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Summary
The objective of the paper is to demonstrate an efficient proof load testing procedure for existing
bridges. Proof load level required for meaningful tests is approximately twice the legal load. In
the State ofMichigan, the legal 11-axle truck can weigh over 70 tons. In this study, military
tanks were used. Each M-60 tank weighs about 55 tons over the length of about 4.5 m (15 ft).
The structural performance was measured in terms of stress/strain level and deflection. Any
nonlinearity of response was considered as an indication of inadequate strength. The measured
stress levels were unexpectedly low. This can be justified by unintended composite action,
effect of non-structural components such as parapets, and more uniform distribution of load.

1. Introduction
The objective of the study was to verify the load carrying capacity of an existing steel girder
bridge. The load capacity of the bridge was in question due to extensive corrosion of steel
girders. Initial rating showed that the bridge had marginal operating rating factor for the 11-axle
two-unit truck (77 tons), which is the heaviest vehicle allowed in Michigan. To avoid the load
limit posting, it was decided to verify if the bridge is safe to carry the normal truck traffic by
using a proof load test. The bridge was instrumented and proof load was applied in form of two
military M-60 tanks. The paper describes the test methodology and the results.

2. Selected bridge
The bridge is a simply supported steel girder bridge carrying state route M-50 over Grand River
in Jackson County, Michigan. The total span length is 14.6 m. The total width is 13.8 m. It
carries one lane in each direction with total ADT of 11,900. As shown in Fig. 1, there are ten
steel girders, a 165 mm thick reinforced concrete slab, and a 170 mm thick bituminous overlay. It
was designed to behave as non-composite section. Based on the initial inspection, lower flanges
of steel girders were found heavily corroded. At some locations close to mid-span, the flange
thickness was reduced by as much as 60 percent. This reduces the moment capacity of steel
girder by about 25 percent. There was not much corrosion in steel girders near the supports, and
reinforced concrete slab was in moderate condition.
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Fig. 1 Cross-section ofthe tested bridge

3. Analysis of the bridge
Based on the specifications in the Michigan Bridge Analysis Guide, the remaining capacity to
carry live load and impact corresponding to the operating rating was determined to be 1,550 kNm
per lane. In preliminary calculations, the inventory rating factors were 0.98 and 0.53 for HI 5 and
HS20 trucks, respectively [1]. The operating rating factor for the 11-axle two-unit truck was
0.95. A rating factor less than 1.0 indicates that the bridge is deficient. The critical limit state for
this bridge was the moment capacity at mid-span. The shear capacity was found to be adequate
at all sections. These rating factors were reduced after the site inspection to include better
estimates of the steel section loss. The revised inventory rating factor was 0.60 for HI 5 truck and
operating rating factor was 0.45 for the 11-axle truck.

Since proof load testing requires careful comparison of analytical and experimental results during
the testing in order to avoid accidental overload, two different types of analytical models were
prepared by using the semi-continuum method developed by Jaeger and Bakht [3]. In the first
model, the structural properties were taken as specified in design drawings, i.e., the slab-girder-
interaction was considered to be non-composite and the effect of non-structural components was
not included. For second model, the possibility of unintended composite action and contribution
ofnon-structural members, such as parapets and railings, etc., were incorporated. For both
models the supports were idealized as pin supports.

For the proof load test, a heavy load is used to test the bridge. The load is increased in several
steps until the yield capacity of the bridge, or a pre-specified load limit is reached. Usually, the
yield capacity of a bridge is very high. Therefore, this bridge was loaded only up to a
predetermined load limit. Since, the objective of the test is to check if the bridge can carry the
maximum allowable load, the applied proof load should exceed the legal load by a comfortable
margin of safety. If the target proof load is successfully reached without any distress, then the
resulting operating factor would be 1.0.
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4. Selection of proof load
The target proof load was calculated using the draft report on NCHRP project no. 12-28(13) A,
by multiplying the maximum legal load by a factor of safety of 1.4. It was further multiplied by
an impact factor. According to the AASHTO Specifications [1], the impact factor would be
1.29. However, for this bridge, it was taken to be 1.10, because the dynamic experiments
conducted by Nassifand Nowak [7] showed that the multi-axle vehicles with heavy loads exhibit
much smaller impact. Also, it was decided to load one lane at a time. Therefore, the target load
was increased by 15 percent to account for unloaded adjacent lanes.

The required proof load was calculated to be an 11-axle two-unit truck with gross vehicle weight
of 1,210 kN. In previous studies by other researchers [4], concrete barrier blocks were placed on
a flat bed truck to load the bridge. Each block weighs about 22 kN. Therefore, for this study the
required number ofblocks would be so large that it would not be possible to safely fit all of them
on one truck. Therefore, a different scheme had to be prepared. Since the moment capacity at
mid-span was found to be critical in preliminary calculations, it was decided to apply a load that
would cause the equivalent proof load moment.

The innovative idea was to use M-60 military tanks on flat-bed trailers to achieve a very high
target proof load level. The side view of the M-60 tank is shown in Fig. 2. Each tank weighs
over 490 kN. This load is distributed over a small track of 4.5 m. Two such tanks were required
to test this bridge. These tanks were provided by the Michigan National Guard. Only the four
rear axles of each trailer were used to load the bridge. Each tank was placed on a flat bed trailer,
such that the load on rear tandem axles was maximum. Both tanks had the same total weight.
However, the configuration of the trailers was different. Therefore, the resulting axle loads were
different.

For first load step, the tank on military trailer was placed close to support, to start with small
mid-span moment. Then, the mid-span moment was increased gradually in several steps by
moving the trailer towards mid-span. For third load case, the trailer was placed so that it caused
maximum mid-span moment. For the fourth load case, the second trailer was positioned on the
bridge, to further increase the moment. Load was also moved to three different transverse load
positions. They were called upstream, center and downstream, depending on their location with
respect to the flow of the river underneath, i.e. in upstream load position the trailers were placed
close to the upstream railing.

4.5 m

Fig. 2 Side view ofM-60 tank
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5. Instrumentation
Results of the test were closely monitored for any sign of distress. Several strain transducers
were placed on steel girders close to mid-span and quarter-points. These transducers are reusable
and clamped to the lower flanges of girders. Deflections at mid-point of all interior girders were
measured using LVDT's. Deflections at quarter-points of selected girders were also measured.
After placing Ihe trailers in each load position, the data from each instrument was collected using
a portable data acquisition system. The real time response of selected transducers was also
monitored at all stages of testing. The data from LVDT's and strain transducers was collected by
a portable SCXI-1200 data acquisition system. The system consists of a four slot SCXI-1000
chassis, one SCXI-1200 data acquisition card and two SCXI-1100 multiplexers. Each multiplexer
can handle up to 32 channels of input data. The current system is capable ofhandling 64
channels of strain or deflection inputs. Up to 32 additional channels can be added if required. A
portable field computer is used to store, process and display the data on site. A typical data
acquisition setup is shown in Figure 3.

Bridge Deck

Strain Transducers
and LVDT's Girders

Connection Box
5 V DC AC to DC

Power Converter

SCXI-1000 : SCXI Chassis

SCXI-1200
12 bit Data Acquisition and Control Module
with Parallel Port interface

SCXI-1100
32 Channel multiplexer Amplifier Module

SCXI-1100
32 Channel multiplexer Amplifier Module

Space forAdditional Module

120 V AC
Electric Generator

1
486DX/75MHZ

LabView for Windows
Minimum 8 MB RAM

Hard Drive
Floppy Disk Drive

Real Time History
I

Output

Burst -Time History Other Data Modes (Programmable in PC)

Fig. 3 SCXIData Acquisition System Setup.
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6. Proof load test results
During the test a maximum mid-span moment of 2,120 kNm was applied, which is over 2.6 times
the moment caused by the HS20 design truck. The target proof load level was successfully
reached without any noticeable distress. Therefore, the operating rating factor for an 11-axle
two-unit truck is 1.0, after the test. Figs. 4 to 6 show the stresses at mid-span of girders for
downstream, center and upstream loading, respectively. The four points in these figures relate to
the four test load cases described in Section 4.

The maximum stress of 19.4 MPa was observed during experiments, for girder no. 3. It is less
than 0.1 of the yield strength of steel. Also, for all girders, the stress increased linearly with
increasing lane moment, and similar behavior was observed for center and upstream load cases.
This indicates the extra safety reserve in the structure. The predicted maximum analytical
stresses were 29 Mpa and 48 MPa for composite and non-composite models, respectively. It
shows that the composite action between concrete slab and steel girders is present even at loads
several times larger than the design load. The non-structural members also contributed to the
overall flexural strength of the structure. Lateral distributions of girder deflections at mid-span
are shown in Figs. 7 to 9. Although several diaphragms were severely deteriorated, the actual
load sharing between girders is more uniform than analytically predicted. Following the test, the
bridge was opened for normal traffic without any load posting.

Fig. 4 Stresses at mid-span ofgirdersfor downstream loading

Fig. 5 Stresses at mid-span ofgirdersfor center loading
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Fig. 6 Stresses at mid-span ofgirdersfor upstream loading

Fig. 7 Lateral distribution ofdeflections at mid-spanfor downstream loading

Fig. 8 Lateral distribution ofdeflections at mid-spanfor center loading
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Fig. 9 Lateral distribution ofdeflections at mid-spanfor upstream loading

7. Conclusions
The proof load tests can be used as an efficient method to verify the minimum load carrying
capacity of the structure. It may require a relatively greater effort, but it provides immediate
answers about the load carrying capacity. The proof load must be considerably larger than legal
load.

As a result ofproof load test described in this paper, the bridge was found to be safe to operate
under normal traffic.
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Summary

The construction monitoring system presented in this article is designed for the construction of
railway bridges. When monitoring bridge structures, it is the task to permanently record the type,
intensity, position, duration and frequency of the impact loads as well as the resulting effects on the
whole system like elongations, vibrations etc. and the condition of construction components such as
supports, expansion joints etc. Moreover, the experimental determination of the stress-time history in
an assessment point makes it possible to determine the exact traffic load factor for the fatigue
assessment of the supporting structure.

1. Introduction

Environment, structure and function of a construction are too be understood as components of a
system. All factors within this system undergo changes over the time thus mainly causing the ageing
process of the construction. One of the problems even the first bridges were confronted with is the
constant growth of heavy traffic. In practice, railway bridge dimensioning is based on the simple
Load Model UIC-71 according to UIC leaflet 702 V [1] which covers the impact of usual traffic and
on the basis of the Load Model SW which is equivalent to the unitised train of the load class SW/2
according to UIC leaflet 776-IE [2],
Many tests showed that stresses in various bridge components under traffic load were usually smaller
than stresses due to loading assumptions. Thus, it is not economical to base the calculations of the
fatigue limit on the extremely large stresses under the design load of 2 x 106 load cycles for example.For the fatigue assessment the vertical traffic load of rail vehicles is represented by a combination of
vanous types of trains. The fatigue assessment for „usual traffic" is carried out with mixed traffic the
fatigue assessment for „traffic with 250 kN-axles" is carried out with heavy goods traffic. Each typeof „combined traffic is based on the annual traffic load of 25 x 106 tons transported per track The
fatigue assessment is to be based on a life span of 100 years.

In „DRAFT ENV 1993-2 [3]: Chapter 9, April 1996", it is proposed to use a simplified method of
fatigue assessment. In the following only the assessment of the uniaxial stress will be discussed the
superimposed stress resulting from the principal- and secondary load-act will not be taken'into
account, either.
The assessment is defined as follows:

ynAcE2<Acc/ym
Notation:
YFf-.... is the partial safety factor for the fatigue loads, in case no other detail is given yFfis assumed to be 1 0
Ymf is the partial safety factor for the fatigue strength.
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Aac.... is the reference value of the fatigue strength at 2 million stress cycles (for longitudinal stresses).

AaE2.. is the equivalent constant amplitude stress range (for longitudinal stresses) for 2 million stress cycles.

Act k® Act
E2 2 71

X is the damage equivalence factor for railway bridges.
X 2.] 'X^'XyXq

X, is the "real" traffic load factor, it takes into account the length of the influence area for various types of girders.
The calculation is based upon the reference construction, i.e. the moment stress of a single-span girder (a) in
the mid-span for various lengths L due to UIC mixed traffic on a single-track structure. The line load is 25

million tons per year with a fatigue life of 100 years.
X2 is the factor taking into account the deviation from the traffic volume.
X3 is the factor taking into account the deviation from the design life.
XA is the factor, which is used, if a structural element is stressed by more than one loaded track. In order to

calculate the maximum stress range, two tracks are to be loaded unfavourably with the norm load train.
®2 is the dynamic factor (as explained in ENV 1991-3, paragraph 6.4).
Aa7i...|maxCT71 - mineral —> The reference stress range Act71 of the vertical traffic load due to Load Model UIC-71

(UlC-leaflet 702V). In order to obtain the highest and the lowest values of the stress range in a stress cycle, the
load train has to be put into the position which is most unfavourable for the monitored structural element.

In accordance with "ENV 1991-3 "[4] the following traffic parameters are to be considered for the

assessment of the service load:
- uniform trains with standard axle loads, axle distances, a defined number and succession of railway

cars and locomotive,
- standard traffic mix.

The idealised mechanic model deviates from the
real structural system, as it does not consider
the space load-action, effective slab-width etc.
accurately. Therefore the results of the statically
calculated stresses for the main load-bearing
construction are too large, the stresses
calculated for the bracings are too small. An
error of a mere 10 % due to the load-bearing
model leads to an inaccuracy in the prediction of
the life span of more than 30 %.
In order to obtain a realistic assessment of the
stress induced on the Kamp-viaduct (Fig. 1), the
"Austrian Railways" commissioned the
"Department for the Experimental Research in

Fig. 1 Kampviadukt near Zwettl the Fields of Steel Engineering, E 213.1 ", at the
Technical University of Vienna to determine the real axle loads of the local railway between Zwettl
and Martinsberg.

2. Objectives

The "Department for Planning, Engineering-Energy" (Abt. PE-E) of the "Austrian Railways" wanted
to obtain the actual wheel pressures of all goods trains and passenger trains crossing the Kamp-
viaduct in Zwettl, km 21,787 (Fig. 1) over a period of two months. Further, it was the task to
determine the stresses in the upper and bottom chord of the steel load-bearing structure in the first
section of the bridge (Zwettl-abutment). The bridge structure consists of four discontinuous truss
girders, each having an effective span of 46,64 m (Fig. 1). The system of a truss girder is 5 m high
and 3,2 m wide and consists of 11 fields of the framework, each field having a web of two diagonal
members.

3. Planning of the project

Two measuring areas were selected on the bridge (Fig. 2):

•) "Measuring area a" for measurings of wheel pressures and temperatures at a rail.
•) "Measuring area b", for measurings of strains and temperature at the top chord and strains at the

bottom chord of a main girder.

The measuring system was designed to automatically acquire and analyse all axial stresses, strains in
the chord members in the mid-span of the bridge due to traffic loads and temperatures affecting the
bridge girder system over a period of two months.
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The main components of such a measuring system are:

- triggering function
- acquisition ofmeasurings provided by sensors, such as:

strain gauges
electrical resistance thermometer
trigger signals

- signal amplifiers
- analogue-digital converter
- an industrial computer equipped with software for acquiring, storing and analysing the measured

values
- display

Fig.2 The two measuring areas on the bridge Fig. 3 Survey of the measuringpoints
structure

Four triggers were located on the bridge (Fig. 3). The acquisition of measuring data was started as

soon as a trigger was passed. "Measuring areas a and b" are designed to acquire data continuously
during the train passage of the bridge at the speed ofv>5km/h.

The measuring system was installed on a platform between the two inspection runways in the first
steel supporting structure next to the Zwettl abutment (Fig. 3). The local power supply for the

measuring system was provided by the "Austrian Railways".

4. The measuring system

The measuring system was designed to monitor both
a) the loads imposed on the supporting structure and

b) the strains in the structural elements.
The measuring system determines the following parameters of the rail vehicles (traffic load):
- wheel pressures
- wheel distances
- speed of trains
- direction of traffic
- lateral impact
- dynamic stress
- time and date
Due to continuous strain measurings on the surface of structural members during the train passage, it
is possible to calculate the
- linear states of stress (tensile, compressive and shear stresses)
- plane states of stress (principal stresses and the position of the stress ellipse).
A schematic drawing of the installed measuring system can be seen in Fig. 4.

The industrial computer controls the whole data-acquiring process. The readings are transfered on
line to the hard disk and subsequently stored on a digital-audio-tape. The acquired readings are
analysed and assessed either on the measuring computer or on a HP-workstation 735/125. Standard
evaluations within the evaluation programme are automised to a large extent by macros. The
complete measuring equipment is installed in a 19-inch-cabinet. The power supply is secured by a

750-Watt-UPS. Fig. 3 shows the sensor locations.

A sleeper was removed in "measuring area a" for wheel-pressure measurements, the rail was
instrumented with 5 strain gauges. The bending strains of the rail are used to determine the wheel
load. The temperature is measured with an electrical resistance thermometer Pt 100.
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"Measuring area b" was located in the mid-span of the bridge. The outer and interior upper chord
of the main girder were each instrumented with two strain gauges and one electrical resistance

Fig. 4 Scheme of the measuring system

thermometer Pt 100. The outer and interior bottom chord of the main girder were each instrumented
with two strain gauges (Fig. 7).

The measuring system is started via one of the four triggers (A, B, C or D). Trigger A and B mark
the boundary of "measuring area a" and are also used for velocity measuring.
Trigger D is mounted on the rail over the first pier. As soon as a train coming from Martinsberg has
arrived at the first section of the bridge, the measuring system is started by trigger D.

Trigger C registers any shunting traffic on the bridge (Fig. 3).

5. Measuring Results

The installation of the measuring system on the Kamp viaduct was started on November 30th, 1995.
All measuring data of rail vehicles crossing the Kamp viaduct from December 19th, 1995 to March
23rd, 1996 were evaluated.

5.1 Measurings in „measuring area a"

Each load train is characterised by several parameters in the evaluation protocol (Fig. 5).

JUL 2 1996 12:39:44 zuq00189 Page 1

11
O 1

Zug-Name : zug00189
C. i

31 Anzahl Meßwerte : 56484
4 1 Datum : 12-21-1995
51 Uhrzeit : 08:57:21
ft 1D 1

71 Rad-Druck [tj Rad-Abstand [ml

81
91 8.707 5.835

101 9.088 2.566
11 1 9.023 5.659
121 7.446 2.591
131 11.918 4.653
141 10.536 6.263
151 11.777 3.848
161 10.548 6.363
171 9.775 3.899
181 11.364 6.414
191 10.896 5.232
201 10.112 8.728

Fig. 5 Evaluatingprotocol

Each train is characterised by the:
- name of the train
- number of readings
- date ofmeasuring
- time of measuring
The railway vehicles are characterised by their:
- wheel pressures
- axle distances
- velocity

If the speed of a train is not constant during the
passage of „measuring area a", the readings of
the axle distances will be inaccurate. In order
to give an example for the passage of
„measuring area a" by train 189, Fig. 6 shows a
worksheet stating the strain-time histories and
trigger signals for determining the wheel
pressures and velocity. In order to examine the
accuracy of the wheel-pressure measuring,
„measuring area a" was passed 12 times with a
diesel-hydraulic locomotive 2043 (70,3201).
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Fig, 6 Worksheet ofstrain-time histories and trigger-signals and velocityfor the train 189
in the „measuring area a'*

The evaluation of the measuring results of half of the locomotive weight (sum of four consecutive
wheel loads) with regard to its accuracy shows that
the mean of the 12 times measured half of the total weight Xn is:

Xi2 35,191t

the maximum deviation of the measuring value from the mean is:
max 5, +0,4041 -» 1,148 %

§
the "corrected" standard error Sn(x) is: S12 —j= 0,071t whereby s12 0,2451

final result: Xi2 ± Si2 35,191 ± 0,0711

the total weight of the locomotive is defined as

« 70,240 t < X < 70,5241

5.2 Measurings in „measuring area b"

„Measuring area b" is designed for recording the stress history of a load train which is characterised
by its wheel pressures and axle distances at the upper and bottom chord (midspan of the bridge). The
strain-time history at four measuring points during the passage of train 189 (time:
21.12.1995/8:57:21 h) is given as an example for the measurings at the bottom chord of the main
girder. Fig. 7 gives the positions of the four strain-gauge-measuring points, Fig. 8 shows the strain-
time histories on the measuring channels 9,10, 11 and 12, respectively.
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Calculated and measured strains at the bottom flange {in the middle of the bridge}
in the measuring points of the channels 9,10,11 and 12 The strain-time histories of

the tram 189 are measured In Fig 10 only the maximal strains are drawn
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Fig. 7 Position of thefour strain gauge-
measuringpoints at the bottom flange
of the main the girder

Fig. 8 Worksheet of the strain-time histories at
the four strain gauge measuringpoints at the
bottom flange during the running of the train
189

5.3 Assessment of the force imposed on the bottom chord during the passage of train 189

The measured passing time between triggers A and D indicates that the speed of the train must have
diminished between both triggers thus distorting the recordings of the wheel distances (Fig. 5). In
order to approximately determine the real wheel distances, a linear velocity function between trigger
A and D, as shown in Fig. 9, will be assumed in the following evaluation.

VA is the velocity of the train, measured when the head of the train comes into trigger section A-D.
Vd is the velocity of the train, measured when the last wheel of the train leaves trigger section A-D.

This assumption allows the approximate calculation of the missing boundary condition Vd Thus, the

— n
velocity function during the passage of section AD + £a. (a; is axle distance according to Fig. 5) is:

i=l

V -V
v(t) V. +-5 AA "T _ T

D A

Fig. 10 explains the calculation of the corrected axle distances a. with the known velocity function

v(t). Determination of axle-distance at constant velocity VA
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Correctionfactoro(,

Fig. 9 Presumed linear velocityfunction v(t)
for the correction of the axle-distances a,

of train 189

Fig. 10 Calculation of the corrected
axle-distances a.

In Fig. 11 the goods waggon dimensions according to catalogue „Güterwagen, Daten und Details,
DB 520; Ausgabe 1995" are compared to the measured axle distances. Fig. 12 shows the
determination of the maximal moment in the bridge main girder due to the wheel pressures as stated
in Fig. 5 but with the corrected axle distances ä..
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Probable succesion of goods waggons of train 189 (21.12 1995/8:57 21 Time)

Characterization of probable goods waggons

Ks oder Kbs 3xTds
el-hyd"3Ulic Ixomotive

2043 bzw 2143

8,00 4,75 6,00 3.64 6,00 3,64 6,00 4,45 2,50 5,50 2,50

7,84 4,76 5,90 3,63 5.97 3,65 5,99 4,49 2,52 5,55 2,53

Axle-distances a. Im]

according to catalog
„Guterwagen Daten und

Details" DB 520, 199S

distances a, [m]

Fig.ll Checking ofmeasured axle-distcmcesfor train 189

Fig. 12 shows the load train position causing the maximal bending moment on the mid-span of the
bridge.

m Relevant wheel pressure—••

bjr b|C b|b

10,112

I
10,896 11,364 9,775

I I I
10,548

I

11,777 10,53$ 11,918

I t I
7,446 9,023 9,088 8,707

II II
7.836 4.762 5,904 3,675 5.973 3,647

.4,171,

A ^T L

5.992 4,497 2.521 5.546 2.534

2,230

t M tTT __
- Effective span =46,64|fn)

• Wheel pressure in tons [

- Axle-distances in metre 1ml

- Position of the load train

for the maximal moment

Fig.12 The position of the train 189for maximal bending moment in the middle of the bridge

The maximum measured strains which occured in the strain-time history during the passage of train
189 on channels 9, 10, 11 and 12, respectively, can be seen in Fig. 7. According to Fig. 7 the
maximum strain in the centroidal axis of the bottom chord is ssch 174,13 pD. This results in a
normal stress of:

IcN kN
oSch =0,000174-21000—-y 3,654

cm cm
The measured normal stresses are smaller than the calculated normal stresses:
Gross sectional area:

kN kN
calculated oG 4,59—j > measured agch 3,654—- -» 20,4% smaller

cm cm
Net sectional area:

kN kN
calculated aN 5,04—j> measured oSch 3,654—j- -» 27,5% smaller

cm cm

The assessment of the force induced on the bottom chord during a train passage shows a difference
between measured and calculated bottom chord stresses. The calculation indicates too large stresses
since the mathematical model of the main girder calculation does not consider the spartial capacity of
structural components like lateral bracings or roadway construction. However, due to the simplified
model described above, moving loads are not taken into account when calculating bracings.
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6. Comments on further data evaluation

In fatigue assessments of railway-bridges the service load is covered only by the traffic load factor
A,?. The stress in a cross-section point induced by railway vehicles is dependent on the structural
system and on the position of the cross-section point in the supporting structure. For this reason, the
traffic load factor is also dependent on the supporting structure and the effective span length.
However, the traffic load factor Xj is also influenced by the stress range spectrum and thus by the
traffic density; fatigue life, existence of multi-track lines, combination of train types and the type of
stress induced (normal or shear stress).
It is possible to determine the actual stress in an assessment point of an existing bridge with the

measuring system described in chapter 4.
The further steps of the fatigue assessement are based on the hypothesis of the linear cumultative
damage calculation by Palmgren-Miner.
Fatigue assessment using the damage sum:

Dd < 1 whereby Dd
1

n; is the number of cycles of stress range Act;; during the required design life.
Ni is the number of cycles of stress range Acjj to cause failure (Act; constant).

Below, only the basic principles leading to the determination of traffic load factor AT are presented:
1. A given record of the stress-time history in one point of the supporting structure (Fig. 13 shows

the stress or strain-time history in one gauge measuring point at the bottom chord).

Strain ranges

iI 1 i i i

Fig. 13 Strain-time history in the measuringpoint at the bottom flange during
the running of the train 278.

2. Stress ranges of the stress-time history are arranged in stress classes.
3. Stress ranges from the given stress-time history in the asssessment point are counted-out using the

"rainflow" method or "reservoir" method. The stress ranges which were recorded during the train
passage are summed and arranged according to their magnitudes. They form the stress-range
spectrum of the monitored train.

4. The total stress range spectrum of the train traffic is determined. The stress-range spectra of the
single trains are used to determine a train total stress range spectrum related to a certain time-unit
(one day in most cases).

5. Calculation of traffic load factor Xi\
Determination of the equivalent constant amplitude stress range (for normal stresses) Aaä :

ACTä (for a fatigue strength curve with two slopes mi > m2) can be determined as follows:
l

Act,
1

En.Act. 1

+ Act
(mrmi)

En .Act
J J
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Notation:
Aoi, Aoj The stress ranges
AaD Constant amplitude fatigue limit
m], m2 Constant slopes of a fatigue strength curve

nj, nj Number of cycles of stress range Aa;, resp. Aoj
The equation for the traffic load factor is:

Aa,
Aouic

Aouic Aau]c Maximum stress range due to the UIC load model,

multiplied by the dynamic factor O.

The fatigue assessment with equivalent constant amplitude stress range (normal stress) is

indicated as follows:
/ — \ Aa„

XT(yFfAGu,c)<--^
' Mf

AaR.... Fatigue strength (normal stress) values on the fatigue strength curve for the relevant detail

category, determined for the same number of stress cycles as used to calculate Acra

yFf- Partial safety factor for fatigue loading
YMf- Partial safety factor for fatigue strength

7. Conclusions

The measuring system described in chapter 4 makes it possible to determine the service condition of
a structural system. This monitoring concept differentiates between monitoring the load and the
condition of the supporting structure. It permanently registers the position, intensity, duration,
velocity and frequency of the external loads. It also records the deflections, deformations, strains,
vibrations, construction settlements and changes in crack widths and temperature, it shows the
condition of the supporting structure under external loads. The standard deviations of the starting
parameters and the uncertainty in the calculation method according to "ENV 1993-2 DRAFT, April
1996" leads to an inexact traffic load factor A.j. This fact speaks for the experimental determination
of the stress range spectrum.
It is recommendable to solve the following tasks experimentally:
- the experimental determination of the stress-time history (stress range spectrum) in an assessment

point of the supporting structure as this will lead to a more economical traffic load factor
- the determination of structural components for which the assessement of fatigue is relevant
- the determination of the plane state of stress during the train passage (temporal inconstant

principle stresses and their position) in supporting structural components (gusset plate, deck plate
of orthotropic plate etc.).

The stress-time histories are also essential for
the performance of service load experiments in
the laboratory. By means of these tests it is
possible to assess the service lives and

compare the service lives of design variants.
The stress-time histories, which were
measured on the bridge structure and recorded
on digital-audio tape, are used for the control
of the testing machines. In order to conduct
such experiments assessing the service loads,
the author developed a frame designed for
inducing forces which can be seen in Fig. 14.

Fig. 14 Frame designedfor inducingforces
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Summary
This paper provides a summary of field measured static point stresses compared to theoretical
stresses, as well as measured dynamic stresses compared to theoretical stresses including impact
calculated as specified in the American Railway Engineering Association (A.R.E.A.) Manual. It
also proposes values for the Alpha factor and percentages of the A.R.E.A. impact values that are
more adequate for the evaluation of fatigue life.

1. Introduction
In anticipation of increased axle loads, the Engineering Department of the Canadian National
Railway Company (CN) has undertaken a major bridge testing program since 1988 as an adjunct
to its rating program. The purpose of this program is to ensure the safety of its aging bridge plant,
to prolong its life and to prioritize replacement and strengthening programs. Most of the main
lines are or will be supporting 130 tonne cars (286,000 lb.) in unit trains, and 6-axle 191 tonne
(420,000 lb.) locomotives.

This paper summarizes and reviews the results of 69 full scale field tests [ 1 ] of fatigue sensitive
members such as bottom flanges ofplate girders & stringers and bottom chords of through
trusses and deck trusses. The data presented is based on maximum recorded point stresses and
maximum measured impact at the maximum recorded stresses at or near the fatigue limit state.

This paper also briefly discusses whether the use of the Alpha factor and impact factor as
specified in the current American Railway Engineering Association (A.R.E.A.) Manual [2] is
appropriate in estimating the fatigue life of railway bridges.
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2. Testing
Static and dynamic effects were measured using a pre-weighed work train under controlled
conditions. Generally, the work train consisted of one or two locomotives followed by six or
more cars fully loaded and sometimes followed by three empty cars. The tests were conducted at
various speeds ranging from crawl speed to a maximum of 110 km/hr. (70 mph) for freight trains
and 180 km/hr. (110 mph) for passenger trains. The maximum allowable speed varied depending
on the zone speed of the line.

3. Selection of spans for bridge testing
The basic concept of bridge rating and safe life evaluation used by CN's Bridge department is a
multiple step procedure varying from a simple check against provisions similar to those
contained in Chapter 15 of the A.R.E.A. Manual [2], to a full scale load testing and crack
evaluation.

The first step involves checking critical details against the design provisions of the Manual. If
they are adequate, no further action is warranted.

Next, a detailed analytical evaluation is made using the approved rating and fatigue procedures.
If the span and details in question pass this test, no further action is warranted.

If the previous steps reveal structural inadequacies, and the cost of replacement or repair is high
compared to the cost of a successful load test, the structure is then load tested. Line importance
also plays a major role in selection ofbridges for testing.

4. Description of bridges and spans tested

Between 1988 and 1995, CN's Bridge department has carried out over 69 field tests. The
majority of the bridges tested were on the main line supporting traffic up to 40 Million Gross
Tonnes per km. (70 MGTM). Most of the traffic in Eastern Canada is of mixed type while most
of the traffic in Western Canada consists of unit trains.

The tests were conducted on various types of spans, a majority of which were built around the
tum of the century. Included in these tests were 28 through trass spans, 13 deck truss spans, 6

through plate girder spans and 22 deck plate girder spans.

The truss spans investigated were of riveted construction. Generally, the construction was typical
of tum of the century designs. The top chords and compression members were built-up sections,
while the bottom chords and other tension members were either built-up members or eye bars
with or without pin plates.

All the plate girder spans were of riveted construction except one welded span, and the beam
span was built using rolled I-beams.

Decks were generally open deck timber. There were three ballasted type decks. The rails were
generally 68 kg/m (136 lb./3ft) continuous welded rails on heavy tonnage lines with or without
"Conley" expansion joints to 57 kg/m (115 lb./3ft) jointed rails on the low tonnage lines.

The substructures consisted of stone masonry or concrete piers & abutments, steel towers and

pile bents. Conditions of the bearings ranged from satisfactory to poor. In order to simulate every
day field conditions, approaches were not surfaced or tamped for the tests.

5. Alpha factor
The alpha factor is defined as the ratio of the field measured static live load stress to the
theoretical static live load stress. Caution should be applied when using this factor for bridge
rating and predicting the remaining life, since there is no built in safe guard against unintentional
errors in testing and theoretical stresses are computed according to the rating guidelines, which
do not necessarily reflect true boundary conditions.
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6. Discussion of the results
The field measured stresses were compared with the theoretical stresses calculations based on
simple analytical models (as used in normal bridge rating practice). All of the data was taken at
temperatures above the freezing point (0°C). The measured data are in the raw format without
any adjustments. The measured stresses do not include dead load and are typical of the live load
stress ranges that cause fatigue damage in North American railway bridges.

Figures 1, 4 and 7 show the comparison of site measured static stresses (crawl speed) under work
trains to theoretical stress. Figures 2, 5 and 8 show the comparison ofmaximum site measured
dynamic stresses to theoretical stresses with full impact as defined by A.R.E.A. chapter 15.
Figures 3, 6 and 9 show the comparison of site measured dynamic stresses to theoretical stresses
with modified impact values (expressed as a percentage of the thèoretical impact computed as
specified in the A.R.E.A. Manual). Those reduced impact values were chosen in a conservative
way, such that the measured stresses are still slightly lower than the total theoretical values with
only a few exceptions.

The range of loaded lengths for the members tested are shown on each of the stress comparison
figures. All plotted values are the maximum values recorded and do not represent the average
cross-sectional stresses nor are the effects ofbending, torsion or axial loading shorted out. Solid
symbols indicate data from the ballasted deck structures.

6.1 Girder Spans

Measured static stresses in girder bottom flanges are plotted against the corresponding theoretical
static stresses in Figure 1. The Alpha factor varied between 0.34 and 1.11. It is clear from the
data that an Alpha factor of 0.85 as specified in the A.R.E.A. Manual is too low, and that an
Alpha of 1.0 is a more appropriate assumption to make in evaluating most physically untested
railway bridge girders. The two occurrences of an Alpha factor in excess of 1.0 came from two
simple Deck Plate Girder spans. Figure 1 shows the advantage ofbridge testing for most cases.

Figure 2 shows the same work trains with full impact (dynamic factor). The ratio ofmeasured
dynamic stresses to theoretical dynamic is less than 1.0 in all the recorded cases. Clearly, the
impact formula specified in the A.R.E.A. Manual, originally derived for a rare event [3], is not
appropriate for fatigue calculations.

Figure 3 is a modified version of Figure 2, with impact reduced to 10% of the A.R.E.A. value.
Based on this data, one can conclude that for fatigue evaluation, it is quite safe to use an impact
factor equal to 10% of the A.R.E.A. impact value, under certain operating conditions.

6.2 Stringers
As seen in Figure 4, the Alpha factor for stringer bottom flanges ranged from 0.32 to 1.35, and
was generally less than 1.0, except for a few cases. In those few cases, the floor system had
multiple stringers per rail. One stringer would record high stresses, while the adjacent ones
would record low stresses. The uneven distribution of loads is due to small differences in
elevation that prevent the ties from resting properly on some of the stringers. Again the Alpha
factor needs to be 1.0, and not 0.85 or 0.8 (A.R.E.A. values for spans less than and greater than
23 meters respectively).

Figure 5 clearly illustrates that the ratio of measured dynamic stresses to theoretical stresses
(including full theoretical impact) is less than 1.0.

Figure 6 shows that for fatigue life evaluation, it is safe to use a reduced impact factor equal to
25% of the theoretical impact specified in the A.R.E.A. Manual.

6.3 Truss Spans Bottom Chords

Figure 7 shows static stresses measured in the of bottom chords of the truss spans plotted against
corresponding theoretical stresses. Except for one case, all the measured stresses were lower than
the theoretical stresses. The Alpha factor varied from 0.42 to 1.0. The exception was a double
track pin connected "fish belly" deck truss. The Alpha factor of 0.70 as specified in the A.R.E.A.
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Manual is too liberal. A value of 0.95 might be more appropriate. However, it is our opinion that
an Alpha factor of 1.0 should be used.

Figure 8 shows that, as in the earlier cases, the ratio of measured dynamic stresses to theoretical
stresses (including full theoretical impact) is less than 1.0.

Figure 9 shows that even with no impact applied to the theoretical stresses, the measured
dynamic stresses are still less than the theoretical stresses (with 1 exception). Our
recommendation would be to use some nominal value for the theoretical impact (say equal to
10% of the A.R.E.A. value).

7. Concluding remarks
Measured static stresses and impacts outlined in this paper are generally lower than stresses
calculated using conventional analytical techniques. In some cases remedial measures can be
delayed for long periods of time. In overstressed member, testing will often point the way to less

expensive retrofits, repairs or strengthening. In the majority of cases, bridge testing saves money.

Nevertheless, since the test data shows that there are many exceptions, it is not recommended to
blindly assume that such is always the case. A reasonable upper boundfor static data on the
three classes ofmembers reviewed in this paper requires an Alpha factor of1.0. Without some
field testing it is not appropriate to assume a lower value.

Impact factors originally designed to cover occasional occurrences during the life of a structure
are much too conservative. The test data indicates that for fatigue evaluation purposes, impact
factors lower than those specified in the A.R.E.A. Manual can be used. Our recommendation for
appropriate impact values are: 10% of the A.R.E.A. value for girder bottom flanges, 25% of the
A.R.E.A. value for stringer bottom flanges, and 10% of the A.R.E.A. value for truss bottom
chords.
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SUMMARY OF MEASURED vs THEORETICAL STRESSES (including impact)
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SUMMARY OF MEASURED vs THEORETICAL STRESSES (static only)
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SUMMARY OF MEASURED vs THEORETICAL STRESSES (including impact)
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Summary
A three span continuous box girder bridge in Nagoya was subjected to very heavy traffic,
amounting to over 55,000 vehicles per day on three lanes and with about 50 percent trucks. In
1988 fatigue cracks were observed at diaphragm comers after 20 years of service. The fatigue
damaged diaphragm comers were repaired by high strength bolted splices. Trass members were
also added to stiffen the diaphragms and the cross beams. In the summer and the fall of 1996
stress measurements were carried out to investigate a method for measuring track axle weights
and to carry out a fatigue assessment of the orthotopic steel decks and diaphragm comers. In this

paper the case history of the box girder bridge is summarized and the preliminary results of stress
measurement are presented.

1. Introduction
Severe deterioration in highway bridges, such as deterioration in concrete decks and fatigue
cracks in steel members, became noticeable to bridge engineers in the 1980s. This led to various
research projects on repairing and retrofitting of aged and deteriorated highway bridges in Japan.
Various case studies were carried out when severe deterioration was found in particular bridges.

This paper describes a case history of a three span continuous box girder bridge which exhibited
fatigue cracks at diaphragm comers in 1988. The bridge was subjected to some of the heaviest
loads in Japan. The stress measurement described here was carried out in 1996 as a part of the
investigation to re-evaluate the effectiveness of the past rehabilitation measures, and to estimate
wheel loads of tracks in service, which is essential for fatigue assessment of the bridge. The
estimation of the wheel loads was carried out using the measured stresses at longitudinal ribs in
the orthotopic steel deck.

2. Bridge description

2.1 History of the bridge
The three span continuous box girder bridge was constructed in 1964 with spans of 77 m, 96 m
and 77 m. It is situated near a large port, and is subjected to very heavy traffic, since only a few
alternative routes are available nearby. The bridge carries 3 traffic lanes in each direction on its
orthotopic steel deck, as shown in Figure 1. Average daily traffic was about 55,000 in one
direction in 1994, and about 43 percent of vehicles were tracks. Some of these were believed to
be overloaded.

After about 25 years in service, fatigue cracks were found at comers of diaphragms and at sole
plates of supports. A committee (Chairman; Prof. Nishino) was formed to investigate the extent
of the damage, causes of the cracks and ways to retrofit the bridge. Intensive investigations, such
as stress and vibration measurements and structural analysis by die finite element method, were
carried out to find the best possible ways to retrofit the bridge. Based on such investigations the
cracked parts were strengthened by high strength bolted splices, and trass members were added
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250 000

Fig. 1 Orthotopic steel deck bridge

to stiffen all diaphragms and every other cross ribs. The rehabilitation scheme seemed successful,
and no further fatigue damages was observed at these stiffened parts. However, recent inspection
revealed that a few additional cracks were found at the diaphragm comers which were not
retrofitted eight years ago, because no fatigue cracks were observed at that time.

A study group (Chairman; Prof. Yamada) was formed to evaluate the effectiveness of the
previous retrofitting, ways to retrofit the additional cracks, and overall resistance of the bridge
against fatigue. The work is still underway. The stress measurements and estimation of the wheel
loads described here is the part of the investigation.

2.2 Orthotropic steel deck with open ribs
The orthotropic steel deck of the box girder bridge is schematically shown in Figure 2. It has a
12 mm thick deck plate, stiffened longitudinally at every 300 mm with bulb plates (open ribs) of
180 mm wide and 9.5 mm thick. About 80 mm thick asphalt pavement is placed over the deck
plate. Diaphragms are placed at every 7.7 m with four cross beams of which are 1.54 m apart
between the diaphragms. As mentioned previously, the trass members were added to all
diaphragms and every other cross ribs in order to stiffen them in 1988/89 retrofitting.
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nn

Fig. 2 Orthotropic steel deck of test bridge

3. Estimation of wheel loads

3.1 Procedure of wheel load estimation

Since the open ribs of the orthotropic steel deck are rather flexible, strain recordings measured at
the open ribs can be used to estimate the wheel loads passing on them

The procedure used in this investigation is as follows;

a) FEM analysis : The finite element analysis was carried out for the orthotropic steel deck of
interest to determine influence surfaces for all locations of strain gages, that were placed at the
mid-span of the longitudinal ribs.

b) Effect of tire loading : Wheels with single tire and double tires with an unit weight were
placed at different positions to calculate stress waves of the longitudinal ribs. Loading areas of
the tires were determined according to JRA Specifications. Through such analysis it was
determined to use six strain gages at two sections, A and B, near the supports, which were 7.7 m
apart, as shown in Figure 2.

c) Strain measurements : Strain histories were recorded dynamically using Digital Data
Recorder, and the data was transferred to a personal computer for further analyses. Typical strain
recordings for 2-axle truck and 3-axle truck are shown in Figure 3.
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Fig. 3 Strain histories due to running of test trucks

d) Tire types and their positions : From six strain recordings peak strains corresponding to
wheels passing on the mid-span of the ribs were determined first. Then, three largest strain
recordings were picked up, and tire position was determined. Single or double tires was also
clarified from the shape of the strain waves, as shown in Figure 4.
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Fig. 4 Stress distribution ofsix ribs at a and b

e) Wheel weight and number of axles : The weight of each wheel was determined by
comparing measured strains with the computed strains for an unit wheel load. Number of axles
of each truck was also determined by checking distance between the wheels. These process was
carried out in a personal computer, and they are visually monitored through CRT screen.

f) The velocity of the trucks was also determined from the time needed for the front wheel to
pass the two test sections.

3.2 Stress Measurements

Stress measurements were carried out in the summer (July) and in the fall (October) of 1996.
Strain gages to measure wheel loads were attached at the lower edge of six longitudinal ribs at
two sections, A and B. Two test trucks were used in the summer experiments for calibration of
this procedure. Dynamic strain were recorded digitally for 10 seconds for the summer
experiments, when the test trucks passed on the test sections. About 45 trucks of various types
were also measured. Accidentally, some other trucks were also recorded in the 10 second
recordings, and total of430 axles were recorded.

For the fall experiment strain recordings were automatically recorded for 2.5 seconds, whenever
any strain in the section A exceeded 50 micro-strains. The measurement was carried out for 30
minutes in ever hour for 24 hours. About 200 trucks were monitored in this way in 30 minutes.
The data was then transferred to an personal computer, which needed for 15 to 20 minutes.
About 5,000 trucks were recorded for 12-hour recording.
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Summer experiment (July 1996)

4.1 Measurement for test trucks
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The first measurement was carried out in the end
of July, 1996. It was the mid-summer in Nagoya
and the temperature at the bottom of the asphalt
pavement of the orthotropic deck was between
27 and 49, as shown in Figure 5. Two test trucks
were used, as shown in Table 1. They were a 2-
axle dump truck of 220 kN gross vehicle weight
(GVW), and a 3-axle dump truck of 223 kN
GVW. Drivers of the test trucks were asked to
drive the trucks intentionally in the left, the
center and the right sides of the mid-lane at
different velocity. The test trucks ran with speed
between 22 and 58 km/h over the test sections.

Fig. 5 Temperature ofasphalt pavement
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Table 1 Wheel loads of test trucks

From the recorded strains the wheel loads were estimated. The estimated wheel loads, We, are
plotted against actual wheel loads, We, measured statically at a weigh station in Figure 6. It was
found that We for the front and rear wheels were about 20 percent higher in average than We.
The scatter of the estimated wheel loads was also observed owning to the scatter in the measured
strain recording, which probably came from the vibration of the truck during the passage over the
test sections.
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Fig. 6 Comparison ofmeasured and estimated wheel loads of test trucks

4.2 Measurement for trucks in service

The wheel loads of the passing trucks of various types were also estimated. The result is plotted
in Figure 7. The wheel loads of these trucks were not known, but the estimated wheel loads for
the front wheel (single tire) are ranging from 4.9 kN to 64 kN. The maximum wheel loads
showed scatter from 4.9 kN to 98 kN. The legal limit of the wheel loads was 49 kN in Japan.
From the measured strain the wheel positions were also determined through the analysis and

plotted in Figure 8. For 312 wheel loads heavier than 4.9kN the wheel positions were between
the ribs 1 and 5, which were 1.2 m apart. The majority of the wheels passed between the ribs 2
and 3.
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Fall experiment (October 1996)

5.1 Measurement for test truck

100

80

0)

aj
>
"O
_CD

"CO

E
CO

LU

60

40

20

1 Fall | / -

Truck y/
3 Axle

o 0 / Tire

l/j^ o Single

§/ o Double

/ °

/ i i i i I I I I I

20 40 60 80
Measured value Wm kN

100

Fig. 9 The comparison ofmeasured and
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The measurement was once more carried out in
the mid-October, 1996, when the temperature
of the asphalt pavement was ranging between
12 and 32, as shown in Figure 5. A 3-axle truck
of 199 kN, which ran over the test sections 12

times, was used to calibrate the results. The
wheel loads of the test trucks were estimated
using the same technique used in the summer
experiments. The results are plotted in Figure 9.

The average estimated wheel loads were about
5 percent more than the actual wheel loads

The difference in the ratio of the average
estimated wheel loads to the statically
measured ones between the summer and the fall
experiments was about 15 points. In this period
supports near the section B was temporarily
jacked up for replacement works from metal
shoes to rubber ones. The effect of such change
in structural details on the test results is
unknown at this moment. The increase in the
stiffness of the asphalt pavement above the
orthotropic deck may also attribute to the

difference. The temperature of the asphalt pavement dropped by about 15 when the fall
experiment was carried out. Increase in the stiffness of the asphalt pavement results less strain in
the longitudinal ribs, and hence less estimated wheel load than that of the summer experiment.

5.2 24-hour measurement for trucks in service

The most of the recorded strain waves were automatically analyzed by a personal computers.
About 10 percent of recorded strain waves were analyzed by inputting velocity of the trucks,
since it was not computed automatically in the wave analysis. About 13,000 wheel loads were
estimated for total 12 hours recordings.

The estimated wheel loads, We, are
summarized in Figure 10. Note that these wheel
loads are for the trucks in which one of the
strain recordings exceeded the trigger level of
50 micro-strain. The maximum wheel load
observed during the 12-hr measurement was
113 kN. The frequency distribution of wheels
with double tires shows two peaks, one around
39 kN, and the other at about 15 kN. The latter
seemed the wheel loads when the truck were
not loaded.

The running position of all wheels are plotted
in Figure 11. The majority of the wheels passed
between ribs 2 and 3, and some passed between
ribs 3 and 4. In these areas ruts were observed,
and the trucks seemed to run along such ruts.

Single 5963
Double 7663

Total 13626

Legal limit 49 kN

20 40
Wheel loads kN

120

Fig. 10 Frequency ofestimated wheel load
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The velocity ofeach truck in service was also
computed. The distribution of the velocity is
plotted in Figure 12. The average speed was
about 57 km/h. Approximately 50 percent of the
trucks ran with speeds over 60 km/h, while speed
limit of this road was 60 km/h.

Once the speed of each truck was known, one can
compute the wheel spacing. The distribution of
the computed wheel spacing is shown in Figure
13. There are several groups of wheel spacing.
Compared with the configuration of the trucks
currently used in Japan, the wheel spacing seems
to correspond to (a) tandem wheels (about
1.3 m), (b) main spacing of dump trucks or
tractors, (c) main spacing of 3-axle trucks or
short trailer trucks, and (d) main spacing of long
trailer trucks.
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6 Summary of findings
Some fatigue damages were observed in 1988 in a three span continuous box girder bridge
situating in the heavily loaded highway They were retrofitted by applying high strength bolted
splices to the cracked parts, and adding truss members in diaphragms and cross ribs to stiffen the
box section. The study is currently underway to investigate the overall durability of the bridge
against fatigue. The stress measurements and the estimation of wheel loads described here were
one part of the investigation. The followings summarize the findings of the stress measurement
and the estimation of the wheel loads using the strain history recorded dynamically in the
longitudinal ribs of the orthotropic steel deck.

1) The procedure used in this study to estimate the wheel loads in service seems feasible.
Relatively consistent values of estimated wheel loads were obtained for the wheel loads of the
test trucks, of which the weight was measured statically at the weigh station.

2) The effect of the temperature of the asphalt pavement on the deck plate affect the estimated
wheel loads of the test trucks. In the summer experiments the estimated wheel loads were about
20 percent higher in average than the measured ones. In the fall experiment the estimated value
was about 5 percent higher for all wheels. It was about 15 points less than the summer
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experiment. The lower temperature may cause higher stiffness of the asphalt pavement, and
hence less strains in the longitudinal ribs, which lead to less estimated wheel loads.

3) The position of wheels, the speed ofvehicles and wheel spacing of trucks can be also
computed from the strain recordings. The data may be used to define the type of trucks in
service.

4) The digital dynamic recorder used in this study enable us to record the dynamic strain waves
for 2.5 seconds, whenever the strain exceeded a certain value. It was possible to record strain
wave for about 200 trucks in 30 minutes. The measurement was carried out automatically for 24
hours. This procedure opened a way to record strains only when the heavier wheel loads passed
on the test section.
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