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ABSTRACT

Field dynamic resonance tests of the Strawberry Park Underpass, a two span simply
supported railway bridge located in Los Angeles, were performed by using an
eccentric mass dynamic shaker. The east span of the structure and the adjacent road
bed were instrumented with twenty four FBA-11 accelerometers. The bridge was
shaken in both the longitudinal and the transverse directions. To identify the influence
of the rails, the tests were performed initially with the rails in place and then with the
rails cut at the abutments. The natural frequencies and the corresponding modal
damping vaiues of the first and second transverse, the first longitudinal and the first
vertical modes were calculated. Significant participation of the adjacent roadbed,
indicating a strong interaction between the structure and the soil, was also observed.
A three dimensional finite element program was developed, in order to predict the
experimentally developed results. These predictions were reasonably accurate. This
mode! will be the first step towards further analytical studies, which are currently
under development. This report describes the experimental procedures, the analysis

ot the data and its results and the development of the analytical model.
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND
During the last two decades, significant research has been conducted to investigate the
seismic response of highway bridges and to address their seismic retrofitting requirements.
This research has included several experimental and analytical studies. During this time,
no significant siudies have been performed to identify the dynamic properties of railway
bridges, their ultimate strength, and their response under earthquake excitations. One
important difference between highway and railway bridges is that, in the case of railway
bridges, the rails, ties, ballast and ballast pan provide a connection between the bridge
structure and the adjacent roadbed. The presence of the track structure could provide
significant benefits in terms of providing additional restraint and a mechanism for
transferring seismic loads to the roadbed. Thus, the structural elements of the railway

bridges might be relieved from the demand to carry all of the seismic load.

The Asscciation of American Railroads (AAR) funded a study with the University of
Nevada, Reno, to perform full scale resonance tests on the Strawberry Park Underpass,
a railway bridge located in Los Angeles, California. The bridge was scheduled for removal
in Spring 1985. A new bridge, next to the Strawberry Underpass, was under construction

during the test.
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Fig 1.1 : Elevation view of Strawberry Bridge.
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Fig 1.2: Plan view of strawberry Bridge.
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CHAPTER 2

EXPERIMENTAL SETUPS AND PROCEDURES
2.1 INTRODUCTION |
The dynamic tests of the bridge required the installation of the shaker on the bridge, setting
of its eccentricity and the placement of the accelerometers on the bridge. The detailed
description of the installation of the shaker, and setting up of its eccentricity are discussed
in the following sections.
2.2 GENERAL SYSTEM DESCRIPTION
The MK-12.8A-4600 Eccentric Mass Shaker System was used to excite the bridge. This
shaker was installed in the middle of the east span at the north girder as shown in Fig 2.1.
The system consists of an eccentric mass shaker, a rive motor, a frequency inverter with
a remote operator's station, interconnecting cabling, and flexible shafting. The system is
portable in the sense that it may be disassembled in to individual elements and
fransported.
The eccentric mass shaker consists of maiched sets of eccentric weights, which rotate in
opposite directions about para{iel vertical shafts. The shaker contained two sets of
weights, a 4600 lb-in. eccentricity set and a 880 lb-in. eccentricity set. To achieve higher
forces at Iow frequencies, the large weight setis used. The small weight set must be usad
if the system is operated in the 10-20 Hz range.
The direction of t.he force vector resulting from shaker operation can be adjusted to any

direction in a horizontal plane , however , shaker output force in the direction of the short

6



axis of the shaker is preferred. The shaker is powered by a 10-hp(1200 rpm) induction
‘motor. Tﬁe speed of the motor is established by the frequency of the output current from
a frequency inverter.

The running speed of the shaker is controlled by test personnel, either by rotation of a 10-
turn potentiometer or by application of an external 0-9.0 vde signal. The shaker can either
be operated from the inverter or from a remote operator's station. Cabling, permitting a
100-ft separation between the inverter and the remote operator's station, has been
provided. More details about the shaker can be found in the shaker's manual [1].

2.3 MOUNTING OF THE SHAKER TO THE TEST STRUCTURE

Extreme care had to be taken to ensure that the shaker was secured to the mounting
surface. Thru-bolting is recommenced to mount the shaker to the test structure. A total
of 12 mount-bolt holes have been provided through the shaker's base plate. During this
test a steel plate welded strongly to the north main girder of the bridge, having the same
number of bolt holes and size as the base plate of the shaker, was used to mount the
shaker in the middle of east s;ﬁan of the bridge. Periodical checkings of the bolt tightness

were performed during the test.

According to the shaker manual guidelines, the shaker drive motor should be located in the
rear of the shaker at an angle of about 30 degrees off the long surface. Motor location
should be established by a smooth curve formed by the flexible shaft. The motor need not

be anchored but should be heid in place to prevent overturning. The set screws, holding
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the flexible shaft to the shaker input shaft and motor output shaft, should be checked
periodically for snugness. The motor was located and periodically inspected according

to these guidelines.

2.4 INSTALLING WEIGHTS AND SETTING ECCENTRICITY
The limits of safe shaker operation are illustrated in the shaker manual. If testing is to be
done between 10 and 20 Hzthe small set of weights must be used. Below 10 Hz
operation, either the small set (980Ib-in) or the large set (4,6001b-in) may be used. In either
case, output force must be limited to 10,000 Ibf continuously or 20,000ibf on an intermittent
basis.
In this test, the small weight set was used in all the cases. There are three levels of
weights in each stack of the shaker. Eccentricity was established by rotating the top and
bottom weights relative to the middle weights in each stack.
The following factors were considered in establishing the shaker eccentricity.

1. The limits of safe operation. |

2. Maximgm test frequency.

3. Desired applied force at a specific frequency.
The eccentricities of the weights used for this test were 0.2,0.5 and 1.0 respectively. A
detailed explanation of the eccentricity values related fo each set up and response curves
obtained from these tests will be explained in the subsequent chapters. The excitation

direction can be established by rotating the left set of weights relative to the right set. In



this case the shaker did not need to be rotated.

The configuration of the weights and the directions of their rotations are shown in Fig 2.2.
in the first configuration the weights produce a net force in the Y direction, while in the
second configuration they produce a force in the X direction. Detailed information about
| the drive and control system of the shaker ,as well as other safety procedures can be
found in the shaker manual [1].

2.5 HARDWARE SYSTEM USED IN THE TEST

The complete hardware system used in this test consisted of three cabinets containing the
analog amplifiersffiiters, the digital Dataseis 1l data acquisition system, twenty four FBA-11
accelerometers, three junction boxes, three large spools of cables and several other
interconnecting cables. The data acquisition system was manufactured by Kinemedtrics.
The accelerometers were connected by cables to the iunction boxes first and then the
junction boxes were connected to the data acquisition system.

2.5 INSTALLATION OF THE ACCELEROMETERS ON THE BRIDGE

Twenty four FBA-11 accelerometers were used to record the acceierations of the bridge
caused by the eccentric mass shaker. Prefabricated metal mounting plates were bolted
on the ties at 6 feet intervals. The accelerometers were then mounted on thé plaies.
Accelerometers were mounted on bridge and approach ties as well as on the main girders
of the bridge. Metali plates clamped on the girders were used to mount the accelerometers
to the girders. Two main setups were used in the tesis; one in the transverse direction and

the other in the longitudinal direction. In the transverse setup, all the accelerometers were
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CHAPTER 3
PROCEDURE FOR THE ANALYSIS OF FIELD DATA

3.1 RESPONSE CURVES

During the test, many frequency sweeps were conducted in the range of 0-20Hz.
The acceleration of the bridge was recorded at every accelerometer location for
every exciting frequency. Thus, an extensive collection of acceleration response
data was recorded. The purpose of the data analysis was to determine natural
- frequencies and the corresponding mode shapes and modal damping values.
initially, the response curves around trhe natural frequencies were plotted for
many accelerometers. To do this, the peak acceleration values were
determined for various values of the excitation frequency bordering the
observed natural frequency. At a given frequency, a maximum voltage
reading, V..., and a minimum voltage reading, V., were obtained. Having
these two values and the value of the gain, G, of the data acquisition
system, the acceleration values in terms of gravity acceleration are obtained
by the following formula:

[3000* G}

Knowing the acceleration, the maximum displacement value,d, was
caiculated in terms of the exciting frequency, f, from the following formula:

i
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in the above equation the 386 term is the acceleration due to gravity in
units of in/sec’. The maximum force applied by the shaker, can be found in
terms of the exciting frequency, f, and the weight setting, W, as follows [1]:
F=0102%980*W* f* | ' (3.0)
Finally, having the maximum displacement and force values, the normalized

amplitude is defined as :

_ Displacement
Force (4,0}

By plotting the normalized amplitude versus the frequency, the response
curve was obtained for a particular channel on the bridge. The response
curves were used for the evaluation of the modal parameters of their
corresponding modes. These parameters are primarily the natural frequencies
and the modal damping values. Scatier in the response amplitudes measured
during the test, makes the accurate determination of resonant frequencies and
modal dampings from the direct examination of the response curves difficult.

Because of this, each response curve was used to fit an equivaient single
degree of freedom {SDOF) or multi degree of freedom (MDOF) oscillator, from
which the natural frequencies and damping values were determined. The idea
behind this concept is shown in Fig.3.1. in the case of a response curve with a
clear single peak, a single degree of freedom system (SDOF} needs to be
fitted in order to calcuiate the modal frequency and damping values.

Refering to the SDOF system shown in Fig.3.1, the response function for a

sinusoidal load with exciting freguency, f, is given by :
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Y= [P/ K] (5.0)

Jl-G 7 P g f, 1

where:
!
e [K 7
£, 23[ mj] (6.0)
_ (5
Y (7.0)

To fit the response of this system to the experimental response curve, the

following quantity has to be minimized:

Af)7

7 (8.0)
N YT

J'“'Z[}’j"“

In the above expression, the unknown parameters are the natural frequency
of the oscillator, f, its damping , £, and the amplitude of its response ,A, to
achieve the best fit, The subscript i corresponds to the available experimental
points, If there are two closely spaced peaks in a response curve, then a two
degree of freedom system needs to be fitted to the response curve. In this case
there are six unknown parameters: two natural frequencies, two damping values
and two response amplitudes. In these tests, response curves with two closely
spaced peak appeared when the rails were disconnected in both the transverse
and the longitudinal excitation. For a six parameters response curve, the

foilowing quantity has to be minimized.
J=ZY-Ya ] (9.0)
where the theoretical value Y is given by:

Aiff . Azf}j
V=126 0 0 - ri 26, r 1.7

Yo = (10.0)

23



Where: f,-Frequency of first peak , ¢-Damping of first peak, A,-Arbitrary
amplitude of first peak, f-Frequency df second peak, ,-Damping of second
peak, A,-Arbitrary amplitude of second peak.

If there are three closely spaced peaks in a response curve, then a three
degree of freedom system needs to be applied to the experimental response
curve. In this case there were nine unknown parameters : three na_tura]
frequencies, three damping values and three response amplitudes. The
response curves , obtained for the transverse direction with disconnected rails,
were used to fit the three degree of freedom system. The-parameters in the third
degree of freedom system, were used to represent the effect of noise in the

response. in this case, the corresponding equation for Y, is given by:

2 2 2
A A
.ff,' + Azfg + 3f_? (11.9}

AP 200 0T 1P+ 26,7000 1r-r 7+ 026,717

Y=

The quantity J, used in equation 8.0 , has to be minimized to achieve the best
fit. By using a simple system identification procedure based on the Hooks
and Jeeves method {11], programs were written in FORTBAN to calculate
these parameters. The programs, for fitting three , six and nine parameters

are given in the appendix A.1, A.2 and A.3 respectively.

3.2 PLOTTING MODE SHAPES
The mode shape of the bridge at a particular natural frequency can be found by
plotting the raw acceleration values of all the channels as a function of their

locations along the bridge. The mode shape can also be plotted by using the
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Fourier Amplitude values of the channels on the bridge at a particular frequency.
A Fast Fourier Transform program, available in the Data Seis software, was
used to calculate the amplitude values . Then by piotting the Fourier amplitude

values of every channel against their locations along the bridge, the mode

shape was obtained.

o BAIDATA

— S0ar

I AMPLITUDE

FREQUENCY

M=, sinanf

Fig.3.1: Equivalent SDOF system.
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CHAPTER 4

RESPONSE OF THE BRIDGE IN THE TRANSVERSE DIRECTION
4.1 FIRBT MODE- RAILS IN PLACE
Response curves were developed for most of the accelerometers on ties and all
three accelerometers on girders as shown in Fig. 2.1, to identify the fundamental
mode characteristics of the bridge in the fransverse direction. Since all the test
response curves in this case showed a single distinguished peak, the three
variabie fitting program was used fo fit the experimental data points with the
theoretical values, in order to determine the fundamental frequency ,and the
corresponding modal damping. This procedure was discussed in Chapter 3.
Figures 4.1-4.9 show the response curves of nine different channels. Six of
these channels were placed on ties and three on the girder. Table 4.1
summaries the results of the three variable fitting program for each channel, by
showing the corresponding calculated values of the natural frequencies, critical
damping and ampilitudes ( nct an impbrtant parameter for this probiem).

Table 4.1 Dynamic properties of the bridge in the First Transverse Mode.

PARAMETER CHANNEL ON TIES CHANNEL ON GIRDER

CH2 CH3 CH7 CH8 CH11 CH14 CH9 CH12 CH15

FREQUE({Hz) 4.96 496 - | 494 4.93 4.92 4.92 4.93 4.83 4.92

DAMPING{%) | 2.06 218 2.2 2.24 2.28 2.27 2.24 2.22 231

AMPLITUDE

60.8 65.2 64.6 61.5 5564 38.8 62.7 52.5 36.5

Note that the values of the parameters do not vary significantly among the

channels. The fundamental freguency in the transverse direction is
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approximately 4.93Hz and the corresponding modal damping is approximately
2.15%. The experimental response curves were then used to develop an
“average” experimental curve, by using the three variable fitting program. The
rasults are shown in Fig .4.10. The values of the fundamental frequency and
the corresponding critical damping are 4.93Hz and 2.15% re.spectiveiy.

The mc}de shape of the fundamental mode is shown in Fig.4.11. To plot this
mode shape, the acceleration amplitude values were calculated for all the
acce!erometers at 4.93Hz, which is the fundamental frequency. Then, these
values were plotted as a function of the distance along the bridge for the east
span, which was the only span instrumented. The modal amplitudes for the west
span were plotted symmetricaily with respect to the center of the bridge. In Fig.
.4.11, the distance values along the bridge are shown in inches and they are
measured from the center of the bridge. Positive signs correspond to the
instrumented span of the bridge (east) while negative signs represent the west
span. The dotted vertical line shows the end of the bridge and the beginning of
the road bed. The figure illustrates that the mode shape at the middle of the
bridge is pulled in , due to the stiffness of the middle pier. it is also obvious from
Fig.4.11, ‘that the maximum acceleration response in the first mode was

approximately 0.1g.
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4.2 SECOND MODE-RAILS IN PLACE

The normalized response curve for channel 7 was developed for the whole
frequency spectrum betwesn 0-20Hz, when the bridge was subjected to
transverse excitations. This curve is shown in Fig.4.12. The raw acceleration
response curve for the same channel and in the same frequency range is shown
in Fig .4.13. Similar curves for channel 8 are shown in Figs 4.14, 4.15. It is clear
from these curves that there are two predominant peaks between 0-20Hz. One
is at 4.9Hz and corresponds to the fundamental mode while the other is
approximately at 6.6Hz and indicates the second natural frequency .in the
transverse direction.

Response curves were developed to identify the second natural frequency in the
transverse direction. Since the response curves in this case showed a single
distinguished peak, the three variable fitting program was used to fit the
experimentai data points with the theoretical values in order to determine the
natural frequency and the corresponding modal damping. Figures 4.16 and 4.17
show the response curves for two different channels. For both figures the
second natural frequency is approximately 6.75Hz and the corresponding modal
damping is 4.5%. A summary of the results of both channels is also shown in

table 4 2.
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Table 4.2: Dynamic properties of the bridge in the Second Transverse Mode.,

PARAMETER CH7 CH8
FREQUENCY {Hz) 6.76 5.75
DAMPING (%) 465 . 4.48
AMPLITUDE 75.56 78.61

As mentioned in Chapter 2, two accelerometers ( channels 12 and 21) were
oriented in the vertical direction as shown in setup#3 (Fig.2.4), in order to identify
any vertical motions of the bridge deck during the transverse excitation. The
response curves of these channels are shown in Figures 4.18 and 4.19 . The
modal parameters are similar to the ones obtained from channels 7 and 8. A

summary of these modal parameters is given in Table 4.3.

Table 4.3: Vertical response of the bridge in the Second transverse Mode.

PARAMETER CH12 CH21
FREQUENCY(Hz) 6.68 6.71
DAMPING(%) . 4.50 4.57
AMPLITUDE 31.00 26.32
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Figures 4.18 and 4.19 illustrate that there is a significant presence of vertical motion
when the bridge was excited in the Transverse Direction. However, comparison
among Figs 4.16-4.19 shows that the amplitude values of the response curves in the
transverse direction are much higher than the amplitude values of the response
curves in'the vertical direction. This indicates that the second mode is a transverse

mode rather than a vertical or a torsional mode.

Furthermore, examination of the acceleration records obtained from channels 12 and
21 which were placed across the bridge as shown in Fig .2.4, indicated a 90° out of
phase response, which made it clear that the bridge deck was subjected to torsional
vibration. The deformed shape of the cross section , which was obtained based on
the amplitude values of the vertical and transverse accelerations, is shown in Fig
4.20. It is cbvious that there is a strong coupﬁng between transverse and torsional
vibrations.

The mode shape of the Second Transverse mode is shown in Fig.4.21. To plot this
mode shépe, the acceleration amplitude values were calculated for all the
accelerometers at 6.6 Hz, which is close to the Second Transverse frequency
(6.75Hz). Then, they were plotted as a function of the distance along the bridge for
the east.span, which was the only épan instrumented. The modal amplitudes for the
west span were plotted antisymmetrically with respect to the center of the bridge. In
Fig.4.21, the distance values along the bridge are shown in inches and they are

measured from the center of the bridge. Positive signs correspond to the
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instrumented span of the bridge (east), while negative signs represent the west
span. It should be noted.that, although extensive analysis was performed on the
data obtained from the accelerometers placed on the road bed, it was observed that
in most of the cases a leapfrog movement of the road bed accelerometers was
necessary before the vibration became insignificant. This indicates that vibration was
transmitted to approximately 60.0 feet on the road bed, which shows a strong
interaction between the bridge deck and the adjacent road bed. It should be
mentioned here, that the transmitted vibrations through the soil, were enough to drive

in to vibration the adjacent new bridge, which was under construction at that time.

4.3 FIRST MODE -RAILS CUT

When the rails were disconnected at the east and west abutments, frequency
sweeps were performed for the identification of the fundamental transverse mode.
Initially, the response curves for the accelerometers in the disconnected rail case,
were developed by using the three variable fitting program to fit the experimental
data points with the theoretical values. This allowed for the determination of the
fundamental frequency and the corresponding modal damping. Figures 4.22-4.31
show the response curves for ten different channels. Based on these figures, the

following remarks can be made.

(1). The correlation between the experimental and theoretical values is not as close
as in the case of uncut rails. This indicates that the three variable program is not

adequate to fit the data in this case, perhaps due to the existence of another closely
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spaced mode. As discussed in _Chapter 3, two closely spaced modes require a six
variabie fitting program.

There is a strong indication that after disconnecting the rails, another "localized”
mode appears, which is closely spaced with the primary transverse mode of the
structure. This mode can be viewed as a variation of the primary first mode,
generated by the non linearity introduced by a mechanism which could not be
explicitly identified in this test.

(2). The three variable fitting program indicates a frequency of approximately 4.78-
4.85 Hz and a damping of approximately 5.5% which is almost double the damping
calculated in the uncut rail case. The cutting of the rails results in a slightly softer
system, which explains the lower value of the natural frequency. However, the larger
value of damping is probably due to the closely spaced "localized" mode. The fact
that a three variable program is used to approximate an experimental response
curve with two closely spaced peaks , results in a wider theoretical response curve
with a bigger value of damping that approximates the damping of both the primary
transverse and the localized modes.

The fact that there are two peaks, is clearly demonstrated in Figs .4.32-4.37. In
these figures, the raw acceleration response curves in the uncut and cut rail cases
are compared for different accelerometers. It is clear that in all the cases, the
acceleration levels are reduced to almost half in the cut rail case, which is consistent
with the double overall damping reported above, while the response curves show

one peak around 4.7Hz and the other in the range of 5.0-5.2 Hz.
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The response curves were redeveloped using a six variable fiting program. The
results are shown in Figs. 4.38-4.45 and in Table 4.4, which shows the results for all
the accelerometers inside the bridge. The figures indicate that the first frequency is
approximately 4.7Hz, which is the primary fundamental frequency of the structure in
the cut rail case. This frequency, as expected, is slightly !ower_than the uncut rail
case, which is due to the softening of the structure resulting from disconnecting the
rails. The corresponding damping varies from 1.2% tb 3.8% and ,on the average, is
similar to the damping observed in the uncut rail case. The second frequency is
close to 5.05Hz and, probably is the frequency of the local mode ( probably due to
the siiding of the deck on the bearings). The damping of this mode varies from
2.7%- 5.2%.

To allow for the presence of noise in the data, the experimental response curves
were fitted by theoretical curves resulting from a hine variable program. A nine
variable program can fit a response curve with three closely spaced peaks by a
theoretical curve. The resuits are shown in Figs 4.46-4.53 énd in Table 4.5, which
shows the results for all the accelerometers on the bridge. It is clear that the
frequency and damping values for the first two peaks are simiiar to the values
predicted by the six variable program. This indicates that the six variable program
was adequate for the prediction of the parameters. The "fine tuning", introduced by
the nine variable program resulted in minor chénges of the resulits.

The mode shape of the fundamental transverse mode in the cut rail case is shown in

Fig .4.54. This mode shape has been plotted along with the corresponding mode
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shape of the uncut rail case for the purpose of comparison. To plot this mode shape,
the acceleration ampiitude values were calculated for all the accelerometers at
4.7H2. These values were then plotted as a function of the distance along the
bridge for the east span, which was the only span instrumented. The modal
amplitudes for the west span were plotted symmetrically with respect to the center of
the bridge. In Fig. 4.54, the distance values along the bridge are shown in inches
and they are measured from the center of the bridge. Positive signs correspond to
the instrumented span of the bridge (east) while negative signs represent the west
span. The mode shapes are similar, except that in the cut rail case, the acceleration
levels have been reduced by almost half.

Based on the remarks made above, when the rails were cut , a "localized" mode
was triggered , which allowed for a greater dissipation of energy and significant
reduction of the structural acceleration respense levels ( Refer to Figs. 4.32-4.37).
The exact nature of this mode which is a variation of the primary fundamental |
structural mode could not be identified from the instrumentation scheme and the
procedure used in thié test. However, in an event of an earthquake, the presence of
this mode close to the primary transverse fundamental mode of the bridge, will
probably contribute to higher energy dissipation and reduction of the acceleration
response. The siructure will probably have an " equivalent” damping of 5.5%, which

was the value predicted by the three variable program.
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Table 4.4 : Response Parameters of the Bridge for the Cut Rail Transverse case

(Six variable).

CHANNEL FREQ1{Hz) | DAMP1{%) AMPLI1 FREQZ2({Hz) | DAMP2(%) | AMPLI2
CH2 472 1.23 7.51 5.05 5.22 65.64
CH3 472 1,53 10.58 5.03 4.92 62.98
CH4 4.71 1.86 15.62 5.03 4.49 55.93
CH5 4.71 2.61 25.53 5.04 3.91 43.87
CHB 4.70 2.58 28.48 5.04 3.77 40.20
CH7 4.71 3.24 37.11 5.04 3.54 31.61
CH8 4.71 3.36 41.00 5.03 3.36 25.43
CH10 471 3.65 45.26 5.05 317 20.28
CH11 4.71 3.69 43.44 5.04 2.65 15.60
CH13 4.72 3.94 41.46 5.04 2.88 14.53
CH14 4.70 2.54 20.40 5.03 3.03 14.60
CH16 4.71 2.44 18.18 5.04 2.69 15.81
CH17 4.71 2.44 18.00 5.03 2.71 15.87
CH18 470 2.97 5.95 5.01 2.97 4.49
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Table 4.5: Response Parameters of the Bridge for Rail Cut Transverse case

(Nine variable).

cHA- |F1 b1 a1 k2 b2 a2 les |p3  |A3
CH2 1470 |120 |787 |496 1358 |259 |512 |559 |3570
CH3 |471 |25 |199 |502 |305 |286 |528 |38 |1450
CH4 |471 238 |2514 {502 |306 |304 |527 |276 | 752
CH5 (471 1302 [349 |504 |272 [262 [529 [160 | 319
cHe 470 |283 |374 |500 |302 |240 |518 |219 | 750
cH7 |472 |343 |4a20 |503 |272 |215 |526 |118 | 174
cHs |472 358 |473 |503 |286 |17.2 |s526 |o048 | 066
CH10 | 471 |354 |457 |506 |215 |166 |404 |340 |19.20
CH11 |471 |372 1447 1501 1228 |156 1515 |201 | 308
CH13 |472 1353 |343 |504 |249 [134 |450 (380 |2830
CH14 |470 1329 |201 |505 |278 |124 |450 |348 | 2540
CH16 |470 [340 |253 |505 |220 |124 |as0 |2.80 | 1150
CH17 |470 1331 1255 |503 !251 [123 |450 1290 |11.60
CH18 |472 (295 |93s |503 |280 |o962 |497 |299 | 1050
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CHAPTER 5
RESPONSE OF THE BRIDGE IN THE LONGITUDINAL DIRECTION

5.1 INTRODUCTION

During the initial five setups in the longitudinal direction ( Figs.2.6-2.10),
frequency sweeps were performed between 8.0-20.0 Hz. This was done
because it was anticipated, based on the results of a preliminary analysis, that
the fundamental frequency in the longitudinal direction would be over 10Hz. No
clear peaks in the response curves were identified in this range, which indicated
that no natural frequencies existed. However , some useful information was
obtained regarding the role of the rails in transmitting vibration to the adjacent
road bed. Figures 5.1 and 5.2 show the acceleration response of the
accelerometers on and off the bridge for the cases of uncut and disconnected
rails respectively at 8.0Hz. The dotted vertical lines show the end of the bridge
deck. It can be seen that the transmission of vibration outside the bridge is more

significant when the rails were in place.

A second test was performed between 4.0- 8.0 Hz in the longitudinal direction.
In this test, the shaker was aftached to the rails in the middle of the east span.
Initially the accelerometers were attached on the ties as in the previous setups.
However, significant vertical vibration of the rail track system was observed
during the longitudinal excitation of the bridge. The presence of this vibration
makes the calculation of the fundamental longitudinal frequency very difficutt.
As a result, the accelerometers were placed on the bridge girders. Four of them
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directed longitudinally, were placed on the south girder, and three, directed
vertically, were placed on the north girder as shown in Fig 2.11. The vertical
accelerometers allowed for the identification of the fundamental vertical

frequency, which was not originally planned.

5.2 FIRST MODE- RAILS IN PLACE

Response curves were developed for all four accelerometers on the south girder,
as shown in Fig.2.11, to identify the fundamental mode characteristics of the
bridge in the longitudinal direction. Initially, the three variable fitting program
was used to fit the experimental data points with the theoretical values, in order
to determine the fundamental frequency , and the corresponding modal
damping.

Figures 5.3-5.6 show the response curves of all four channels , placed on the
bridge in the Iongitudinéi direction. It should be noted that, since there were no
clear peaks below 6.0Hz in the response curves, they were plotted from 6.3 -
9.0 Hz. Table 5.1 summarizes the resuits of the three variable fitting pregram for
each channel, by showing the corresponding calculated values of_the natural
frequencies, critical damping and amplitudes.

Table 5.1: Response Parameters of the bridge for the Longitudinal excitation.

PARAMETER CH2 CH3 CH4 CH5
FREQUENCY | 6.57Hz 6.54Hz 6.58Hz 6.56Hz
DAMPING 11.11% 11.19% 10.8% 11.72%
AMPLITUDE 15.43 15.08 13.43 13.82
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Table 5.1 illustrates that the values of the parameters do not vary significantly
among the channels. The fundamental frequency in the longitudinal direction is
approximately 6.6Hz and the corresponding modal damping is approximately
11.0%.0ne can cbserve from Figs 5.3-5.6 that, the fitting of the experimental data
points with the theoretical values was not very close. This indicates the existence
of possibily another peak in the response curve. A six variable program was then
used to fit the theoretical curves to the obtained experimental curves. The results
are shown in Figs £.7-5.10 and in Table 5.2. The first frequency is close to 6.5Hz
and the correspending damping about 5.0%. The second peak is around 8.3Hz, a
vaiue that is not close to 8.5Hz. Comparing these resuits with the results of the three
variable program , one concludes that the fundamental longitudinal frequency is
6.5Hz with a corresponding modal damping of about 5.0%. The three variable
program predicts closely the frequency value at 6.5 Hz, because this is the
predominant peak in the response curve. However, the theoretical curv.e is artificially
widened by the presence of the other secondary peak . Because of this second
peak , the program predicts a higher damping value of 11%. Detailed analytical

studies are needed for further clarification of the second peak at 8.3Hz.

66



Table 5.2:Response parameters for the longitudinal response with noise effect.

PARAMETER CH2 CH3 CH4 CH5
FREQUE1 6.58Hz 6.56Hz 6.56Hz 8.53Hz
DAMPING1 5.02% 517% 5.01% 3.24%
AMPLITUDE1 6.14 . | B.06 5.32 225
FREQUE?2 8.34Hz 8.31Hz '8.17Hz 7.09Hz
DAMPING2 18.13% 18.51% 18.44% 16.68%
AMPLITUDE2 6.82 6.53 6.39 - 11635

in this test , data from only four accelerometers were available to piot the
-fundamental mode in the longitudinal direction. The mode shape of the
fundamental mode, obtained for the east span is shown in Fig.5.11. To plot this
mode shape, the acceleration amplitude values were calculated for all four
accelerometers at 6.6 Hz, which is the fundamental frequency. These values
were then plotted as a function of the distance along the bridge. In Fig.5.11, the
distance values along the bridge are shown in inches and are measured from
the center of the bridge. From Fig 5.11, the maximum acceleration response in

the first mode was approximately 0.015g.

5.3 FIRST VERTICAL MODE- RAILS IN PLACE
As mentioned earlier in this chapter, there were three channels (6,7 and 8)
oriented vertically in this test. Even though it was not intended to analyze the

vertical response of the bridge during the fongitudinal excitation , strong vertical
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vibrations present during these tests, made it possible to identify the
fundamental vertical frequency through the response of the vertically oriented
accelerometers. Response curves were developed for all three accelerometers
piaced on the north girder as shoWn in Fig.2.11, to identify the fundamental
vertica? modal characteristics of the bridge. Since all the test response curves
in this case showed a single distinguished peak, the three variable fitting
program was used to fit the experimental data points with the theoretical values.
This allowed for the determination of the vertical frequency and the
corresponding modal damping. Figures.5.12-5.13 show the response curves of
all three channels placed on the bridge in the vertical direct.ion. Table 5.3
summarizes the results of the three variable fitting program for each channel, by
showing the corresponding calculated values of the natural frequencies, critical
damping and amplitudes.

Table 5.3: Vertical response parameters of the bridge with rails in their as built

condition.
PARAMETER CHG CH7 CHS8
FREQUENCY 6.06Hz 8.07THz 6.06Hz
DAMPING 1.64% 1.64% 1.65%
AMPLITUDE 577 8.67 7.69

Table 5.3 indicates that the values of the parameters do not vary significantly
among the channels. The fundamental vertical frequenc:y is approximately 6.0Hz

and the corresponding modal damping is approximately 1.65%.
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Due to the unavailability of the data points, the vertical mode shape was plotted
for three modal amplitude values at 6.0Hz as shown in Fig 5.15. The three data
points were then fitted by a sinusoidal curve, which is the theoretical curve for
the first vertical mode. This fitting produced excellent results, which are shown in
Fig.5.16.

5.4 FIRST LONGITUDINAL AND VERTICAL MODES- RAILS CUT

Responsé curves for two of the accelerometers placed on the south girder of the
rbridge oriented in the longitudinal direction, were developed for the case of
disconnected rails. These response curves are shown in Figs.5.17-5.18. The
six variable fitting program was used for the development of these curves.
Examining the curves, it appears that the peaks are closely spaced. The first
peak is located near 5.6Hz and has a modal damping value approximately equa!'
to 5.3%. U is likely that the first peak corresponds to the fundamental vertical
mode and the second peék corresponds to the fundamental longitudinal mode
with disconnected rails. Comparing these results with the results from the uncut
rail cases, it appears that disconnecting the rails results in a softer system with
lower natural frequencies. No major changes on damping were observed. A
detailed analytical model is needed to investigate the exact role of the rails.
Based on the resuits from the transverse, longitudinal and vertigal mode, it
appears however that the lack of rails results in softer system with lower
frequencies. The effects were more significant in the longitudinal mode. it is
believed that the effects of rails will be more significant in the case of open deck
bridges.

69



ACCELERATION (g)

ACCELERATION(g)

0.86645
2.004
9.0038
¢.003
0.0028
0.802
0.0045
e.001
0.0008

0.0648
6.004
8.003%
0.003
0.6025
0.892
0.0015
8.8
0.0008

& 200 400 600 200 1500 1200

DISTANCE ALONG THE BRIDGE (in)

Fig 5.1: Longitudinal Response at 8.0Hz - Uncut Rail.

& 200 456 €99 - ago 1080 1200

DISTAMCE ALONG THE BRIDGE{in)

Fig §.2: Longitudinal Response at 8.0Hz- Cut Rail

70




DISPLACEMENT/FORCE* 10" 8{in/lbf)

DISPLACEMENT/FORCE* 10" 8lin/ibf}

| F=6.57Hz
D=11.11%

|A315.43

8.3

0 : ‘ :
6.3 6.8 7.2 7.8 8.3 8.8
FREQUENCY(Hz)
Fig 5.3:CH2 Response Curve First Longitudinal Mode.
80
LEIVA.  F=6.54Hz |
60 & D=11.19%
A=15.08
50 +
ag 4
30 4
201 (TS
10 § | —a—THEORY |
0 : , ‘ .
6.3 6.8 7.3 7.8 8.3 8.8 9.3

FREQUENCY(H=z!

Fig 5.4:CH3 Response Curve-First Longitudinal Mode.

71



DISPLACEMENT/FORCE* 10”8(in/ibf)

DISPLACEMENT/FORCE*® 10" 8lin/ibf)
w
o

e

| F=6.58Hz
D=10.80%
A=13.43

20 eS|
10 4+ |—#—THEORY|
0 : |
6.3 6.8 7.3 7.8 8.3 8.8 9.3
FREQUENCY(Hz)
Fig 5.5:CH4 Response Curve-Longitudinal Mode.
70
F=6.56Hz
D=11.72%
50 @ A=13.82
40 +
30 +
20 4 ,
—o—TEST |
10+ —4— THEORY |
0 _ : _ .
6.3 6.8 7.3 7.8 8.3 8.8 9.3

 FREQUENCY{Hz)

Fig 5.6:CH5 Response Curve-first Longitudinal Mode.

72



DISPLACEMENT/FORCE* 10" 8{in/Ib{)

DISPLACEMENT/FORCE* 10" 8(in/lbf}

20

70 4

50 i) 7

50

F1=6.58Hz
D1=5.02%
F2=8.34Hz

Q D2=18.13%

40

30 4

20 ¢ -~ TEST |

i
10 1 i —de— THEORY |
o :
6.3 6.8 7.3 7.8 8.3 8.8 9.3
FREQUENCYHz}
Fig 5.7:CH2 Response Curve-First Longitudinal Mode (6 Variables)

80

20l F1=6.56Hz
. D1=5.17%
60 % F2=8.31HM=z
5O | D2=18.51%
40 |
30+
20 4+ | —#—TEST
| ~i— THEQRY
0y -
O
6.3 6.8 7.3 7.8 8.3 8.8

FREQUENCY(Hz)

8.3

Fig 5.8: CH3 Response Curve-First Longitudinal Mode ( 6 Variables)

73



DISPLACEMENT/FORCE*®* 10" 8{in/lbf)

DISPLACEMENT/FORCE* 10" 8{in/Ibf)

20 «

 F1=6.56Hz
' D1=5.01%
(F2=8.17Hz
D2=18.44%

| —8—TEST |
i
| —a— THEORY |

6.3

Fig 6.9: CH4 Response Curve-First Longitudinai Mode ( 6 Variables)

6.8

7.3 78 8.3 8.8
FREQUENCY (Hz}

9.3

70
c0 L ; | F1=6.53Hz

/ | D1=3.24%
50 | F2=7.09Hz

| D2=16.68%
40 4 ‘
30 4
204
— TEST
10 4 | —i— THEQRY
0 ; :
6.2 6.8 7.3 7.8 8.3 8.8

Fig 5.10:CHS5 Response Curve-First Longitudinal Mode ( 6 Variables)

FREQUENCY({Hz)

74

2.3



ACCELERATIONIg}

DISPLACEMENT/FORCE* 10" 8(in/lbf)

200 +

0.0145

0.014
0.01356
0.013 4
0.0125 4
0.G12 4

0.0118
0.011

G.0105

0.01

300

|—e—ROW ACC. .

| FREQ=6.6Hz

200

400 600

800 1000
DISTANCE ALONG THE BRIDGE(in) - EAST SPAN

Fig 5.11: Longitudinal Mode Shape At 6.6Hz

2850 +

150 +

100 4+

50 +

| —a— THEDRY

F=6.06Hz
D=1.84%

=577

5.8

8.8

6 6.2
FREQUENCY (Hz}

6.4

8.6

Fig 5.12:CH6 Response Curve-First Vertical Mode(Lon.Set Up).

75



DISPLACEMENT/FORCE* 10" 8(in/ihf}

DISPLACERENT/FORCE® 107 8(in/lbf)

450
400 -

350

300 +

280
200
180
100

50

| F=6.07Hz
P=1.64%

T e———————
—e—TEST |
g THEQRY |

5.8 5.8 8 6.2 6.4 6.6

400

350
300 +
2380 4
200
185G -
100

50 -

FREQUENCY (Hz)

Fig 6.13:CH7 Response Curve-First Vertical Mode{Lon.Set Up).

i | F=6.06Hz
D=1.65%
| A=7.68
]
i | —#—TEST |
- |~ THEQRY
5.6 5.8 6 8.2 8.4 6.6

FREQUENCY(Hz)

Fig 5.14: CH8 Response Curve-First Vertical Mode(Lon.Set Up).

76



AMPLITUDE

AMPLITUDE

| ]
| @ AMPLITUDE |

| FREQ=6.0Hz

O = N W R U D W E O

@ 266 459 &0% 2co

DISTANCE ALONG THE BRIDGE(in) -EAST SPAN

Fig 5.15: Vertical Mode Shape At 6.0Hz

600

FREQ=6.0Hz

0 200 400 600 200

DISTANCE ALONG THE BRIDGE(in) -EAST SPAN

FFig 5.16: Vertical Mode Shape At 6.0Hz
"Sinusoidal Fitting”

77

1000



DISPLACEMENT/FORCE *10"8(in/ibf)

DISPLACEMENT/FORCE® 10" 8(in/ibf)

200

180 4 F1=5.55Hz
160 1L B 'D1=1.16%
120 4
100 +
80 + O—
50 | —e—TEST
20 1 —a— THEORY |
20 ¢
0 ,
5 5.5 6 6.5 7
FREQUENCY (Hz)
Fig 5.17. CH2 Response Curve-Cut Rail Longitudinal.
200
180 4 F1=5.56Hz
160 4 D1=1.75%
120 +
100 +
80 +
60 4 ~— TEST
40 4 | —&— THEORY
20 4
0 ‘
5 5.5 8 6.5 7
FREQUENCY (Hz)

Fig 5.18: CH3 Response Curve-Cut Rail Longitudinal.

73



CHAPTER 6
ANALYTICAL MODELING OF THE BRIDGE

6.1 INTRODUCTION

In the course of the experimental studies involving vertical excitation, two fairly
closely spaced frequencies at 6.06Hz and 6.75Hz were found. These two
frequencies were thought to be those of the second global vertical mode and the
second transverse global mode having strong torsional coupling. In a first
attempt to identify these frequencies, the continuous beam theory on a model of
the haif bridge was used. The half bridge was used because there is
insignificant coupling of the two bridge halves over the central pier in these two
modes of vibration. The first vertical mode fr’équency obtained by using
continuous beam thecry was 6.25 Hz [12]. In this calculation the combined
vertical moment of inertia of the girders and the ballast pan was used for the total
vertical moment of inertia, while the mass per unit length was calculated using
the construction drawings. The vertical frequency of the first mode for this
simplified model was 6.25 Hz, reasonably close to the observed frequency of
6.06 Hz. A second similar calculation was made for the first transverse mode
using the transverse moment of inertia of the bridge girders. This calculation
vielded a transverse frequency of 18.16 Hz, which was larger than the
experimentally determined vaiue as 6.75 Hz. It should be noted that the first
transverse mode of the single span FEM model of the half bridge corresponds to

the second mode of the actual two span bridge.
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This last result is not too surprising if one can consider the bridge to approximate
a large open channel section subjected to combined St. Veriant and restrained
warping torsional effects [13]. To investigate this phenomenon and to attempt to
identify the 6.75Hz experimental natural frequency, a full three dimensional finite
element model of the bridge was developed.

For this purpose, the finite element program ,”COSMOS/M", was used [14]. The
two main girders, floor beams, knee brackets, connecting angles, deck plates, fill
piates and diaphragms were modeied using "SHELL" elements. The ballast,
rails, and ties were considered as lumped mass elements on the nodes of the

deck plates.
6.2 MODEL OF THE TWO MAIN GIRDERS:

Each main girder consists of a 78"x 7/16" web plate , a continuous 18"x5/8"
cover plate at top and the bottom of the web, and a second cover plate of the
same size centered midway in the span for a length of 46.0' at the top and the
bottom of the web plate. The cover plates and the web are co'nnected_ by

8"x6"x3/4" double angles at the top and the bottom as shown in the left half of
Fig .6.1. To model this girder, plates with different thickness as shown on the
right haif of .Fig.6.1, were used. For the double cover plate and the long leg of
the angles at top and bottom, a single plate with the total thickness of the cover
plates and the angles was used. At the web, where the angles thicken it , a plate
with the actual total thickness was used. The middie of the web plate was
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modeled with a plate of the same thickness. All the plates were represented by
"SHELL" elements in the finite element model. The three dimensional model of

the bridge is shown in Fig.6.2.

6.3 MODEL OF THE FLOOR BEAMS

The two main girders of the bridge spaced 18.0' apart , were connected by
W18X60 floor beams spaced 2.0' apart longitudinaily and covered by a 0.5"
thick low alloy piate. The two ends of the floor beam were connected to the
bottom of the web plate by 4"X4"X3/8" angles and é 3/4" fill plate. The floor
beams were modeled in a manner similar to the main girders by replacing the
web and the flanges with plates of same thickness. Then the plates were
modeled by "SHELL" elements in the finite element model as shown in Fig.6.3.
The nodes of the elements representing the web of the floor beam were
connected to the nodes of the web elements in the main girder at the same

location. This is shown in Fig.6.3.

6.4: MODEL OF THE BALLAST PAN

The ballast pan, made of 0.5" thick low alloy steel and carrying the ballast, rail,
and tracks of the bridge, rests on top of the floor beams and spans between
individual floor beams. This pan con_sists of a bottom plate on top of the floor
beams and two side plates supported by the knee brackets attached to the main
girders. These three plates were modeied by "SHELL" elements in the finite
element model as shown in Fig.6.4. The nodes of the elements of the ballast
plate at the top of the floor beams are connected to those nodes of the toé
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flange elements in the floor beam. The nodes of the elements of the two side
plates at the knee bracket supports are connected to the nodes of the knee
bracket elements at the same location.

6.5 MODEL OF THE KNEE BRACKET SUPPGRTS.

The knee brackets, consisting of a trapezoidal steel plate with angle
connections, are located on top of the floor beam at both ends as shown in Fig
6.4. This gives support o the ballast pan. The position of these brackets along
- the two main girders is shown in the drawings of the bridge. The vertical portion
of this bracket is connected to the web of the main girder just above the floor
beam by 4"X4"X3/8" angles. Angles of the same size are\used to connect the
bottom part of the bracket to the floor beam. The portion of the bracket
supporting the two side plates of the ballast pan is also connected by the angles'
mentioned above.

The steel plate and the angle connection of the bracket are cqnsidered to be
plates of same thickness and modeled by "SHELL" elements. The nodes of the
elements representing the bracket at the edges are connected to the
cerresponding nodes of the floor beams, ballast pan, side plates, and web of the
main girders.

6.6 MODEL OF THE TRACK STRUCTURE

Th.e mass of the ballast was r.epresented by lumped mass elements, located at
the nodes of the plates representing the ballast pan in the model. The mass of
the rail tracks and the ties was also considered to be lumped mass elements on
the pan.
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6.7 MODEL. OF THE MAIN GIRDER STIFFENERS

Stiffeners are provided along the length of the main girder on both sides as
shown in Fig 6.4, fo prevent buckling of the girder. An angle section of
4"X4"X7/116" és used for these stiffeners. The stiffeners are considered as plates
of same thickness and modeled by "SHELL" elements. The nodes at the edges
of the stiffener touching the web and the flanges of the main girder were

connected to those corresponding nodes of web and flanges elements.

6.8 FIRST VERTICAL MODE SHAPE OF THE MODEL

The frequency of the first vertical mode of the bridge from the model is 5.944Hz
as shown in Fig 6.5. To confirm that this was a vertical mode, the_a modal
amplitude values in the vertical direction and in the transverse direction along the
center line of the span were obtained at 5.944MHz and then plotted as shown in
Figs .6.11 and 6.12 respectively. A comparison of these amplitude values was
plotted in Fig.6.13. One can see that the vertical amplitudes are much larger
than the transverse amplitudes in this mode. Therefore, the mode at 5.944Hz is
a vertical mode. The cross section of the bridge illustrating the modal
deformations at 5.844Hz is shown in Fig.6.6. Finally, the calculated vertical
frequency of 5.944Hz is in good agreement with the experimental natural

frequency of 6.06Hz.
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6.9 TRANSVERSE MODE SHAPE COF THE MODEL

A transverse mode shape at 7.091 Hz was obtained from the mode! as shown in
Fig.6.7. To make sure that the mode was a primarily transverse mode, modal
amplitude values in both the transverse and the vertical directions were obtained
and then plotted as shown in Figs 6.14 and 6.15. A comparison of these plots is
shown in Fig 6.16. From these figures, one can conclude that the mode at
7.091Hz is a transverse mode. The cross section of the bridge at 7.091Hz,
lilustrating the modal distortions, is shown in Fig.6.8. The calculated frequency
of 7.091Hz for this mode is in reasonable agreement with the experimentally
determined frequency of 6.75Hz . This indicates that applying a simple beam
theory, which gave a natural frequency of 18.16Hz compared to 6.75Hz, is
unacceptable. A modified simple theory will have to be developed, which will
give better results.

The third mode shape of the bridge at 9.2Hz is shown in Fig.6.9. Figure 6.10

shows the cross section of the bridge in the third mode.

84



rm.u. 4
—

!
[
|
1
|

PR |

R

Cross Section Plotes for

of the Girder the Girder

Fig 8.1: Cross Section of Main Girder
with a Model of the Plates.

Fig 6.2: Three Dimensional Model of the Bridge.
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Fig 6.3: Part of the Model Showing Floor Beams
Connected to the Main Girders.

Fig 6.4: Part of the Model Showing the Brackets,
Ballast Pan and Stiffeners

86



Fig 6.5: First Vertical Mode of the Mode! at 5.9 Hz.

Fig 6.6: Cross Section of the Vertical Mode at 5.9 Hz.
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Fig 6.7: First Transverse Mode Shape of the Model at 7.0 Hz.

ig 6.8: Cross Section of the Model at 7.0 Hz.
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Fig 8.10; Cross Section of the Model at 8.2 Hz.
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CHAPTER 7
SUMMARY AND CONCLUSIONS
This report describes the full scale resonance tests and the analysis of the
field data from the Strawberry Underpass, a two span, simply supported
railway bridge located a.cross the Harbor Freeway in Los Angeles, California.
The bridge measures 143" 3" long by 18" 0" wide and has a ballasted deck

steel through plate girder superstructure with a concrete substructure.

The tests were performed in both the transverse and the longitudinal
directions. To investigate the influence of the rails, the bridge was initially
tested with the rails in place and then with the rails cut at both abutments.
The bridge was shaken using an eccentric mass dynamic shaker, which
utilized a matched set of eccentric weights that rotated in opposite
directions about parallel vertical shafts, producing an excitation force in a
particular direction. For all of the transverse tests, the shaker was instailed
on the north girder in the middle of the east span. Two series of longitudinal
tests were performed. In the first series of longitudinal tests, the shaker was
instailed on the north girder in the middie of the east span, while in the
second series of tests the shaker was installed on the railroad track in the

middle of the east span.

The main objective of thesé tests was to identify the basic dynamic

properties of the structure with the rails in place and then with the rails cut.
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These properties included natural frequencies, modal damping values and
mode shapes in the transverse and longitudinal directions. Although initially
net planned, it also became possible during the tests to identify the modal
parameters of the first vertical mode. To identify these dynamic
characteristics of the bridge, frequ.ency sweeps were performed over the
range of 0-20 Hz in both the transverse and the longitudinal directions first
with the rails in place and then with the rails disconnected. To record the
response of the structure, a series of accelerometers were mounted on the
bridge as well as on the adjacent rcadbed. Due to the symmetry of the
bridge and the fact that it consisted of two simply supported spans, only the
east span was instrumented. Broad band frequency sweeps led to the
identification of peaks corresponding to natural frequencies. Detailed
frequency sweeps were then performed around these frequencies and the
corresponding experimental response curves for many accelerometers were
produced. The experimental response curves of the first vertical mode were
obtained from vertically oriented accelerometers during the second series of
longitudinal tests. Computer programs were then developed, in order to fit
theoretical response curves to the available experimental response curves,
The parameters for the theoretical curves, which were calculated by the
programs to produce the best possible fit (according to the least squares
cﬁteria) with the corresponding experimental curves, were the natural
frequencies, the modal damping values and the modal amplitudes. These

programs were used with many of the experimental curves, which resulted in
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the estimates of the natural frequencies and the corresponding modal
damping values. In addition, Fourier analysis of the experimental records

was performed to plot the mode shapes of various modes.

Finally, a detailed three dimensional finite element model of the bridge was
deve!oped using the program COSMOS/M. A combination of sheii_ and
lumped mass elemenis was used to model the various components of the
bridge. The results of this modeling were then compared to the resuits
obtained from the resonance tests. This model will be the first step towards
a more detailed system identification study in the future. Discussion of the
results was provided in each chapter of this report. The most important

results and conclusions are summarized below:

1. Table 7.1 summarizes all the modal parameters that were experimentally
identified during the tests. These include the natural frequencies, the modal
damping values of the fundamental modes in the transverse, longitudinal and
vertical directions with and without the rails, as well as of the sécond mode
in the transverse direction with the rails in place. Details and explanations

for these values can be found in the corresponding chapters of the report.
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Table 7.1 : Summary of the Experimental Resulis.

MODE RAIL UNCUT RAIL CUT
Frequency | Damping Frequency Damping
{Hz) (%) (Hz) (%)
First Transverse Mode 483 245 4.60 2.3
Second Transverse Mode 68.75 4.50 - ' -
First Longitudinal Mode 6.56 5.00 5.95 5.33
First Vertical Mode : 6.06 1.65 555 145

2. Comparison of the experimental results between the uncut and
disconnected rail cases in the first transverse mode, showed that when the
ralis were cut, a ”ioca!izéd” mode was triggered, which allowed a greater
dissipation of energy and significant reduction of the structural acceleration
response levels. The exact nature of this mode, which appears to be a
variation of the primary fundamental structural mode, could not be identified
irom the instrumentation scheme and the procedures used in this test.

However, in the event of an earthquake, the presence of this mode with a
frequency close to that of the primary transverse fundamental mode of the
bridge, wiil probably contribute to higher energy dissipation and reduction of
the acceigration response. The structure will probably have an overali
“equivalent” fundamental modai damping in the transverse direction of 5.5%

at these response amplitudes.

06



3. It took a distance of about 80 feet on fche roadbed for the vibrations to
dissipate. This distance is close to the length of the bridge span, a fact that
demonstrates a strong interaction and transmission of vibrations between the
structure and the adjacent roadbed. This is most likely due to the continuity
between the bridge de“ck and the roadbed provided by the ties, the ballast
and the ballast pan. The transmitted vibrations through the soil, were
enough to cause the adjacent new bridge, which was under construction at
that time to vibrate. In a quick release dynamic field test in 1988, which
was performed on the Meloland Road Overc.rdssing, a two span highway
bridge, it was determined that the soil involvement was significant up to a
distance of about 30 feet away from the central pier foundation [6], which is
approximately 30% of the span length of that bridge. It appears that the
interaction between the bridge and the adjacent roadbed is much stronger in

the case of the railway bridge.

4. In all cases, cutting of the rails, resulted in lower natural frequencies,
which indicates a softer system. No significant effects on the modal
damping values were cbserved, with the exception of the modal damping of
the fundamental transverse freguency. This issue was discussed in the first
conclusion, as well as in chapter 4. The exact role that the rails play needs

to be further investigated through analytical studies, which are currently in
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progress. However, it should be mentioned that this was a ballasted bridge
with the ballast pan and the ballast itself providing a significant mechanism
of continuity between the deck and the roadbed. This makes the effect of
the cutting of the rails alone, as it was the case in this test, on the continuity
between the deck and the roadbed less significant. Perhaps the effect of
cutting the rails would be more signiﬁc.ant in open deck bridges. In the
fongitudinal direction however, it was cobserved that disconnecting the rails
resulted in a sudden decrease of the vibraticns which were transmitted to the
roadbed. The transmission was smoother and extended away from the

bridge a larger distance when the rails were uncut.

5. There was a strong coupling between transverse and torsional vibrations
in the second transverse mode. Because of this, it was not possible to
match the experimental results for the second transverse mode by using a
simple continuous beam model, On the other hand the simple continuous
beam model satisfactorily predicted the fundamental vertical frequency of the
bridge. However, the second transverse frequency of the bridge predicted by
the detailed three dimensional FEM model, was in close agreement with the
measured experimental vaiue. This model will be the basis of further system

identification studies, which are currently under way.
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APPENDIX

A.1 PROGRAM FOR FITTING A THREE VARIABLE SYSTEM

PROGRAM SDOF
INTEGER NTIMES

REAL A(35,2),Q,R(100),YTH(50),SUM

REAL ERR,ZEA1,FRE1,AMP1,ESUM1,ESUM2
REAL ATM,F1M,Z1M

PARAMETER(NTIMES=22)
OPEN(UNIT=12,FILE='RCH2. TXT" STATUS='0LD")
READ(12,*)(A(Lk),k=1,2),I=1,NTIMES)
PRINT*'ENTER INITIAL F1,01,A1"

READ* FRE1,ZEAT AMP1

DF=.0001

DA=0.01

DD=.0001

***#**********AM p 1 ek e gk e ek dear e e dode de e R de ke de e dede o v e ek de e A de Tl R e e e e e e v e e ke

160 J=0

ESUM1=0
ESUM2=0
110 sum=0
J=d+1
DO 10 i=1,NTIMES
Q=AMP1*FRE1"™2
RH=((FRE1™2-A(1, 1y~ 2y 2+ 2" ZEAT* AL FREN) ™20 .5
YTH({H=Q/R(D
¢ open{unit=10,file="kum.txt' status="0OLD"
¢ write{("10,*YYTH(I)
ERR=(A{l,2)}-YTH{I)y*2
SUM=SUM+ERR
10 CONTINUE
IF(J.EGQ1) THEN
ESUM1=8UM
AMP1=AMP1+DA
GOTOH0
ELSE
ESUM2=8UM
ENDIF
print™,esum1,esum2
IF(ESUMZLT.ESUM1)THEN
Al=AMP1
300 ESUM1=ESUM2
AMP1=AMP1+DA
SUM=0

- DO 11 I=1,NTIMES
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Q=AMP1*FRE1*2
R(D=((FRE1**2-A(, 1)**2)*2+2*ZEAT*A{, 1 FRE1)*2)*0.5
YTH=Q/R(

¢ open(unit=10,file="kum.ixt',status='0OLD")

¢ write(10,"YYTH({l)
ERR=(A{,2)-YTH(l})™2
SUM=SUM+ERR

11 CONTINUE

ESUM2=SUM
IF{ESUMZ.LT.ESUMT)THEN
AtTM=AMP1
GOTO300
ELSE
ATM=AMP1-DA
ENDIF
ELSE
AMP1=AMP1-DA

500 SUM=0
AMP1=AMP1-DA
DO 12 1=1,NTIMES

Q=AMP1*FRE1™2
R{D=((FRE1™2-A{l 1y 2y 2+(2*ZEATA(L 1Y FRE12)0.5
YTH{H=Q/R()
c  open{unit=10,file="kum.txt’status="0OLD")
¢ write(10,*)YTH(I)
ERR={A(,2)-YTH{I))™2
SUM=SUM+ERR
12 CONTINUE
ESUMZ2=3UM
IF(ESUM2.LT ESUM1)THEN
ESUM1t=ESUM2
ATM=AMP1
GOTO500
ELSE
ATM=AMP1+DA
ENDIF
ENDIF
PRINT*'AMP1
print*,esumi.esum? :
*****************FRE1 ***A1 M****************iﬂ********************1\'***********
ESUM1=0
ESUM2=0
J=0
111 sum=0
J=J+1
DO 20 =1, NTIMES

Q=ATM'FRE1*2

R(N=((FRE12-A(1L1)™2)"2+H2*ZEAT*A(L 1)) FRE1)**2)0.5
YTH(I)=Q/R(1)
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¢ open(unit=10,file="kum.txt' status="0OLD")

¢ write(10,*)YTH{D
ERR={A(1,.2}-YTH{I})**2
SUM=SUM+ERR

20 CONTINUE
IF(J.EQ.1) THEN
ESUM1=SUM
FRE1=FRE1+DF
GOTO 111
ELSE
ESUM2=SUM
ENDIF

[F{(ESUM2.LT.ESUM1) THEN
FIM=FRE1

301 ESUMT1T=ESUM2
FRE1=FRE1+DF
SUM=0
0O 21 =1, NTIMES

C=ATM*FRE1™2
R=((FRE1*2-A(l,1)2)"2+(2*ZEAT*A(L,1FRE1)*2)**0.5
YTHD=Q/R()
¢ open(unit=10, file="kum.txt' status="OLD")
¢ write(10,")YTH(D)
ERR=(A(L2)-YTH(I})**2
SUM=SUM+ERR
21 CONTINUE
ESUM2=SUM _
IF(ESUM2.LT.ESUM1) THEN
FiM=FRE1
GOTO301
ELSE '
FIM=FRE1-DF
ENDIF
ELSE
FRE1=FRE1-DF
501 Sui=0
FRE1=FRE1-DF
DO 22 =1 NTIMES
Q=ATM*FRE1**2
RUE((FRE1™2-A(L 12y 2+(2* ZEAT A1 PFRE1)**2)0.5
YTH(H=QR() :
¢ open(unit=10,file="kum.ixt' status="CLD")
¢ write(10,*YTH(D)
ERR=(A(L2}-YTH()™2
SUM=SUM+ERR
22 CONTINUE
ESUM2=SUM
IF(ESUM2.LT.ESUM1} THEN
ESUMT=ESUM2
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F1M=FRE1

GOTO501

ELSE

FiM=FRE{+DF

ENDIF

ENDIF

PRINT*'FRE1

print*,esum1,esum?2
*****************ZEA1 **‘**A1 M***F1 M********************************************

J=0

ESUMI1=0

ESUM2=0

112 sum=0
J=J+1
DO 30 =1, NTIMES

Q=ATM"F1M™2
RIN=((FIM™2-A01 Y7 2)72+(2*ZEAT AL T F 1M 2)*0.5
YTH{I)=Q/R()

¢ open{unit=10,file="kurn.txt',status="0OLD"

c  write{10,*)YTH()
ERR=(A{l2)-YTH())**2
SUM=SUM+ERR

30 CONTINUE

[F(J.EQ.1) THEN
ESUM1=SUM
ZEA1=ZEA1+DD
GOTO112
ELSE
ESUM2=SUM
ENDIF |
IF(ESUM2.LT.ESUM1)THEN
ZAM=ZEA1

302 ESUMI=ESUM2

ZEAT=ZEA1+DD
SUM=0
DO 31 1=1,NTIMES

Q=ATMTF1M*2
R{D={(FIM™2-AL, 1Y 2 2+(2*ZEAT AL FTM)*™2)**0.5
YTH{)=QIR(1)
¢ open{unit=10,file="kum.txt',status="0LD")
c  write(10,)YTH()
ERR=(A(1,2)-YTH(1))"2
SUM=SUM+ERR
31 CONTINUE
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ESUMZ=SUM
IF(ESUM2.LT.ESUM1)THEN
ZiM=ZEAT
GOTO302
ELSE
Z1IM=ZEA1-DD
ENDIF
ELSE
ZEAI=ZEA1-DD
502 SuUM=0

ZEA1=ZEA1-DD

DO 32 =1,NTIMES
Q=AM FIM™2
RY=((F1M*2-A(,1)*2)*2+(2*ZEAT*A(l, 1 )*F 1 M)™2)**0.5
YTH{=Q/R(D)

¢ open{unit=10,file="kum.txt'status="CL.D")

¢ write(10,"YTH(D
ERR={A{L,2)-YTH(I})**2
SUM=SUM+ERR

32 CONTINUE

ESUM2=SUM
IF{ESUM2.LT.ESUMT)THEN
ESUMT=ESUM2
Z1M=ZEA1
GOTOL02
ELSE
Z1M=ZEA1+DD
ENDIF
ENDIF
PRINT","ZEAT
print*esum1,esum2

***Aa‘ M, F -1 M ’Z 1 M 3 ke A ek A e de e R e de e R e R de e de ed e Bk e de ke de e s ke o
IF{ESUMT.LT.350)THEN
GOTC400 '
ELSE
AMP1=ATM
FRE1=F1M
ZEAT=Z1M
GOTC 109
ENDIF

. SUM=0

400 DO 81 =1 NTIMES
Q=ATMTEIM™2
R{JS((FAIM™2-A(1, 172 2+(2* Z1M*A(L 11 FIMY™*2)*0.5
YTH{=Q/R() ‘
open{unit=10,file="kum.txt' status="0LD"
write(10,*)YTH()
ERR=(A(L,2)-YTH(}}}*2
SUM=SUM+ERR
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81 CONTINUE
PRINT*E1= "ESUM1,/E2= ' ESUM2
PRINT*'F1="F1M,Z1= " Z1M,'A1= " ATM
200 END

A.2 PROGRAM FOR FITTING A SIX VARIABLE SYSTEM

INTEGER NTIMES
REAL A(35,2),Q1,02,R1(100),R2(100),YTH(50),SUM
REAL ERR,ZEA1,ZEA2, FRE1,FRE2,AMP1 AMP2,ESUM1,ESUM2
REAL ATM,A2M,F1M,F2M,Z1M,Z2M
PARAMETER(NTIMES=14)
OPEN(UNIT=12,FILE="{5.TXT" STATUS="0OLD")
READ(12,"}(A(LK),k=1,2),1=1, NTIMES)
PRINT*'ENTER INITIAL F1,D01,A1,F2,02,A2'

READ* FRE1,ZEA1 AMP1 FRE2,ZEA2, AMP2
DF=.0001 -

DA=0.01

DD=.0001

****H********AM F) aE Rk Rk R ek e A e b bR Rk ok R R Rk R R Rk bR ke kR ek Rk

100 J=0

ESUM1=0
ESUM2=0

110 sum=0
J=J+1
DO 10 I=1,NTIMES
Q=AMP1*FRE1*'2
Q2=AMPZ*FRE2™2
R1=((FRE1™2-A(L 1) 2)*2+{(2"ZEAT*A(L1 VP FRE1)*2)*0.5
R2()={((FREZ2™2-A(1, 12y 2+{2*ZEAZ*A(LL1 P FRE2)™20.5
YTH{H=QM/R1{H+Q2/R2(1D
ERR={A(1,2}-YTH({I))**2
SUM=SUM+ERR

10 CONTINUE

IF(J.EQ.1) THEN
ESUM1=8SUM
AMP1=AMP1+DA
GOTOHo
ELSE
ESUM2=SUM
ENDIF
print*,esum1,esum2
IFHESUM2.LT.ESUM1)THEN
AlM=AMPF1

300 ESUM1I=ESUMZ2
AMP1=AMP1+DA

105



SUM=0
DO 11 [=1,NTIMES
Qi=AMP1*FRE1**2
QZ=AMP2*FREZ2"*2
RI(D=((FRE1™2-A(,1)2)*2+(2*ZEAT*A(L1 Y FRE1)**2)**0.5
R2(N=((FRE2*2-A(l,1y*2)"*2+(2*ZEAZ*A(1,1 YFREZ2Y2)*0.5
YTH{=Q1U/R1(H+Q2/R2(1)
ERR=(A(L,2)-YTH(I)*"2
SUM=SUM+ERR
11 CONTINUE
ESUMZ=SUM
IFESUMZ.LT.ESUM1)THEN
ATM=AMP1
GOTO300
ELSE
ATM=AMP1-DA
ENDIF
ELSE
AMP1=AMP1-DA
500 SUM=0
AMP1=AMP1-DA
DG 12 =1,NTIMES
Q1=AMP 1 FRE1*2
Q2=AMPZ*FRE2**2
R1{=((FRE1™2-A(L 1y 2y 2+H2*ZEAT AL TP ERE1)™210.5
R2()=((FRE2"2-A(l,1y2)™2+(2*ZEA2*A(1,1)*FRE2)*2y**0.5
YTH(=Q1/R{H+Q2/R2()
ERR={A(1,2)-YTH{))*2
SUM=SUM+ERR
12 CONTINUE
ESUM2=SUM _
IFESUMR.LT.ESUMTTHEN
ESUM1=ESUM2
ATM=AMP1
GOTOS500
ELSE
ATM=AMP1+DA
ENDIF
ENDIF
PRINT*,'AMP1
print*,esumt,esum2
*****************FRE:E ***Ant Munn:u.‘ FEETFEF TR RERRRERTRAR T SRR dddk btk hhriohdkrr

ESUM1=0
ESUM2=0
J=0

111 sum=0
J=d+1
DO 20 1=1, NTIMES
Qi=ATM*FRET1**2
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Q2=AMP2*FRE2**2 |
R1(Y=((FRE1*2-A(l, 1)*2)"*2+(2*ZEATA(, 1) FRE1)*2)**0.5
R2(1)=((FRE2"2-A(I,1)*2)=2+(2*ZEA2*A(.1 ) FRE2)**2)0.5
YTH()=Q1/R1(1)+Q2/R2())
ERR=(A(1,2)-YTH(I))**2
SUM=SUM+ERR
20 CONTINUE
IF(J.EQ.1) THEN
ESUM1=SUM
FRE1=FRE1+DF
GOTO 111
ELSE
ESUM2=SUM
ENDIF

IF(ESUM2.LT.ESUM1) THEN
F{M=FRE1

301 ESUM1{=ESUM2
FRE1=FRE1+DF
SUM=0
DO 21 I=1,NTIMES
QI=ATM*ERE1**2
Q2=AMP2*FRE2**2
R1(=((FRE1*2-A(1, 1 y*2)*2+(2*ZEAT*A(I, 1 FRE1 *2)70.5
R2()=((FRE2*2-A(1,1)*2)*2+(2*ZEA2"A(L, 1 FRE2)**2)"0.5
YTH()=Q1/R1(H+Q2/R2(1)
ERR=(A(I,2)-YTH(1))2
SUM=SUM+ERR

21 CONTINUE

ESUM2=SUM
IF(ESUM2 LT.ESUM1) THEN
F{M=FRE1
GOTO301
ELSE
FiM=FRE1-DF
ENDIF
ELSE
FRE1=FRE1-DF

501 SUM=0
FRE1=FRE1-DF
DO 22 1=1,NTIMES
Q1=ATM*FRE1*2
Q2=AMP2*FRE2*"2
RA(D=((FREA™2-A(, 12 2+(2*ZEAT*A(], 1 FRE)72)*40.5
R2(N=((FRE2*2-A(1,1)"2)*2+(2*ZEAZ*A{1,1)*FRE2)*2)**0.5
YTH()=Q1/R1(1}+Q2/R2(1)
ERR=(A(1,2)-YTH(I))**2
SUM=SUM+ERR

22 CONTINUE

ESUM2=SUM
IF(ESUM2.LT.ESUM1) THEN
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ESUM1=ESUM2Z

F1IM=FRE1

GOTOS501

ELSE

FIM=FRE1+DF

ENDIF

ENDIF

PRINT,'FRET

print* . esumt,esum2
**t**************ZEA1 M**An’[ M’b*l‘i:'o! M*********‘k***************************ir*ic**tﬂ'

J=0

ESUM1i=0

ESUM2=0

112 sum=0
J=J+1
0O 30 1=1,NTIMES
Qi=A1M*F1M*™2
Q2=AMP2*FREZ™2
RI(N=((FIM™2-A(,1)"2)2+2* ZEAT*A(L TPF1M)™2)0.5
R2(I)=<(FREZ**2“A(E,1 )*WZ)M\Q-'!-(2“‘2E}€l\2“"‘g\(|1 1 )*F:REZ)**Z)**OS
YTH(=Q1/R1(1+Q2/R2(1)
ERR=(A(l,2}-YTH({))™2
SUM=SUM+ERR

30 CONTINUE

[F(J.EQ.1) THEN
ESUM1=3UM
ZEAT=ZEAT+DD
GOTO112
ELSE
ESUM2=5UM
ENDIF
IF(ESUM2.LT.ESUMT)THEN
Z1M=ZEA1

302 ESUMT=ESUMZ2

ZEA1=ZEA1+DD
SUM=0
DO 31 =1 NTIMES
QI=ATM F1M=2
Q2=AMP2*FRE2*2 _
RA(Y=((FIM™2-A(1, 1) 2y 2+(2*ZEAT*A(L1)*F1M)=2)0.5
R2(I)=((FRE2*2-A(1, 1)*2)2+(2*ZEAZ*A(1, 1 *"FRE2)™2)*0.5
YTH=Q1/R1(1)+Q2/R2(1)
ERR=(A(,2)-YTH()}**2
SUM=SUM+ERR

31 CONTINUE
ESUM2=SUM
F(ESUM2.LT.ESUM1)THEN
ZAM=ZEA1
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GOTO302

ELSE

ZIM=ZEA1-DD

ENDIF

ELSE

ZEA1=ZEA1-DD
502 SUM=0

ZEA=ZEAT-DD

DO 32 1=1, NTIMES
Q=AM FIM™2
Q2=AMP2*FRE2**2
RI()=((FAM*™2-A01,1 )22 +2*ZEAT*A(L, 1 P F IMy=2)0.5 -
R2()=((FRE2*2-A(1,1)*2)*2+2*ZEA2*A(l, 1 *FRE2)*2)**0.5
YTH()=Q1/R1{(1+Q2IR2(1)
ERR=(A(l,2)-YTH{I))**2
SUM=SUM+ERR
32 CONTINUE
ESUM2=SUM

IF{ESUM2.LT.ESUMT)THEN
ESUM1=ESUM2

Z1M=ZEA1

GOTO502

ELSE

ZAM=ZEA1+DD

ENDIF

ENDIF

PRINT*"ZEAT
print*,esumt,esum2

**********AMPz****A-‘ M \ F1 M !21 M*w*****i-**ﬁ-********************************

J=0

ESUM1=0
ESUM2=0

113 sum=j

ToJEdH
DO 40 1=1 NTIMES
Q1=ATM*F1M*™2
C2=AMPZ2*FRE2"2
RI1(M=({FIM*2-AL1 Y2y 2 H2* Z 1M ALY FIMY™2)70.5
Re2(h={(FRE2™2-A(l, 1y 2y 2+(2*ZEAZ*A{, 1 ' FRE2)**2)**0.5
YTH{N=CGT/RI(N+Q2/R2(})
ERR={A(,2)-YTH(I)y™*2
SUM=SUM+ERR

40 CONTINUE

IF(J.EQ.1) THEN
ESUM1=SUM
AMP2Z2=AMP2+DA
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GOTO113
ELSE
ESUM2=SUM
ENDIE
IF(ESUM2.LT.ESUM1) THEN
AZM=AMP2

303 ESUM1=ESUM2
AMP2=AMP2+DA
SUM=0
DO 41 I=1,NTIMES
QI=ATM*F1M*2
Q2=AMP2*FRE2**2
RI(N=((FIM™2-A(1,1)*2)"2+(2*Z1M*A(, 11*F1M)*2)0.5
R2(N=((FRE2*2-A(1, 12y 2+(2*ZEA2* AL, 1)*FRE2)*2)**0.5
YTH()=Q1/R1{1+Q2IR2(1)
ERR=(A(,2)-YTH())**2
SUM=SUM+ERR

41 CONTINUE

ESUM2=SUM
IF(ESUM2.LT.ESUM1)THEN
A2M=AMP2
GOTO303
ELSE
AZM=AMP2-DA
ENDIF
ELSE

AMP2=AMP2-DA
503 SUM=0
AMP2=AMP2-DA

DO 42 1=1,NTIMES
QI=ATM*F1M**2
Q2=AMP2*ERE2**2
RIN=((F1IM™2-A(1,1)72)*2+2ZAMA(, 1) FIM)™2)*0.5 -
R2(1)=((FREZ*2-A(1, 1)"2)"*2+(2*ZEAZ*A(1, 1) FRE2)*2)*0.5
YTH()=Q1/R1()+Q2/R2(1)
ERR=(A(L,2)}-YTH())*2
SUM=SUM+ERR

42 CONTINUE
ESUM2=SUM

IF(ESUM2.LT.ESUM1) THEN
ESUM1=ESUM2
A2M=AMP2

GOTO503

ELSE

AZM=AMP2+DA

ENDIF

ENDIF

PRINT* 'AMPZ"
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print* esumt,esum?2
****************FREZ*********A1 M, F,‘1 M ,21 M ’AZM***************
J=0

ESUM1=0
ESUM2=0

114 sum=0
J=J+1
DO 50 I=1 NTIMES
Q1=ATMF1M*>2
Q2=A2M*FREZ2**2
RIB=((FAM™Z-A(L 12y 2+27Z TMA(L 1 Y F1M)*™2Y™0.5
R2()=((FRE2**2-A(1,1y*2y*2+(2*ZEA2*A(l, 1 )*FRE2)**2)**0.5
YTH(D=Q1/R1(N+Q2/R2({H
ERR={A(l,2)-YTH({)y**2
SUM=SUM+ERR

50 CONTINUE

IFJ.EQ.1) THEN
ESUM1=SUM
FREZ=FRE2+DF
GOTO114
ELSE
ESUM2=SUM
ENDIF
IF(ESUMZ.LT.ESUM1)THEN
F2M=FRE2

304 ESUM1=ESUMZ

FRE2=FRE2+DF
SUM=0
DO 51 1=1,NTIMES
QI=ATMFIM*2
Q2=A2M*FRE2**2
RA()=((FIM™2-A(1, 1) 2)2+(2*Z1M*A(, 1)*F1 M)™2)0.5
R2{l)¥((FRE2**2-A( | . 1 )**2)**2+(2*ZEA2*A(L1 )*FREz}**Z)**O 5
YTH(I=Q1/R1()+Q2/R2(1)
ERR=(A(1,2)-YTH(I))**2
SUM=SUM+ERR
51 CONTINUE
ESUM2=SUM
IF(ESUM2.LT.ESUM1T)THEN
F2M=FRE2
GOTO304
FLSE
F2M=FRE2-DF
ENDIF
ELSE

FRE2=FRE2-DF
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504 3SUM=0
* PRINT*.ESUM(J),J
FRE2=FRE2-DF
DO 52 |=1,NTIMES.
QI=ATMF1M™2
Q2=AZM"FRE2™2
RID=((F1M™2-A0, 1) 2)=2+(2*Z IM*A{l, 1 ' E1M*2)**0.5
R2()=(FRE2"*2-A(,1)"2)"2H2 ZEAZ'A(1, 1 FRE2)""2)0.5
YTH(=Q1/R1(1)}+Q2/R2(l)
ERR=(A(1,2)-YTH(1))**2
SUM=SUM+ERR
52 CONTINUE
ESUM2=8UM

IF(ESUM2.LT.ESUM1T)THEN
ESUM1T=ESUM2
F2M=FREZ
GOTO504
EL3E
F2M=FREZ+DF
- ENDIF
ENDIF
PRINT*'FREZ'
print*,esuml,esum2
*************ﬂe*******zEAz ********A-’ M , F1 M ’21 M ’A2M’ FzM*****&*i‘****&*
J=0

ESUM1=0
ESUM2=0

115 sum=0
J=d+1
DO 80 =1, NTIMES
C1=ATM*F1M**2
C2=A2M*F2M**2
RED=((FIM™2-A(l, 1y 2y 2+2"2Z1M*A(,1 FF1M)™2)**0.5
R2(D=((FZM™2-A(1, 1) 2Y"*2+{2*ZEAZ*A(L 1 YV F2ZMY™2)*0.5
YTH=Q1/R1(1)+Q2/R2(1)
ERR=(A(1,.2)-YTH(I}y™*2
SUM=SUM+ERR

60 CONTINUE

IF(J.EQ.1) THEN
ESUM1=SUM
ZEA2=ZEA2+DD

GOTO115

ELSE

ESUMZ2=SUM

ENDIF
IF(ESUM2.LT.ESUM1)THEN
Z2M=ZEA2
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305 ESUM1=ESUM2

ZEA2=ZEA2+DD
SUM=0
DO 61 I=1,NTIMES
Q1=ATM*E1M**2
QR=A2M*F2M™*2
RIM={(FAM*2-A(1, 1)2)2+(2*ZAM*A(L 1 *E1My*2)0.5
R2(D=((F2M**2-A(1,1)"2)*2+(2*ZEAZ*A(l, 1 *F2M)**2)**0.5
YTH=QUR1(+Q2/R2(1)
ERR=(A(,2)-YTH()y*2
SUM=SUM+ERR
61 CONTINUE
ESUM2=SUM
IF(ESUM2.LT.ESUM1)THEN
Z2M=ZEA2
GOTO305
ELSE
Z2M=ZEA2-DD
ENDIF
ELSE

ZEA2=ZEA2-DD
505 SUM=0
* PRINT=ESUM(J),J
ZEA2=FEA2-DD

DO 62 1=1,NTIMES
QI=ATMF1M™2
Q2=AZM*E2M*2
R1(1)=((FIM**2-A{1, 12y 2+H2*Z1M*AL, 1 F1My™2)0.5
R2(=((F2M**2-A(l, 1)72)*2+(2*ZEAZ*A(, 1 E2M)™2)0.5
YTH)=Q1/R1(1)+Q2/R2(})
ERR=(A(1,2)-YTH(1))**2
SUM=SUM+ERR

62 CONTINUE
ESUM2=SUM

IF{(ESUM2.LT.ESUM1)THEN

EsUM1=ESUM2

Z2M=ZEA2

GOTOS05

ELSE

Z2M=ZEA2+DD

ENDIF

ENDIF

PRINT*'ZEA2

print*,esumt,esum?
t***i******A-! M,F1 M,Z’i M,AQM,FZM,ZZM******"**“*******

IF(ESUM1.LT.30)THEN

GOTO400
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ELSE
AMP1=A1M
FRE1=F1M
ZEA1=Z1M
AMP2=A2M
FRE2=F2M
ZEA2=T2M
GOTO 100
ENDIF -
400 DO 81 1=1,NTIMES
Q=AM FIM*™2
Q2=A2M E2M**2
R(D=((FIM™2-A(1,1Y™2)™2+(2*Z 1M AL, 1)*E1M)*2)*0.5
R2()=((F2M™2-A(1,1)*2)2+(2*Z2M*A(1, 1 PF2M)*2)**0.5
YTH()=Q1/R1 (1+Q2/R2(1) '
OPEN(UNIT=11,FILE="OUT. TXT' STATUS="0ld")
WRITE{11,*)YTH()
ERR=(A(I,2)-YTH(1))"*2
SUM=SUM+ERR
81 CONTINUE
PRINT*'E1= "ESUM1E2= ' ESUM2
PRINT* F1="F1M,Z1= " Z1M,'A1= " ATM,F2= ' F2M,
SZ2=" Z2M,
“AZ= ' AZM
200 END

A.3 PROGRAM FOR FITTING A NINE VARIABLE SYSTEM

INTEGER NTIMES
REAL A(35,2),Q1,02,R1(100),R2(100),R3(100), YTH(50),.SUM
REAL ERR ZEA1,ZEA2,FRE1,FRE2, AMP1,AMP2,ESUM1,ESUM2
REAL FRE3,AMP3,ZEA3

REAL A1TM,A2M,F1M,F2M,Z1M,Z2M.A3M,F3M,Z3M
PARAMETER(NTIMES=25)
OPEN(UNIT=12,FILE='CH2RL.TXT,STATUS='OLD"
READ(12,")(A( k), k=1,2),I=1 NTIMES)

PRINT*ENTER INITIAL F1,D1,A1,F2,D2,A2,F3,D3,A3'

READ* FRE1,ZEA1,AMP1,FRE2,ZEA2 AMP2,FRE3 ZEA3, AMP3
DF=.0001

DA=0.01

DD=.0001

**************AMP1 R e e e s e T o P R s Y

100 J=0
ESUM1=0

ESUM2=0
110 sum=0
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J=J+1
DO 10 =1, NTIMES
Q1=AMP1*FRE1**2
Q2=AMP2*FRE2**2
Q3=AMP3*FRE3*"2
R1(=((FRE1™2-A(L 1y 2y 2+(2*ZEAT AL 1Y FRE1)*2)*0.5
RZ(N=((FREZ™Z-A(, 1y 2y 2+{2*ZEA2*A(l 1" FREZ2Y™2)*0.5
R3(H=((FRE3™2-A(1, 1) 2y 2+(2*ZEA*A(, 1" FRE3)**2)**0.5
YTH(H=Q1/R{)+Q2/R2(1)+Q3/R3(1)
ERR=(A(L2)-YTH(N™2
SUM=SUM+ERR
10 CONTINUE
iF(J.EQ.1) THEN
ESUM1=8UM
AMP1=AMP1+DA
GOTOT10
ELSE
ESUM2=3UM
ENDIF
print*,esum,esum2
IF{ESUM2.LT.ESUM1YTHEN
ATM=AMP1
300 ESUM1I=ESUM2
AMP1=AMP1+DA
SUM=0
DO 11 1=1,NTIMES
Q1=AMP1*FRE1**2
Q2=AMP2'FRE2"2
Q3=AMP3I*FRE3™2
R1(D=((FRE1™2-A(l,(1y2)2+(2*ZEAT*A(,1)*FRE1)**2)**0.5
R2(={(FREZ2"2-A(1,1)*2)™2+(2*ZEA2*A(I, 1 *FRE2)**2)*0.5
R3(N={{FRE3™Z-A( 12y 2 +{Z2*ZEATA(L 1Y FRE3)**2)*0.5
YTH(O=Q1/R1(H+Q2/R2(1)+Q3/R3(1)
ERR={(A(L2-YTH()*2
SUM=SUM+ERR
11 CONTINUE
ESUM2=3UM
IF(ESUMZ.LT.ESUM1)THEN
ATM=AMP1
GOTO300
ELSE
AM=AMP{-DA
ENDIF
ELSE
AMP1=AMP1-DA
500 SUM=0
AMP1=AMP1-DA
BO 12 1=1 NTIMES
Qi=AMPT'FRE1*2
Q2=AMP2"FRE2"*2
Q3=AMP2*"FRE3"2
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RI1(N=((FRE1™2-A(l, 1) 2y*2+{2*ZEA1*A{, 1 y*FRE1)**2)*0.5
R2(N)=((FRE2¥2-A(L, 1y 2Y*2+2"ZEAZ*A(, 1 ' FREZ2Y*2)**0.5
R3(N=({(FRE3**2-A(l,1**2)*2+{2*ZEAI*A(L, 1 FRE3**2)**0.5
YTH(N=QUR1(H+Q2/R2(N+Q3/R3()
ERR={A(,2)-YTH()**2
SUM=SUM+ERR
12 CONTINUE
ESUM2=SUM
[F(ESUM2.LT.ESUM1)THEN
ESUM1=ESUM2
ATM=AMP1
GOTOS00
ELSE
ATM=AMP1+DA
ENDIF
ENDIF
PRINT* 'AMP1'
print*,esum1t, esum?2

*****************F RE 1 ***Att M ek e e e e Tk I sie s e dr g e skl Feke e ke ol o s ke ke ke ke e ke e ke e ke e i ke e i

ESUM1=0
ESUM2=0
J=0

111 sum=0
J=d+1
PO 20 I=1,NTIMES
Q1=ATM*FRE1**2
Q2=AMP2*FRE2**2
Q3=AMPIFRE3™2
R1(=((FRE1™2-A(L, 1y 2y 2+(2*ZEAT*A(L 1Y FRE1**2)*0.5
R2(1)=((FRE2™2-A(1,1)"2)2+(2"ZEA2"A(1,1)*"FRE2)""2)™0.5
R3(1)"((FRE3”2 A([ 1)**2)**2+(2*ZEA3*A(1,1 )*}:REB)**Z)**O5
YTH(H=Q1/R1{+Q2/R2(N+Q3/R3(1)
ERR={A(,2)-YTH{H)™2
SUM=SUM+ERR

20 CONTINUE

IF{J.EQ.1) THEN
ESUM1=8UM
FRE1=FRE1+DF
GOTO 111
ELSE
ESUM2Z=8SUM
ENDIF

IF(ESUM2.LT.ESUM1) THEN
F1M=FRE1

301 ESUM1=ESUM2
FRE1=FRE1+DF
SUM=0
DO 21 I=1,NTIMES

116



Q1=ATM*FRE1*2
Q2=AMP2*FRE2™*2
Q3=AMP3I*FRE3**2
RUDN={(FRE1*2-A(L1Y* 2y 2+(2*ZEATA(L1 PFRE1Y*2)0.5
R2()={(FRE2*Z-A(1L1)y 2y 2+(2*ZEAZ2 AL 1 YFRE2)*2)0.5
RAN=((FRE3™2-A(l,1y*2y™2+{2"ZEAZA(L,1 FFRE3)2)"0.5
YTH(=QUR1(1)+Q2/R2(1+Q3/R3(1)
ERR=(A(LZFYTH(I))™2
SUM=SUM+ERR
21 CONTINUE

ESUM2=3SUM
IF(ESUMZ LT.ESUM1) THEN
FiM=FRE"1
GOTO301
ELSE
FiM=FRE1-DF
ENDIF
ELSE
FRE1=FRE1-DF

501 SUM=0
FRE1=FRE1-DF
DO 22 =1, NTIMES
Qi=ATM'FRE1*2
Q2=AMPZ*FRE2**2
Q3=AMP3*FRE3™2
RUDN=((FRE1™2-A{l, 1y 2y 2+{2*ZEAT*A(I 1 *FRE1 Y**2)*0.5
R2{=({(FRE2™2-A(l,1Y*2)"*2+(2*ZEA2*A{1,1 FREZ2)™2)**0.5
R3(DN={(FRE3"2-A(l, 1Y 2y 2+{2*ZEAT*A(}, 1 PFRE3Y*2Y*0.5
YTH{=Q1/R1{N+Q2/R2{1}+Q3/R3(!)
ERR={A(l,2-YTH(i})"2
SUM=SUM+ERR

22 CONTINUE

ESUM2=SUM
IF(ESUM2.LT.ESUM1) THEN
ESUM1=ESUM2
FiM=FRE1
GOTOB01
ELSE
FIM=FRE1+DF
ENDIF
ENDIF
PRINT*,'FREY
print*,esumi,esum?2

*****************2%1 ****Ati M***FT M***********1?****#****—k*******************-k-k*
J=0
ESUM1=0
ESUM2=0

112 sum=0

J=d+1
DO 30 I=1,NTIMES
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QI=ATM* F1M*2
Q2=AMP2*FRE2**2
Q3=AMP3*FRE3**2
RIN=((FIM**2-A(1, 1) 2)*2+(2 ZEAT*A(L 1 F1M)=2)**0.5
R2(N=((FRE2**2-A(1,1)2)"*2+(2*ZEA2*A(1,1)*ERE2)*2)**0.5
R3(N=((FRE3"2-A(l1 )**2)**2+(2*ZEA3*A(L'; )*FR€3)**2)**05
YTH()=Q1/R1(1)+Q2/R2(1+Q3/R3(})
ERR=(A(1,2)-YTH(1))*2
SUM=SUM+ERR

30 CONTINUE

IF(J.EQ.1) THEN
ESUM1=8UM
ZEAT=ZEA1+DD
GOTO112
ELSE
ESUM2=SUM
ENDIF
(FESUM2.LT.ESUM1)THEN
Z1M=ZEAT

302 ESUM1=ESUM2

ZEA1=ZEA1+DD
SUM=0
DO 31 =1,NTIMES
QI=ATM*FIM**2
Q2=AMP2*FRE2*2
Q3=AMP3*FRE3*2
RID=((FIM*2-A(1,1)™2)*2+(2*ZEAT*A(L,1 *F 1 M)**2)"0.5
R2(D=((FRE2**2-A(1,1)*2)"2+(2*ZEA2*A(l,1)*FRE2)**2)**0 5
R3()=((FRE3™2-A(l,1)*2)*2+(2*ZEAZ*A(l,1)"FRE3)™2)**0 5
YTH()=Q1/R1(1)+Q2/R2(1)+Q3/R3(!)
ERR=(A(,2)-YTH(I))"*2
SUM=SUM+ERR
31 CONTINUE

ESUM2=SUM
IF(ESUM2.LT.ESUM1)THEN
Z1M=ZEA1
GOTO302
ELSE
Z1M=ZEA1-DD
ENDIF
ELSE
ZEA1=ZEA1-DD

502 SUM=0

ZEA=ZEAT-DD
DO 32 1=1,NTIMES

Q1=ATM'FIM*™2
Q2=AMP2*FRE2"2
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Q3=AMP3*FRE3**2
RIN=((FAM*2-A1,1)2)2+(2*ZEATA(L 1 *E1M)*2)0.5
R2(Iy=((FRE2**2-A(l,1)**2)*2+(2*ZEAZ*A(1,1*FRE2)*2)**0.5
R3(I)=((FRE3"2-A(1,1}*2)*2+(2*ZEAZ*A(l,1)*FRE3)**2)**0.5
YTH{N=Q1/R1(1)+Q2/R2(1+Q3/R3())
ERR=(A(L2)-YTH(1))**2
SUM=SUM+ERR

32 CONTINUE

. ESUM2=SUM

IFESUM2.LT.ESUM1)THEN
ESUM1=ESUM2

Z1M=ZEA1

GOTOBR02

ELSE

Z1M=ZEA1+DD

ENDIF

ENDIF

PRINT*'ZEAT'
print*,esum1,esum2

AerRn A §EPIS ik 1 o M,F’i M,Z1 [ FrRRR R R ko
J=0

ESUM1=0
ESUMZ=0

113 sum=0{
J=4+1
DO 40 1=1,NTIMES
Q1=ATM*F1M*2
Q2=AMP2 FREZ2™2
Q3=AMP3*FRE3**2
R1(D={(F1M™2-A(L 1Y 2y 2HZ*ZIM* A1 P FIMP*2)0.5
R2(N=((FRE2¥2-A(l, 1) 2y 2+(2*ZEAZ2*A(1,1 YFRE2)*2Y*0.5
R3(N=((FRE3™2-A(l, 1y 2y 2+(2"ZEAZ*A(l,1 FFRE3**2)**0.5
YTH(H=Q1/R1(1+Q2/R2(N+Q3/R3()
ERR=(A(1,2»-YTHOY™2
SUM=SUM+ERR
40 CONTINUE

iF(J.EQ.1) THEN
ESUM1=SUM
AMP2=AMP2+DA
GOTO113
ELSE
ESUM2=SUM
ENDIF
IF(ESUM2.LT.ESUM1) THEN
AZM=AMP2

303 ESUM1=ESUM2
AMP2=AMP2+DA
SUM=0
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DO 41 I=1,NTIMES
QI=ATM FIM**2
Q2=AMP2*FRE2**2
Q3=AMP3*FRE3**2
RYD=((FIM*2-A(1,1)2)*2+(2*ZAM*A(, 1 F1M)*2)0.5
R2(={(FRE2*2-A(1,1)*2)*2+2*ZEAZ*A(l, }'FRE2)*2)*0.5
R3()=({(FRE3*2-A(1,1)"2)"*2+(2*ZEA3*A(L,1)*FRE3)**2)**0.5
YTH)=Q1/R1(1)+Q2/R2(1)+Q3/R3())
ERR=(A(1,2)-Y TH(1))**2
SUM=SUM+ERR
41 CONTINUE
ESUM2=SUM
IF(ESUMZ2.LT.ESUM1)THEN
AZM=AMP2
GOTO303
ELSE
AZM=AMP2-DA
ENDIF
ELSE

AMP2=AMP2-DA
503 SUM=0
AMP2=AMP2-DA

DO 42 I=1,NTIMES
QI=ATM*FIM™2
Q2=AMP2*FRE2"2
Q3=AMP3*FRE3*2
RT(D=((FIM™2-A(L 1y 2)2+(2*ZIM™A(L, 1) F1IM)*2)**0.5
R2(1)=((FRE2""2-A(1,1)**2)"*2+(2*ZEAZ*A(, 1) FRE2)"2)*0.5
R3(N=((FRE3™2-A(l,1)2)"2+(2*ZEAS*A(L,1)*FRE3)"2)**0.5
YTH()=Q1/R1(1)+Q2/R2(1)+Q3/R3(1)
ERR=(A(1,2)-YTH(I))**2
SUM=SUM+ERR

42 CONTINUE
ESUM2=SUM

IF(ESUM2.LT.ESUM1) THEN

ESUM1=ESUM2

AZM=AMP2

GOTO503

ELSE

A2M=AMP2+DA

ENDIF

ENDIF

PRINT”'AMP2'

print*,esumi,esum2
****************FREZ*********AAI M'F:1 M’Z1 M,AzM***************

J=0

ESUM1=0
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ESUM2=0

114 sum=0
J=J+1
DO 50 =1, NTIMES
Q1=ATM*F1M**2
Q2=A2M*FRE2**2
Q3=AMP3*FRE3**2
R1(D=((FIM=2-A(l, 12y 2+(2*ZIM*A(LTFF1M2)*0.5
R2{D=((FRE2™2-A(},1 Y2y 2+(2*"ZEAZ*A(1 Y"FRE2)™2)™0.5
R3(D=((FRE3*Z-A(l, 1y 22+ 2*ZEAZ"A( 1 YFRE3)™*2)*0.5
YTH(N=Q1/R1N+Q2/R2{N+Q3/R3(1)
ERR=(A{[,2)-YTH{1}}*2
SUM=SUM+ERR

50 CONTINUE

IF(J.EQ.1) THEN
ESUM1=SUM
FRE2=FRE2+DF
GOTO114
ELSE
ESUM2=SUM
ENDIF
IF(ESUM2.LT.ESUM1)THEN
F2M=FRE2

304 ESUMt=ESUMZ

FRE2=FRE2+DF
SUM=0
DO 51 I=1,NTIMES
Q1=ATM*F1M**2
Q2=A2M*FRE2*2
Q3=AMP3*FRE3*2
RA(D=((FIM=2-A(1, 1) 2)2+(2*ZAM*A(, 1 PF1M)*2)"0.5
R2()={(FRE2*2-A(1,1)2)*2+(2*ZEAZ*A(}, 1 *FRE2)**2)**0.5
R3(N={(FRES*2-A(l,1)*2)*2+(2*ZEA3*A(l, 1 *FRE3)**2)**0.5
YTH()=Q1/RA(1)+Q2/R2(1)+Q3/R3(1)
ERR=(A(l,2)-YTH(O)*2
SUM=SUM+ERR
51 CONTINUE
ESUM2=SUM
IF(ESUM2.LT.ESUM1)THEN
F2M=FRE2
GOTO304
ELSE
F2M=FRE2-DF
ENDIF
ELSE

FRE2=FRE2-DF
504 SUM=0
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*

*

PRINT* ESUM(J),J
FRE2=FRE2-DF
DO 52 =1 NTIMES
QI=ATM*FIM™2
Q2=ASM*ERE2**2
Q3=AMP3*FRE3*2
R1(D=((FIM™2-A(L 177202+ (2*Z1M*A(, 1)*F 1M)™*2)*0.5
R2(N=((FRE2**2-A(1,1)**2)*2+(2*ZEA2*A(I, 1 FRE2)*2)"*0.5
R3(D=((FRE3**2-Al,1Y*2)"2+(2*ZEA3*A(l,1 'FRE3)"*2)**0.5
YTH)=Q1/R1(1)+Q2/R2(1)+Q3/R3()
ERR=(A{},2)-YTH{)*2
SUM=SUM+ERR
52 CONTINUE
ESUM2=SUM

IF(ESUM2.LT.ESUMTTHEN
ESUM1=ESUM2
F2M=FRE2

GOTOE04

ELSE

F2M=FRE2+DF

ENDIF

ENDIF

PRINT* 'FREZ'
print*,esumt,esumz2

****’*‘***************ZEAZ********A1 M R F:'1 M’Z 1 M ,AzM , FZM******#*‘******

J=0

E3UM1=C
ESUM2=0

115 sum=0
J=J+1
DO 60 I=1,NTIMES
C1=ATMF 12
Q2=A2M*F2M**2
Q3=AMP3I*FRE3"2
RIM={(FIMY2-AG P2 2+(2*Z 1M AL Y FIMY™* 20 5
R2()={((F2M™2-A(l, 1y 2y~ 2+(2*"ZEA2*A(1,1y'F2M)*™2)0.5
R3N)=((FREZ™Z-A{, 1) 2y 2+(2"ZEA3 AL, 1 " FRE3)™2y0.5
YTH)=QU/RA{)+Q2/R2(1+Q3/R3{])
ERR={A(L,2}-YTH()"2
SUM=SUM+ERR

60 CONTINUE

IF(J.EQ.1) THEN
ESUM1=SUM
ZEA2=ZEA24DD
GOTO115

ELSE
ESUM2=SUM
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ENDIF
IFESUM2.LT.ESUMT)THEN
Z2M=ZEA2

305 ESUM1=ESUM2

ZEA2=ZEA2+DD
SUM=0
DO 61 1=1,NTIMES
Qi=ATM*FIM*2
Q2=A2M*F2M**2
Q3=AMP3*FRE3"2
RI(=((F1M=2-A(1,1)™2y*2+(2*Z1M*A(1, 1 *F1M)**2)**0.5
R2()=((F2M*2-A(1,1)*2)*2+(2"ZEAZ*A(L, 1) F2My**2)**0 5
R3(N)=((FRE3™2-A(1,1)*2)**2+(2*ZEAZ*A(l, 1 *FRE3)**2)**0.5
YTH()=Q1/R1(1)+Q2/R2(1)+Q3/R3(1)
ERR=(A{l,2)-YTH())**2
SUM=SUM+ERR
51 CONTINUE
ESUM2=SUM
IF(ESUM2.LT.ESUM1)THEN
Z2M=ZEA2
GOTO305
ELSE
Z2M=ZEA2-DD
ENDIF
ELSE

ZEA2=F7EA2-DDD
505 SuUM=0
*  PRINTYESUM{),J
ZEA2=ZEA2-DD

DO 62 |=1,NTIMES
Q=AM FIM™2
Q2=A2M*F2M**2
Q3=AMP3*FRE3"*2 _
RA=((FIM™2-A(1,1y*2y~2+(2*Z IM*A(L, 1 FF1M)™2)"0.5
R2()=((F2M**2-A(1,1)*2)*2+(2*ZEA2*A(], 1) FZM)**2)*"0.5
R3(={(FREZ™2-A(l,1)2)~2+(2*ZEA3*A(l, 1)*FRES)*2)*0.5
YTH(O=Q1/R1(1)+Q2/R2(1)+Q3/R3()
ERR={A(1,2)-YTH(1))"*2
SUM=SUM+ERR

62 CONTINUE
ESUM2=SUM

IF(ESUM2.LT.ESUM1)THEN
ESUM1=ESUM2
Z2M=ZEA2

GOTO505

ELSE

Z2M=ZEA2+DD
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ENDIF
ENDIF
PRINT*,"ZEAZ’
print* esum1,esum2
******AMPS*****A1 M,f’:’i M,Z1 M,AZM,FZM,ZZM******************
J=0

ESUM1=0
ESUM2=0

116 sum=0
J=d+1

- DO 70 I=1,NTIMES
Qi=ATM*Fi1M™2
Q2=A2M*F2M*2
Q3=AMP3*FREZ"™2 _
RI(D=((FIM™2-A(1,1)2)"2+(2 Z1M*A(, 1) F 1M)""2)™0.5
R2()=((F2M"*2-A(1,1)""2)""2+(2"Z2M"A(1,1)F2M)**2)*0.5

R3(D=((FREZ2Z-A(, 1y 2)*2+{2* ZEAZ*AL1)* FREZ™2)*0.5

YTH(I=Q1/RT (I+Q2/R2(N+Q3/R3(1)
ERR=(A(I,2)-YTH(I))**2
SUM=SUM+ERR
70 CONTINUE
IF(J.EQ.1) THEN
ESUM1=SUM
AMP3=AMP3+DA
GOTO116
ELSE
ESUM2=SUM
ENDIF
IF(ESUM2.LT.ESUM1) THEN
A3M=AMP3
306 ESUM1=ESUMZ
AMP3=AMP3+DA
SUM=0
DO 71 1=1,NTIMES
Q1=ATM*EIM™2
Q2=A2M*F2M**2
Q3=AMP3*FRE3"*2
R(D=((F 1M™2-A(1, 12y 2+(2*ZAM*A(, 1 *F {M)**2)™0.5
R2(1)=((F2M™2-A(1,1)*2)"*2+(2*Z2M*A(l, 1)"F2M)**2)**0.5

R3(N=({(FRE3™2-A(1,1)"2)"2+(2*ZEA3*A(I 1" FRE3y*2)™*0.5

YTH()=Q1/R{1)+Q2/R2(11+Q3/R3(1)
ERR={A(,2)-YTH(I))**2
SUM=SUM+ERR

71 CONTINUE
ESUM2=SUM
IF(ESUM2.LT.ESUM1)THEN
ASM=AMP3
GOTO306
ELSE
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AZM=AMP3-DA
ENDIF
ELSE

AMP3=AMP3-DA
506 SUM=0
AMP3=AMP3-DA

DO 72 I=1,NTIMES
Qi=ATM*FIM**2
Q2=AZM*F2M**2
Q3=AMP3*FRE3"2
RA(D=((FTM*2-A(1,1)=2)"2+2*Z1M*A(, 1 F1M)™*2)*0.5
RO(Y=((F2M*2-A(l,1/*2)*2+(2*Z2M*A(, 1} F2M)**2)*0.5
R3(D=((FRE3*2-A(l,1)2)*2+2*ZEAS*A(l, 1 'FRE3)**2)"0.5
YTH(=Q1/R1(1)+Q2/R2(1+Q3/R3(1)
ERR=(A(1,2)-YTH(I))**2
SUM=SUM+ERR

72 CONTINUE
ESUM2=SUM

F(ESUM2.LT.ESUM1) THEN

ESUM1=ESUM2

ASM=AMP3

GOTO5E06

ELSE

A3M=AMP3+DA

ENDIF

ENDIF

PRINT* 'AMP3'

print* . @sum1,esumz2
*‘k****FRES*****Atg M,F1 M‘Z1 M,A2M,F2M,Z2M,A3M******'k********-k**

J=0

ESUM1=0
ESUM2=0

117 sum={
J=J+1
DO 80 =1, NTIMES
Q1=ATMF1M*2
Q2=A2M*F2M*™2
Q3=A3M"FRE3™2 _
R1(O=((F1M™2-A(,1 2y 2+(2*ZAM*A(L 1) F1IM)*™2)*0.5
R2(D={(F2M**2-A{l, 12y 2+(2*Z2M AL 1y F2My™2y™0.5
R3(N=((FRE3*2-A(l, 1y 2y 2+{2*ZEAS*A(L 1V FRE3™2)™0.5
YTH{(=Q1/R1{)+C2/R2(1)+Q3/R3(1)
ERR=(A{1,2)-YTH(}))™2
SUM=SUM+ERR

80 CONTINUE
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IF(J.EQ.1) THEN
ESUM1=SUM
FRE3=FRE3+DF
GOTO117
ELSE
ESUM2=SUM
ENDIF
IF(ESUM2.LT.ESUM1)THEN
F3M=FRE3

307 ESUM1=ESUMZ

FRE3=FRE3+DF
SUM=0
DO 81 1=1,NTIMES
QI=ATMFIM*=2
Q2Z=AZM*E2M**2
Q3=A3IM*FRE3™2
RI=((FIM™2-A1, 1)72)2+(2*Z1M*A(L 1)"F1IM)*2)*0.5
R2(D=((F2M*2-A(1, 17 2)*2+(2*Z2M*A(L, 1 F2M)**2)**0.5
R3()=((FRE3*2-A(1,1)"2)*2+(2*ZEA3*A(I,1)*FRE3)**2)**0.5
YTH()=Q1/R1(1)+Q2/R2(1)+Q3/R3(I)
ERR=(A(1L2)-YTH{)*2
SUM=SUM+ERR
81 CONTINUE
ESUM2=SUM
IF(ESUM2.LT.ESUM1)THEN
F3M=FRE3
GOTO307
ELSE
F3M=FRE3-DF
ENDIF
ELSE

FRE3=FRE3-DF
507 SUM=0
*  PRINT*ESUM(J),J

FRE3=FRE3-DF

DO 82 I=1,NTIMES

QI=ATMFIM*2

Q2=A2M*F2M*™2

Q3=A3M*FRE3™2

RIS{(FEIM™2-A, 1120242 ZAM*A(L 1) FIM)*2)*40.5

R2(1)={(F2M*2-A(1,1)=2)=2+(2*Z2M*A(l, 1 FF2M)*2)**0.5

R3()=((FRE3*2-A(1, 1) 2)2+{2*ZEAS"A(l, 1 YFRE3)*2)**0.5

YTH(H=Q1/R1(1)+Q2/R2(1}*+Q3/R3(1)

ERR=(A(1,2)-YTH(1))**2

SUM=SUM+ERR

82 CONTINUE
ESUM2=SUM

IF(ESUM2.LT.ESUM1T)THEN
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ESUM1i=ESUM2
F3M=FRE3
GOTO507
ELSE
F3M=FRE3+DF
ENDIF
ENDIF
PRINT*'FRE3
print*, esumi,esumz2
TR A L E AT A ML F TV Z IMLAZML F2M, Z2M, ASM, F 3o senin
J=0

ESUM1=0
ESUM2=0

118 sum=0
J=d+1
DO 80 =1, NTIMES
Q1=ATM*F1M**2
Q2=A2M*EZM*2
Q3=A3IM*F3M**2
RA(W=({F1M™2-A{, 172y 2+(2"Z1M*A{L 1 ¥F1My*2)0.5
R2(=((F2M*2-A{l,1y™ 2y 2+{2*Z2M AL, 1 FF2M}"*2y™0.5
R3I(N=((FIM™2-A(1,1)*2)*2+(2*ZEA3* A, 1 Y*F3M)™2)*0.5
YTH)=Q1/RH+Q2/R2()+Q3/R3(1)
ERR=(A(],2)-YTH()™2
SUM=SUM+ERR

80 CONTINUE

IF(J.EQ.1) THEN
ESUM1=SUM
ZEA3=ZEA3+DD
GOTO118
ELSE
ESUM2=SUM
ENDIF
IF(ESUM2.LT.ESUMT)THEN
Z3M=ZEA3

308 ESUM1=ESUM2

ZEA3=ZEA3+DD

SUM=0

DO 91 I=1 NTIMES

QI=ATM*F1M*2

Q2=A2M*F2M*2

Q3=A3M*F3M*2

R1(D=((F1M=2-A3, 172 2+(2*Z 1 M*A(L 1 *F1 My=*2)*0.5
R2(=((F2M*=2-A(1, 112 2+(2*Z2M*A(1, 1 *F2M=2)*0.5
R3()=((F3M™2-A(1,112)**2+(2*ZEAS*A(1, 1)*F 3M)**2)**0.5
YTH(=Q1/R1(1)+Q2/R2(1)*+Q3/R3(1)
ERR=(A(,2)-YTH(I))"2
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SUM=SUM+ERR
91 CONTINUE
ESUM2=5UM
IF(ESUMZ.LT.ESUMT)THEN
Z3M=ZEA3
GOTO308
ELSE
Z3M=ZEA3-DD
ENDiF
ELSE

ZEA3=ZEA3-DD
508 SUM=0
* PRINTSESUM{(J)J
ZEA3=ZEA3-DD

DO 92 I=1,NTIMES
QI=ATMFIM"*2
Q2=A2M*F2M™2
Q3=AM*F3M**2
RA()=((FIM™2-A01, 1) 2)*2+(2*ZAM*A(L,1)*F 1 M)**2)**0.5
R2(=((F2M™2-A(L, 1 Y 2Y*2+(2*Z2M*A(1,1 F2M)**2)0.5
R3(1)=((F3M™2-A(L, 1 Y2y 2+(2*ZEA3*A(L, 1 F3M)**2)0.5
YTH()=Q1/R1{)+Q2/R2(1)+Q3/R3(1)
ERR=(A(1,2)-YTH())*2
SUM=SUM+ERR

92 CONTINUE
ESUM2=SUM

HFESUMZ.LT.ESUM1)THEN

ESUM1=ESUM2

Z3IM=ZEA3

GOTOS508 -

ELSE

Z3M=ZEA3+DD

ENDIF

ENDIF

PRINT*'ZEAZ'

print*,esum1,esum?2
**w*****a—*-&A.t M,FT M,Z1 M,AZM,F2M,ZEM,ABM,F3M,23M******************

IF{(ESUM1.LT.10000)THEN

GOTO400

ELSE

AMP1=A1M

FRE1=F1i

ZEAT=ZAM

AMP2=A2M

FREZ=F2M

ZEA2=72M

AMP3=A3M

FRE3=F3M
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ZEA3=Z3M
GOTO 100
ENDIF
SUM=0
400 DO 401 I=1,NTIMES
QI=ATMFIM=2
Q2=A2M*F2M**2
Q3=A3M*F3M™2
R1()=((FIM**2-A(1,1 Y2y 2+(2*Z1M*A(L, 1)*F1M)™2)**0.5
R2()=((F2M**2-A(1, 12 2+2*Z2M*A(l, 1 'F2M)™2)**0.5
R3(N=((F3M™2-A(1,11*2)2+(2*Z3M A1, 1)*F3M)*2)*0.5
YTH()=Q1/R1(1)+Q2/R2(1)+Q3/R3(])
OPEN(UNIT=11,FILE='OUT.TXT STATUS="0ld")
WRITE(11,)YTH()
ERR=(A(1,2)-YTH(I))*2
SUM=SUM+ERR
401 CONTINUE
PRINT*'E1= *ESUM1,/E2= ' ESUM2
PRINT*'F1= " FIM,'Z1="Z1M, Al= " A1M 'F2= ' F2M,
279z ' ZOM'A2= " A2M,'F3= " F3M,'Z3= | Z3M,'A3="A3M
200 END
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