FINAL REPORT

INFLUENCE OF HEAVY TRUCKS ON

HIGHWAY BRIDGES

Research Report No. FL/IDOT/RMC/6672-379
WPI No. 406672
Contract No. BC-379

Ton-Lo Wang
Chunhua Liu

Department of Civil & Environmental Engineering
Florida International University
Miami, FL 33199

Prepared for:

Structural Research Center

Florida Department of Transportation
Tallahassee, FL 32399

October, 2000

Final Report



Technical Report Documentation Page

1.

Report No.
FL/DOT/RMC/6672-379

2. Government Accession No.

3. Recipient's Catalog No.

4.

Title and Subtitle

Influence of heavy trucks on highway bridges

5. Report Date
October 2000

6. Performing Organization Code

. Author(s)

Ton-Lo Wang and Chunhua Liu

8. Performing Organization Report No.

. Performing Organization Name and Address

Florida International University

Department of Civil and Environmental Engineering
University Park

Miami, Florida 33199

10. Work Unit No.

11. Contract or Grant No.

WPI 406672, BC379

13. Type of Report and Period Covered

. Sponsoring Agency Name and Address

Florida Department of Transportation

Final Report
September 1999 — October 2000

14. Sponsoring Agency Code
99700-3596-119

Research Center, MS30
605 Suwannee Street
Tallahassee, Florida 32399-0450

. Supplementary Notes

Prepared in cooperation with the Federal Highway Administration

. Abstract

In the present study, truck traffic data collected by Florida Department of Transportation (FDOT) statistics
office are grouped into according to their types and loading condition (loaded or empty). Mean values of truck
axle weight and spacing are used to represent their average effects on bridge structures. The mathematical
models of typical trucks with significant counts are established and the input data are derived from the
synthesized results. These typical trucks include types 5, 8, 9, and 10. Road surface roughness is generated as
multi-correlated random processes. According to the research by Honda et al, the coefficient of correlation is
approximately taken as a constant.

Static effects of the heavy trucks are compared with those of the standard design truck HS20-44. The !

tandem axle weights of the heavy trucks are found to be higher than that of HS20-44 and exceed the limit by |
AASHTO Guide. Dynamic impact factors of moment at midspan and shear at end are analyzed for I-girder |
steel and prestressed concrete bridges ranging from 9.14m (30ft) to 42.67m (140ft). Effects of correlation of °

road surface roughness on dynamic impact factors are investigated. Fatigue accumulation damage incurred by
the normal traffic at sites with significant counts is performed.

. Key Words

18. Distribution Statement

Bridges, Highway Truck, Fatigue, Impact,
Dynamic Response, Road Surface Roughness,

This document is available to the public through the
National Technical Information Service, Springfield,

Simply Supported Beam Virginia, 22161
. Security Classif. (of this report) 20. Security Classify. (of this page) 21. No. of Pages 22. Price
Unclassified Unclassified 176

Form DOT F 1700.7 s-72)
Reproduction of Completed Page Authorized



1l

METRIC CONVERSIONS

N x 1,000 =kN
ft x 0.3048 =m
inch x 2.54 =cm
kip (force) x 4.448 = kN
kip (mass) x 454 = kg (mass)
mph x 1.609 = km/h
psi x 6.895 =kPa

ksi x 6.895 = MPa
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1. INTRODUCTION

Previous studies show that a heavy truck's gross weight, axle weights, and axle configuration
directly affect the service life of highway bridge superstructures. Damage typically occurs in the
bridge deck and in the main superstructure elements including floor beams and girders,
diaphragms, joints, and bearings. Nowadays, with the rapid development of highway
transportation, the increasing frequency of passing heavy trucks attributes to fatigue damage and
causes more difficulty and financial costs to bridge maintenance as the result of shorter periods
between needed maintenance, rehabilitation, or replacement, etc. These heavy loads may severely
shorten the life span in service of the existing bridges. Moreover, it is necessary to investigate the
damage mechanisms of specific local members caused by heavy trucks. This investigation will

greatly benefit the maintenance of existing highway bridges.

The need for reliable truck weight data has been recognized by many state departments of
transportation. The knowledge of actual truck-load spectra may reduce the uncertainty involved
in the detrimental influence of heavy trucks. It is useful in many aspects, such as evaluation of
the load-carrying capacity, estimation of remaining life, and prediction of deterioration rate. To
monitor gross vehicle weight (GVW) of passing heavy trucks, stationary weight scales have been
established over major highways. However, this conventional scale measurement has several
drawbacks, such as drivers’ awareness (may avoid it on purpose) and delay of traffic. More

recently, weigh-in-motion (WIM) measurements have been developed as an extensive device
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throughout the nation. The use of WIM databases can achieve more accurate truck loading since
it can overcome the shortcomings inherent in stationary weight scales. Nowak et al. (1993)
employed the WIM measurement on 1-94 and US-23 in Michigan to obtain average daily truck
traffic (ADTT) and truck weight. Totally, there are five highway bridges selected as samples for

data acquisition. It is found that the obtained truck traffic data are very site-specific.

It is estimated that there is a volume range of approximately 3,000 to 14,300 heavy trucks per day
on I-75 between the Georgia State line and Florida’s Turnpike. Since the state of Florida has
thousands of small to middle span bridges, it is necessary to perform corresponding research to
meet the need of rapid increase in highway transportation. However, accurate truck traffic data is
not available on specific highway bridge sites. The objective of the research project is to esfablish
a truck traffic database (including axle weight and spacing), which is useful for the maintenance
of highway bridges in the state Florida. This database is essential in estimating histograms of
heavy trucks in association with their gross weight, axle weights, and axle configurations, and

providing the fatigue life of the existing bridges to ensure the operation safety of these structures.

Literature search indicates that similar studies have been recently accomplisﬁed by a few
researchers in the field of detrimental influence of heavy-duty trucks on steel highway bridges.
Wang et al. (1993) predicted fatigue life of composite and non-composite steel bridges under
various roadway surface conditions and with an assumption of 100 HS20-44 trucks per day.
Nowak et al. (1993) developed a statistical basis for the live load model for Michigan Bridges

based on data of truck counts and WIM measurements carried out at stationary truck weigh
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station. Accordingly, an accumulative fatigue damage percentage is calculated and a fatigue-load
model is recommended. Based on the measured data, Hwang and Nowak (1991) performed
numerical simulations of truck loading. Laman and Nowak (1996) developed three- and four-axle
fatigue truck models to rebresent actual trucks with axle numbers ranging from three to eleven.
Moreover, the live load model is an important issue in the study of policy and checking of heavy
permit trucks (Dicleli and Bruneau 1995; Fu and Hag-Elsafi 2000). Dicleli and Bruneau (1995)
analyzed several existing steel bridges located in North America based on five typical heavy
truck configurations, which were provided by the Ministry of Transportation of Ontario (MTO)
by their permit-issuing experience. It was found that bridge members are largely affected by such
overloads. Policy for the issuance of permit to heavy trucks was recommended according to the
cumulative impact damage of these overloads. In summary, these studies indicate that the
collection of actual heavy truck traffic data at a specific bridge site is essential for the evaluation
of potential structural damage caused by these trucks. Most of the previous analytical studies
used relatively simplified bridge and/or truck models. To further study dynamic impacts of
multigirder bridges, Wang et al. (1992) and Huang et al. (1993) developed a three-dimensional
nonlinear truck model for the AASHTO standard design truck HS20-44 and used the grillage
bridge model. Based on these studies, a more detailed scientific investigation of impact and

loading of normal truck traffic on bridge structures is available.

Distinct from previous studies, the peculiar features of this research project include the
following: (1) dynamic response due to passing single or multiple trucks will be calculated by the
finite element model; (2) several types of existing trucks will be modeled as rigid bodies

connected with dampers and springs; (3) road surface roughness is generated as correlated
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random processes; and (4) passing speed of trucks will be involved in the calculation. As a result
of these facts, two advantages are apparent in the present study: (1) no need for strain
measurement on a specific bridge site, which will certainly reduce cost for fatigue analysis; and
(2) structural dynamic response under passing trucks (including the excitation of road surface

roughness) is taken into account.

The objective of this study includes the following aspects:’ (1) synthesize truck traffic data
collected through WIM measurements; (2) establish live-load spectra; (3) perform fatigue
damage analysis for typical bridges; (4) carry out static and dynamic analyses. Three-dimensional
nonlinear mathematical models of typical trucks with significant counts are developed based on
the measured axle weights and configurations. Road surface roughness is simulated as
transversely correlated random processes. The multigirder bridges are treated as a grillage beam

system. Several important findings and conclusions are summarized.

Chapter 2 presents the synthesization methodology of requested truck traffic data. Bridge and
truck models are described in Chapter 3. Chapter 4 gives the simulation of correlated road
surface roughness in the transverse direction. In Chapter 5, the static and dynamic effects under
typical trucks are studied. In Chapter 6, fatigue damage accumulation is analyzed using normal
traffic. In Chapter 7, the effects of correlation of road surface roughness on dynamic impact
factors are investigated. Chapter 8 summarizes the findings and conclusions obtained in this

research.
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2. SYNTHESIZATION OF TRUCK TRAFFIC DATA

2.1 COLLECTION OF TRUCK TRAFFIC DATA

Truck traffic counts and axle weights have been monitored by the extensive WIM measurements
in the state of Florida (see Florida AADT Report 1998). Figure 2-1 shows the locations of these
weigh stations. In this study, truck traffic data are collected at twenty stations in a one-week
period. Through truck traffic counts, it is found that stations #19 and #26, respectively, located
on interstate highway I-95, approximately 3.5 miles south of SR514, Malabar, and I-75,
approximately 3 miles south of 1-4, Tampa, have heavy truck traffic. These two stations are used
as truck traffic input data in this study. The ADTT is 2838 .for station #19 and 3689 for station
#26, respectively. Figures 2-2 through 2-9 show the truck counts and the histogram of GVW at the

two stations.

2.2 SYNTHESIZATION OF TRUCK TRAFFIC DATA

Since there is a large diversity of truck weights and configurations, one classification method is
developed hereby to simplify the analysis. According to FHWA classification scheme “F”, there
are a total of fifteen vehicle types as shown in Fig. 2-10. In each type, trucks are sub-categorized

by loading condition - empty or loaded. The dividing line for empty or loading condition is
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selected by judgement to ensure the acceptable coefficient of variation (COV), which is generally
considered acceptable if it is less than 0.3. According to the established criteria, a computer

program is written to synthesize the data.

In this study, multiple presence of trucks is neglected because the occurrence is small, less than
8% according to Nowak et al. (1993). Single-lane truck traffic is processed and used as input
data. Two lanes are herein selected as input data - southbound direction lane #1 of station #19 and
southbound lane #2 of station #26. The lane ADTT is 1999 for station #19 and 1065 for station #26,
respectively. The trucks are classified into twenty-four categories for station #19 and twenty-three
categories for station #26 in this analysis. The mean value (MV) and standard deviation (SD) of
axle weights and configurations are calculated .in each category. The MVs are used to obtain
average loading effects in the following static and dynamic impact study. Tables 2-1 through 2-4
present the synthesized results for each empty and loaded truck type. From Tables 2-1 through 2-4,

it can be seen that coefficients of variation in the two categories are generally less than 0.3.
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3. TRUCK AND BRIDGE MODELS

3.1 TRUCK MODELS

Table 3-1 presents the GVW (the sum of the mean values of each axle weight) and passages of
each category processed in Chapter 2. According to the traffic counts in Table 3-1, three types of
trucks are predominant: types 5, 8, and 9. Mathematical models of the three types of trucks are
established based on the data of nationwide-used truck types H20-44, HS20-44, and 3S2. The
masses of tractor andrt\railer are derived according to their static equilibrium relationship with the
measured axle weights. The three-dimensional mathematical models for types 5, 8(2S1), 9, and
10 are illustrated in Fig. 3-1. Truck type 10 (developed from type 3-3) is of interest because it is
the heaviest truck with a single trailer. These models simplify the trucks into several rigid masses
- connected by springs and dampers. The total numbers of degrees of freedom are, respectively,
seven, eleven, sixteen, and eighteen. The equations of motion of the vehicle systems were
derived using Lagrange’s formulation. Details of derivation refer to Wang and Huang (1993).
Fig. 3-2 shows the configurations and axle weights of these typical trucks. Appendix A shows the

derived data for these typical trucks.

3.2 BRIDGE MODELS

In order to study the effects of normal truck traffic, six simply supported steel I-girder bridges

and four prestressed concrete I-girder bridges were designed according to AASHTO
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Specifications (1996) and the Standard Plans for Highway Bridge Superstructures (1990) from

the U.S. Department of Transportation. The design is based on HS20-44 loading.

For the steel bridges, the span lengths are 10.67m (35ft), 16.76m (55ft), 22.86m (75ft), 30.48m
(1001t), 36.58m (120ft), and 42.67m (140ft), respectively. The bridges have a roadway width of
8.53m (28ft) and a concrete deck thickness of 0.19m (7.5in). All the bridges consist of five
identical girders. The five girders are evenly spaced at 2.13m (7ft) for the first three spans and
2.44m (8ft) for the last three spans. Also, there are diaphragms transversely connecting these
girders. The number of intermediate diaphragm(s) is 1, 2, 2, 3, 4 and 5, respectively, increasing
with span length. Except for the shortest span length of 10.67m (35ft), all the bridges have
composite sections. Typical cross section of the bridge with a span of 16.76m (55ft) is shown in

Fig. 3-3. Table 3-2 presents the mass and girder properties of these bridges.

For the prestressed concrete bridges, the span lengths are 9.14m (30ft), 18.29m (60ft), 30.48m
(100ft), and 42.67m (140ft), respectively. All the bridges are of I-beam sections with a cast-in-
place deck. The bridges have a roadway width of 9.74m (32ft) and a concrete deck thickness of
0.19m (7.5in). Typical cross section of the bridges is shéwn in Fig. 3-4. All five girders have
identical sections and are transversely connected to each other by diaphragms. The number of
diaphragms is 0, 1, 2, and 2, respectively, for the shortest to the longest span length. Table 3-3

presents the mass and girder properties of these bridges.
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3.2.1 Grillage Model

These multigirder bridges are modeled as grillage beam systems. The node parameters are

5 =1{g 5.}7. G-1)

T T
6, Qy,} = the displacement vector of the left joint; &, = {w,. g 0”.} =

where &, = {w s 0

i

the displacement vector of the right joint; w = vertical displacement in the z-direction, and 6, and

6, = rotational displacements about x- and y-axes, respectively. Fig. 3-5 shows the plan of one

bridge and the corresponding grillage model. More details refer to Wang et al. (1992) and Huang

et al. (1993).

3.2.2 Governing Equation

The equation of motion of a specific bridge under a moving vehicle can be written as:
M$,+Co,+K,5, =F, (3-2)

where M, = global mass matrix of bridge structure; K, = global stiffness matrix of bridge
structure; C, = global damping matrix of bridge structure; 8,,8,,0, = global nodal
displacement, velocity, and acceleration vectors; and F, = global load vector due to the

interaction between bridge and vehicle. One percent damping ratio is assumed for the first and
second modes of steel bridges in this study. The consideration of damping matrix refers to

Clough and Penzien (1996).
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3.2.3 Interaction between Truck and Bridge

The interaction force between the ith wheel of a truck and a bridge is given as the following:

I?b'l = K U +Cl:iUIZI (3-3)

[~} [}

where K, = tire stiffness of the ith wheel; C,_, = tire damping coefficient of the ith wheel; U, =
z,, —(-u,)—(~2z,), the relative displacement between the ith wheel and bridge, and the
superscript dot of U, denotes differential with respect to time; z,, = vertical displacement of
the ith wheel; u,, = road surface roughness under the ith wheel (positive upwards); and z,, =

bridge vertical displacement under the ith wheel (positive upwards), which can be determined by

the nodal displacement & ¢ and the displacement interpolation function of the element.

In the present study, the fourth-order Runge-Kutta integration algorithm is employed to solve the
nonlinear equations of motion of a vehicle (Chu et al. 1986, Wang et al. 1993). The dynamic
equations of the bridge are solved by the modal superposition procedure based on the subspace

iteration method.
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4. SIMULATION OF ROAD SURFACE ROUGHNESS

Road surface roughness is one of the most important factors in the vehicle-bridge interaction.
Currently, there are two widely accepted power spectral density (PSD) functions describing road
surface roughness: one by Dodds and Robson (1973) and the other by Honda et al. (1982). The
PSD function proposed by Dodds and Robson (1973) for highway surface roughness is as

follows:

AB/8,)" $<4, (4-1)

S(¢) =
{A(¢/¢o ) 4> 4,

where S(4) = PSD function (mz/cycle/m); ¢ = wave number (cycle/m); ¢, = discontinuity
frequency = 1/27 (cycle/m); A = roughness coefficient (m*/cycle); and w,,w, = roughness

exponent, herein taken as 2.050 and 1.440, respectively, for the principal road. The PSD function

proposed by Honda et al. (1982) for surface roughness on bridge decks is as follows:
S(¢) = ag™ (4-2)

where a = spectral roughness coefficient; and n = spectral roughness exponent (n is taken as

1.94).

A comparison between the two spectra is shown in Fig. 4-1 on a log-log scale. The midpoint in
the good condition range is used for roughness coefficients 4 and q, i.e., 4 = 20.0x10° m3/cycle
and a = 0.62x10°® m2/(m-cycle"). From Fig. 4-1, it can be seen that Dodds and Robson’s PSD

has higher values for the frequencies above 1/2n cycle/m.
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4.1 ARMA APPROACH

The PSD functions in Fig. 4-1 present the characteristics of road surface roughness along the
longitudinal direction. In reality, these longitudinal random processes vary in the transverse
direction (Fenves et al. 1962; Dodds and Robson 1973; Law et al. 1975; Honda et al. 1982). To
reflect the reality in the transverse direction, an auto-regressive and moving average (ARMA)
approach suggested by Samaras et al. (1985) is employed to simulate road roughness based on a

given spatial correlation relationship:

g g 4-3
Yr = ZBin—i _ZAIYI'—I +B0Xr ( )

i=1 i=l

where Y, = two random processes (r = 1, 2); A;and B; (i =0, 1, ..., q) = 2x2 auto-regressive
(AR) and moving-average (MA) coefficient matrices, respectively; p and g = orders of an ARMA

model; and X, = two-variate Gaussian white noise series with mean zero and satisfying:
E[X,X'1=15, (4-4)

where I = 2x2 identity matrix; &, = Kronecker’s delta.

The target (p+1)x(p+1) correlation function matrix C can be expressed in the following:
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C,, (0 C){r(l) C)tr (»)

c=| D Ch@ - Chip-D)

Co() Cu(p-1) - Cu(0)

(4-5)

where the elements of C,,(k) (k = 0, 1, ..., p) consist of the auto- and cross-correlation

functions of the two random processes Y, and Y.

Once the coefficient matrices A; and B, are obtained, the random process Y, (r = 1, 2) can be

generated recursively using Eq. (3). A; and B; are determined based on only the prescribed

correlation function matrix C in Eq. (5). The detailed procedure is shown as follows:

1. A 1s assumed to be an identity matrix;

2. By is solved by the following formula:
T -
BB, =Y X,C,, (i)
i=0

where A, = the identity matrix and [X, Kp] = —[C?y(l)
3.Ajand B; (i =1, ..., q) are obtained as follows:

[B, .. B, A, .. AJ=[Ch-D) . Cu-9) -Ch )

where

(4-6)

Cyy(p)|C™'; and

~Ch(pt (47

Final Report

13



[ 1 e 0 -Cl.(0) ... 0o |

p| 0 - I -Chy(1-q) ... -Cp(0) (4-8)
—Cp(0) ... -Cp(l-9) Cyy (0) Czy(q -1
| 0 .. —Cl(©®  Culg-D ... Cu(0) |

4.2 SIMULATED ROUGHNESS AND CORRELATION FUNCTIONS

In this study, the input parameters p and g are chosen as 49 and 40, respectively. The spatial
coherence function in the transverse direction can be derived from available measured data.
Based on Honda’s study (1982), the value of correlation function Coh’(&,¢) in the range of ¢ =
0.01 to 1.0 cycle/m is roughly 0.4. Thus, the coefficient of correlation can be obtained as ¢ =
Coh(&,¢) = 0.63. Fig. 4-2 shows the simulated correlated road surface roughness. In this
simulation, Dodds and Robson’s PSD function is adopted and the frequencies in use range from
0.01 to 6.0 cycle/m. Fig. 4-3 shows the simulated auto- and cross-correlatio;i functions together

with the targets. From Fig. 4-3, it can be seen that the simulated results are of good accuracy.
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5. STATIC AND DYNAMIC EFFECTS ON I-GIRDER BRIDGES

From Table 3-1, it can be seen that the GVWs of trucks of the same type and loading condition
are close for stations #19 and #26. Generally, the trucks with significant counts have more gross
weight at station #26 than at station #19. Hence, the processed truck configurations and axle

weights at station #26 are used in the static and dynamic analyses in this chapter.

5.1 STATIC EFFECTS

The static moments and shears are calculated for each synthesized truck category. The processed
mean values of actual axle weights as shown in Tables 2-3 and 2-4 are utilized as moving loads.
One truck loading position placed symmetrically along the axis of girder #2 is used, as shown in
Fig. 5-1(a). Figures 5-2 and 5-3 show the histograms of flexural stress at midspan and shear at
end due to the synthesized truck data and one-truck loading. The cumulative distribution function
(CDF) of the static stresses at midspan and shears at entrance end for the six bridges are listed in
Fig. 5-4. From Fig. 5-4, it is observed that the CDFs of these flexural stresses and shears for the
six span lengths are different. Figure 5-5 demonstrates the static moment and shear due to

moving loaded type 9 loading.

To investigate the effects of overloaded trucks, the heaviest GVW in each truck type is searched
from the surveyed data at station #26, as shown in Fig. 5-6. It can be seen that the heaviest GVW

(in truck type 13) is approximately twice that of the AASHTO standard design truck HS20-44

Final Report 15



(0.32MN or 72kips). The comparison of the effects of these heaviest trucks with HS20-44 is
shown in Fig. 5-7. In Fig. 5-7, the moment and shear of girder #2 are computed. It can be seen
that the effects of several heaviest truck types, 6, 7, 8, 10, and 13, exceed those caused by HS20-
44. The “overloading” can reach as high as 42%. Because these results are based on single truck
loading, this “overloading” does not mean that the ultimate strength of the subject girder is
violated. Two heaviest truck types, Ilv and 12, produce smaller loading than the design truck.
This indicates that in addition to GVW, the truck loading is closely related to axle configuration.
To further examine local effects, all the single axle weights of these heaviest trucks are shown in
Fig. 5-8(a). It is found that some of single axle weights may significantly exceed the limiting
value by AASHTO Guide (1991) — 0.089MN (20kips). The distance between tandem or group
axles is observed to be about 1.5m. Fig. 5-8(b) indicates the weights of the single, tandem, and
group axles as well as those of HS20-44. It is seen that the tandem or group axle weights might
significantly exceed that of HS20-44 and the linﬁting value by AASHTO Guide (1991) —
0.15MN (34kips) for tandem axles and 0.18MN (40kips) for group axles (Types 7 and 10).
Therefore, it is worthwhile in future study to check whether such a heavy weight may cause

severe local damage in the bridge deck and secondary members.

5.2 DYNAMIC IMPACT EFFECTS

The impact factor is defined as the following:

s

1,,(%)= (%’——l]x 100% (5-1)

16 . - Final Report



where R, and R, = the absolute maximum dynamic and static responses for individual histories,

respectively.

5.2.1 I-Girder Steel Bridges

In the study of dynamic impact factors, the girder subject to the highest loading is of interest.
Figure 5-9 shows the lateral distribution of maximum flexural stress at midspan and shear at
entrance end of each.girder due to moving loaded truck type 7 loading. The purpose of the use of
stress instead of moment is to avoid significant difference in moment for various span lengths.
From Fig. 5-9, it is seen that among the five girders the highest moment occurs at girder #2 for
the spans of 10.67m, 16.76m, and 22.86m, and at girder #1 for the spans of 30.48m, 36.58m, and

42.67m. The highest shear always occurs at girder #2.

To study the dynamic effects of these realistic trucks; the variation of impact factors, /,,,, with
span lengths is shown in Fig. 5-10. The truck loading position is shown in Fig. 5-1(a). Truck
models include types 5, 8(2S1), 9, 10, and HS20-44. The actual truck models are established
based on the MVs of measured axle weights as shown in Fig. 3-2. Traveling speed is taken as
88km/h (55MPH), close to the speed limit of most highways. To simulate the truck entering the
bridge with nonzero initial displacements and velocities at every degree of freedom, the truck is
started at a five-vehicle length distance, Ly, away from the entrance end of the bridge. Each
impact factor is taken as the mean value of twenty-time simulations on good road roughness.
Dodds and Robson’s PSD function is used in this analysis. There are approximately 2000

simulations carried out in this analysis. From Fig. 5-10, it is observed that the impact factors, for
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two loaded types 9 and 10 (with a GVW of 0.29MN and 0.36MN) as well as HS20-44 (with a
GVW of 0.32MN), are in accordance with AASHTO Specifications (1996). The commentary of
AASHTO Guide Specifications (1990) reports that an average of 10 percent of impact is
observed in the field measurements. The computed average impact factor of loaded types 9 and
10 is 10%, coinciding with the field observations. The reason for the impact factors higher than
the specified value by AASHTO Specifications (1996) is that the corresponding trucks have
GVWs less than 0.16MN, which is half of HS20-44. For example, the impact factors for empty
truck types 5 and 8 (2S1) is very high because they have rather low GVWs of 0.06MN and
0.10MN. This confirms the tendency that a lighter truck weight generally leads to a higher impact

factor (Hwang and Nowak 1991; Huang et al. 1993).

5.2.2 I-Girder Prestressed Concrete Bridges

Since the chance of two heavy trucks passing a bridge at the same time is relatively low, the one-
truck loading position (load case I) shown in Fig. 5-1(b) is used in the analysis. The truck is
assumed to travel along the center of lane 1. To simulate the truck entering the bridge with
nonzero initial displacements and velocities at every degree of freedom, the truck is started at a
five-vehicle length distance, Ly, away from the entrance end of the bridge. Honda et al.’s PSD
function is used to generate longitudinal road profiles. There are a total of twenty sets of good
surface roughness generated in this study. The roughness coefficient a is taken as 0.62x 10

mz/(m-cycle") and the PSD function is shown in Fig. 4-1.
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In the study of dynamic impact factors, the girder subject to the highest loading is of interest.
Figure 5-11 shows the maximum static and dynamic moments at the midspan sections due to
moving truck type 9 at 88km/h (5SMPH) in the longitudinal direction. It can be seen that the
highest moment occurs at girder #2 for the bridge of span length of 9.14m (30ft), while it occurs

at girder #1 for all other bridges. The girder with the highest loading is used in this study.

Under various passing speeds ranging from 24 to 121km/h (15 to 75MPH), the dynamic impact
factors of moment at midspan are shown in Fig. 5-12. These results are for various typical trucks
and bridge span lengths. At each truck speed, the impact factor is taken as the average of twenty
simulations. From Fig. 5-12, it can be seen that for heavy trucks (types 9 and 10 and the design
truck HS20-44), the impact factors are generally well below the specified values of AASHTO
Standard (1996) and AASHTO LRFD (1998). Occasional exceptions occur in the case of span
length of 9.14m (30ft) and type 9 loading. For light trucks (types 5 and 8), the impact factors may
be much higher than the specified values. This is because the two light trucks have very low
GVWs compared with that of HS20-44 (the ratio is 0.30 and 0.47, respectively). Figure 5-13
gives the dynamic history of the moment at midspan of girder #2 (L = 9.14m or 30ft) due to type

9 truck at a traveling speed of 24km/h (15MPH).

5.3 LIVE LOAD LATERAL DISTRIBUTION

The wheel load distribution factor is defined as:

(5-2)
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where M, = the sum of maximum moment/shear of all girders at the specific section; n =
number of wheel loads in the transverse direction; and M, = maximum moment/shear of the ith
girder at the section. In this study, the dynamic moment/shear for M, and M, (including impact

effect) is taken into account.

Figure 5-14 shows the wheel load distribution factor of dynamic moment at midspan when a
single truck travels along the center of lane 1. The results are obtained based on one simulation
and a traveling speed of 88km/h. From Fig. 5-14, it is observed that the five selected trucks cause
similar lateral moment distribution among the five girders, regardless of the variation in their
axle weights and configurations. To examine the distribution factors specified by AASHTO
Specifications (1996) and AASHTO LRFD (1998), the simulation is performed twenty times and
an average is taken for each case. A two-lane loading (using the same truck) is considered in the
analysis, which is achieved by the superposition of one-lane loading results. This assumes the
symmetry of distribution factors for loading on each lane. Figure 5-15 shows the maximum
wheel load distribution factor of moment at midspan and shear at end along with the specified
values for interior girders by AASHTO Specifications (transferred to wheel load case). Also, in
Fig. 5-15 the distribution factors are calculated on the basis of static moments and shears. It can
be seen that the maximum distribution factors are similar for different truck types. The computed
maximum factors based on both static and dynamic moments/shears are similar. The calculated
factors for interior girders are lower than the specified values. This is consistent with the
measured results reported by Kim and Nowak (1997). However, it should be noted that in this

study two-lane traffic is used, while the specified values are obtained based on the controlling
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static moment/shear caused by any number of trucks that fit the bridge transversely (Zokaie

2000). Thus, the specified values may lead to higher distribution factors.
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6. FATIGUE ACCUMULATION ANALYSIS

6.1 FATIGUE DAMAGE ACCUMULATION

To evaluate fatigue damage caused by the surveyed normal traffic, it is necessary to obtain the
dynamic stress ranges of a specific girder. Based on the previously described impact study, the
impact factors can be approximately taken as 1.15 for loaded trucks and 1.20 for empty trucks, as
shown in Figs. 5-10(a) and 5-10(b). The two values are intentioﬁally selected to cover most of the
calculated impact factors caused by types 9 and 10. The purpose is to consider mainly the heavy
trucks that cause significant flexural stresses. This consideration of dynamic impacts will not
involve significant loss of accuracy in fatigue analysis since empty trucks cause only a low level
of stress ranges. Combining the dynamic impacts with the aforementioned static results, the
histogram of dynamic stress range of the most highly stressed girder at station #26 is shown in
Fig. 6-1. The corresponding CDF of dynamic stress ranges is given in Fig. 6-2. It can be seen that
the stress ranges due to the normal truck traffic are different for the six bridge spans. The stress
ranges from 6.89 to 43.43Mpa (1.0 to 6.3ksi). The bridges with a span length less than 30.48m
(100ft) are assumed to have rolled girders (Category A), while other bridges are assumed to have
welded girders (Category B). According to AASHTO Guide (1990), the calculated stress ranges
multiplied by the reliability factor Rs, (Rs = 0.95x1.35 = 1.28 for nonredundant members,
alternative 3 for fatigue truck, Fis; = 0.95) are less than the limiting stress range of Categories A

and B. Therefore, the fatigue life of these girders can be considered infinite.
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The fatigue damage analysis is performed based on the Miner’s linear damage rule and the stress-
life approach (Miner 1945; Bannatine et al. 1990). According to this rule, the damage in just one
stress range cycle is 1/N; if N; cycles of a specific stress range S; are needed to cause a structural
detail to fail. When the number of cycles, n;, at stress range S; is applied, the damage fraction D;
is n/N;. Failure is assumed to occur when the summation of damage fraction, D, equals 1.0.
Based on the passages in each truck category, the computed sum of damage accumulation for
various categories in 75 years for the six bridge span lengths are shown in Fig. 6-3. It is observed
that the truck traffic at station #26 may cause severe fatigue damage to category E’, while the
truck traffic at station #19 may cause severe damage to categories D, E, and E’, when details of
these categories are used. The histogram for station #26 (shown in Fig. 6-1) is used for station
#19. Since the GVWs of the same truck type and loading condition for the two stations are close,

this simplification will not lead to significant errors.

Figure 6-4 illustrates the damage accumulation in a period of one week for the WIM data and for
two fatigue trucks specified in the AASHTO Guide (1990) and LRFD (1998). Based on the
surveyed trucks, the equivalent GVW is 0.24MN (54kips), exactly the same as that of the
standard fatigue design truck in the AASHTO Guide (1990). Based on the processed truck data,
the equivalent GVW is 0.23MN (52.56kips), which is slightly different from that obtained from
every truck passage. From Fig. 6-4, it can be seen that the fatigue design truck of AASHTO
Guide (1990) causes damage close to that from the surveyed WIM data. In this analysis, Category
A of AASHTO Specifications (1996) is used for rolled girders and Category B is used for welded

built-up girders. The increase in future truck volume is not considered. The load factor of 0.75 is
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not included in the effect of the LRFD truck. If this load factor is considered, the LRFD fatigue
truck would be the same as that of AASHTO Guide. The stress cycles per truck passage are taken
in accordance with AASHTO Guide (1990) and LRFD (1998), respectively. To study the role of
various trucks, the fatigue damage accumulation is calculated for each category. The results for
the six bridges are shown in Fig. 6-5. From Fig. 6-5, it can be seen that the loaded truck types 9,

8(252), 7, and 8(3S1) are of the most significance. These trucks are either 4- or 5-axle.

6.2 EQUIVALENT NUMBER OF CYCLES

According to NCHRP Report 299, the equivalent number of cycles for a complex cycle can be

approximately expressed as:

N, =14(8,/8,) +(S.,8,) +-+(s,78,) (6-1)

where S, = the stress range for the primary cycle, and S,; = the stress range for a higher order

cycle.

Figure 6-6 shows the equivalent number of cycles using the processed data at station #19. Figure
6-7 shows the equivalent number of cycles using the processed data at station #19. Figures 6-6
and 6-7 also give the specified cycles by AASHTO Specifications (1996) and LRFD (1998). It
can be seen that truck type 9, the most important truck accounting for fatigue damage, induces a
number of cycles higher than the specified value by AASHTO Specifications (1996) for short

span lengths less than 10m.
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7. EFFECTS OF CORRELATION OF ROAD ROUGHNESS

To study the effect of correlation between the road profiles in the transverse direction on the
dynamic impact factor, five cases are investigated in this study: ¢ = 0.9, 0.63, 0.0, -0.63, and -0.9.
The case of ¢ = 0.9, 0, and —0.9 denotes, respectively, strongly correlated, independent, and
strongly but negatively correlated longitudinal road profiles. It should be noted that (1) a strong
correlation (c approaches 1.0) excites the pitch mode of trucks; and (2) a strong but negative
correlation (¢ approaches -1.0) excites the roll mode of trucks. Figure 7-1 shows one set of the
simulated left- and right-lines of roughness. Figure 7-2 gives the comparison between the
simulated auto- and cross-correlation functions and the targets. Honda et al.’s PSD function is
used in this analysis. The frequency range is from 0.1 to 6.0 cycle/m. The simulated functions are
computed based on a total road length of 900m with an interval of A = 0.125m. From Fig. 7-2, it

can be seen that the simulated results are of good accuracy.

In the simulation of the road roughness profiles at various correlationship, the following two
prerequisites are satisfied: (1) the white noise input is the same for all the five correlation
coefficients; and (2) the truck is assumed to run the same distance, Ly, of five truck lengths on the
road before entering the bridges. These two prerequisites are introduced to avoid the randomness
caused by initial phases. To illustrate the latter, Fig. 7-3 shows the variation of impact factor of
the moment at midspan with the distance Ly. It can be seen that (1) the variation is apparent, and

(2) the light trucks (types 8 and 5) cause more fluctuation than the heavy ones (types 9 and 10
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and HS20-44). Under these two prerequisites, it can be implied that the only difference in the

simulation using Eq. (3) exists in the prescribed (p+1)x(p+1) correlation function matrix.

The comparison of the computed impact factors of moment at midspan under the five correlation
coefficients is shown in Figs. 7-4 and 7-5. The traveling speed ranges from 24 to 121km/h (15to
75MPH). Two loading cases (HS20-44 truck) in Fig. 5-1(b) are used in the analysis. In load case
IL, it is assumed that (1) the truck travels along the center of each lane; and (2) the road surface
roughness of both lanes is the same. From Figs. 7-4 and 7-5, it can be seen that (1) the impact
factors generally increase with the coefficient c; and (2) for span length of 42.67m (140f£t) the
impact factors are insensitive to ¢ in the high-speed range of 72 to 121km/h (45 to 75MPH). The
former implies that in the impact study of moment at midspan, the pitch mode of vehicles is more
important than the roll mode. To find out the reason for the latter, the impact factors under
smooth surface (no roughness) are also presented in Figs. 7-4 and 7-5. It is observed that in this

case the impact factors are not very sensitive to road surface roughness.

Based on Figs. 7-4 and 7-5, the maximum impact factor for each span length is listed in Tables 7-
1 and 7-2 and Fig. 7-6. From Tables 7-1 and 7-2 and Fig. 7-6, it is seen that the maximum impact
factor generally increases with coefficient of correlation c¢. For load case II, all the difference
between ¢ = 0.9 and —0.9 is greater than 10% and the highest can reach 19%. The shorter the span

length, the more difference in the maximum impact factor.
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To check the variation at the midspan section, Figs. 7-7 and 7-8 give the impact factors for
girders #1, #2, and #3 for load case I and for all the five girders for load case II. For load case I
girders #4 and #5 are not included because the maximum static moments of these two girders are
relatively small. The truck speed is taken as 88km/h (SSMPH), which is close to the speed limit
of most highways. From Figs. 7-7 and 7-8, it can be seen that in most cases the dynamic impact
factors increase with the coefficient of correlation ¢. Some exceptions occur because the roll

mode of vehicles produces some effects on exterior girders.

The above-described comparison is based on a single simulation. To further investigate the
difference, twenty simulations are performed for ¢ = 0.0 (independent) and ¢ = 0.9 (close to
completely the same) and the span length of 18.29m (60ft). Load case I is used for the analysis.
This case is selected because an apparent difference is observed in Fig. 7-7(b). The average is
taken as shown in Fig. 7-9. A consistent difference still distinctly exists. Therefore, it is
concluded that the coefficient of correlation between road surface roughness plays an important

role in the dynamic analysis of the vehicle-bridge system.
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8. SUMMARIES AND CONCLUSIONS

8.1 SUMMARIES

In this study, truck traffic data are requested from the FDOT transportation statistics office.
These data have been collected on major highways throughout the state using the advanced WIM
equipment. These data are synthesized based on truck types and loading condition (empty or
loaded). According to the classification criteria, a large number of different trucks are classified
into limited categories. In each category, the meén value is used for the representative truck.
Utilizing the processed truck configurations and axle weights, three-dimensional nonlinear
mathematical ﬁlodels for the typical trucks with significant counts are derived. The selected
trucks include types 5, 8, 9, and 10. Bridge structures are represented as the grillage model. The
bridge span ranges from 10.67m (35ft) to 42.67m (140ft). Road surface roughness is generated as
transversely correlated random processes. Based on these analytical models, the following

-aspects have been studied:

o Static effects of heavy trucks on bridge structures;

e Dynamic impact factors due to typical trucks;

e Fatigue damage accumulation due to normal traffic;
e Live load lateral distribution of I-girder bridges; and

o Effects of correlation of road surface roughness on the dynamic impact factor.
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8.2. CONCLUSIONS

1. For simply supported steel bﬁdges, static analysis indicates that truck traffic-induced flexural
stress at midspan and shear at entrance end vary with bridge span length. The gross weight of
the heaviest trucks can be twice that of the AASHTO standard design truck HS20-44. Several
heaviest truck types generate more loading on bridge structures than HS20-44. Based on
single truck loading, the observed overloading can reach as high as 42%. Truck lbading does
not necessarily increase with GVW, therefore, it is closely related to axle configuration. All
the axle weights of these heaviest trucks are found to be less than the heavy one of HS20-44.
However, if the tandem axles spaced at about 1.5m are considered, the axle weight will
significantly exceed that of HS20-44 and the limiting value by AASHTO Guide (1991). The
overweight may severely deteriorate the bridge deck. and secondary members. This needs

further investigation.

2. For simply supported steel bridges, the average impact factors induced by heavy truck types
(9 and 10 and HS20-44) are lower than the specified values of AASHTO Specifications
(1996). Also, the total average of the computed impact factors of moment for loaded types 9
and 10 is 10%, which is in accordance with the Commentary of AASHTO Guide
Specifications (1990). Dynamic impact factors under light truck loading (types 5 and 8) are
higher than the specified values. These light trucks have very low GVWs compared to HS20-

44.
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For simply supported prestressed concrete bridges, the mean values of impact factors of
moment at midspan induced by heavy trucks (types 9 and 10 and HS20-44) are generally well
below the specified values by AASHTO Specifications. Occasional exceptions occur at the
span length of 9.14m (30ft) with type 9 loading (GVW of 294kN or 66kips). For light trucks
(types 5 and 8), the mean values of impact factors may significantly exceed the specified

values.

Through the fatigue damage accumulation analysis at two stations with heavy truck traffic, it
is found that the heavy traffic will not cause severe fatigue problems on steel girders of

categories A, B, and C.

Through the damage accumulation analysis for six bridge span lengths, the fatigue design
truck of AASHTO Guide (1990) induces damage close to that caused by the simulation of the
actual truck-traffic flow based on the WIM measurements. The comparison of fatigue
damage accumulation demonstrates that the loaded truck types 9, 8-1(2S2), 7, and 8(3S1),

either 4- or 5-axle, contribute the most to the fatigue damage.

Truck type 9, the most important truck accounting for fatigue damage, induces a number of
cycles higher than the specified value by AASHTO Specifications (1996) for short span

lengths less than 10m.
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7. When the coefficient of correlation ¢ between longitudinal road surface roughness is assumed
to be a constant, the impact factors of moment at midspan generally increase with c. In most
cases, the use of ¢ = 0.9 leads to the highest impact factors and that of ¢ = -0.9 leads to the
lowest impact factors. Since the strong positive and negative correlation excites, respectively,
the pitch mode and the roll mode of trucks, the participation of the pitch mode causes more

dynamic impacts on moment at midspan than the roll mode.

8. The maximum impact factor with respect to vehicle velocity generally increases with c. For
two-truck loading, the shorter the bridge span length, the larger the difference of the
maximum impact factor. For all bridge spans, the difference between the two cases of ¢ = 0.9
and -0.9 is more than 10% and the highest can reach 19%. The difference between the two
cases of ¢ = 0.9 and 0.0 can be as high as 11.8% for short span length of 9.14m (30ft). For
one-truck loading, similar results can also be observed. Compared with the highest specified
values of AASHTO Specifications of 30% (Standard) and 33% (LRFD) for moment at

midspan of girders, these differences presented in this study may be considered significant.

9. The extensive selection of this correlation appears to be important in the simulation of
vehicle-bridge interaction. Based on Honda et al.’s study, the coefficient of correlation may
be approximately taken as 0.63. From Tables 7-1 and 7-2, the difference between ¢ = 0.9 and
¢ =0.63 is small. For two-truck loading, it falls within 3% and for one-truck loading it falls
within 3.2%. Therefore, it is concluded that in practice the use of two completely the same

profiles (¢ = 1.0) does not cause much deviation.
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10. For other girders at the midspan section, the trends are similar to those of the girder subjected

11.

12.

13.

14.

15.

to the highest loading. Some exceptions occur because the roll mode of vehicles demonstrates

its influence.

For the span length of 42.67m and a high traveling speed range of 72 to 121km/h (45 to
75MPH), it is observed that the impact factors are insensitive to good road roughness. In this
case, the dynamic vibration mainly depends on the characteristics of the vehicle and the

bridge.

The nonzero velocities and displacements in every degree of freedom of a truck before it
enters the bridge cause fluctuation in the impact factors for the light trucks obviously more

than for the heavy ones. Hence, this randomness has less effect on heavy trucks.

Despite the variation in axle weights and configurations, the five typical trucks cause close

lateral distribution factors.

Calculated distribution factors based on both static and dynamic moments/shears are similar.

Calculated lateral distribution factors for interior girders based on loading of two lanes are

lower than the values specified by AASHTO Specifications.
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Table 2-1.
Statlstlcs of Axle Welght at Station #19 (x10™ kips)

Vehicle | Loading Statistics Number of Axle
Type |Condition 1 2 3 4 6 7 8
4 Empty MV 91.7 [ 137.7] 45.8 - -
SD 16.2 | 20.1 | 14.0 - - - -
COV 02 ] 02 | 03 - - - -
Loaded MV  |1159[179.9| 66.1 - - - -
SD 11.9 | 20.1 | 214 - - - -
COV 0.1 0.1 0.3 - - - -
5 Empty MV 56.2 | 77.6 - - - - -
SD 129 | 15.0 - - - - -
COV 02 | 0.2 - - - - -
Loaded MV 76.6 |127.8] - - - -
SD 17.6 | 23.7 - - - - -
COV 02 | 0.2 - - - - -
6 "Empty MV 107.0] 70.3 | 64.4 - - - -
SD 30.7 | 20.3 | 19.7 - - - -
COoV 03 ] 03 | 03 - - - -
Loaded MV 123.71139.1[129.7] - - - -
SD 36.5 | 343 | 34.8 - - - -
COov 03 | 03 | 03 - - - -
7 Loaded MV 163.9| 94.3 | 182.4]186.7 - - -
SD 17.7 | 41.7 | 309 { 29.5 - - -
COV 0.1 04 | 02 | 0.2 - - -
8 Empty MV 81.1 | 95.0 | 504 - - - -
type 8-1 SD 15.3 | 16.3 | 22.1 - - - -
COV 02 | 02 | 04 - - - -
Empty MV 79.1 | 943 | 52.8 | 52.8 - - -
type 8-2 SD 16.0 | 164 | 11.4 | 12.3 - - -
COV 02 [ 02 | 02 | 0.2 - - -
Empty MV 85.6 | 71.2 | 67.3 | 71.0 - - -
type 8-3 SD 114 ] 10.1 | 89 | 204 - - -
COV 0.1 0.1 0.1 0.3 - - -
Loaded MV 84.1 |125.6] 98.2 - - - -
type 8-1 SD 153 | 27.1 | 27.0 - - - -
COV 02 | 02 | 03 - - - -
Loaded MV 91.1 | 141.0] 95.9 | 97.6 - - -
type 8-2 SD 14.0 | 243 | 27.1 | 31.1 - - -
COoVv 02 { 02 | 03 | 03 - - -
Loaded MV 101.1] 94.8 | 94.2 | 126.7 - - -
type 8-3 SD 16.3 | 19.1 | 19.5 | 38.0 - - -
COV 02 | 02 | 02 | 03 - - -
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9 Empty | MV [947[81.0] 789 | 640 | 67.7 ] - : ;
SD [ 176|144 | 142 | 157 | 160 | - ; )
cov [o0o2]o02]02 0302 - - ;

Loaded | MV  [103.9]132.1]130.4]1299|1360| - - -
SD [ 163265 | 263 310|321 - _ ;
cov [ o02]o0202 02 oz - - ;

10 | Empty | MV [970[1025[1004| 757 | 73.1 | 714 | - _
SD [163]195 198202169 | 201 | - _
cov [o02]o02]02 0302 03] - ;

Loaded | MV [1157]162.4|160.4 | 1345|1317 [125.7] - _
SD [ 194 | 281 281|294 285|350 - -
cov [o2]o02]02]02]02 03] - _

11 | Empty | MV | 858 | 1114 923 | 84.4 | 794 | - _ -
SD [129 177160 [ 159 [ 138 | - _ -
cov [o02]02]02]02 02 ] - _ ;

Loaded | MV [ 935[1428(1359(118.1]118.6]| - ; ;
SD [ 119193224 | 188 | 189 | - - -
cov [ o1 o1 ]02]02] 02| - _ ;

12 | Empty | MV [ 893 | 80.6 | 770 | 958 | 885 | 82.8 | - ;
SD 136127121 | 210158 | 191 | - -
cov [o02]o02]02 0202 02| - _

Loaded | MV [99.8 [106.7]103.4|141.6| 1272 [122.1]| - ;
SD [ 156 | 150 | 174 | 245 | 232 | 207 | - ;
cov 020102 0202 o02] - -

13 | Empty | MV [ 87.0 [134.5[1365| 54.0 | 64.0 | 59.0 | 620 | -

7-axle SD [ 113 [77.1 | 813 ] 85 [ 283 | 198 | 198 | -
COV [ 01|06 06 |02]04]03]03] -
Empty | MV [103.0] 99.0 [ 98.0 | 87.0 | 40.0 | 46.0 | 48.0 | 48.0
8-axle SD [ 0000 ]00]00]00] 00] 00/ 00
cov [ 00 ][00 ][00 0000/ 00]00] 00
Loaded | MV  [87.8 |[117.8]184.0|181.8[1798|1708 |1772| -
7-axle SD | 99 100390393379 | 340 | 346 | -
cov Jor]or]o2]02]02 0202/ -
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Table 2-2.
Statistics of Axle Spacing at Station #19 (feet and tenths)

Vehicle | Loading Statistics Number of Axle

Type [Condition 1-2 | 23 | 34 | 45 | 56 | 67 | 7-8 | 89
4 Empty MV  |240.59|41.53| - - - - - -
SD 2.06 | 1.01 - - - - - -
COV ] 0.01 | 0.02 - - - - - -
Loaded MV  |245.57[12.64| - - - - - -
SD 41.70 | 0.96 - - - - - -
COV | 0.05 | 0.02 - - - - - -
5 Empty MV  ]168.00] - - - - - - -
SD 22.00| - - - - - - -
COV | 0.13 - - - - - - -

Loaded MV  [180.49] - - - - - -
SD 18.98| - - - - - - -
COV | 0.11 - - - - - - -
6 Empty MV  ]173.14]|43.81 - - - - - -
SD 14.46 | 2.49 - - - - - -
COV | 0.08 | 0.06 - - - - - -
Loaded MV  1190.15/44.38| - - - - - -
SD 20971 2.25 - - - - - -
COV | 0.11 | 0.05 - - - - - -
7 Loaded MV  |115.70]43.20|45.20| - - - - -
SD 3.23 | 2.04 | 0.79 - - - - -
COV ] 0.03 | 0.05 | 0.02 - - - - -
8 Empty MV  |150.42|236.84| - - - - - -
type 8-1 SD 40.02 164.32| - - - - - -
COV | 0.27 | 0.27 - - - - - -
Empty MV |134.79]294.37| 42.56 | - - - - -
type 8-2 SD 13.99153.06 [ 10.38| - - - - -
COV ]10.10 | 0.18 | 0.24 - - - - -
Empty MV  ]148.61] 43.61 [250.00] - - - - -
type 8-3 SD 33.74] 1.12 |67.60| - - - - -
COV ]0.23 | 0.03 | 0.27 - - - - -
Loaded MV  |131.79[265.08| - - - - - -
type 8-1 SD 17.86|61.10| - - - - - -
COV [ 0.14 | 0.23 - - - - - -
Loaded MV  |133.86|312.75/41.85| - - - - -
type 8-2 SD 14.44 |1 47.55| 5.82 - - - - -
COV ] 0.11 | 0.15 | 0.14 - - - - -
Loaded MV  1149.59{44.00 |299.27| - - - - -
type 8-3 SD 30.73| 1.72 |81.87| - - - - -
COV | 0.21 | 0.04 | 0.27 - - - - -
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9 Empty | MV _ [153.93[43.97[320.03[44.62| - - R
SD [29.44] 101 |3126[1327| - - ;
COov [0.19 002 0.10 | 030
Loaded | MV |[157.79]43.93 [325.59| 46.71
SD  [2855] 1.10 | 28.74 16.53
COV |[0.18 | 0.03 | 0.09 | 0.35
10 | Empty | MV [163.20[44.15 [310.59] 43.76 | 43.80
SD [24.76] 070 [62.95| 2.91 | 2.79
cov [ 0.15]0.02 020007 | 0.06
Loaded | MV [170.09] 44.53 [319.34| 44.84 | 44.38
SD [29.93] 141 |51.61] 5.07 | 2.79
cov [0.18]003]0.16 ] 0.11 | 0.06
11 | Empty | MV |132.42]216.86] 97.30 [225.04
SD |1458] 6.82 | 4.13 | 4.76
cov | 0.11 [ 0.03]0.04 | 0.02
Loaded | MV |[134.02[215.41] 96.93 [224.33
SD [17.57] 472 | 2.70 | 4.44
COV [ 0.13 | 0.02 [ 003 | 0.02
12 | Empty | MV |133.46]44.11 [203.89] 97.79 [225.82
SD [27.36| 042 | 5.84 | 4.10 | 3.70
cov | 0.21 001 | 003 [ 004 | 0.02
Loaded | MV |146.45[43.84 [202.31] 97.50 [225.94
SD  [31.97]075 | 6.10 | 3.71 | 3.50
COv | 022002003 [ 004|002
13 | Empty | MV _ [221.50] 44.00 [339.00| 64.50 |167.00] 85.50
7-axle SD  [9.19 | 1.41 [96.17 [30.41 [168.29] 62.93
cov _[0.04]003]028 047|101 074
Empty | MV [161.00]42.00 [152.00] 42.00 [344.00| 43.00 | 43.00
8-axle SD_ [0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00
Cov_[0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Loaded | MV  [165.60] 42.60 | 45.00 [370.20| 43.80 | 81.60
7-axle SD  [21.79] 1.95 | 2.00 |28.64| 1.64 |54.27
COV [ 0.13]0.05 | 0.04 | 0.08 | 0.04 | 0.67
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Statistics of Axle Weight at Station #26 (x10™ kips)

Table 2-3.

Vehicle| Loadin . e Number of Axle
Type |Condition SS9 T T3 T3 T 4 [ 5 7 1 8
4 Empty MV 974 |1479| 37.3 - - - -
’ SD 94 | 172 | 129 - - - -
Cov 0.1 0.1 0.3 - - - -
Loaded MV 116.7 | 175.0| 70.0 - - - -
SD 16.3 | 234 | 29.7 - - - -
Cov 0.1 0.1 04 - - - -
5 Empty MV 54.5 | 73.7 - - - - -
SD 16.7 | 16.5 - - - - -
COoVv 0.3 0.2 - - - - -
Loaded MV 77.9 | 140.1 - - - - -
SD 204 | 34.5 - - - - -
CoVv 0.3 0.2 - - - - -
6 Empty MV 109.1] 76.5 | 64.3 - - - -
SD 27.3 | 25.3 | 20.1 - - - -
Cov 0.3 0.3 0.3 - - - -
Loaded MV 134.31166.6|1429| - - - -
SD 350 | 446 | 494 - - - -
Cov 0.3 0.3 0.3 - - - -
7 Loaded MV 1453 1111.8206.2]182.2 - - -
SD 26.0 | 27.6 | 41.1 | 42.3 - - -
Cov 0.2 0.2 02 | 02 - - -
8 Empty MV 87.2 | 828 | 49.5 - - - -
type 8-1 SD 13.2 | 152 | 155 - - - -
COv 02 | 02 | 03 - - - -
Empty MV 82.1 | 86.6 | 442 | 414 - - -
type 8-2 SD 11.7 1 176 | 114 | 9.8 - - -
Ccov 0.1 0.2 0.3 0.2 - - -
Empty MV 859 | 68.0 | 53.5 | 43.9 - - -
type 8-3 SD 138 | 155|118 | 174 - - -
Cov 0.2 02 |1 02 | 04 - - -
Loaded MV 829 |148.811084 | - - - -
type 8-1 SD 13.5 | 40.5 | 60.7 - - - -
Cov 0.2 0.3 0.6 - - - -
Loaded MV 84.1 |168.9148.2]148.8 - - -
type 8-2 SD 119 | 408 | 58.8 | 64.7 - - -
Cov 0.1 0.2 04 | 04 - - -
Loaded MV 994 {141.01129.5|1284 - - -
type 8-3 SD 12.1 | 33.2 | 36.7 | 35.9 - - -
CoVv 0.1 02 | 03 03 - - -
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9 Empty | MV | 969 | 802 | 71.6 | 539 | 53.7 | - ; -
SD | 130 | 222 | 200 | 18.6 | 194 | - : ;
cov |01 ]o03|03 |03 |04 ]| - _ 3
Loaded | MV | 100.0|146.7[137.6]139.7 | 137.8| - _ ;
SD | 123|278 | 30.7 | 343 | 358 | - : }
COV |01 ]o02]02]|02]03] - ; -
10 | Empty | MV | 986 |[1195|105.1| 852 | 798 | 739 | - -
SD [ 135|196 | 261 | 347 | 175 | 225 | - -
cov o1 ]o02]02]04 | 02]03] - 3
Loaded | MV |101.7]155.6 | 147.6 | 131.1 | 136.0 | 1443 | - -
SD | 184 | 39.0 | 39.0 | 416 | 287 | 470 | - -
cov [02]03 |03 [03]02]03] - ;
11 | Empty | MV | 850 [117.4] 90.1 | 848 | 763 | - ; }
SD | 97 | 193|262 190 | 196 | - 3 )
cov o1 ]o2]03 0203 - ; 3
Loaded | MV | 89.2 | 160.4|146.0|119.8 | 114.7| - : 3
SD | 11.1 | 27.1 | 222 | 249 | 237 | - : ;
COV |01 |02 |02 ]02]o02] - _ -
12 | Empty | MV | 93.1 | 81.6 | 700 | 92.7 | 766 | 723 | - ;
SD | 129 | 155 | 146 | 261 | 175 | 185 | - ;
cov |01 |02]02[03]02]03] - ;
Loaded | MV | 953 | 102.1] 80.3 |142.6 [ 1156 | 117.7] - ;
SD | 183|241 | 19.1 [ 295 | 308 | 322 | - :
cov | 0202 ]02]02]03][03] - _
13 | Empty | MV |109.5|113.5|152.0| 1585 155.0 | 142.5]159.5| -
7-axle sD [177[318] 00 [205] 28 [134] 07 | -
cov {0203 o0 fo1]00]o01]|o00]| -

Empty | MV |106.5[147.5]188.0|185.5]140.0|146.0 | 144.0 [ 141.0

8-axle SD [276 219424559382 | 481 | 382 | 53.7

cov Jo3]o1]o2]03]03]03]03]o04
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Statistics of Axle Spacing at Station #26 (feet and tenths)

Table 2-4.

Vehicle | Loadin . Number of Axle
Type Conditiop| Ststics 12 | 23 | 34 | 45 | 56 | 67 | 78 | 89

4 Empty MV  1239.42| 41.83 - - - - - -
SD 5.70 | 3.21 - - - - - -
COV | 0.02 | 0.08 - - - - - -
Loaded MV  |247.44|41.35| - - - - - -
SD 13.62 ] 2.38 - - - - - -
COV | 0.06 | 0.06 - - - - - -
5 Empty MV  [165.05] - - - - - - -
SD 22.37 - - - - - - -
COV 0.14 - - - - - - -

Loaded MV  |178.89| - - - - - -
SD |21.15| - - - - - - -
COV | 0.12 - - - - - - -
6 Empty MV  ]164.19]44.52| - - - - - -
SD 20.20| 3.72 - - - - - -
COV ] 0.12 | 0.08 - - - - - -
Loaded MV  |176.33|44.37 - - - - - -
SD 2540 3.94 - - - - - -
COV | 0.14 | 0.09 - - - - - -
7 Loaded MV  1116.03]/43.97 | 46.51 - - - - -
SD 10.88]1 3.95 | 8.71 - - - - -
COV | 0.09 | 0.09 | 0.19 - - - - -
8 Empty | MV [136.30[244.80] - - - - - ;
type 8-1 SD 28.47|64.42 - - - - - -
COV 0.21 | 0.26 - - - - - -
Empty MV  |134.57|300.49| 44.40| - - - - -
type 8-2 SD 15.67166.65]11.90| - - - - -
COV 0.12 | 0.22 | 0.27 - - - - -
Empty | MV |138.71|44.91 [289.16] - - - - ;
type 8-3 SD 24241 4.20 | 60.63 - - - - -
COV 0.18 | 0.09 | 0.21 - - - - -
Loaded MV  [145.17|251.63] - - - - - -
type 8-1 SD 31.35|64.52 - - - - - -
COV 0.22 | 0.26 - - - - - -
Loaded MV  1135.46{269.91| 42.61 - - - - -
type 8-2 SD 15.19171.46| 6.19 - - - - -
COV 0.11 | 0.27 | 0.15 - - - - -
Loaded MV  1144.83/45.01 |318.93| - - - - -
type 8-3 SD 30.54 | 4.04 |37.78 - - - - -
COV 0.21 | 0.09 | 0.12 - - - - -
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9 Empty MV 1155.53[44.96 [319.66| 45.41 - - -
SD 32.14| 342 39421385 - - -
COV [0.21 | 0.08 | 0.12 | 0.31 - - -
Loaded MV 1147.60( 45.02 |320.28| 46.54 | - - -
SD 30421 3.70 [36.25[1540| - - -
COV 10.21 |0.08 | 0.11 | 0.33 - - -
10 Empty MV 1154.43/44.81 [314.24|43.05 [41.52] - -
SD 30.55] 3.03 [51.19{ 2.69 | 3.23 - -
COV_10.20 | 0.07 | 0.16 | 0.06 | 0.08 - -
Loaded MV 1162.61] 46.00 [266.56| 44.33 [ 44.39 | - -
SD 30.50 | 3.76 |91.59] 4.84 | 3.68 - -
COV_10.19 1 008 | 0.34 | 0.11 | 0.08 - -
11 Empty MV 1127.74]214.89| 96.42 |220.26] - - -
SD 11.07 | 8.66 | 5.33 | 8.13 - - -
COV_ [0.09 | 0.04 | 0.06 | 0.04 - - -
Loaded MV [130.63[215.46| 96.12 [221.76] - - -
SD 11.59] 7.74 | 5.05 | 7.19 - - -
COV_ [ 0.09 | 0.04 | 0.05 | 0.03 - - -
12 Empty MV _ 1147.06] 45.35 |201.91/ 99.91 [222.91] - -
’ SD 33441 3.36 | 9.66 | 6.05 | 9.82 - -
COV_ 1023 ]0.07 | 0.05 | 0.06 | 0.04 - -
Loaded MV 1135.60] 47.50 |202.60/102.10[224.90| - -
SD 3081 4.12 {11.02]13.88|11.84| - -
COV_10.23 ]10.09 | 0.05 | 0.14 | 0.05 - -
13 Empty MV 1176.00]| 42.50 | 42.50 |335.50| 42.50 | 45.00 | -
7-axle SD 29.701 0.71 [ 0.71 | 9.19 | 0.71 | 4.24 -
COV_]10.17 1 0.02 | 0.02 | 0.03 | 0.02 | 0.09 -
Empty MV |161.00] 44.50 | 47.00 [381.00] 50.00 | 49.00 [131.00
8-axle SD 9.90 | 2.12 | 5.66 | 8.49 | 9.90 | 2.83 |39.60
COV_]0.06 ] 0.05 ] 0.12 | 0.02 | 0.20 | 0.06 | 0.30
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Table 3-1.

Truck GVW and Passages in Each Classified Category

Station #19 Station #26
Category Southbound Lane #1 Southbound Lane #2
No. |Symbol®| GVW |[One-week|Symbol® | GVW |One-week
(kips) | Passages (kips) | Passages
1 4e 27.51 17 4e 28.26 12
2 41 36.19 69 41 36.17 48
3 Se 13.37 701 Se 12.82 789
4 51 20.44 491 51 21.80 493
5 6e 24.18 204 6e 24.99 271
6 61 39.25 80 6l 44.38 164
7 71 62.73 10 71 64.55 93
8 8-le 22.65 19 8-le 21.95 10 -
9 8-2e 27.90 131 8-2e 25.43 114
10 8-3e 29.51 23 8-3e 25.13 55
11 8-11 30.79 89 8-11 34.01 287
12 8-21 42.56 410 8-21 55.00 680
13 8-31 41.67 22 8-31 49.83 430
14 9e 38.63 2949 9¢ 35.63 1227
15 91 63.22 8032 91 66.18 2595
16 10e 52.01 46 10e 56.21 21
17 101 83.04 32 101 81.63 18
18 lle 45.33 97 lle 45.36 57
19 111 60.88 471 111 63.01 41
20 12e 51.39 28 12e 48.63 34
21 121 70.08 62 121 65.36 10
22 |13e(7-axle)] 59.70 2 131(7-axle)| 99.05 2
23 [13e(8-axle)] 56.90 1 131(8-axle)| 119.85 2
24 13]1(7-axle)| 109.92 5 - - -
Note:

a. The number denotes the truck type by FHWA Classification Scheme “F’
denotes loaded.

and “e” denotes empty and
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Fig. 2-1. Locations of Weigh-in Motion Stations
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FHWA CLASSIFICATION SCHEME "F"

ICLASS NO. OF
GROUP DESCRIPTION AXLES
1 | ash MOTORCYCLES 2
afiny ALL CARS 2
2 | ey CARS W/ 1-AXLE TRAILER 3
WaGiny CARS W/ 2-AXLE TRAILER 4
PICK-UPS & VANS .
3 | iy 12 2 AXLE TRAILERS 23,54
+ | Gy e 203
5 m 2-AXLE, SINGLE UNIT 2
6 “ 3-AXLE, SINGLE UNIT 3
7 m 4-AXLE, SINGLE UNIT 4
_. 2-AXLE, TRACTOR, 3
1-AXLE TRAILER (251)
2-AXLE, TRACTOR, 4
3 2-AXLE TRAILER (252)
3-AXLE, TRACTOR, 4
-‘ 1-AXLE TRAILER (351)
3-AXLE, TRACTOR, 5
_,‘ 2.AXLE TRAILER (352)
9
3-AXLE, TRUCK, s
S | T
1 —-' 5-AXLE MULTI-TRAILER 5
12 — m 6-AXLE MULTI-TRAILER 6
13 | ANY 70RMORE AXLE 7 or more
14 | Norusep
15 | UNKNOWN VEHICLE TYPE

Fig. 2-10. FHWA Classification Scheme “F”’
(Florida AADT Report 1998)
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34.6kN 62.3kN

5.45m

GVW =97kN
(a) Loaded Type 5

43.5kN 62.7kN/ea
4.50m

62.7kN/ea
9.76m

y v Y y v
1.37m 1.42m
GVW = 294kN

(c) Loaded Type 9(3S2)

36.1kN 67.9kN

4.43m

47.2kN
7.67Tm

v Y
GVW = I51kN
(b) Loaded Type 8(2S1)

41.4kN 86.1kN/ea 49 .8kN/ea
4.96m 8.13m ' l
A 4 Y Y y
1.40m 1.35m 1.35m
GVW =363kN

(d) Loaded Type 10

Fig. 3-2. Axle Weight and Configuration
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(a) Plan of bridges

(b) Grillage model

Fig. 3-5. Typical Bridge Plan and Grillage Model
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1.2e-4 -

8.0e-5 A

Auto-Correlation Function (m2)
o
o

4.06-5 4

Analytical Auto-Correlation Function

----- Sample Auto-Correlation Function(Left)
— — Sample Auto-Correlation Function (Right)

-4.0e-5

20 40 60 80 100

Number of Interval

(a)

8e-5

H

®

(6,
]

-4e-5 A

Cross-Correlation Function (m2)
o

Analytical Cross-Correlation Function
Sample Cross-Correlation Function

-8e-5

T I T I

20 40 60 80 100

Number of Interval

(b)

Fig. 4-3. Simulated Auto- and Cross-Correlation Functions and the Targets
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1.83m

#1 #2 #3 #4 #5
(a)
1.83m 1.83m
Load Case II
1.83m
Load Case I
1.21m 3.66m 3.66m 1.21m
I I Lane 1 Lane 2 l I
| | | | | |
#1 #2 #3 #4 #5
(b)

Fig. 5-1. Truck Loading Position

79



10.67m

Span Length L

O v¥s

LE'S
19V
[ vev

] zve

OFrequency

O esz@

AR

1 zee
C—1e6Le
0 z62

[ €92

| 1we Y
162 S
L ?

(a)

] ere
C——1 281
] g8'L

18°1

O et
[ 59t
E_ 951
E: Ge'L

GE'L

10°}

0.4

0.35 A

T
Q
o

T
Te)
N
o

T T
o o)
o T

o

Aouanbaig

80

0.1 4]

0.05

Fig. 5-2. Histogram of Static Flexural Stress



68

oc’e

| e62

gv'e

$sa1)§ [eanxd] dne)s Jo weado)siy z-s Siq

(@)

ar'L

co’'}

9.0

O eov

] voe

1 vee

[ see

O toe

(1sy) ssans

© o = b & oA a

O ~N [(e] ~ ~N ~N N

[_\ﬂlr _:_I_[_—L_
Aouenbaiq

[ ogL

1 veL

Ozt

] 1o

- G600

- L0

- G1°0

¥
N
o

- G20

- €0

- 9€°0

w9/ 9l = 7 Yyibus ueds

1 4Y)

Aouanaig

81



¢ct

19°¢

| esec

c0'c

$Sa4)§ [ednxa] ] dne)s Jo werdoisty °z-s ‘81

0 68t

©)

'l

0 eot

160

€90

] ece

] ece

C—— 1661

1 v6'1

(1s¥) ssans
238888
_—L_-U\\r:_[_l_r.—_
Aousnbai4

C—1 sy

I {1

] 60

- S0°0

I
S
o

T
[To)
i
o

Ll
N
o

- G20

- €0

- 9€°0

wog gz = 7 yibua ueds

¥0

Aouanbaiy

82



$saI§ [ednx3lq d1e)s jo weado)siy ‘z-s “Siyg

P)

(A"

L2°0

(1sx) ssans
noNp =2 s -
W N O © o St o
© N Hh 4 0 N O
_,‘ 1 —r d L D L —L 1 : L L
||
Aouenbaiqg

| 6v'L

1 ze1

O oz'L

12

] oLt

- G0°0

T
v
o

T

7o)
.
o

T
N
o

- G20

- €0

- GE°0

wgy0€ = 7 yibuaT uedg

0

Aouanbaiy

83



SSaI)S [BINXI ] d1e)S Jo weado)sty ‘Z-S ‘81

C)

(1s¥) ssans
©w w W N T I o o
D A~ O A W W = O O O N O O H W MDD = O O O O
0 W © W oo N o © AP WO DA N O D O D WO - o
N—— E _—L, | -u __'I__—L_r__r.___'\—r 1 :r— —I— o
: : - GO0
L 1F L0
i -mPoH
(1]
-No.m
(1]
=
2
- G20
Aouenba.
40 g0
— - GE'0
'0

wgg9¢ = 1 yibua ueds

84



89°€

ge'e
[ 262

8ee
| e2

[} 62¢

$Sa1)§ [eanxd] d1e)S Jo weado)siy z-S ‘S

[ 86'L

@

(1sy) ssans

I
0z
O 29
0 st

ce’L

! 1 I

AN

O ot

680

SS0

] esz

[ e60¢

[ ve6
] 6t
[ o2t

Aousnbaiq

[ 90t

] 960

L1 v60

- G0°0

LAY

- S0

o
o
Aouanbaiy

- G20

- €0

- GE'0

w/9'gy = yibus uedg

v'0

85



Span = 10.67m

O

[

OFrequency

/| — [

80°00}
- 9826
— 6c'¢c8
— 8cv.L
_ S0'89
— ¢l’29
— /229
_ S0°09
_ 09°LS
~ 92'0S
— 929
- clL'Ey
b 82ty
F 65°6€
— 9/.',E
— cl'Se
- €9°GE
h Ly'GE
_ 9/.'€€

[0 9,62

vv'/le
/8°9¢
vo'Le

0.4

0.3 A

T
N
o

Aouanbaig

86

0.1 4[]

Shear (KN)

(a)

Fig. 5-3. Histogram of Static Shears



Span = 16.76m

[_

OFrequency

0.4

0.3 A

aY]
o
Aouanbaig

0.1 7]

87

[] es'sot
98°S01

G8'E6
¢5'88
6€°€L
ANYA
91°/29
0S'v9
¢8'LS
6195
LSyS
¢8'es
c6' vy
SL'ey
61°6€
96°'8¢€
c6'8¢
£€8'8¢€
05.LE
8.¢cE
8l'6¢
8/.'8¢
Sl¢e

Shear (KN)

(b)

Fig. 5-3. Histogram of Static Shears



cv'€ll 60'80L

ov'LL LV'SL

Il

ue

1 |

S0'¥9

s1eays dpe)s Jo wieadoysty ‘¢-s ‘314

©)

(NM) Jeays

¥6'09 v0'8y 8¥vv

S 437

L

y6'6€ 0906 LI'€C

L

Ll

L

-

ru_[_ P—L\—!ﬁ

Aousnbai4

ed

_:_c_:,l

0

- G600

¥ L
o .
. o
o

o
o
Aouanbaig

- G2'0

- €0

- G€°0

wgg’ze = ueds

¥0

88



7v'6ct vSvel

L0'88 6298 82V, 90C¢L 28€S 09LS 0L9Fy 26y 2L've

L

i

s1eayS ane)S Jo weaSoysty “¢-s ‘Sig

(P)

(NM) 1eays

| | L L

I

G.'Ge

] =

L

LJ

=T ==

Aouanbai4 ]

o

|

T

- G0°0

|
To) o\, 0 ~—
N o i o
o o
Aouanbaig

1
@
o

- G€°0

wgp og = uedg

¥0

89



€e0el
_ lc'let
E— 9/'¢cl
[— S9°GLL

= 36.58m

Span

L £€9°/8
1 ovse
1 v818

OFrequency

|

06'¢L
19°LL
AN YA

1 z2z0.

O e8'59
] o9'Ls

09°Ls
- 9205
— 02°9v
— 8y vv

] wwev
C—1 99ep

65°LE

[} zoce

9L'1€e
geve

04

T

o
o
Aouanbaig

0.3 A

90

0.1 {7

Shear (KN)

(e)

Fig. 5-3. Histogram of Static Shears



s1eayg dnels Jo weadoysty ‘g-s g

@
(NM) seays

2¢°GEL v9'vel 8L'I6 8L'€E8 ELV. 902L LevS 6¥'2S LESYy 82Ey vL2E €Lve
BRI : : =] °
- G0°0
I I o 0]
- GL0
- 20
- G20
- €0
Aouanbai4 - GE'0
LAY

w/9'gy = ueds

Aouanbaiy

91



)S

1°17

IedyS puE ssaxg§ [eINX3L] d1eIS Jo AAD ‘b-S ‘Sid

(®)

(edin) ssens
oy Gqe (0] Ge 0c

1 I Il 1 |

St

wgy o€

w90}

- ¢'0

- ¥'0

- 9°0

- 8°0

A

4d9

92



1e3YS pue sso.)g [eINX3]] MBI Jo AAD *p-§ “S1q

(@

(NY) deays
ocl OLlL 06 0L

| L Il |

0S

oe

o]

- ¢'0

- v'0

- 9°0

- 80

(A

400

93



6 9d£ I, papeo’] SuIAOJA 0) Inp IBIYS pUB JUSWOJA d1e)S °S-S “S1q
(®)

(w) asuessiqg

69 s 14% yAS 0] 4 Gl 0
0
: =
00c S
3
oD
\ 3
\ Q
-
=
- 00Y w.
T
o
=
p—
A
<
- 009 IN\
W/Q'0L-—-—  WQLQL ----- W9g'gz—-- —
wgyog ----- wgg'9g —--— w/9ey ——

008

94



6 944, papeo] 3uIAoly 0) aNp IBAYS PUE JUSWOIN dNEIS ‘S-S “Biq

69 gs LS Ly ¢y

8¢

(@

(w) aduelsiqg

ve 0¢ Ge e Ll gl 6 14

wgy'0g — — — wes'9e

WLQOk -+ -- W9/'9L —--— WQg'gg-—- -

w/9ey ——

- 0l

- 0¢

- 0€

- Op

- 08

- 06

00}

(NM) seays

95



vi

adA [, yonu ], yoey ul A D 1S31ABIH YL, ‘9-S ‘314

adA] yoni

]

6 8 L

vY-0¢SH 10 MAD --0---
adA] YoniJ sA MAD —e—

00¢

0Se

0oy

00S

059

009

059

(N) MAD

96



pp-07SH PUE SYONI], ISIIABIH ) UIdIM)IQ $)937 Jo suostiedwio) /-G *314

A JUIWOIA ()
‘yibus| ueds jseuoys ay) o} }sabuoj ay} ajousp adA} ¥oni} yoes ul suWN|o) 810N
adA ) Yonu)
el cl L ot 6
1 1 o
rll
|| | LH
r —
rl_ hennd
- m m m O m Om O O®m o m m = .I.l - 1 - . L —-
B — L i

P OZSHN/W = oljel

oney

97

B



el

bY-0ZSH PUE $YONU], JS31ABSH Y} UdIMIAq 519937 Jo suostredwo)) *£-g “Si

J1edys (q)
‘Y1buaj ueds jseuoys ayj o} jsabuo) ay) ajousp adAj yonJ) yoes ul suwnjoy :8Jo0N

adA] yonay
4] b o] 6 8 L 9

iIAlL

]| =M

310me>\> = oljel

oney

98



$3dA 1, yonu [, snoLIeA Jo 3yB1ap XY 8-S “Sig

SIXY d[3uIg (&)

JaquinpN ajxy

8 L 9 G

1 1 1 1

14 € [4

1 1 1

‘ .......... 4 .......... <\.. ..... ‘

(1661) 8pinO Aq ywir - - -
gL adh] —O—

ZL odhL —@— o

bLadhL ——
0} adA) —m—
6 9dA]l —\—
gadA] - A—
L8dhL - O--
9odiL —@—

........

0¢c

- Ov

- 09

- 08

- 001

- 0CL

ovi

(NX) 3yBrap ajxy

99



"¢ Jaquunu 3]xe je dnoid ayxe-¢ & sey yonn o adA L a[iym ‘g 1oquinu ojxe je dnoid 3[xe-¢ e sey yonun £ adA] 910N

sad£ ], yonua [, snoLiBA Jo 3ySraop d[xy 8-S ‘S
sa[xy dnoan pue ‘wapue] ‘o[3uig (q)

JaquinN a|xy padnouig

S 14 €

1 | 1

D o—

I-D\I“.

(1661) 8pino Aq ywiq dnos  —p—
(1661) 8pinS Aq ywi] wepuey - y- -
yP-0ZSH —C—

(wepuey) ¢} adA] —e—

(wapuey) z| 8dA) —0—

(€ =dno1o) 0| odh| —m—
(wepue]) g adA] —A—

(wapue]) g adA] —A—

(¢ =dnoig) 2adhky -0 -

(wepuey) g 8dh| —e—

- 0S

- 001

- 0Gl

- 00C

- 0G¢

- 00€

0S¢

(NY) 3yBirop sxy

100



Ieay§ pue sSa1)§ [BINXI]] WNWIXEA] JO UONQLIISI(] [BI2)8T] *6-S “Siq
(e)
19pa1o JO JaquinN
S 14 € 4 I

W/9'eh="1—e—
W8S 9E="——
wgy'0e="1-—=m—
wog'¢e=1-—v
woL'9|=1-m
w/i90t=1—e—

ml
L g
L
(]
b
L g1 €
o
n
=S
(1]
A
gz @
=
e
1Y)
—
- ¢

514

101



JBdYS pue SSAI)S [BINXI]] WNUWIXEA JO UOHNQLISI(] [BI3)R] *6-S S

(@
lapJi9 Jo JaquinN
S b € 4 |

wi9ey=1—e—
W8S 9E="1—¥—
W8y 0E="1—
wog'ge=1—v—
woL'9|=1—=m
Wi9'0t=1—e—

0¢-

- 0l

T
o
<

T
o
~

- 001

- 0EL

09}

(ND1) pu3 je Jeays

102



3ud] uedg sa siopoey edury dsrweudq “01-s ‘Sig
yonug, papeo] (e)

(w) yibua uedsg

w/9'ey wes'9g w8y 0e wog'ee Al w90}

“T

L.

Ill.lllll

(9661) "08dS OLHSYY ——

Apnig uesaid oy -@ - vv-02 SH —w—
0} 8dA] —— 6 0dA] —w»—

(1s2) g odA) —m— G odA] —e—

- O

- 0€

- 0§

- 0L

O}-

(%%)uedspipy ye Juswop jo Jojoe4 joedw

103



wz9oey

)3udr] uedg sa s10)deq Joeduy sqweulq 01-S Sig

yonu g, fydwy (q)
(w) ybua uedg
weg o wgy'0e wgg'ee wg/'gl w/9'0lL

(9661) -08dS OLHSYY —e—
01 8dA| —se—
(1s2) g 8dA| —m—

Apnig jussaid 8yl =% =
6 0dA| —w»—
G 8dA| —e—

0
AN
T
Q
(2]
~
A
(2]
~r
o
-
L oo S
=
(o}
3
L og S
—
Q
e
=
- 001 &
(/2]
T
Q
=
—
-ONF%

ovi

104



w/9'ey

)3ud] uedg sa si03oey Joedur] s;weudq g1-s i q
¥oniy, papeo] (9)

(w) yibuar ueds
wgg 9 wgy o€ wog'ge wgz'9l wz90l

(9661) "08dS OLHSYY —e— YP-02SH —%—
0l 8dA] —¢e 6 9dA)| —»—
(1S2) g 2dA| —m— G odA| —e—

S o o o o o o
® q o= L
(%)pu3 1e Jeays jo Jojoe Joeduw

T
o
v

0§

105



w/9ey

Y)3ua] uedg sa s10jdeq joedury orueudq “0y-s ‘i
yonuy, Sydury (p)

(w) yjbus] uedg
wgs'9e wey 0 wog g2 wo/ 9l wz90t

X

X

(9661) "09dS OLHSYV —%—
0} 8dAl —¢ 6 0dA| —w—
(1s2) g 8dA]| —m— GodA) —e—

Oc-

T
o

T
o
(aV]

T
o
<t

T
o
(o]

¥
o
(o o]

00}

(%)pu3 e Jeays jo Jojoe4 Joedwj

106



uondag uedspipy 3e JUWOA] Jo uonnqruysiq *fI-s “Siq
mes (v)

18pJlH jo JaquinN
9 S | 1% £ 2 1

L 1 L

Wigey =1—¢ wWgp0og ="1—»
W68l =78 WplL'g="1—e

ANIWOW JILV1S

0001-

- 0001

- 000€

- 000S

- 000£

(w-NM) uswopy

- 0006

- 000t}

- 000€1

107



Uo1323g uedspIp J& JUSWOJN Jo uonnqLysiq *Y1-§ “S1d
sureui( (q)

1apiin Jo JaquinN

Wi9ey =1—» W8Y'0€ =7—v
wec'gl =1-m  WpL'6="T—0

AN3INOI JINVNAQ

000}-

- 0001

- 000€

- 0009

- 0004

(w-NM) Juswop

- 0006

- 00014}

- 000€}

108



198

P33dg sa s103oey joedu] dsrureukq zI-s ‘Siq
(®)
(ywy) @aads
oLt 06 0. 0§ o€

L 1 L o I

oL

\/<\ NV o—— "

d447 OLHSYVY ——

plepuels OHLSYV —e— S IdAL—»
8 AdAL—¢ 6 3dAL—¥

Ol 3dAL-= y-0CSH —e—

WY1°6 =71 HLON3T NVdS

- Ol

o o o
<t o (qV]
(%) HOL2V4 LoVdni

T
O
[T}

- 09

0.

109



L

Paadg sa s10yoey joedury srweudq “zy-s ‘Sig
(@

(ywy) @aaads
06 0L 0S

d4471 OLHSYVY ——

piepuels OLHSYV —e— S 3dAL—»
8 IdAL—¢ 6 3dAL -+
Ol 3dALl = v¥-0CSH —e—

W62°8L =T HLON3T NVdS

- 02

z s
(%) HOL1oV4 1ovdiI

i
o
©

- 001

oct

110



(148

Paadg sa s10joey joeduy orwreudq zI-s ‘811
©)

(y/wy) @aads
oLl 06 0L 0S

| L A |

d4471 OLHSVYVY —+—

piepuel§ OLHSYVY —e— S 3dAL—»
8 AdAL—¢ 6 3dAL—»

O} 3dAL-—= v¥-0CSH —e—

W8Y'0€ =1 HLON3T NVdS

- 02

o o
«© <t
(%) HO1DV4 LOVdINI

T
o
[eo)

- 001

oct

111



Pa3dg sa si0joey joedui] orwreukq zy-s *Sig
() |

(y/w) @aads
1548 Okt 06 0L 0S (0]

1 | 1 | L

-+
3

d4417 OLHSYY —+

piepuelsS O1LHSYY —e— G IdAL
-8 AdAL —¢ 6 IdAL—

0} edA| —m— vy-02SH ——

WZ9°¢y = T HLON3IT NVdS

U
o
Al

(%) HO1oV4d LOoVdii

o
(%2}
112

U
o
<




S¢

(wpT°6 = T) 6 2dAL, papeo] 03 anp L10)s1y dsnweudq “c-s ‘Sig

0c

(w) aouesiq
Gl

ot

o_E.mrSﬁ_ ,,,,,,,
onjelg ——

00v-

- 00¢-

- 00V

T

o
o
(le]

Ll
o
o
(oo}

- 000}

- 00¢t

- 00¥1

(W-NX) uedspi e Juswo

113



sad£ ], yonu, snolreA Japun uonnqrysi(y [e1djey ‘pI-s ‘S
(®)

430419 40 439NN
S v € 4 8 0
il ! I L .V.On
- N.Ol
G AdAL—* Lo

b-8 AdAL—¢ 6 dAL—»

OF 3dAL-—= y-0cSH —e—
- ¢'0
- ¥'0
- 90
- 80

14 0€ = HLON3T NVdS

H010Vvd NolLNngld1sia

114



sad4, yonuJ, snoLre A Japun uonnquysi(y [e13e ‘pi-s “Sig
(@

d3adIO 40 H3gINNN
S 1% € [ b

| 1 | | |

S IdAL—»
b-8 3dAL ¢ 6 3dAL—¥
Ol 3dAL = Y¥-0¢SH —e—

LAY

- ¢'0

- €0

- v'0

- 90

- 90

- L0

14 09 = HLON31 NVdS

80

d010Vd NOolLLNgId1sia

115



sadA T, yoni], snolreA Jdpun uonnqrysi( [e1dRe| pr-s S
6))

d3a4IO 40 439NN

14 00} = HLON31 NVdS

g y € 2 _ 0
L I 1 L L o
- 10
S 3dAL—*=
18 IdAL - 6 3dAL—* o
0 3dAL—=- 77~0ZSH —+—
- €0
- 70
- G0
- 9'0
L0

H010V4d NolLngldisia

116



sadA [, yoni], snoliep Jopun uoynqLysi( [eI3)e] pI-s “Sig
(P

d3a4I1O 40 439NN
14 € [ b

1 L A Il

S 3dAL—»
b-8 AdAL ¢ 6 IdAL—¥
O} 3dAL = v¥-0CSH —e—

- 10

- ¢0

- €0

- G0

- 90

14 Ov1L = HLON31 NVdS

L0

H010V4d NolLngld.isia

117



J103)0e ] uonnqLysiq peor] [3dYyAp Jo uostredwo) *Gy-s ‘81

JudWoA (e)

(w) 7 yibuan ueds

92y 81°0¢€ 62’81 vL'6
_ _ _ L0
- 8°0
— _—
- 6°0
- b
- L
- 2L
" " " ~ e
- VL
(onels) 6 odAL — (oness) 0| edA) ——
(one1s) yv-02SH—e— A447 OLHSVYV —%— | .
plepuelS OLHSYY —¢ (olwreuhp) 6 odA ) —»— P
(oiweuAp) o} edA| —m— (o1wueuAp)yi-02SH ——

9t

10)0e4 UONNQMISIA

118



10084 uonnqLysi(y peo [9dYA) Jo uostreduro) Sy-s ‘i

Tedys (q)

(w) yibua uedg

192 8v°0€ 62'8k v1'6
1 1 1 m.o
.l e
- 60
*— B _.
- L)
A
) ) ) ) - €'
- L
* * — -X L 5|
(oneis) 6 edAL — (oness) 01 edAL ——

(oness) pp-02SH —e— d447 OLHSYV —%— .
PIEPUBIS OLHSVY —— (o1weuAp) 6 adA) —v— -9}
(o1weudp) 0| edA) —m— (o1weuAp) py-02SH —e—

L'L

1019e4 uonnquisiqg

119

R NN



LE°S

SSaq)§ [eanxaff diweui( Jo weadosig °1-9 ‘31

(®)

(1s¥) ssans

6'¢

86

ic't

ssansO

- _I___L

L

- G0°0

- 10

- G1°0

o
o
Aouanbaiy

- G2'0

- €0

- G€°0

wz9°01 = 1 yibua ueds

0

120



16.76m

Span Length L

O Stress

] €9y
Ly
 are
[_ LE€

] voe

6.°¢

[ 69¢

[ 6S5°¢

| ot¢
[— lee
0 622
612
gl

] 181

| |

9/°L

L'l

O €91

L] 191

L 195t

O vv1
Al
] 121

160

0.4

0.35 -

1
@
o

|
L 1 1
[Te} oV} n ~—
N o b o
o o

0.05 -

Aouanba.ig

121

Stress (ksi)

(b)

Fig. 6-1. Histogram of Dynamic Flexural Stress



22.86m

Span Length L

O ese
o
L0°E
| 682
I:— €52

O Stress

2e'e
— 622
|:- €e'e

[‘ yAN
80z
| 961
 96'1
191
—
| 651
i sst
[ i)
l:_ 8e’1

— ezt

E_ ve'L
601
E— 80°1
970

e NS |

0.4

0.35 A

0.3 -

0.1

0.25 -
0.
0.15 -
0.05 -

Aouanbalig

122

Stress (ksi)

(c)

Fig. 6-1. Histogram of Dynamic Flexural Stress



30.48m

Span Length L

O]

OStress

0.4

0.35 -

0.3 -

0.25 -
0.
0.15 -

Aouanbaig

123

o1{m

0.05 -

Fig. 6-1. Histogram of Dynamic Flexural Stress



$SA.0)§ [ernxa ] dtweud( Jo weado)sig ‘1-9 ‘Siq

®)

(1s¥) ssans
cs’e 00°¢ 9g’L

Il 1 I\ 1 L

040

Ot I

Aouanbai4

- G0°0

Yo} (qV} n -~

N o - o

o o
Aouanbaiy

T
™
o

- GE°0

wgg9e = 1 yibua uedg

¥0

124



ov'e

@

(1s¥) ssans
y6°L

A Il Il |

$sa)§ [eanxa[ dtweui(q Jo weadolsig ‘1-9 ‘Siy

LC'}

99'0

T

7=

T

Aouanbai4

_:_c_:_

- G0°0

T T
n -
e o
o

[aV}
o
Aouanbauig

- G20

- €0

- G€°0

wzg'egy = 1 yibua ueds

¥'0

125



dduey ssax§ drweui( pajenafe) Jo JAD -9 S

(edW) ssans
)S 1917 oy Ge (0] Gc 0¢ Gl Ot 0
1 1 1 | 1 1 | 1 o

- 20

-0
L)
- 90 O
=)

wgy 0g
- 80
w90 —

¢l

126



uonenUNIIY ddewe( andney °¢c-9 ‘S
61# uoneig ()

(w) yibus ueds
w/9'2y wgs 9e wey'0e

wgg’'ee

wg/'9t

w/9'0l

o
——

3 Aiobsjen) —e—
g Aiobsje) —»—

q Aobsjen —x—
g Aobeje) —m—

.3 Aobsjen ——
0 Aobsjen —m—
v Aobsje) —e—

00

- ¢'0

- 0

- 80

- ¢}

-Vl

- 9'L

/

8t

uolje|nwnooy abewe(

127



uonenuIN)Y Agewe( ansneq °c-9 ‘3
9z# uoneis (q)

(w) yibus ueds

w/9'ey wgg 9e wgy'0e wog'ce w9/9}
_ ’ _ 2 _ Ty 00
m‘ —— ¥ —
T N
-2’0
T
- ¥°0
- 9°0
- 8°0
-0}
-2}
na
.3 Aiobejen) ——
3 Aiobeye) —e— q fuobeyen —x— 0 Kobsie) —e L o'}
g Aobejer —»— g Aobejen —m— v Aobeje) —e—

8t

uolnejnwnody abeweq

128



w /9¢y

uope[nNY agewe( ansneq Jo uostredwo)) ‘p-9 *Sig

(w) y1bus ueds
W 85°9¢ W 84"0g W 98'22 w99l w 2901l

(0661) oni 1 anbieq epin OLHSYY —»—
(8661) doniL enbieq g441 OLHSYV -
eleqg NIM —o—

00+3°0

- §0-3'¢

- S0-3'Y

- GO-3

(e}
uoje|nwnosdy abeweq

- G0-3'8

y0-3°1

129

e



$911083)€)) YON1], SNOLIEA 0} INp Uone[nuNdIY Idewe( andnej °s-9 ‘31

Aiobajes jo JaquinN

€2 ¢¢ tc 0c 6L 8L LL 9L SE vI € ¢t L1 Ol

6

L adA|

(zsz)gedhy  POPEOT
(1se)8  pepeo
adA)
pspeo
adA] pspeo] —
wL9'ey —e— wgs'9¢ —¥— wgy'0g —x» —

w9g'cec —»— wg/l'9} —a—

w/9'0} —e—

3

- 100

- ¢0'0

- €0°0

- ¥0°0

- G600

900

uolnejnwnody abeweq

130



614 Uone)g 3 SHoNIJ, snoliep £q padnpuy sapL) Jo dquny “9-9 *Siq
(®)

(w) yibua ueds
09 0S oy _ og 0¢ 0l 0
L L I : 1 1 o
- G0

P

c
—n —— - = = » -1 3 -
q —

D

-

*]

—fy

Y

- G S

®

7]

—
opINY OLHSYV —— ,
Q441 OLHSYY —e— 6L#s ‘9 odfy Aidwo —x— | o K
6L#1S ‘G odA} papeo| —« 6L#1s ‘G adA) Ajdwo ——
61#1s ‘v 8dA} pepec|—m— 61#1s ‘v edA} Aildwe —e—
ge

y1bua ueds *sp sajoko



61# UONE)S € SHONL], SnolaeA Aq padnpuy SIA[IA) Jo JdqunN *9-9 *Si

(@

(w) yybua ueds

)9 0]°] 0)74 (0] 014 0]8 0
| ] | | 1 O
- G0
= = = = ] -
- G'L
+——
m_._o_so OLHSVYV —— "
a441 O1LHSVYVY —e— 6L#1S ‘2-8 2dA) Aildwe —x— —
61#1s ‘L-8 8dA} pepeo| —— 6L#1S ‘1-g adf) Aidwo —y—
6 L#1s ‘., 8dh} papeo| = 614#1s ‘g adA) pepeo| —e—
ge

yibua ueds "sA s919A)

s9]9A) Jo JoaquinN

132



09

61# UOIIE)S 18 SYONL, SNOLIEA Aq PIsnpuy SA[A) Jo Joquuny ‘9-9 “Siq

©)

(w) y1buar ueds

0s oy 0oe 02 0l 0
I 1 | Il 1 O
- G0
= I = = = - |
- Q'L
opInY OQLHSYVY —+— | 2
d441 OLHSYVY —e— 6L#1s ‘6 8dA} pepeo| —x—
61#1S ‘6 2dAl Aldws —e 6L#1s ‘-8 8dA} papeo| —»—
61#1s ‘e-8 adA) Aildwe —m— 6L#1s ‘2-8 @dA} pepeo| —e—
g¢e

yibua ueds "SA sa194)

s9J9A9 Jo JoaquinN

133



)9

61# Uone)S Je SHINL], SnolieA Aq paonpuj sa[I£)) Jo Jaquny *9-9 ‘1]

(P)

(w) yibuan uedg

0S 0)74 0] 0¢ 0]} 0
: : : : _ 0
- G0
L L i i L - |
- Q'L
- €
9pINY OLHSVYY ——
d447 OLHSVYV —e— 61#s ‘21 adhy fidwe —w— L gz
6L#1s ‘|| 8dA) papeo| —e« 61#1S ‘1| odA) Aildwe ——
61#s ‘01 adA} pepeo| —m— 61#1s ‘0L odA) fjdwe —e—
€

yibua ueds "sp sa|24)

$9]9AD Jo JaquinN

134



09

61# UONE)S JB SHONIY, SNolIeA Aq pasnpuj SI[IL) Jo JaqunN *9-9 *Siq
©)

(w) yibua ueds

L | \ ) _ O
- G0
= % = = L,
- G')
ElS vV —e— - ¢
mgm ‘(o1xe m_ %:h memiT
61#1s ‘(e|xe/) £ odA} pepeo| —»—
B1L#1S a_xﬁm dA) Aidwe —m—
61#1S ‘2| 8dA} pepeo| —e—
G2

YibuaT ueds sA s3|94)

135

$319A) Jo JoquinN



oy

9Z# UonE)S e SYINL], SNOLIBA Aq padnpu] SA[IL) Jo Jaquny °£-9 ‘S
(®)

(w) yibua ueds

Ge 0e G2 02 Gl ot 0
L | \ . _ ) o
- G0
= -— 5 L,
8pINY OLHSYVY —+— |
a447 OLHSVYY —e— L 5|
gz#is ‘9 edA) Ajdwo —x—
92#1s ‘G odA} papeo| —e— —
gz#1s ‘g adA) fjdwe —»— . . "
9z#1s ‘v 8dA) pepeo| —m—
9z#is ‘v adA) Ajldwe —e—
G2

yibua ueds "sA sojoh)

136

S9]9A) Jo JaquinN



%

ge

9T# uonelS 1e sHoNAY, snolrep £q paonpuj sapp£) Jo Jaquuny °£-9 “S1q

(w) yibua ueds

0e 514

L L

@

0¢

St

Ol S 0

epINY OLHSVYV —+—
d447 OLHSVYV —e—

92#1s ‘6 adA} papeo| —x—
9g#is ‘6 adA) Aldwe ——
9z#1s ‘-8 8dA} papeo| —»—
9Z#1s ‘g-8 odA} papeo| —m—
9z#1s ‘|-g edf} pepeo| —e—

- 90

J
-~

T
12
L ol

yibuan ueds "sp sa9j9hn

g'¢

137

$9]94) jo JaquinN



814

ge

97# UONIB]S 1B SYONI], SNOLIBA Aq pIsnpu] SI[ILD) Jo Jaquny /-9 *S1f

©)

(w) y1bue ueds
o€ G2 02 Sl

1 | L .

0] g 0

o9pINY OLHSVYV —+—
d447 OLHSYV —e—
gz#s ‘z1 odh) Aidwe —x—
92#1s ‘11 9dA} papeo| ——
9z#is ‘1| edA) Aildwo —»—
gz#1s ‘01 adA) pepeo| —m—

9zg#1s ‘01 adA) Aldwo —e—

!
o
o

T
>~

1
10
¥

uibua ueds "SA s9194D

g¢

138

$9]94) Jo JoquinN



9Z# uone)S 18 SHdNIJ, snolrep Aq padnpuj sapdL) Jo Jaquuny £-9 i
(P)

(w) y1busn uedsg

| 4 1 . ) _ o
- G0
pa
c
. -, 3 N
3 o
@
opINY OLHSYVY —+— s
- o
d44d1 OLHSVYY - M
61#1s ‘2| odA) Ajdwo —x— S
(7]
61#1S ‘|1 9dA) papeo| —
61#s ‘L | 8dAl fidwe —y— .
6L#1s ‘01 odA} pepeo| —a—
61L#1S ‘0 adA) Ajdwe —e—

Se
yibua ueds ‘s s9j949



oy

9Z# uone)s 1B SYINIJ, SnoLIe A Aq pasnpuj s3[d£)) jo raquiny °L-9 31
)
(w) yybuar ueds
Ge 0e G2 02 Gl o] !

L . I\ 1 Il |

apINY OLHSVYY —e—
Q4471 OLHSYV —e—
oz#is ‘(e|xeg) g1 adA} pepeo| —»—

gzg#ls ‘(a|xez) €| edA) pepeo| —m— *—e

9z#is ‘21 edA} papeo| —e—

- G0

¥
-

1
0
h

yibua ueds ‘sp saj0h)

g'¢

140

$9J9A9 Jo JoaquinN



oy

s3[1jol ssauy3noy deLIng peoy pajenuis ‘y-£ ‘S
60=2 (e)
(w) soueysiq

Se oe Se 0c Si o] S

| Il Il 1 1 Il Il

aur EO_I ........
our yo ——

o
(w) 201 X ssauybnoy

141



oy

$3[1Joad ssauysnoy Ideling peoy pajenuis °1-£ ‘81
€9°0=9 (q)

(w) aouelsiq

1) o€ 14 0¢ Sl (0] S 0
| | | | | | |
.
aul EO_I ........
suI Yo7 —— L,

(w) Z-OL X ssauybnoy

142



ov

ge

SI[oIq ssauy3noy dejIng peoy pajenwis ‘- ‘31
00=2 (9)
(w) @ouelSIg
o€ G2 02 Gl o]

1 1 1 1 |
.
< ..
. - 3
v P
.- S . . .
. . . N .
. . ¢ PACEN
e g N .
. N u
.

aul Em_m_ ........
our Yo ——

T
o

(w) 501 X ssauybnoy

143



ov

ge

o€

$9[1J014 SSauUYInoy ddeLINg peoy pajenuis

€9°0-=2 (p)
(w) souelsiqg
G2 02 Gl

*I-L ‘314

o]

aur Em_m_ ........
Ui Yo ——

o
(w) 201 X ssouybnoy

144



ov

Se

S3[1Jo1d ssauy3noy adeying peoy pajenuis °I-£ ‘31
6'0-=9 (9)

(w) soueysig

) 14 0¢ St o}

1 Il 1 1 1

aunn Em_m_ ........
our yo ——

o
(w) Z-OL X sseuybnoy

145

&



Auto Correlation Function (m2)

Cross Correlation Function (m2)
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Fig. 7-2. Simulated Auto- and Cross-Correlation Functions and the Targets
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Auto Correlation Function (m )
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Cross Correlation Function (m )
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Fig. 7-2. Simulated Auto- and Cross-Correlation Functions and the Targets
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Auto Correlation Function (m )
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Auto Correlation Function (m )

2

Cross Correlation Function (m
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A.1 TypeS5

Item Empty Truck Loaded Truck
L 198.06 in 214.70 in
A 128.65 in 150.69 in
A 69.42 in 63.98 in
K3 44.0 in 440 in
K 36.0 in 36.0in
d 68.0 in 68.0 in
d> 72.0in 72.0in
K1, Koy 1.385 k/in 1.385 k/in
Koy3, Koya 10.865 k/in 10.865 k/in
Ky1, K2 4.996 k/in 4.996 k/in
Ky3, Kiya 20.000 k/in 20.000 k/in
Dyy1, Dsy2 0.0075 k-sec/in 0.0075 k-sec/in
Dyy3, Dgya 0.0425 k-sec/in 0.0425 k-sec/in
Dyi (i=1t04) 0.0000 k-sec/in 0.0000 k-sec/in
Fy1, Fy» 0.3 kips 0.3 kips
Fy3, Fys 3.2 kips 3.2 kips
my 0.016615 k-sec”/in 0.039855 k-sec*/in
L 32.698 k-in-sec” 78.434 k-sec’/in
Lu 97.5395 k-in-sec’ 233.972 k-sec’/in
mai(i = 11t02) 0.00828 k-sec’/in 0.00828 k-sec’/in

Lai (i=1t02)

6.45972 k-in-sec”

6.45972 k-in-sec”
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A.2 Type 8

Item Empty Truck Loaded Truck
A 163.56 in 174.24
A 293.76 in 301.92
A 65.424 in 69.696
A 98.136 in 104.544
Ls 98.136 in 104.544
Le 293.76 in 301.92
Ly 146.88 in 150.96
I 146.88 in 150.96
) 44.01n 44.0in
52 53 36.0 in 36.0 in
d; 68.0 in 68.0 in
dy ds 72.0 in 72.0in
K1, Koz 1.385 k/in 1.385 k/in
Koy3, Koys 10.865 k/in 10.865 k/in
Keys, Koys 11.241 k/in 11.241 k/in
Kiy1, Kiy2 4.996 k/in 4.996 k/in
Kiy3, Kiya 20.000 k/in 20.000 k/in
Kiys, Kiys 20.024 k/in 20.024 k/in
Dyy1, Dyy2 0.0075 k-sec/in 0.0075 k-sec/in
Dsy3, Dsya 0.0425 k-sec/in 0.0425 k-sec/in
Dsys, Dgys 0.0410 k-sec/in 0.0410 k-sec/in
Dyi (i=1106) 0.0000 k-sec/in 0.0000 k-sec/in
F,1, Fy2 0.3 kips 0.3 kips
Fy3, Fys 3.2 kips 3.2 kips
Fys, Fy 3.2 kips 3.2 kips
my 0.02505 k-sec’/in 0.02568 k-sec’/in
L 30.0533 k-in-sec” 30.809 k-sec’/in
Lu 127.0193 k-in-sec” 130.214 k-sec’/in
mp 0.009486 k-sec/in 0.04005 k-sec’/in
Le 43.71 k-in-sec” 61.5168 k-sec’/in
Ly 300.0 k-in-sec” 439.415 k-sec’/in
Ma 0.00559 k-sec”/in 0.00559 k-sec”/in
| 4.36020 k-in-sec” 4.36020 k-in-sec”
My 0.00923 k-sec’/in 0.00923 k-sec’/in
Ta2 7.26696 k-in-sec” 7.26696 k-in-sec”
Mas 0.00745 k-sec’/in 0.00745 k-sec’/in
L3 5.81364 k-in-sec” 5.81364 k-in-sec”
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A.3 Type9

Item Empty Truck Loaded Truck
I 186.6 in 177.12 in
L 54.0 In 54.0 in
I 383.64 In 384.36 in
Iy 54.5In 55.85in
I 6.121 in 45.78 in
Is 180.479 in 131.34 in
L 207.479 in 158.34 in
Ig 183.662 in 228.764 in
Io 226.978 182.611 in
51 440 in 44.0 in
si(i=2t05) 36.0 in 36.0in
d ' 68.0 in 68.0 in
di(i=2t05) 72.0 in 72.0in
Ky, Koy2 2.77 k/in 2.77 k/in
Kyi (i = 3 to 10) 3.985 k/in 3.985 k/in
Ksyi (i =7 to 10) 3.881 k/in 3.881 k/in
K1, Ky 8.008 k/in 8.008 k/in
Ky (i = 3 to 10) 16.015 k/in 16.015 k/in
Dgy1, Dsy2 0.01370 k-sec/in 0.01370 k-sec/in

0.02059 k-sec/in

0.02059 k-sec/in

Dyyi (i = 7 to 10)

0.02162 k-sec/in

0.02162 k-sec/in

Dyi (i=1to 10) 0.0000 k-sec/in 0.0000 k-sec/in
F1, Fy» 0.375 kips 0.375 kips
Fy;, (i = 3 to 10) 1.55 kips 1.55 kips
my 0.01852 k-sec’/in 0.02829 k-sec’/in
La 22.224 k-in-sec’ 33.944 k-sec’/in .
Lu 71.2135 k-in-sec” 108.763 k-sec’/in
M 0.04762 k-sec’/in 0.1169 k-sec’/in
Le 73.1443 k-in-sec” 179.60 k-sec’/in
L 1194.338 k-in-sec” 2954.40 k-sec’/in
May 0.00339 k-sec’/in 0.00339 k-sec/in
Lai 2.6442 k-in-sec” 2.6442 k-in-sec”
my(i=2103) 0.00532 k-sec’/in 0.00532 k-sec’/in
Lai(i=2t03) 4.1496 k-in-sec” 4.1496 k-in-sec”
my(i=4105) 0.00602 k-sec”/in 0.00602 k-sec/in

Lei (i= 4 10 5)

4.6956 k-in-sec”

4.6956 k-in-sec”
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A.4 Type 10

Item Empty Truck Loaded Truck
L 185.3 in 195.12 in
I 53.8in 55.2in
I3 377.04 in 319.92 in
l4 51.66 in 53.2in
Is 49.8 in 53.3in
I 74.12 in 78.048 in
I; 111.18 in 117.072 in
Ig 188.52 in 159.96 in
Iy 138.08 in 144.672 in
Lo 21542 in 187.56 in
L 240.18 in 213.16 in
51 44.0 in 44.0 in
Si (i =2to 6) 36.0 in 36.0in
d 68.0 in 68.0 in
di(i =210 6) 72.0 in 72.0 in
Koyi, Kgy2 2.77 k/in 2.77 k/in
Ksyi (=310 6) 3.278 k/in 3.278 k/in
Ksyi(i=7t08) 4.507 k/in 4.507 k/in
Ksyi(i=9 1o 12) 3.848 k/in 3.848 k/in
Kiy1, Kiy2 8.008 k/in 8.008 k/in
Kyi(i=3106) 12.014 k/in 12.014 k/in
Kyi(i=71t08) 16.015 k/in 16.015 k/in
14.021 k/in 14.021 k/in

Kiyi (i =9 to 12)

Dsy 1> Dsy2

0.01370 k-sec/in

0.01370 k-sec/in

Dyyi(i =3 to 6)

0.01868 k-sec/in

0.01868 k-sec/in

0.02330 k-sec/in

0.02330 k-sec/in

Dyyi (i =910 12)

0.02153 k-sec/in

0.02153 k-sec/in

Dy, (i = 1 to 12)

0.0000 k-sec/in

0.0000 k-sec/in

Fy1, Fy2 0.45 kips 0.45 kips
Fy;, (i=3106) 1.2 kips 1.2 kips
Fyi, i=7108) 1.6 kips 1.6 kips
Fy;, (i =9 to 12) 1.4 kips 1.4 kips
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To be continued




Continued

my

0.0336 k-sec”/in

0.031842 k-sec’/in

lel

40.32 k-in-sec?

38.2104 k-sec’/in

Lu

166.16 k-in-sec?

157.466 k-sec’/in

mp

0.0798 k-sec*/in

0.14733 k-sec’/in

Ixt2

122.5728 k-in-sec”

226.299 k-sec’/in

L

2300.66 k-in-sec’

3556.96 k-sec’/in

Mma)

0.00339 k-sec’/in

0.00339 k-sec’/in

Ixal

2.6442 k-in-sec’

2.6442 k-in-sec’

magi (i =2 t0 3)

0.00532 k-sec’/in

0.00532 k-sec’/in

Teai (1= 2 10 3)

4.1496 k-in-sec?

4.1496 k-in-sec’

mayi (i =4 to 6)

0.00602 k-sec’/in

0.00602 k-sec’/in

Ti (i = 4 t0 6)

4.6956 k-in-sec”

4.6956 k-in-sec’
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