehicles

(Other

passage

detectors

have

minimum

speed

of-

about

3
mph.)

1.

Cheap,

easy

to

install

for

tempor-

ary

use.

2.

Can

measure

speed

if

used

in

pairs.

a
_o

OS
fatVa
o

£
"jL
'3
_c
'5

Vehicle

passage

disturbs

magnetic

field

gener-

ated

by

emitter

coil

and

is

sensed

by

a

second

orthogonal

coil.

Tire

pressure

causes

two

metallic

contacts

to

close,

completing

a

circuit

so

that

an

electronic

effect

is

transmitted

to

a

relay

circuit.

Tire

pressure

causes

air

pulse

in

rubber

tube

to

move

metal

dia-

phragm

completing

circuit.

As

8

above,

only

tube

is

liquid-filled

and

liquid

movement

may

be

detected

photo-

electrically.

£
2
os

a
0]
e

a
o
£

3
3

a> ,a

s bO
9 a
Of JS

3
a

si
•0

&
CO

! ! K K

m
J ! !

Pas- sage/ count KM M K

*»

«
Q

(6)

Magnetic

coupling

7.

Treadle

8.

Pneumatic.

T
.

9.

Hydraulic

144



APPENDIX B

SHEAR CRAWL RESPONSE OF SIMPLE SPAN BRIDGE

TO A THREE-AXLE VEHICLE

REFERENCED TO THE FAR END OF BRIDGE

This appendix contains the derivation of the equations
for determining static axle weights from the shear crawl
response curve as determined from instruments located at
the remote end of the bridge.
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SHEAR CRAWL RESPONSE OF SIMPLE SPAN BRIDGE

TO A THREE-AXLE VEHICLE

REFERENCED TO THE FAR END OF BRIDGE

X=Vt

DIRECTION OF

MOTION

X=0 WHEN t =0

Figure B-l - Loading Diagram - Three Wheel Vehicle
on Simple Span Bridge

Figure 16 a history of the shear at the remote end

of the bridge as a function of time, was prepared by super-

positioning the individual influence lines of each of the

axle weights of the vehicle. The dark solid line represents

the composite values. The equations for the slope of the

various sections of the plot are derived below.
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Notation:
AR

Rl
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m
2
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3
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4
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4
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m
4

=
A ^ for interval (3)->(4), L<x<L+a
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_> Atr

D

F = weight of front axle

D = weight of driver axle

L = bridge length

T = weight of trailer axle

V = vehicle velocity

a = distance between front and driver axles

b = distance between driver and trailer axles

Referring to Figure 16, for the interval (0) to (1), when x = a,

and not allowing for filter lag and tire print
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(D+F) = m
2 (^) (B-2)
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APPENDIX C

SHEAR CRAWL RESPONSE OF SIMPLE SPAN BRIDGE

TO A THREE-AXLE VEHICLE

REFERENCED TO THE NEAR END OF BRIDGE

This appendix contains the derivation of the equations
for determining static axle weights from the shear crawl
response curves as determined by instruments located at
the near end of the bridge. The slopes are shown to be
equal but opposite in sign for the same intervals of the
plot shown in Appendix B. When the composites of both
Appendix B and this appendix are superimposed, the resul-
tant third composite has plateaus of constant value
stepped at the values representing combinations of static
axle weights.
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SHEAR CRAWL RESPONSE OF SIMPLE SPAN BRIDGE

TO A THREE-AXLE VEHICLE

REFERENCED TO THE NEAR END OF BRIDGE

X = Vt

Figure C-l - Loading Diagram - Three Wheel
Vehicle on Simple Span Bridge

Figure 17, a history of the shear at the near end

of the bridge as a function of time, was prepared in a

manner similar to Figure 16. The solid line represents

the resultant composite. The shear history at the far end

of bridge is shown on Figure 17 as a dotted line. The

superposition of shear histories at both ends of the bridge

results in the plot drawn in dot and dash lines.

The equations for the slope of the various sections

of the near-end plot are derived below. The notation is

the same as for Appendix B.
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Figure C-2 - Geometry of Influence Lines

From Figure C-2 and Figure 17, for the interval

(0) to (1) , when X = a, and not allowing for filter lag

and tire print,

AR.
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At, LI a
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- -f q.)

V
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L2 ^3-y 2

D(|)+P(|)"

At
9

m
L2 b

z
V

b
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L2 %)

(C-2)
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L-(a+b)
V

m

F(L-(a+b) D(L-(a+b) T(L-(a+b)

L3

m
L3

=-(F+D+T
)

(fj)

L-(a+b)
V

(F+D+T) = -m
L3 (^)

T =-(m
L3

- m
L2 ) (|)

(C-4)

(C-5)

For interval (3) to (4) , when x = L+a

AR
L4

At.
= m

(y
7
+y

8
)

L4
(-)

b(|) + t(^)

(-)

m
L4

= - (D+T) (£)

D+T - -m
L4 {¥

For interval (4) to (5)

AR

when x = L+a+b

L5
At,

= m
L5

T(|)

m
L5

= "T$
T - "m

L5 {¥
D = -(m

L4
- m

L5 )(^)

(C-6)

(C-7)

(C-8)

The filtered responses from the instruments at both

ends of the bridge may be added, since they are essentially

DC. The addition of such signals, the rate of change of

which (the slopes of the time history plot) are negative

with respect to each other between the same intervals, will
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produce constant values between those intervals. The resul-

tant plot, shown on Figure 17, las plateaus at the levels

proportional to the static axle weight as shown:

Level B = K(F)

C = K(F+D)

E = K(F+D+T)

G = K( D+T)

H = K( T)

where K is the overall system constant obtained by cali-

brating the structure and instrumentation system.

These equations are redundant, and can be manipulated

to give two values for each axle weight which can then be

averaged to increase the accuracy of the output, if necessary,

Another approach to viewing this concept is to con-

sider the reactions of a simply loaded bridge when subjected

to a cumulative series of loads, as by axles slowly moving

across the bridge:

(1) As the front axle enters the bridge, the sum

of the left and right reactions equals the

front axle weight.

(2) As the second axle enters the bridge, the sum

of the left and right reactions equals the sum

of the first and second axle weights.

(3) The process will repeat for each succeeding

axle of the vehicle, until the front axle

leaves the bridge.

(4) As the front and each following axle leaves

the bridge, the sum of the left and right

reactions now equals the sum of those axles

still on the bridge.
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APPENDIX D

VALUES OF ACCELERATIONS

FOR A BRIDGE APPROXIMATELY 100 FT. LONG

Estimates are presented for the crawl (static) and dynamic
increment accelerations for a 100 ft. bridge. The variation
in the relationship is also examined for a shorter bridge.
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VALUES OF ACCELERATIONS FOR A BRIDGE

APPROXIMATELY 100 FT. LONG

Acceleration values for crawl deflection and dynamic

increment are calculated for a bridge approximately 100 ft.

long to determine a range of values to be expected. These

calculations are then used in Section 4.4.2 to assess the

practicability of using accelerometers.

Reference 25 and Figure 8, assumed as typical and

close to a 100 ft. (30.5 m) bridge, are used as the source

of data for the calculations in this Appendix.

Bridge length = 97 ft. (29.5 m)

Bridge natural freq. (fundamental) = 2.9 Hz

For vehicle velocity of 41.3 mph (66.5 km/h) =

60.5 ft/sec (18.4 m/sec)

Maximum crawl deflection = 0.37 in.

Maximum dynamic increment = 0.1 in,

2

Acceleration = Aw

For crawl deflection

f =
c

V
2L

60.5
(2) (97)

= .313 Hz

2

A = Amplitude
w = circular freq.
g = accel. of g

= 386 in/sec.

^

f = crawl frequency

fb = bridge natural

, 0.37 x (2tt x .313)
accel, =

frequency

386

For dynamic increment

, 0.1 x (2tt x 2.9)accel = 3^

= .0037 g

= .0855 g
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Ratio of Dynamic Incr. /Crawl Deflection Accel.

.0855
? 9

.0037
J *

For 50 ft. bridge ,

f„ = .313 x |J = .606 Hz

fk = =— = —*-=- = 7.7 Hz (From Figure 13)
ib . ±J

Maximum crawl deflection (estimate) - for

same stress level
2

A
st " °' 37 x (lr )

= ,098 in *

Maximum dynamic increment, approximately

proportional to a, the speed parameter,

fc .313 nr.

aioo = f^= "T79
=

- 108

fc .606 „_„
a50 = f£= -TTJ= -°79

a cn 07Q
DIcn = DI inn x -^- = 0.1 x -^|- = .073"

50 100 o^ioo .108

For crawl deflection

, .___ .098 ,.606 >
2

nnno<raccel = .0037 g x -_ x ( -^-i o )
= -00036 g

For dynamic increment

accel = .0855 g x ^pj x (|^-) = .440 g

Ratio of Dynamic Incr. /Crawl Deflection Accel.

.440

.00036
= 1220
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APPENDIX E

MOMENT AND DEFLECTION AT THE

CENTER OF A BEAM DUE TO A MOVING

LOAD

This appendix derives the equations for moment and deflec-
tion at the center of a beam caused by a load moving from
one end to the center of the beam.
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MOMENT AND DEFLECTION AT THE CENTER OF

A BEAM DUE TO A MOVING LOAD

The amplification factor for the determination of the

dynamic load induced by a vehicle moving across a bridge is

to be processed from parameters measured at the center of

the bridge. Either deflection or strain may be used as the

parameter. In order to select the optimum parameter, equa-

tions for deflection and moment (which is linear with

strain) due to a moving load as seen at the center of the

bridge are derived below.

Ri =P'(^)

X
i-x
2 *

\ i

«*
2

y

Q

2 *«<

EI

EI

EI

A 2
a y _
dx

M

Myx P
(^~X

)

•

d 2y
dx

Px
2

dy _
dx

Px2 +C
4

+C 1

- - p (—
2

* K
2

- x)

, I dywhen x = -~, -=<*-

2 dx

Px
2

(E-l)

= 0, and C-l
= -pr

16
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dx 4 16

EI* - St - fr- (x) + c
:

when x = 0, y = 0, and C~ =

Ely =
3 2Px P£ x

12 16

y =
4It ( 3^ - t5

) (E" 2)

The above equation holds between the limits

Normalizing Equation E-2, and grouping variables,

(E-3)
3

PiT
Y =

48EI

3

The first term of the right side of Equation E-3 is

the well-known formula for the deflection of a simply sup-

ported beam with a concentrated load in the center. The

second term, in brackets, is a factor which modifies the

deflection formula depending on the instantaneous position

of the vehicle on the bridge.

Figure E-l shows how this factor varies with the nor-

malized position of the vehicle on the bridge. It can be

seen that as the vehicle approaches the center of the bridge,

the linearity of the relationship falls off, and the sen-

sitivity and resolution of the deflection signal decreases.
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X
Y = Vehicle position normalized to bridge length

Figure El - Vehicle Position Modification Factor

for Deflection Formula
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