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NOMENCLATURE 

steel 

tensile strength of 

about the x-x axis 

about the x-x axis 

A Area of the cross section 

rxx radius of gyration about the x-x axis 

steel 

Pv vertical component of the service load 

P, transverse component of the service load 

P1 longitudinal component of the service load 

L, Length of the crossarm 

L1 Length of the insulator 

f, Computed axial stress 

F, Pure axial compressive stress permitted in member 

fbx Computed bending stress about the x-x axis 

Fbx Pure bending stress permitted in a member 

f, Computed tensile stress 

fv Computed shear stress 

F, Allowable axial tensile stress 

V Static load due to the weight of conductor and ice from 

half span 

v vertical dynamic load due to galloping from half span 

v(t) vertical dynamic load due to galloping from half span 

L Span of the conductor 
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1. INTRODUCTION 

1.1 General Background 

1.1.1 Galloping conductors 

"Galloping conductors", also called "dancing conductors", 

is an unusual aerodynamic phenomenon characterized by vertical 

oscillations of very large amplitude and very low frequency. 

This usually occurs when there is an asymmetric ice deposit of 

0.1 to 0.5 inch of equivalent radial thickness combined with 

an average wind speed of between 3.0 and 35.0 mph at a 

temperature of approximately 32 degrees Fahrenheit. The 

duration of galloping varies from a few hours to 24 hours. 

The observed amplitude reported in the literature vary from a 

few feet to 20 feet depending on the span of the conductors 

[1]; and the frequency of the oscillations is normally 1 Hz or 

less. 

The motion of the galloping conductor is very complex. 

Field observations show that the motion is predominantly in 

the plane of the sag (vertical direction). This motion is 

sometimes idealized as a narrow elliptical path. The profile 

of the conductor normally assumes a single or double loop in 

the span. The amplitude of galloping varies with the wind 

speed and line frequency. This motion causes stretching of 

the conductor and proportionally a time-varying tensional 

force in the conductor. The increase of tensional force in 

the conductor and the corresponding steeper slope of the 
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conductor at the conductor attachment point during galloping 

will result in dynamic vertical loads at the support. Figure 

1.1 shows a laminated wood pole with the various structural 

and hardware components. Figure 1.2 illustrates the galloping 

of the conductor and the various load components acting on the 

structure. 

1.1.2 Results of galloping and damage to structures 

The results of galloping ranges from temporary line 

outages due to phase-to-phase and phase-to-shield wire 

flashovers to damage to the conductor strands, insulators, 

connections, hardware and support structures (2). The failure 

of the conductor or the connections to the crossarm can 

trigger the failure of a series of towers because of an 

unbalanced longitudinal load on the tower. Such a failure is 

called a cascading or domino effect. 

If the structure has a bending frequency close to the 

galloping frequency of the conductor, the resonance of the 

conductor and the tower motion will produce large 

amplification of the loads. Observations by utilities in 

Japan, New Zealand, the United states, Canada and Europe show 

that the most common damage caused by galloping are failure of 

the crossarm due to the large dynamic vertical force. In 

single post towers the failure of the welded or the bolted 
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connection of the crossarm with the pole has been observed. 

In lattice type structures, typically buckling of the crossarm 

members has been observed. several galloping occurrences and 

subsequent failure of the welded connections of the crossarm 

in single pole structures have been reported by Iowa Electric 

Light & Power Company [3]. The failure of the bolted 

connections have been reported by other electrical utilities. 

One objective of this research is to study the behavior 

of a crossarm in a single pole structure when subjected to 

forces from the galloping conductors. 

1.1.3 Present design practice 

While the current National Electricity Safety Code (NESC) 

[4) provides for loading due to combined ice and wind, heavy 

ice, high wind and stringing. It addresses the dynamic loads 

through the provision of an overload capacity factor only in a 

general sense. It does not specify a factor for galloping 

load nor does it explain how such a factor can be determined. 

From the failures observed over the past, these overload 

factors do not seem to provide the required safety to 

safeguard the structure during galloping. 

This situation necessitated research to quantify the 

loads due to galloping conductors, taking into account the 

meteorological, aerodynamic, geometric and material factors of 

a given system. 
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1.1.4 Background 

An analytical study conducted at Iowa state University 

(ISU) by Dr. Mardith Thomas (Civil and Construction 

Engineering) and Dr. William James (Aerospace Engineering) 

addressed the problems due to galloping conductors and 

considered the various factors which affect the behavior of 

the complete system. The final task of their project 

quantified the dynamic loads due to galloping in a single pole 

tower system which was subsequently validated with wind tunnel 

testing by using a model of a conductor [5). The vertical 

dynamic loads calculated for a given system using this force

time algorithm have been proved to agree well with the dynamic 

loads recorded during galloping in the field. 

1.1.5 MTS dynamic and pseudodynamic testing system 

The civil and Construction Engineering department of Iowa 

State University recently acquired a dynamic and pseudodynamic 

testing system of MTS Systems corporation. This system 

consists of an electro-hydraulically operated equipment with 

an on-line computer control which is capable of performing 

real-time dynamic and pseudodynamic testing of structural 

elements. It was proposed that this system might be suitable 

to simulate the dynamic loads due to galloping which would 

enable a study of the behavior of the crossarm subject to 

these dynamic loads. 
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1. 2 Objectives 

1.2.1 Major objective 1 

As the system was only recently acquired, the first major 

objective was to validate the testing capability of this 

equipment, document trial tests and to determine its 

suitability for the experimental study presented. In 

addition, the production of an example manual to provide 

guidance to the future users of the testing facility was 

needed. The specific tasks defined in achieving these 

objectives consisted of the following. 

Task 1: Learn how to use the testing equipment. 

Task 2: 

Task J: 

Task 4: 

Conduct a series of dynamic and pseudodynamic trial 

tests. 

study the limitations and capability of the testing 

system and determine its suitability for the 

experimental study. 

Produce the Example Manual. 

These tasks are discussed in detail in Chapter 2. 

1.2.2 Major objective 2 

The second major objective was to perform an experimental 

study of the structural behavior of a crossarm subjected to 

the vertical dynamic forces from galloping conductor using a 

single specimen of the crossarm. It was not within the scope 

of this project to perform a large number of tests; only to 
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demonstrate the capability of performing such tests and make 

recommendations on the accuracy of the experimental method to 

characterize the interaction of the wind-induced dynamic 

forces and the transmission line single pole structure. The 

specific tasks defined in accomplishing this major objective 

consisted of the following. 

Task 1: 

Task 2: 

Task 3: 

Task 4: 

Task 5: 

Task 6: 

Definition of a typical single pole tower system. 

Design of a crossarm as per the National Electricity 

Safety Code guidelines. 

Fabrication of the crossarm and setting up of the 

experimental testing system. 

Computation of the vertical galloping load for an 

assumed environmental condition. 

Execution of tests. 

Discussion of the test results and conclusions. 

Tasks 1, 2 and 3 are discussed in detail in Chapter 3; 

task 4 in Chapter 4; tasks 5 and 6 are discussed in Chapter 5. 

1.3 Research Program 

1.3.1 Major objective #1 

The first part of the research program consisted of 

performing the tasks associated with the first major objective 

which has been listed in Section 1.2.1. Initially, it 

consisted of getting acquainted with the system software and 

hardware. As the software itself was a recently developed 

one, the initial task consisted of attempting to identify the 
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defects in the software and requesting MTS to correct the 

software. After adequate practice in using the software to 

define a test, trial tests were conducted. This included a 

training program given by MTS. The trial tests consisted of 

running a series of dynamic and pseudodynamic tests on simply 

supported beams. Both harmonic and non-harmonic loads were 

used to test the capability of the testing system. These 

points are discussed in detail in Chapter 2. The last phase 

in achieving the first major objective consisted of selecting 

example tests, documenting them and preparing the user's 

manual. This manual is available in Appendix A of this 

thesis. 

1.3.2 Major objective #2 

The second part of the research consisted of performing 

the tasks associated with the second major objective. At 

first, a single pole transmission tower structure system was 

defined and the crossarm was designed based on the guidelines 

specified in National Electricity Safety Code of 1981. The 

crossarm was then fabricated and the experiment was set up. 

This phase is discussed in detail in Chapter 3. Environmental 

conditions which have produced galloping in the past were 

assumed for this tower system. The magnitude of the vertical 

galloping force was calculated for the defined material, 

geometric and environmental conditions using the algorithm 
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mentioned in Section 1.1.4. Dynamic analysis was made to 

study the effect of the dynamic load on the crossarm. The 

computation of the load is discussed in detail in Chapter 4. 

Finally, the tests were conducted and results noted. These 

are discussed in Chapter 5. The summary and the conclusions 

are also available in Chapter 5. 

1.4 Literature Review 

1.4.1 crossarm behavior to galloping conductors 

A review of the existing literature on this topic was 

made and no such work was found. However, the following 

observations were made. 

Two articles revealed the existence of the extensive 

damage to the supporting structure due to galloping conductors 

(1,2]. These had reported that the failure of the welded and 

bolted connections in the crossarm were very common during 

galloping. References 1 and 5 had agreed on the inadequacy of 

the overload factors currently specified by NESC. There was a 

consistent agreement among these reports that the vertical 

dynamic force was the most significant load due to the 

predominant vertical motion of the conductor during galloping. 

Li Li (5] had predicted the potential fatigue loading of the 

support structure during galloping. 

It was learned that Iowa Electric Light and Power Company 

has in the past experienced failures of the weld (of the 
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crossarms) due to galloping. It was also learned (6] that in 

the case of crossarms using channels as arm base, the web of 

the channels had yielded by bending. In the recent (Spring 

1990) ice storms in the central Iowa region, a transmission 

line covering a distance of 18.0 miles failed by a domino 

effect. The cause of the failure is currently being 

investigated at Iowa State University [7]. It is suspected 

that galloping could be one of the possible causes of failure. 

1.4.2 Pseudodynamic testing methods 

The report by Mahin and Shing (8] with regard to 

pseudodynamic testing was reviewed with the objective of 

understanding the procedure and its advantages and 

disadvantages for the purpose of validation of the MTS Dynamic 

and Pseudodynamic Testing System and the possible use of this 

experimental technique in the study of the behavior of 

crossarms. 

From this report by Mahin by Shing it was understood that 

this technique was originally developed to evaluate the 

seismic performance of structural elements. The significant 

advantages of this testing methods are: it allows the testing 

of large scale structural systems which cannot be tested 

realistically by conventional methods; and it allows the test 

to be conducted at slower rates thereby allowing a better 

study of the seismic behavior. Verification tests in the 
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elastic and inelastic range have been conducted on a SDOF 

steel cantilever system with a concentrated load at the top 

for El Centro O.lg, El Centro o.ag and Miyagi Oki 0.45g ground 

motions. The results of these tests have correlated well with 

the analytical simulations. Successful tests have been 

conducted on prototype multi-storied steel and reinforced 

concrete structures in the United States and Japan. These 

results have correlated well with equivalent analytical 

results. 
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2. VALIDATION OF THE TESTING SYSTEM 

2.1 Introduction 

2.1.1 Testing system 

The testing system consists of an electro-hydraulically 

operated dynamic and pseudodynamic test system with an on-line 

computer control designed by MTS Systems corporation. MTS 

seismic and pseudodynamic test systems are capable of 

investigating the characteristics of specimens undergoing 

simulated dynamic loads. This simulation is controlled 

through Seismic Test Execution {STEX) software. 

2.1.2 Test system configuration 

Figure 2.1 shows the hardware configuration of the test 

system. As illustrated in the figure, the hardware consists 

of an on-line control computer, digital console, analog 

console, hydraulic distribution system and hydraulic 

actuators. Figure 2.2 shows a test setup with the actuator 

and the test specimen mounted in a testing frame. Figure 2.3 

shows the consoles and the on-line control computers available 

in the Structures laboratory at Iowa State University. The 

on-line control computer is a Microvax II computer system with 

a LVP 16 plotter attached. The test to be conducted is defined 

in STEX, which sends the electronic signals to the analog 

console through the digital console. The analog console in 

turn develops the servovalve control signals to control the 
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servovalve located in the actuators. In addition to this, the 

analog console also controls the hydraulic distribution system 

to regulate the flow of hydraulic fluid to achieve the desired 

motion or load of the actuator. The analog console also 

receives the feedback signals from the load and displacement 

transducers contained in the actuator which are later acquired 

by the test processor of the digital console. STEX receives 

the feedback signal from the test processor contained in the 

digital console. 

2.1.3 STEX software capabilities 

STEX is a menu driven software which provides control of 

multi-channel loads and motions. The software at ISU 

currently accommodates two channels only. It allows the 

definition and execution of seismic (dynamic) and 

pseudodynamic tests. These are discussed in detail in 

Sections 2.2 and 2.3. It also allows the storage and analysis 

of test definitions and test results. Its analysis library 

allows the import, creation, modification and analysis of 

different types of forcing functions. It allows the choice of 

either load or displacement control of the test. The entire 

software is made up of eight libraries with a specific 

function attached to each library. These eight libraries 

together aid in performing the above-mentioned tasks. Figure 

2.4 shows the main control menu which provides access to the 
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different libraries. 

2.1.4 Objectives for the validation of MTS system 

The objectives set for the process of validation of the 

testing system are listed below. 

1. To check the correctness of the software. 

2. To recognize the capability and limitations of the 

software and the hardware. 

3. To demonstrate the capability of executing dynamic 

and pseudodynamic tests by conducting simple trial tests. 

4. To study the suitability of the testing system for 

the experimental study of the crossarm. 

5. To document the procedure of using the system for the 

purpose of preparing a user's manual with example tests. 

The validation process involved a sensitivity study of 

the capability of the testing system for a few parameters of 

the forcing functions. 

2.1.5 Test setup for the trial tests 

The testing frame used for conducting the dynamic and 

pseudodynamic trial tests is shown in Figure 2.2. The trial 

tests were run on simply supported beams. The setup in the 

frame was made such that the loads exerted by the actuator are 

self-contained in the frame itself. The actuator was attached 

to a support beam near its end to keep any error due to the 
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bending of this beam to the minimum. The same frame was later 

used for the experimental study on the crossarm. 

2.2 Earthquake or Dynamic Test 

2.2.1 Introduction 

This is one of the options in the main control options 

menu shown in Figure 2.4. This option can be used to (i) 

define a new test and execute it; (ii) select an already 

defined test and execute it; or (iii) modify an existing test 

and execute it. This option allows the execution of an 

uncompensated test or a compensated test. 

2.2.2 compensated and uncompensated tests 

When running a dynamic test, the achieved signal 

(measured specimen response) may not always be the same as the 

desired forcing signal. This depends on: the forcing 

function used, the dynamics of the test setup used, the 

capability of the servovalve, the calibration of controller 

present in the analog console and calibration of certain other 

electronic devices in the analog and digital consoles. The 

dynamics of the test setup may have an effect leading to a 

decreased desired amplitude of the control signal. These can 

be in the form of frictional forces in actuator-specimen 

connection, movement of the specimen support, or movement of 

the actuator support. Hence depending on the desired signal, 
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the drive signal may need to be adjusted. This procedure 

generally calls for an over-programming of the drive signal to 

achieve the desired specimen motion. However, this procedure 

may not fully achieve the desired motion as the capability to 

compensate ultimately depends on the limitations of the 

hardware. A test which has its drive signal adjusted for the 

system dynamics is called a compensated test and the one which 

does not have its drive signal adjusted is called an 

uncompensated test. 

2.2.3 Uncompensated test 

2.2.3.l Introduction In this test the drive signal 

is not adjusted for the system dynamics of the test specimen 

and test setup. There are two different types of 

uncompensated tests: 

(i) Uncompensated Profile test and 

(ii) Uncompensated Random test. 

The uncompensated profile test is run as a step to 

understand the capability of the system to apply the specified 

forcing function. The random test is run when compensation of 

the drive signal is anticipated. The random test collects the 

data from the system necessary for the compensation procedure. 

2.2.3.2 Test procedure There are five basic steps 

involved in the definition and execution of an uncompensated 

test. These steps are shown in the flow chart in Figure 2.5. 
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After the execution, the data analysis option is used to 

analyze the specimen response data from the uncompensated 

test. Each of the steps shown in the figure is described in 

detail with an example test in Parts I and II of the User 

Manual in Appendix A. 

2.2.3.3 Trial tests A series of trial tests were run 

on simply supported steel beams (W 10 * 22 and W 12 * 14) with 

forcing functions consisting of both time history functions 

(rectangular, ramp) and waveforms such as sinesweeps. 

The simply supported beams were analyzed as undamped 

single degree of freedom systems considering a negligible 

weight for the beam. The forcing functions considered are 

listed below. 

1. Rectangular pulse 

2. Ramp function 

3. sinesweeps with varying amplitude and frequency. 

The definition and execution of the tests using the 

testing system with comparison to the analytical results are 

discussed in detail in Appendix A. 

2.2.3.3.1 Rectangular pulse Rectangular pulses 

with a constant peak load with varying duration were used. 

Relatively fast pulses with durations of 0.06, 0.2 and 0.3 

seconds were chosen to illustrate the limitations of the 

system. Figure 2.6 shows the applied drive signals considered 

in the tests on one of the beams. Figure 2.7 shows a typical 
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achieved motion. Based on the results summarized in Table 

2.1, the following inferences and conclusions can be 

developed. 

The peak response increases with the duration of the 

rectangular pulse. Also, the time of peak response is more 

than the theoretical value. But these results correspond well 

with the achieved load. This indicates that the hardware, in 

general, does not respond swiftly to apply the defined load on 

the specimen which is a performance limitation of the 

hardware. These example tests used a servovalve with a peak 

capacity to pump 20 gallons of oil per minute. The 

performance can be increased by using a higher capacity 

servovalve or an additional servovalve of the same capacity. 

In either of these cases the system can be made to respond 

more swiftly. Trial tests with higher capacity servovalves 

need to be conducted to arrive at the particular capacity of 

the servovalve that would give good results. A compensated 

test cannot be performed on a non-frequency function such as 

rectangular, triangular and ramp signals. It can also be 

noted that the free response is quickly damped. The damping 

in these cases consist of a combination of viscous and coulomb 

damping. The viscous damping was present by virtue of the 

molecular friction in the material of the beam. The coulomb 

damping was due to the friction offered by the piston of the 

actuator and the connection between the actuator and the test 
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specimen. 

2.2.3.3.2 Ramp pulse Ramp pulses with a 

constant peak load with varying ramping periods as shown in 

Figure 2.8 were used. The results have been summarized in 

Table 2.2. A typical response is shown in Figure 2.9. The 

results indicate that the peak dynamic response matches the 

theoretical results. But the period of response was several 

times higher than the theoretical. This again is a 

performance limitation of the system as observed in the 

responses to rectangular pulses. The response also indicates 

that the portion of the response immediately following the 

peak is quickly damped out by a combination of viscous and 

coulomb damping. The free response after the load becomes 

zero is also quickly damped out. 

2.2.3.3.3 Sinewave Tests with sinesweeps involving 

variation in frequency as well as in amplitude were conducted. 

One of the examples is shown in Figure 2.10. The frequency 

varies exponentially from 0.1 to 10 Hz and the amplitude 

varies linearly from 4 kips of single amplitude at the start 

to 0.8 kips in the middle. The achieved signal of the load is 

shown in Figure 2.11 from which it is understood that the 

defined frequency has been maintained during the 

execution, while the amplitude decreases as the frequency 

increases. This suggests that compensation of the drive 

signal (forcing signal) would be necessary to improve the 
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signal. 

The achieved displacement signal is shown in Figure 2.12. 

It can be observed that the signal starts from 0.705 inches 

instead of zero. This indicates that the displacement channel 

was not zeroed completely at the start of the test, but had a 

voltage corresponding to 0.705 inches. It can be observed 

that the displacement signal has followed the pattern of the 

forcing function closely. The maximum theoretical response 

(at the first peak) of the forcing signal agrees well with the 

achieved displacement. The achieved displacement at the first 

peak is equal to 0.0275 inches and the calculated displacement 

at the first peak is equal to 0.026 inches. 

Part I of Appendix A illustrates with an example test 

the procedure adopted in STEX for setting up a test and 

executing the same. 

2.2.4 Compensated tests 

The procedure adopted in STEX for conducting a 

compensated test is outlined by the flow chart shown in Figure 

2.13. The procedure calls for running an uncompensated random 

vibration test to collect information from the specimen about 

its response at different amplitude. This information is 

later used in the Model library of STEX to create an Expanded 

Inverse function. At the test phase, this Expanded Inverse 

function is used to produce a suitable drive function which is 
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compensated to obtain the desired function when executed. The 

forcing function of an example of a compensated test is shown 

in Figure 2.14a. The frequency of this function varies 

exponentially from 0.1 Hz to 5 Hz and the single amplitude 

varies from 1.0 inch at 0.1 Hz to 0.4 inch at 5 Hz. During 

this test the drive signal was compensated twice. An overlay 

plot of the achieved signals corresponding to the desired, 

uncompensated test and first compensated test is shown in 

Figure 2.14b. The initial 5 seconds of this plot corresponds 

to a test start up delay which is defined earlier in the 

software during the test setup. It can be noted from this 

plot that the system is able to maintain the required 

amplitude of 0.7 inches at 0.71 Hz corresponding to the time 

of 21.5 seconds. This can be better observed in the enlarged 

plot in Figure 2.14c. From Figure 2.14d it can be observed 

that the first compensated test (compen_ach) has performed 

better in the region beyond 21.5 seconds. From Figure 2.14e 

it can be observed that the second compensated (ach_it_l) has 

only performed as much as the first compensated test. This is 

because of the performance limitation of the hardware. 

The following conclusions can be drawn from the results: 

1. The system provides priority to the frequency than to the 

amplitude. 

2. The system performs best at low frequencies due to the 

limitations of the hardware. 
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3. Compensation helps to overcome the various factors which 

decrease the amplitude of the achieved signal only within the 

frequency-amplitude capability of the system hydraulics. 

Part II of Appendix A illustrates in detail the procedure 

followed in STEX for the definition and execution of this 

example test. 

2.3 Pseudodynamic Test 

2.3.1 Introduction 

The pseudodynamic test method is a relatively new testing 

method which was originally developed for evaluating the 

seismic (or dynamic) performance of structural models in a 

laboratory by an on-line computer controlled testing. This 

technique combines the realism of real time testing with the 

economy and convenience of the quasi-static testing. In a 

quasi-static test, an inelastic computer analysis is performed 

for the structure in question. The displacements calculated 

at different locations of the structure are used to control 

the test. Such tests utilize conventional static testing 

systems and allow for a detailed observation of the structural 

behavior during the tests. 

Pseudodynamic test allows the testing of large-scale 

structural models which cannot be tested realistically and 

efficiently by conventional methods [8]. Another significant 

advantage is that it allows the test to be conducted at a 
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slower rate, thereby, allowing a better study of the behavior 

of the test specimen as the test progresses. Pseudodynamic 

tests have been successfully performed in Japan and the United 

states and the results have correlated well with the 

analytical and shaking table results (8). 

However, this procedure has its own limitations. It 

works well with the structure which can be realistically 

characterized by lumped masses and fewer degree of freedoms 

(DOF). In general, structures with significant distributed 

masses or masses that can influence the local modes of failure 

or those constructed with materials which are sensitive to the 

rate of loading may not be suitable for this method. 

2.3.2 Pseudodynamic test procedure 

The pseudodynamic test procedure is similar to the quasi

static test except that the displacements being applied on the 

structure at each step are computed by the on-line control 

computer based on the dynamic response of the specimen. The 

test procedure is explained by the schematic diagram shown in 

Figure 2.15. The test procedure can be outlined as follows: 

The structure is modeled analytically, with the damping and 

the inertial characteristics determined prior to the testing. 

These values together with the acceleration of the forcing 

function form the input to the test. An initial prescribed 

displacement is imposed on the structure through the hydraulic 
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actuators located at each degree of freedom (DOF). The load 

cells, present within the actuator, monitor the restoring 

forces produced at each DOF due to the imposed displacement. 

These forces are retrieved by a high speed on-line data 

acquisition system. The restoring forces become the input to 

the software which solves the system of differential equations 

associated with the structure to arrive at the displacements 

at each DOF. These displacements are then applied at the next 

time step and the process repeated. The flow chart on Figure 

2.16 (Figure 2.2c of Shing & Mahin (8)) illustrates the steps 

involved in a pseudodynamic test using Explicit Newmark 

Algorithm (for solving the differential equation of motion). 

2.3.3 Test procedure in STEX 

The entire test procedure consists of several steps. 

These are described in Figure 2.17. 

2.3.4 Trial tests 

A series of tests were conducted in the elastic range on 

a simply supported beam. Trial tests consisted of using a 

ramp forcing function shown in Figure 2.18 with varying 

damping coefficients. The results of the tests have been 

summarized in Table 2.3. It can be seen from the results, 

that the actual achieved values generally agree well with the 

theoretical values. A sample of the response (obtained for 



www.manaraa.com

37 

Slep 1. 
tJctcrn1\ne the systc1n conflgurntlon 

and create a syslem derinllion 

Use l/ie Svstem Definition Golian 

Ster 2. 
Identify the desired accrleratlon drive 
signal and create an accclerallon lln1e 

history funcllon for each OOF lo be excited 

Use the Data Analysis Golian 

Slep 3. 
Create a profile for each DOf- lo be exciled 

from the tln1e hlslory functions 

Use l/1e Profile L/brarv Ufilitv nnuon 

Step 4. 
Crea le a pseudodynamic sln•chne from measured 

dynatnic characlcristlcs of !he specltnen 

Use l/1e Pseudodvnamic Tes/Ina Ootion 

Slep .~. 
Define lhe lesl by specifying 

lhe sysle111 definition, profile<, a11d struclure 

Use Ifie Pseudodvnamic res//rJQ Ootion 

Step 6. 
Exec11le the lest 

Use t11e Pseudodvnamic Testina Oofion 

Figure 2.17 Flowchart of Pseudodynamic testing procedure 



www.manaraa.com

38 
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Figure 2.18 Specified forcing function 

Table 2. 3. Results of pseudodynamic tests 

Peak Dampinq Theoretical !dual 
Test load factor tr I T x I \n I l• 

nuuiber 
kips inches secs. inches I secs. 

1 1. 5 0 0.05 o. 556 0.1 0.54 0.09 
2 1. 5 1 0.05 0.505 0.08 0.575 0.105 
J 1. 5 10 0.05 o. ~86 - o.05 -
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the test with 0% damping) is shown in Figure 2.19. The 

corresponding theoretical response is shown in Figure 2.20. 

Part III of Appendix A illustrates with an example the 

definition and execution of the pseudodynamic test with 0% 

damping using STEX. 

2.4 Example Manual for STEX 

The production of the Example Manual was one of the 

primary tasks associated with the first major objective. This 

is available in Appendix A. 

The Example Manual was made with the following 

objectives: 

1. To guide the user to learn how to use the Testing System. 

2. To provide the user with the information provided by MTS 

on a personal level, which is available neither in the STEX 

manual nor in the software. This includes Cautions and Notes 

to the user provided throughout the example tests for the 

different types of testing. 

3. To provide illustrations for the definition, execution and 

post-test analysis of a test through the example tests. This 

was essential because the STEX software does not have a Help 

Menu and the documentation of the STEX user's manual does not 

discuss some of the theory involved. 

4. To provide the user some basic knowledge of the functions 

of the hardware and the settings which are required to be made 
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in the process of executing a test. 

5. To provide the user the current status of the software. 

6. To provide some idea of the limitations of the hardware. 

The contents of the Example Manual is given below. 

Part I. Uncompensated Dynamic Test. 

Part II. Compensated Dynamic Test. 

Part III. Pseudodynamic Test. 

Each of the above parts illustrates the procedure 

involved in detail with an example test. 
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3. PROBLEM DEFINITION AND DESIGN OF THE CROSSARM 

3.1 Introduction 

This chapter corresponds to the tasks 1 and 2 of the 

second major objective, as explained in Section 1.2.2 of 

Chapter 1. These tasks involve the definition of a single 

pole tower system and the design of the crossarm as per NESC 

[1987], and Manual of Steel Construction, Eighth edition [9]. 

3.1.1 Single pole support system 

Figure 3.1 (Figure 3.1 of Li Li, reference 5) shows the 

schematic diagram of a pole transmission line system. A pole 

tower system consists of four basic elements: pole support 

structure, crossarm, insulators and the conductors. The pole 

structure is usually made of either timber or steel. The 

wooden poles may have either steel or wooden crossarm while 

the steel poles usually have metal crossarms only. The 

insulators may be either suspended or fixed with the 

conductors attached to their ends. 

The steel crossarms are usually welded to a plate or to 

the web of a channel, which in turn is bolted to the pole 

structure. Figure 3.2 shows a typical laminated wooden pole 

in a single circuit 161 KV transmission line which uses such a 

connection detail for the crossarm. Iowa Electric has 

observed that such connections have failed, most likely due to 

galloping. These were mostly failures of the welds rather 
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than of the bolts. 

The experimental study being reported here was directed 

at defining a typical pole tower system and designing a steel 

crossarm for a wooden pole support with a connection detail as 

discussed in the previous paragraph. 

3.1.2 Experimental studies 

There were two experimental studies undertaken in this 

research. In the first trial study, a wooden pole tower 

system with a 600 feet span was defined and a steel crossarm 

designed. The prototype crossarm consisted of a 5 inch square 

structural tube (constant section) with a wall thickness of 

1/4 inch made of A 500 (designation of the American Society of 

Testing Materials) cold formed steel. The tube was welded to 

a channel made of plates and the channel was in turn bolted to 

the support beam. 

Prior to applying galloping load, static loads 

approaching 1.75 kips were applied to the structure and 

strains were measured close to the weld (approximately 1/4 

inch away) at the top and the bottom, in the middle of the 

section. In addition, strains were measured at the top of the 

tube at a location one foot from the welded joint. It was 

observed that while the strains one foot from the joints were 

in agreement with the theoretical strains, the strains at the 

top of the section close to the weld ranged between 2.0 to 3.0 
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times the theoretical strains and permanent strains of 

approximately 980 micro-strains were noticed. The theoretical 

strain values were calculated with the beam idealized as a 

fixed cantilever. It was also observed that a vertical 

stiffness of approximately 25% of the theoretical stiffness 

was obtained at the end of the crossarm where the insulator is 

attached. 

It was suspected that this behavior of the cantilever 

could be due to the effect of welding of the cold formed 

section. When a cold formed metal is welded, the portion of 

the metal next to the weld (in the zone of fusion) may undergo 

recrystallization (10]. The recrystallized metal tends to be 

weaker and more ductile than the original cold-worked metal. 

It was also felt that this material does not reflect the field 

conditions, in which ASTM A 588 weathering steel plate is used 

to fabricate the crossarm. For these reasons the use of this 

specimen for the experimental study was suspended. 

The second experimental study involved the use of a 

prototype crossarm obtained from Iowa Electric. This is very 

similar to the crossarms which failed due to forces from 

galloping conductors a few years ago in the Central Iowa. The 

definition of the pole structure system for this crossarm was 

done by working backwards from the sectional details and the 

weld details of the crossarm. It is this experimental study 

on this crossarm which is being reported in this thesis. 
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3.2 Definition of Pole support system 

3.2.1 Design data 

The following data were assumed for the pole structure 

system. 

Location: Central Iowa. 

Location in the transmission line: Intermediate span. 

Average span of the line: 400.0 feet. 

Material of the pole: Wood (Douglas Fir). 

Height of the pole: 70.0 feet above the ground. 

Material of the crossarm: Steel. 

Type of Insulator: Suspended. 

Length of the Insulator: 6.0 feet. 

Weight of the Insulator: 200 lbs. 

Conductor type: Bittern (45/37 ACSR) 

Number of conductors: One. 

NESC Grade of construction: Grade B. 

3.3 Computation of Design Loads 

The loads acting at the end of the crossarm are normally 

from the weight of the conductor, the weight of the suspended 

insulator and stringing loads applied during construction. 

These loads act together with ice and wind loads in various 

combinations. 
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3.3.1 Loading conditions 

The general loading requirements are specified in section 

25 of the NESC. This section specifies ice, wind and 

temperature conditions for different loading situations. The 

different loading conditions recommended by NESC are as 

follows. 

1. Combined ice and wind loading. 

2. Extreme wind loading 

3. Loading due to stringing. 

However, in practice the following loading condition is 

also considered (11). 

4. Heavy ice loading. 

The ice, wind and temperature conditions for the Loading 

conditions 1 and 2 are specified under rule 250 B and 250 c 

respectively. NESC recommends a suitable allowance for 

stringing load, which is only a minor load. These data for 

loading conditions 3 and 4 have been assumed from reference 

[11]. The ice, wind and temperature data adopted for each of 

the above loading conditions are summarized in Table 3.1. 

It is noted that while NESC generally recommends 

consideration of loads due to other effects such as stringing 

etc., it is not specific on the magnitude of loads to be 

considered. It does not seemingly address the loads due to 

galloping conductors. 
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Table 3.1. Ice, wind and temperature data 

Jee 
I 

Wind 
I 

Temperature 
Load Loading Thickness Pressure 
Case Condition Remarks 

inches I lbs/ sq.ft I degrees,. r 

1 Combined NESC 
Ice and 0.5 4 0 250 B 
Wind 

2 Extreme 0 16.0 + 60 NESC 
Wind 250 c 

J Heavy 1.0 0 0 Adopted 
Ice from ref. 

4 stringing 0 0 j 60 
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3.3.2 Loading components 

The different loading components and the method of 

calculation of the static service loads are specified in rule 

251 A and B of NESC. The different loading components 

considered are as given below. 

1. Vertical loading component 

2. Transverse loading component and 

3. Longitudinal loading component. 

The specified directions are with respect to the 

conductor as illustrated in Figure 3.3. All these components 

are assumed to act at the end of the connection point of the 

conductor with the suspended insulator. 

3.3.3 Overload capacity factors 

The overload capacity factors, which act as safety 

factors, for metal crossarms of Grade B construction are given 

in Table 262-2 of NESC which are reproduced below. 

Vertical strength: 1.5 

Transverse strength: 2.5 (wind load) 

Longitudinal strength: 1.1 (non-dead ends) 

3.3.4 strength requirements of NESC 

Section 26 of NESC specifies the strength requirements of 

the crossarm. The strength requirement of the metal crossarm 

are specified as follows. 
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Figure 3.3. 
Loading components as specified by NESC 
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3.3.4.1 Vertical strength The crossarm shall 

withstand the service static loads without exceeding 50% of 

the ultimate strength. It shall also withstand the service 

static loads multiplied by the overload capacity factors. 

3.3.4.2 Longitudinal strength The crossarms shall 

withstand the greater of the static service loads as specified 

in Rule 252 and 700 lbs without exceeding the ultimate 

strength of the material. Rule 252 allows for a suitable 

assumption of this load. 

3.3.4.3 Transverse strength The crossarm shall 

withstand the service static loads multiplied by the overload 

capacity factors. 

3.3.5 Design loads The design loads calculated as per 

rule 252 of NESC for the various loading conditions with the 

appropriate overload capacity factors are tabulated in Table 

3. 2. 

3.4 Check on the strength of the crossarm 

While NESC specifies the strength requirements for each 

of the three different loading components on the crossarm in 

Section 26, it does not appear to clearly specify the design 

method to be adopted in such cases of loading or in a 

combination of such cases. For example, it does not specify 

the design procedure to be adopted for the combined axial and 
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Table 3 • 2 • Factored loads 

Load Loading Vertical / Transverse I Longitudinal 
Case Condition 

Load in Kips 

Combined 
Ice and !. 863 0. 795 0 
Wind 

2 Extreme l.16I 1.84 0 
Wind 

3 Heavy 2.937 0 0 
Ice 

Strinqinq l.!6I 0 1.0 

llote: The weight of the insulator has been included in the vertical 
load. 

Table 3. 3. Service loads 

Vertical I Transverse Longitudinal 
Load Loading I !>,) I P, ) I P, l 
case Condition 

Load in Kips 

Combined 
Ice and l. 242 0.318 0 
Wind 

2 Extreme 0. 774 0. 737 0 
Wind 

Heavy !. 958 0 0 
Ice 

stringing o.m 0 0.91 

llote: The weight of the insulator has been included in the vertical 
load. 



www.manaraa.com

53 

bending effects of the transverse loading component for the 

extreme wind case. 

In the strength checks made on the crossarm obtained from 

Iowa Electric Light and Power Company, Ceder Rapids, the 

Allowable stress Method, as per the American Institute of 

Steel Construction (AISC) requirements, has been adopted. 

However, the check for the strength adequacy as per NESC has 

been made in load cases where no combined loading condition is 

present. Such a situation is present only in the 'heavy ice' 

case where the vertical load alone acts. A strength check for 

the loading case of the stringing load has not been done as 

this is only a minor load. 

The service loads for the different loading conditions 

calculated as per rule 252 of NESC are shown in Table 3.3. 

The crossarm is idealized as a fixed cantilever in the elastic 

analysis. The following checks have been made for the section 

at the pole end: 

Description of the crossarm 

degrees. 

The crossarm is shown in Figure 3.4. 

Length: 6.5 feet. 

Angle of inclination (to the horizontal): 3 

Material: Fabricated out of ASTM A 588 plate. 

Wall thickness: 3/16 inch. 

Section: Tapering from square at the pole end to a 
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rectangle at the conductor end. 

size at pole end: 4.75 inch * 4.75 inch. 

Size at the conductor end: 3.00 inch * 2.75 inch. 

For ASTM A 588, FY = 50 ksi ; Fu = 70 ksi. 

3.4.1 Properties of the crossarm at the pole end 

Ixx = 11. 892 in4
; Sxx = 5. 007 in3

; 

A= 3.562 in2
; r,, = 1.827 in. 

3.4.2 Check for combined ice and wind loading 

This is a case of combined bending and axial loading 

where the vertical loads from the weight of the insulator, 

conductor and the ice produce a bending effect. The 

transverse load due to the wind acting on the conductor also 

produces a combined bending and axial effect. For combined 

stresses, this cross section needs to comply with clause 1.6.1 

of AISC. 

Bending moment at the pole end = Pv * L, + P1 * L1 

= 1.242*6.5*12 + 0.318*6*12 

= 119.772 in-kips. 

Total service axial load=~= 0.318 kips (Table 3.3) 

The summary of the design is given below. 

f, = o. 3486 ksi 

F, = 18.210 ksi 

fbx = 23. 920 ksi 
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Fbx = 0.66 FY = 33 ksi. 

It must be noted here that this cross section satisfies 

the conditions for the use of FY = o. 66 FY as per clause 

1.5.1.4 of AISC. 

( 3. 1) 

Hence O.K. 

3.4.3 Check for extreme wind loading 

This is also a case of combined bending and axial loading 

at the end of the crossarm. The weight of the conductor 

produces bending effect. The high wind acting on the 

conductor produces a combined bending and axial effect. The 

check for the combined stresses as per clause 1.6.1 of AISC 

was done. The summary of the design check is given below. 

Bending moment at the pole end = Pv * L, + P, * L; 

= 0.774*6.5*12 + 0.737*6*12 

= 113.436 in-kips. 

Service axial load= 1.840 kips (Table 3.3) 

f, = 0.2173 ksi 
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F, = 18.210 ksi 

fbx = 22. 655 ksi 
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Fbx = 0.66 FY= 33 ksi. 

f f 
___.!+ bx=O. 7439<1 
Fa Fbx 

Hence O.K. 

3.4.4 Check for heayy ice loading 

( 3. 2) 

This loading produces a pure bending in the crossarm. 

This section is checked for compliance with 1.5.1.4 of AISC. 

Moment at the pole end (service load) = Pv * L, 

= 1.958 * 6.5 * 12 

= 152.78 in-kips. 

Moment at the pole end (factored as per NESC) = 205.69 in-

kips. The summary of the design check is given below. 

The sectional modulus required at the end of the crossarm 

as per AISC and NESC are given below. 

sxx required as per AISC = 4.628 in3 

sxx required as per NESC (rule 261 D) = 4.363 in3 

sxx required as per NESC (rule 261 E) = 4.582 in3 

sxx provided = 5.0063 in3 
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Hence O.K. 

It can noticed from the strength checks made for 

compliance with AISC that the load cases 1 and 2 are not as 

critical as load case 3 (Heavy Ice loading). 

3.5 Check on the strength of the Weld and Bolts. 

These checks have been made only for the Heavy Ice load 

case which is the most critical case. 

3.5.1 Check on the strength of the weld 

The specifications of the weld are as follows: 

Nominal size: 5/16 inch. 

Type of the weld: Fillet weld all around the section. 

Electrode specification: E 70 electrode. 

Effective length of the fillet weld = 19 in. 

From Table 1.5.3 of AISC, Allowable shear stress = 21 

ksi. 

Shear stress, fy' = 0.468 ksi. 

Bending tensile stress, fr'' = 20.64 ksi. 

Resultant stress, f, = 2.064 ksi < 21 ksi. 

3.5.2 Check on the strength of the bolts 

Two, 1 inch diameter A 325-N bolts are provided at 12 

inches apart. The holes provided are 1.25 inches in size. 

From Table 1.5.2.1 of AISC manual, allowable shear capacity, Fv 

= 21 ksi. The allowable tension capacity of bolts subject to 
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shear and tension must be the least of F, = 44 ksi (Table 

1. 5. 2 .1 of AISC manual) and F,'. 

Hence O.K in shear. 

f - My =16. 21ksi 
e .EAy2 

fv= ~ =1. 247 ksi<21ksi 

(3.3) 

( 3. 4) 

( 3. 5) 

The allowable tension capacity = 44 ksi > f,. Hence O.K 

in tension also. 

The available crossarm has now been checked for the loads 

specified by NESC adopting the design specifications of AISC 

for the assumed pole structure system defined in Section 3.1. 

3.5.3 Maximum static vertical loads 

The maximum allowable static vertical load at the 

conductor end for the available strength of the crossarm, weld 

and bolts have been calculated. These values are given below: 

For the crossarm= 2.118 kips. 

For the weld = 1.992 kips. 
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For the bolts = 5.314 kips. 

It can be understood from the above information that the 

weld is the most critical component of the system since it 

allows the application of the least load. 
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4. COMPUTATION OF THE GALLOPING LOADS AND TEST SETUP 

4.1 Algorithm for Vertical Galloping Force 

The force-time algorithm for quantifying the vertical 

component of the galloping load has been reported in reference 

(5) and has been reproduced below. 

According to this study, the dynamic load due to 

galloping can be idealized as a sinusoidal function. This 

dynamic load is considered to be acting in the vertical 

direction at the point of attachment of the conductor to the 

insulator. The dynamic load contributed by half of the span 

of the conductor is given by (V+v). The total dynamic load at 

the tip of the insulator is the response from two half-spans 

on either sides of the pole. The worst case of both the spans 

galloping in phase is given by 2*(V+v). 

Assuming only one mode is excited and the mode shape is 

approximated by a sine function, then 

1 2a k wL 
V+v( t) =- (4s

0
+nita

0
coswt) ( 0 

• cosw t+H) 
L nitH ( 4. 1) 

The worst case occurs when both the spans gallop in phase 

with the first mode. The peak dynamic load, (V+v)max is 

obtained when cos t is unity. The weight of the insulator is 

added to 2*(V+v).,.. to arrive at the peak load on the crossarm 

due to conductor galloping. The dynamic vertical galloping 

force on the crossarm is shown in Figure 4.1. Please refer to 

Chapter 6 for the definition of the terms. 
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The galloping amplitude, a 0 is given by, 

0. 26 v., 
a0 =0. 5 ( f ) 

The equivalent stiffness, k. is given by 

k = 1 
• 1 1 
-+-
ki kc 

where k; = (W + 0. SW; ) / L;. 

The natural frequency, wn is given by 

2 1 
w = [ H (bL+ ( mt ) ) ] 2 

n m L 

where bL is given by 

( 4. 2) 

( 4. 3) 

( 4. 4) 

( 4. 5) 

The static load due to the weight of half the span is 

given by v. 

( 4. 6) 
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4.2 Computation of the Galloping Load 

4.2.1 Introduction 

The parameters required for the computation of the 

galloping load using this algorithm are given below. 

1. Geometry and material information of the conductor. 

2. Geometry of transmission line system. 

3. Initial tension in the conductor and temperature at 

stringing. 

4. Ice, wind and temperature data during galloping. 

The computation of the galloping load on the crossarm 

involves the following steps. 

1. Computation of static line sag, s 0 and horizontal 

load, H. 

2. Computation of the equivalent stiffness, k,. 

3. Computation of the natural frequency, wn • 

4. Computation of the galloping amplitude, a 0 • 

5. Computation of (V+v).,.,.. 

6. computation of dynamic load on the crossarm. 

In this experimental study the worst case of the adjacent 

spans galloping in the same phase was assumed. The static 

load of the insulator is added to this load to arrive at the 

peak dynamic load acting on the end of the crossarm. 
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4.2.2 Input parameters for the computation of galloping load 

The parameters that are required for the computation of 

the galloping load in this study are given below: 

1. Geometry and material information for the conductor 

The conductor adopted in this study is Bittern (name of the 

conductor). The properties of this conductor is available 

reference 12 which has been reproduced below. 

Diameter of the conductor = 1.382 inches. 

Total area of the conductor = 1. 068 in2 • 

Area of aluminum strands = 0.069 in2
• 

Area of steel strands = 0.999 in2 • 

Conductor weight = 1.434 lbs/ ft. 

2. Geometry of the transmission line system The 

geometry of the transmission line system assumed is given 

below. 

Span between the towers = 400 ft. 

Difference in elevation of the conductor attachment 

points = o.o ft. 

3. Initial tension and temperature at stringing 

The initial tension assumed = 4500 lbs. 

Temperature at stringing = 60 degrees F. 

4. Ice. wind and temperature during galloping 

Galloping is generally associated with the formation of glaze, 

which is the densest among the types of ice. The favorable 

temperature for the formation of this ice is approximately 32 
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degree Fahrenheit which has been assumed in this study. 

In order to fully understand the effects of the variation 

of the ice and wind on galloping and subsequently their 

effects on the crossarm, a sensitivity study was made by 

varying each of these parameters individually while keeping 

the other one constant. 

In the first case the radial ice thickness was kept 

constant at 0.3 inch and the wind speed was varied from 4 mph 

to 26 mph. The range of wind speed chosen was observed during 

the icestorm of spring, 1990 in Central Iowa. The radial ice 

thickness was adopted from a galloping event data reported 

[13] for a site at Nanticoke, Canada. In the other case, the 

wind speed was kept constant at 10 mph and the radial ice 

thickness was varied from 0.1 to 0.7 inch. 

4.2.3 Example computation of the dynamic load on the crossarm 

1. Computation of line static sag and horizontal force 

The line static sag refers to the sag of the conductor loaded 

with ice under static conditions. The horizontal force 

corresponds to the static state. This force acts at the 

connection point of the conductor with the insulator. The 

static analysis was performed using the computer program CABLE 

[14]. The input for this program consists of the following 

information. 

1. Geometry and material properties of the conductor. 
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2. Geometry of the line transmission system. 

3. Initial tension and temperature at stringing. 

4. Ice thickness and temperature during galloping. 

An ice thickness of 0.3 inches was assumed. The rest of 

the data is available in the previous subdivision. The result 

of the analysis is given below. 

Static sag of the line = 5.86 feet. 

Static horizontal force = 6997 lbs. 

2. Computation of equivalent stiffness, k
0 

calculated using the Eq. (4.3). 

Length of the insulator= 6.0 ft. 

Weight of the insulator = 200 lbs. 

w = w, + ~ = 1.434 + 0.616 = 2.050 lbs/ft. 

~ = 153.03 lbs/ft; k, = 76649.99 lbs/ft. 

k 0 = 153.33 lbs/ft. 

3. Computation of the galloping frequency 

This is 

The first 

mode shape is assumed for galloping. The frequency is 

calculated using Eq. (4.4). All the inputs for this equation 

have been previously calculated. 

Natural frequency for the first mode = 2.6196 rad/sec 

= 0.4169 Hz. 

It must be noted that the natural frequency does not 

depend on the wind speed but it does depend on the ice load. 

4. Computation of galloping amplitude It can be noted 

from Eq. (4.2) that the galloping amplitude is directly 
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proportional to the wind speed. For a wind speed of 10 mph 

the galloping amplitude is calculated as 4.545 feet. 

5. Computation of (V+vl mox This is calculated by 

using Eq. (4.1). All the inputs to this equation have been 

calculated in the previous steps. 

(V+v)..,. = 666.10 lbs. 

6. Computation of the dynamic load on the crossarm 

The total dynamic peak load on the crossarm is the sum of 

2*(V+v)..,. and the weight of the insulator. 

Total static load 

Maximum load 

Minimum load 

= 2 * V + W; 

= 2 * 410 + 200 = 1020 lbs. 

= 2 (V+v) max + W; 

= 2 * 666.10 + 200.0 = 1532.2 lbs. 

= W; + 2 (V+v) max - 2vmax = 507. 8 lbs. 

This load is shown in Figure 4.2. 

4.3 Sensitivity study 

4.3.1 Case 1: Constant ice thickness with varying wind 

speeds 

In this case, a constant ice thickness of 0.3 inch was 

assumed and the wind speeds were varied from 4 MPH and 26 MPH. 

The results have been tabulated in Table 4.1. 

It can be seen from the table that as the wind speed 

increases the peak dynamic load on the crossarm increases and 

hence the dynamic load factor also increases. This is because 
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for a constant ice thickness, the effective stiffness and the 

natural frequency remain constant while galloping amplitude 

increases with increasing wind. As the amplitude increases 

the conductor exerts a greater force at the end of the 

insulator and hence a greater load on the crossarm. This 

analysis emphasizes the need for the assumption of a suitable 

design wind speed for a safe and economical design of the 

crossarm. 

4.3.2 case 2: Constant wind speed with varying ice thickness 

In this case a constant wind speed of 10 MPH was chosen 

and the radial ice thickness was varied from 0.30 inch to 0.70 

inch. The results of the analysis is available in Table 4.2. 

It can be observed that as the ice thickness increases k, 

increases rapidly. This is because the stiffness of the 

insulator increases with the ice load whose contribution to 

the equivalent stiffness is more than the conductor stiffness 

which is a constant. Also, it can be observed that the 

galloping amplitude increases marginally due to the change in 

natural frequency. Hence, there is only a marginal increase 

in the dynamic load factor. But the magnitude of the peak 

dynamic load increases with the increase of the static load 

due to an increase of the ice load. 

These two sensitivity studies emphasize the need for the 

use of a suitable wind speed and radial ice thickness for a 
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safe and economical design of the crossarm. 

4.4 Dynamic Analysis 

Dynamic analysis was performed to understand the dynamic 

effect on the crossarm for the harmonic load function due to 

galloping. The crossarm can be idealized as a fixed 

cantilever with the static lumped mass due to the static 

weight attached to its conductor end. In comparison to the 

static weight at the end, the weight of the crossarm can be 

considered negligible. Hence, the crossarm is idealized as a 

single degree of freedom lumped mass system. It must be noted 

that for all practical purposes, the decrease of the natural 

frequency due to damping can be neglected. It must also be 

noted that for a continuing state of vibrations, it is 

reasonable to assume that any small damping present in the 

system will eliminate the transient response. 

The natural frequency of the single degree of freedom 

system is calculated as shown below. 

K = 1.497 kips/inch. 

w={K7Jii=)l.497/.00264-23.813rad/sec 

This corresponds to a natural frequency of 3.79 Hz. It 

must be recalled that the frequency of the forcing function 

has been calculated earlier as D.4169 Hz. 

The (DLF)""" for the forced part is then calculated as 
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shown below. 

(DLF)max- lo 2= 
1 

=1.012 
1-(-) 1-(0.4169)' 

(o) 3.79 

It can be observed from the above equation that as the 

frequency of the forcing function and the natural frequency of 

the crossarm are very different there is negligible 

amplification of the dynamic load due to galloping. Hence it 

can be concluded that galloping produces cyclic loading on the 

crossarm. 

4.5 Test setup 

The test setup for the experimentation was made as shown 

in Figure 4.3. The testing frame in which the actuator and 

the crossarm are located is a self-contained frame. The pole 

end of the crossarm was connected to the web of a support beam 

consisting of W 21 * 68 and the conductor end was connected to 

the actuator as shown in Figure 4.4. A front view of the 

connection is shown in Figure 4.5. 
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Table 4.1. Results of case 1 

WIHD GALLOP I KG KA XI KUK KIKIKUK 
VELOCITY AHPLITUDE (V lv)MaX vmax LOAD LOAD 

OK CARK ON CARK 

nph I feet I lbs. I lbs. I lbs. I lbs. 

4.00 1.83 512.03 102.03 1224.06 815.94 
6.00 2. 74 563.26 153 .26 1326.52 713. 48 
8.00 3.66 614.64 204.64 1429. 28 610. 72 

10.00 4. 57 666.17 256.17 1532.34 507.66 
12.00 5.49 717 .85 307. 85 1635.70 404.30 
14.00 6. 40 769.68 359.68 1739. 36 300.64 
16.00 7.3[ 821. 66 411.66 1843.32 196.68 
18.00 8.23 873.79 463.79 1947.58 92.42 
20.00 9.14 926.07 516.07 2052.15 -12.15 
22.00 10.06 978 .50 568.50 2157.01 -117.01 
24.00 10.97 1031.08 621.08 2262.17/ -222.17 
26.00 11.89 1083.82 673.82 2367.63 -327.63 

llotes: 1. Total static weight on the crossar1 = 1020 lbs. 
2. Constant Ice thickness = 0.30 inch. 

Table 4. 2. Results of case 2 

Ice Effective Natural Galloping Kaximu1 
Thickness stiffness frequency amplitude load on 

Ke f ao crossan 

I inches I lbs/ft. I H! ft. lbs. 

0.30 153.33 0. 42 4.55 1530.14 
0.40 170. 40 0. 41 4 .59 1534 .61 
0.50 189.00 o. 41 4. 64 1539. 76 
0.60 209. 23 0.40 4. 68 1545.02 
0.70 231.08 0. 40 L 73 1550. 33 

(DLF)max 

I I 
1.20 
1.30 
1. 40 
1.50 
1.60 
1. 71 
1. 81 
1. 91 
2.01 
2.11 
2.22 
2.32 

(DLF)nax 

1.50 
1.50 
1. 51 
1. 51 
1.52 
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Figure 4.3. Photo showing the test setup 

Figure 4.4. Another view of the test set up 
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Figure 4.5. Front view of the connection at the pole end 
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S. TESTS AND TEST RESULTS 

s.1 Testing Program 

The two main objectives of the testing program are listed 

below: 

1. To use the MTS system to run an application test. 

2. To conduct a preliminary study of the behavior of a 

crossarm to galloping forces which will provide preliminary 

information for more detailed testing on the crossarm in the 

future. 

5.1.2 Scope of the Preliminary study 

The scope included for the preliminary study of the 

crossarm are stated below: 

1. Demonstration of a simulation of the wind induced 

galloping force acting on the crossarm, for increasing wind 

speeds. 

2. study of the magnitude of stresses at the welded 

connection of the crossarm. 

3. Preliminary investigation of the mode of failure of 

the connection. 
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5.2 Preliminary static Loading 

5.2.1 Introduction 

It is understood from the dynamic analysis performed in 

Section 4.4 that the loading on the crossarm due to galloping 

of the conductors is cyclic in nature thus causing fatigue 

stresses. Hence, the performance of the welded connection 

under cyclic loading is an important consideration. The very 

nature of the fillet weld, transverse to the stress field, 

provides an abrupt change in the section. This abrupt change 

causes stress concentration which limits the fatigue strength 

and hence the fatigue life of the base metal [15]. Apart from 

this detrimental factor, there is also the possibility of the 

presence of residual tensile stress in the transverse 

direction to the weld. 

Iowa Electric has in the past observed failures at the 

weld during suspected galloping. It is suspected that these 

failures could have been due to the fatigue stresses and the 

possible stress concentration at the welded connection. The 

experimental study was aimed at understanding the fatigue 

behavior of the member and the stress concentration at the 

welded connection. 

Preliminary static tests were conducted prior to the 

application of galloping loads. The objectives of these tests 

were to: 1) measure the magnitude of the stresses in the 

elastic range at the welded connection to quantify the stress 
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concentration factor; concern existed regarding the existence 

of residual stresses in this vicinity from the welding 

process, and 2) determine the member stiffness of the cross 

arm. 

5.2.2 Instrumentation 

A total of seven electrical resistance strain gages were 

mounted on the arm as shown in Figure 5.1. Three strain gages 

(gages 1,2 & 3) were mounted 0.25 inch away from the weld on 

the top flange across the width of the section. One strain 

gage (gage 4) was mounted at the bottom of the section next to 

the weld directly below gage 3. Two more strain gages (6 & 7) 

were mounted at locations approximately 6 inches and 12 inches 

away from the weld in line with the center of the section on 

top. Another one (gage 5) was mounted on the arm base plate 

midway between the top of the arm and the bolt in line with 

the vertical axis of the section. 

The strains were measured using a strain indicator. A 

photograph of the strain gauges mounted at the connection is 

shown in Figure 5.2. Displacements were measured using the 

direct current displacement transducer (dcdt) housed in the 

actuator. 
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PLAN 

Figure 5.1. Location of strain gages 
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Figure 5.2. strain gages at the connection 
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5.2.3 Test results 

Prior to the application of the static loads, 

approximately 15 cycles of load with a magnitude of 1.0 kip 

were applied to the crossarm. The purpose of this cyclic 

loading was to ensure that all the connections were well 

seated in their positions and thereby avoid the possibility of 

any slip of the bolt and other components during the 

application of the loads. 

Two cycles of static loads were then applied in steps of 

0.50 kips upto 1.0 kip through the actuator at the end of the 

crossarm. At each load step the strains and the corresponding 

displacement were noted. The strain and the displacement 

readings have been tabulated in Table la and Table lb in 

Appendix B. 

It can be noted from these tables that an average 

vertical stiffness at the conductor end of approximately 1.0 

kip/inch was observed. The approximate theoretical stiffness 

of the arm was calculated as approximately 1.5 kips/inch 

assuming the crossarm idealized as a fixed cantilever. The 

average measured stiffness was 1.0 kips/inch which is 

approximately 67% of the theoretical stiffness. The disparity 

in the stiffness could be attributed to the rotation of the 

support beam and to the bending of the arm base plate. This 

joint does not produce a total fixity because the connection 

is not designed as a moment connection. 
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It can be noted from Tables la and lb of Appendix B that 

all of the measured strains next to the weld are less than the 

elastic strain of 1724 microstrains and on unloading, do not 

show any permanent strains. This clearly indicates the 

following: 

1. The stresses were applied in the elastic range only. 

2. Considering the peak value of the strain measured 

next to the weld on the top flange and the theoretical value 

of yield strain, one can compute the stress corresponding to 

the difference between these two strain values. In our case, 

this stress value would correspond to 367 microstrains 

(difference between 1357 and 1724 microstrains), which is 

calculated to be approximately 11 ksi. In can be concluded 

that the tensile residual stress, which can normally be 

expected to be present in the transverse direction (due to the 

process of welding, in the region next to the weld) can only 

be less than 11 ksi. 

It was noted that the region next to the weld was 

subjected to strains much more than the theoretical strains 

while the strains measured at gages 6 and 7 located away from 

the weld showed strains near the theoretical value. The 

observed values of stress concentration at the different 

locations of the gages, for the first and the second loading 

cycles are tabulated respectively in Table 2a and Table 2b in 

Appendix B. It can be observed from these Tables that the 
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that the stress concentration factors noted in gages 1, 2 and 

3 range from 2.12 to 2.53 with an average of 2.35. The 

average stress concentrations noted at gages 6 and 7 are 

respectively 1.12 and 1.003. The presence of stress 

concentration in the base metal next to the fillet weld 

subjected to transverse stress field confirms the earlier 

conclusions. 

This average value of 2.35 agrees well with the stress 

concentration value of 2.1 obtained from tests on lap plate 

type transverse load-carrying fillet-welded joints with a weld 

contact angle of 30 degrees [16). 

A stress concentration factor of an average of 2.64 was 

noted at the bottom. It can be seen here that the stress 

concentration (compression) is greater at the bottom than at 

the top. This is due to the resistance offered by the web of 

the support beam to any rotation of the arm base plate, which 

results in straining the bottom flange in the region next to 

the weld. It can be observed from the tables that the strains 

measured at location 5 is much less than the yield strain and 

much less than the strains measured at other locations. As a 

detailed stress analysis for this location was not included in 

this study, the stress concentration factors were not 

calculated. 
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5.3 Fatique Testinq Procedure and Instrumentation 

5.3.1 Testing Procedure 

Tests were conducted with the objective of simulatinq 

qallopinq loads due to increasinq wind speeds from 4 mph to 24 

mph for a constant ice thickness of 0.30 inch. Wind speeds at 

an increment of 4 mph were chosen in this ranqe. The loads 

corresponding to these wind speeds have been tabulated in 

Table 4.1. The crossarm was subjected to one hundred cycles 

of galloping load corresponding to each wind speed and strains 

were measured at the end of the cycling period. strains at 

the connection were measured corresponding to zero load and 

the maximum load for a given wind speed. Vertical 

displacements at the conductor end corresponding to these 

loads were also measured. 

The crossarm was then subjected to galloping loads 

corresponding to 26 mph until failure occurred. Strains at 

the connection and vertical displacements at the conductor end 

were measured at the end of 100 cycles, 2000 cycles and 4000 

cycles. 

5.3.2 Instrumentation 

5.3.2.1 Load application It must be recalled that 

the pseudodynamic testing procedure was originally meant for 

cases where large dynamic effects are involved. In our case, 

the galloping loads do not produce any dynamic effect on the 
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crossarm as discussed in the previous Chapter. Hence 

pseudodynamic testing was not performed using the STEX 

software. STEX software could not be used for the cyclic 

loading due to memory limitations in the computer. Hence the 

galloping loads were applied using the MTS testing system with 

the loads programmed from the analog console itself. During 

the tests, the function generator was programmed to produce 

sine waveforms of the galloping loads at the desired frequency 

of 0.417 Hz. This load was applied in addition to the static 

load of 1.02 kips at the conductor end of the crossarm. 

5.3.2.2 Strain and displacement measurement 

Electrical resistance strain gages mounted on the crossarm as 

described in Section 5.1.1 were used in this testing and the 

displacement measurements were made through the dcdt housed in 

the actuator. 

5.4 Results of Fatigue Tests 

5.4.1 Number of cycles to failure 

As discussed earlier, fatigue loading to failure was 

applied on the crossarm corresponding to a wind speed of 26 

mph. The crossarm started to develop a crack at the toe of 

the weld in the top flange at approximately 5700 cycles of 

load. It must be remembered that 600 cycles of load 

corresponding to increasing wind speeds was applied prior to 

this. The allowable number of cycles as per AISC code for the 
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fatigue stress range pertaining to 26 mph, considering a 

stress concentration factor of 2.35 was calculated to be 

approximately 2400 cycles. This value cannot be strictly 

compared to the above observed number cycles to failure as 

this calculation is based on the assumption that only loads 

pertaining to 26 mph was applied. The allowable number of 

cycles was calculated based on a logarithmic regression of the 

allowable stress range values provided for Type c connection 

in AISC code [16). 

5.4.2 Location of the crack 

The observed crack is shown in Figure 5.3. It was 

observed in Section 3.5 that the weld is the most critical 

region under static loading conditions. However, it was 

observed in this test that the base metal failed (at the toe) 

and not the weld metal. This is in agreement with the theory 

based on fracture mechanics [16) which states that for fillet 

welds subjected to transverse axial loads, the plate is likely 

to fail when the nominal thickness of the fillet weld is 

greater than 1.2 times the plate thickness. In this test the 

fillet weld was 1.67 times the plate thickness. 

5.4.3 Propagation of the crack 

After approximately 6500 cycles substantial 

redistribution of stresses had taken place and the crack was 
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seen to have extended across the entire width of the top 

flange and propagated well along the toe of the weld. Crack 

was also seen on the sides of the crossarm next to the weld. 

These details are shown in Figure 5.3. It was noticed that 

the crack had opened upto 1.0 inch below the top flange on the 

web adjacent to gage 3 while it had opened upto only o.5 inch 

below the top flange on the web adjacent to gage 1. This is 

due to eccentric application of the load causing larger 

strains at gage 3 than at gage 1. 

5.4.4 Strain observations 

The strain readings measured at the end of the cyclic 

loadings corresponding to the maximum load and zero load are 

tabulated respectively in Table 3a and Table 3b in Appendix B. 

Although these results are not of primary interest they are 

presented here. Among the various observations that can be 

made from these strain values, the following observations are 

worth discussing: 

1. There is a lack of symmetry in the strains at gage 

locations 1 and 3 for the applied loads. For example, for the 

load of 1.23 kips corresponding to the wind speed of 4 mph the 

strain at gage 3 is 1872 microstrains while it is 1530 

microstrains at gage 1. 

This was due to an unintentional eccentric loading of the 

crossarm. The actuator base was found to be set approximately 
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1.25 inch away from the center of the crossarm (at the 

connection) toward the direction of gage 3, producing an 

eccentric loading at an angle of approximately 1 degree and 19 

minutes with negligible torsional effect. This has resulted 

in the discrepancy between the strains at locations 3 and 1. 

It must be recognized that in reality, these forces would more 

often be acting eccentrically producing unsymmetric bending 

with or without torsion. 

2. An unsymmetrical bending analysis was performed to 

check the stress at location 1 due to the peak load 

corresponding to the wind speed of 4 mph. Calculations were 

made assuming that this location is still in the elastic range 

of stress. The theoretical stress corresponding to the peak 

load was calculated to be equal to 19.7 ksi while the stress 

corresponding to the measured strain of 1530 microstrains is 

approximately 44 ksi. This corresponds to a stress 

concentration of 2.23 which is close to the average value of 

2.35 calculated from the preliminary static test results. 

3. Table 10.3b shows strains corresponding to zero load 

at locations 6 and 7 at different wind speeds. These strains 

are created by virtue of the connection of the crossarm with 

the actuator. The possibility of the presence of permanent 

strains due to strains crossing the yield point can be ruled 

out because the strains corresponding to the maximum load 

observed at these locations are well below the yield strain 
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and there is no chance of any tensile residual stress 

occurring at this location. 

It can be concluded that in the light of the objectives 

of this experimental study, there is not much useful 

information that can be derived from these strain readings. 

Hence, they are not discussed in detail. 
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6, SUMMARY AND CONCLUSIONS 

6.1 Summary 

This project had two major objectives. The first major 

objective was to validate the recently-acquired MTS Seismic 

and Pseudodynamic Testing System and to produce an example 

manual for the guidance of the future users. The second 

major objective involved a preliminary experimental study of 

the crossarm behavior to forces from galloping conductors 

using the MTS testing system. The research began with a 

literature study to understand the procedure of pseudodynamic 

testing method and its applications, for the purpose of 

validating the testing system. A literature review was also 

conducted to understand the phenomenon of galloping, the 

damage caused to the supporting structures and discover 

information on research involving the study of crossarm 

behavior to forces from galloping conductors. The review 

revealed that extensive damage is caused to the supporting 

structures during galloping. It also revealed that failures 

of the welded and bolted connections of the crossarm with the 

support pole were very common. No such study was found in the 

literature. 

The validation process of the testing system initially 

involved the fabrication and assembly of the testing frame and 

connection of the hardware of the testing system. Secondly, 

it involved checking the working of STEX software and 
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communicating with MTS Systems Corporation to correct the 

same. It then involved the execution of a series of 

uncompensated, compensated and pseudodynamic tests on simply 

supported steel beams using different forcing functions such 

as rectangular, ramp and sinesweeps. The experimental results 

were compared against the theoretical results which aided in 

understanding the limitations and capabilities of the testing 

system. The conclusions regarding the limitations are 

available in Section 6.2.1. 

The experimental study of the crossarm behavior to 

galloping conductors was conducted on a crossarm obtained from 

Iowa Electric Light and Power Company, Ceder Rapids. A pole 

support system was defined for this crossarm and the section 

was checked for compliance with the strength requirements of 

AISC [17] for the load requirements of NESC [4]. 

Environmental data conducive for galloping based on 

observations in the past were assumed and the vertical dynamic 

force due to galloping at the pole end of the crossarm was 

calculated using an algorithm developed recently at Iowa State 

University [5]. 

The testing of the crossarm consisted of two phases. In 

the first phase, two cycles of static loads were applied with 

the objective of understanding the magnitude of stress 

concentrations (next to the weld) and the vertical stiffness 

at the conductor end. In the second phase of testing, the 
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crossarm was subjected to forces from galloping conductors due 

to increasing wind speeds (considering a constant radial ice 

thickness) for a specified number of cycles with the forces 

applied using the MTS Testing System. The crossarm was then 

subjected to galloping forces due to a relatively high wind 

speed until failure occurred. These phases of tests were 

conducted with the objective of studying the stress 

concentrations next to the weld, the number of cycles to 

failure and the mode of failure. The conclusions are 

available in Section 6.2.2. 

6.2 conclusions 

6.2.1 Validation of MTS testing system 

The testing system was validated as per the objectives 

and the Example Manual was also produced. 

The limitations and capability of the testing system 

under the various testing options are provided below: 

6.2.1.1 Uncompensated and compensated testing 

1. The limitations and capabilities of the testing 

system for a given forcing function, in a compensated or 

uncompensated testing, are governed by: the degree of 

calibration of the electronics contained in the analog and 

digital console, the frequency versus amplitude response of 

the servovalve, the capacity of the hydraulic distribution 

system and the system dynamics of the testing frame. 
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2. It was noticed that when using relatively fast 

rectangular pulses, the system performed better for longer 

duration of the pulse but it was not responding swiftly. 

3. In trial tests using ramp functions, the system was 

not responding swiftly but was producing the maximum 

displacements close to the theoretical values. 

4. Tests with sinesweep indicated that the system gives 

priority to maintaining the frequency rather than the 

specified amplitudes and the achieved amplitudes were dictated 

by the limitations discussed in item 1 of this subdivision. 

5. A good calibration of the electronics generally 

improves the performance of the system by generating and 

sending servovalve signals close to the specified signals. 

But a swift performance of the system is dependent on the 

capacity of the servovalve. This performance can be improved 

by the use of a higher capacity servovalve. 

6. The frequency versus amplitude response of the 

system, when using functions such as sinusoidal functions, can 

be improved by the process of compensation within the 

limitations of the servovalve. 

6.2.2.2 Pseudodynamic testing Trial tests were 

conducted using ramp signals with varying damping coefficients 

and the following was observed: 

The trial tests revealed a close agreement of the results 

with the theoretical values. The maximum response and the 
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time of maximum response agreed well with analytical results. 

6.2.2 Preliminary experimental study on crossarm behavior 

It must be remembered that before making any definite 

conclusions on the behavior of crossarms, a large number of 

tests need to be conducted to validate the consistency of the 

results and to understand the scatter in the test results. 

However, the following conclusions are made from the 

observations: 

1. The galloping load does not produce any dynamic load 

amplification due to the fact that there is a large difference 

in the magnitude of the frequency of galloping and that of the 

bending of the crossarm. Hence, it produces only fatigue 

stresses at the connection. 

2. In designing the crossarm for fatigue stresses, one 

needs to consider the stress concentration factor due to the 

change in the geometry of the section. For a fillet weld with 

a weld contact angle of 30 degrees, the stress concentration 

factor was observed to be 2.35. 

3. In addition to the stress concentration factor, the 

designer needs to consider the tensile residual stresses which 

are likely to be present near the weld in the longitudinal 

direction of the crossarm. It has been stated in reference 15 

that normally the residual stresses in the neighborhood of a 

transverse weld will reach the yield point magnitude, 
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definitely in the longitudinal direction and often in the 

transverse direction. 

4. It can be recognized that NESC overload capacity 

factors do not provide adequate safety against galloping. As 

it was illustrated, a crossarm which is designed as per NESC 

is likely to fail during a galloping event depending on the 

severity of the wind and ice loads, as the overload factor is 

not sufficient to define the magnitude of the vertical force 

due to galloping. Although fatigue stresses can also occur 

due to eolian vibrations, it must be recognized that these are 

high frequency low amplitude vibrations which do not produce 

stresses as high as those produced during galloping. 

5. From the number of cycles (5700) withstood by the 

crossarm before failure, it can be said that the same 

crossarm, in a real situation, with a wind speed of 26 mph and 

a radial ice thickness of 0.3 inch, would have failed after 

galloping for approximately 3 hours and 45 minutes. 

6.3 Recommendations 

6.3.l Validation of MTS testing system 

1. The electronics of the testing system should be 

recalibrated. 

2. Further trial tests should be conducted with a higher 

capacity servovalve using the same forcing functions and test 

specimens as used in this study to determine the increase in 
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the performance of the system. 

6.3.2 Study of crossarm behavior to galloping forces 

1. It is understood from the sensitivity study done in 

Section 4.3 that for a given geometry and material property of 

the pole support system, the radial ice thickness and the wind 

speed are the only two factors which influence the galloping 

load on the crossarm. Hence studies need to be done to arrive 

at suitable values of these parameters, based on probabilistic 

approach, for different service areas. These values can be 

used by the designer in quantifying the galloping loads using 

the recently developed algorithm. 

2. Further experimental studies could be conducted on 

crossarms using complete penetration groove welds, which when 

properly welded will reduce the abrupt change in the geometry 

of the section and thus help in reducing the concentration of 

stress. 

3. Further studies could be conducted to quantify the 

residual stress in the transverse direction of the weld which 

contributes to limiting the fatigue life. This study may also 

explore the effect of surface heat treatment procedures such 

as nitriding or carburizing which effectively introduce 

nitrogen and carbon into the surface of steel. They have an 

effect of introducing residual compressive stresses on the 

surface thus improving the fatigue behavior of the flexural 
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member [10). 

4. In future tests, the support beam and the joints 

could be designed such that the bending stiffness of the test 

support matches with the axial stiffness of the pole and its 

rotational stiffness matches with the rotational stiffness of 

the pole being simulated. 

5. As ordinary foil strain gages would not yield a high 

fidelity rate especially when conducting fatigue tests where 

large strains are involved, special strain gages such as the 

S-N strain gage should be used. 

6. As the value of the modulus of elasticity may not be 

the same as the theoretical value for A588 steel, a steel 

coupon best representing the plate (out of which the test 

specimens are made) should be subjected to tensile test to 

determine its actual value. 
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APPENDIX A: EXAMPLE MANUAL FOR MTS TESTING SYSTEM 

INTRODUCTION 

HOW DO I LEARN TO USE STEX SOFTWARE ? 

1. Familiarize yourself with the system hardware components, 
initialization and operation of the STEX software. This information 
is available in the first three sections of MTS SEISMIC TESTING 
EXECUTION SOFTWARE manual. 

2. Familiarize yourself with the eight different libraries (A 
library is a module where a specific function is done such as 
defining the system, or creation of a profile, or running a test) 
available in the STEX software. Information for each of the library 
is available in the rest of the sections of the STEX manual. This 
is best done by having a hands-on practice while going through this 
manual. 

3. Now you are ready to go through this document in your hand. 
It is very important for the user to go through and understand Part 
I of this manual, which explains in detail most of the common tasks 
and set-ups of the hardware and the software involved in both the 
real time and the pseudodynamic tests. 

BEFORE YOU START ON THE STEX MANUAL 

1. As you go through the STEX manual, you will notice that 
some of the screens shown would not be the same as available in the 
libraries of the STEX software. This is because the manual has been 
set up to suit the general requirement and the STEX software at ISU 
differs slightly from this. Effort has been taken in this document 
to point out these differences as you go through. 

2. There is a Glossary of the terms used in the STEX manual 
available in the section named GLOSSARY . This would explain the 
meaning of most of the key terms used in the manual. You can 
understand the meaning of those terms not found in the GLOSSARY 
when you go through the examples illustrated in this document. As 
the information provided in the STEX manual in completely omitted 
in this document to avoid any repetition, the user is urged to be 
familiar with STEX manual. 
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WHAT CAN I FIND IN THIS DOCUMENT ? 

1. This document illustrates on how to use the various 
libraries to perform the following three major operations. 

(a) Setting up a test 
(b) Running the test and 
(c) Analyzing the post-test data. 

2. Illustrations are 
Pseudodynamic tests. The 
following three parts. 

present for Real time Dynamics 
document has been divided into 

Part I 
Part II 
Part III: 

Uncompensated Real time test. 
Compensated Real time test. 
Pseudodynamic test. 

and 
the 
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HOW TO SET-UP THE SYSTEM DATA 

The following information should be considered while setting up the 
SYSTEM DATA during initialization of the database (this word refers 
to the sub-directory). 

A frame can be visualized to be a block of signals on the graph 
whose length depends on the number of points (N) chosen. Fourier 
transforms are performed on such blocks of data. When random 
signals are created, the pattern is repetitive in each frame. 
Generally 1024 points per frame can be selected. This number 
affects the frequency resolution as explained below. 

The leading zeros are the points that precede the exciting signal 
during excitation. These are essential when the drive signal needs 
to be compensated to create a new drive signal which would attempt 
to produce a desired signal. This would mean advancing the drive 
signal, into the zone of the leading zeros, to compensate for any 
time delay that is due to the system hydraulics, electronics of 
filter etc., 

Sampling rate(R) = l ______ _ 
Time resolution(',) 

Nyquist frequency(Ny) = 

Frequency resolution(', 

_____ l ______ _ 

2*Time resolution 

= _N __ 
Ny/2) 

The time resolution and frequency resolution need to be equal to or 
less than the smallest time and frequency that will be used in the 
entire database. 

CAUTION: The Nyquist frequency has to be always greater than the 
cut-off frequency specified for the filter in the SD library. This 
caution is repeated in the SD library. 

Test startup delay may normally be set at 5 seconds. 

CAUTION: This is the only entry that can be edited once the 
database has been established. Hence considerable thought needs to 
be given before initializing a database depending on the 
requirements of the tests to be performed from that database. 
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PART I 

REAL TIME DYNAMIC UNCOMPENSATED 
TEST 

INTRODUCTION: This part will illustrate, with an example test, how 
to perform the following three major tasks for an uncompensated 
test. 

(i) Test set-up (Section 1). 
(ii) Hardware set-up and Test execution (Section 2). 
(iii) Post-test analysis (Section 3). 

SECTION l 

The following example illustrates the execution of an uncompensated 
test run on the premise that the drive signal will not demand any 
compensation. In Part II an example has been provided which 
illustrates the need for compensated tests, the test set up and 
execution procedure. 

TEST SPECIMEN SET-UP: The test structure set up consisted of a 
simply supported beam of W 10X22 as shown in the Figure 1.1. 

DYNAMIC LOAD: Consider the excitation signal as shown in Fig.1.2. 
It is an exponentially varying sine wave whose frequency varies 
from 0.2 to 10 Hz and again from 10 to 0.2 Hz over a time period of 
40.0 sec. The single amplitude of the load waveform varies from 4.0 
kips at the ends to o.s kips in the middle. 

STEPS INVOLVED IN SETTING UP AN UNCOMPENSATED TEST 

STEP 1. Determine the system configuration and create a System 
Definition. This is done in the System Definition library. 

STEP 2. Identify the desired drive signal and create a time history 
for each of the selected control axis. This is done in the Data 
Analysis library. 

STEP 3. create a profile for each of the selected control axes from 
the time history function created in the Data Analysis library. 
This is done in the Profile library. 

STEP 4. Define the test in the Earthquake Testing library by 
defining the system definition and the profile. 
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STEP 1. CONFIGURING THE SYSTEM 

This is also called defining the system.This is done in the SYSTEM 
DEFINITION LIBRARY opted from the 'Main Control Options' It 
consists of the following major tasks. 

A. CONTROL AXIS ENTRY: This consists of 
(i) Selection of the control axes or channels. 
(ii) Defining the Command, Feedback, and the Additional 
feedback data. 

B. SPECIMEN TRANSDUCER ENTRY: This consists of defining the 
various external transducers set on the specimen such as 
strain gauge, dcdt etc., 

A.CONTROL AXIS ENTRY 

The selection of the control axis is done in the dialog D SD.2. For 
this example test the channel chosen is '2'. It looks as shown in 
Fig. 1. 3. 

The dialogs D SD.3 and D SD.4 help us in defining the modes of the 
Command, Feedback and Additional feedback signals, and defining the 
filter parameters for each signal. 

The dialogs D SD.3 and D SD.4 for our example are set as shown in 
Figures 1.4 and 1.5. 

The various parameters involved in these dialogs are explained 
below. 

Mode: This can either be LOAD or STROKE only. The appearance of the 
terms 'acceleration' and 'velocity' in the STEX manual can be 
ignored. For real time dynamic tests the driving force (command 
mode) may be in terms of either of the modes. The mode of the 
feedback data and the additional feedback data may also be of 
either of these. 

Units: The units of the load and stroke need necessarily be in 
'kips' and 'inches' respectively. Make sure there is no spelling 
mistake in specifying the units. 

Full Scale: This is the maximum load or stroke which can be 
attained during the excitation. This depends on the controller that 
is available in the analog console, the capacity of the servovalve 
and the actuator. In the 443 controller the full scales available 
for the load are 55, 30, 10, 5 kips, and those for the stroke are 
3, 1.5, and 0.6 inches. 

The accuracy of the test result depends to some extent on the 
selection of this scale. This should be selected such that the 
selected scale is just greater than the maximum load or stroke 
encountered in the test. 
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D SD.2 

Select axis <or channel) to be edited 2 

Axis ID - A><is 

i - Cll L 
2 - CH 2 

Fig. 1.3 

Edit the follo•ing data for the CH 2 
cantrol aKis a9 arpropriale. 

COHIWID DATA 
Hade 
Full Scale 
Units 
Filter -

Cain 
Cutoff 
Coup ling 

FEEDBACK DATA 
Hade 

Load 
10.0000 
kips 

1.000 
40 flz 
DC COllz) 

(0.000, l.000, 0.500, 0.200) 
CB~pass, 40, 80, i60, 240) 
CDC COHz>, AC C511z)) 

D SD.J 

!ful L Scale I 
!Units I 
filter -

Load 
10.0000 
Ups 

Used onl~ if the co~~and and 
feedback ~odes are not th~ sa~e 

Gain 
Cutoff 
Coup I in~ 

1.000 
40 Hz 
DC CO!lz) 

10.000, 1.000. 2.000, 5.000) 
<BHpass, 40, 80, 160, 240) 
CDC COHz)' ~c (5flz)) 

Fig. 1.4 

Specify additional feedback channels as desired. 

Fu! I Scale 
Units 

FILTER Gain 
Cutoff 
Coup line 

Stroke 

Yes 

3.00000 
inches 

L. 0000 
40 Hz 
DC COHz) 

Gain values are selected fro~ C0.000, 1.000, 2.000, 5.000) 
Cutoff values are selected fro111 CH~pass, ~O, 80, 160, 240) 
Coupling options are selected fro• <DC COHz), AC C5Hz)) 

Fig. 1.5 

D SD.4 
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Filters: These are the electronic components housed in the digital 
console which filter off the unwanted signals of high frequency 
that accompanies the load or the stroke signal. The parameters that 
require selection are the gain, cutoff and the coupling values. 

1.Gain: This can normally be set at 1.000 

2.cutoff: This frequency should be greater than the highest 
frequency of the signals involved in the test and lower than 
the Nyquist frequency. 
For a Pseudodynamic test (dealt in Part II) this needs to be 
bypassed. Then select 'bypass'. 

3.Coupling: 'DC (O Hz)' may be normally selected. 

B. SPECIMEN TRANSDUCER ENTRY. 

This consists of specifying the following items. 
(i) Specimen Transducer input data channel parameters. 
(ii) Conditioner gain range. 
(iii) Description of the transducer and selection of the 
data channel. 

The example test uses an axial strain gauge( named as sg_cp) and a 
dcdt(named as cp_dcdt). The dialogs corresponding to the definition 
of these two transducers are shown from Figs. 1.6 through 1.12. 

The specimen transducer input data channel parameters consists of 
the filter parameters seen earlier. This entry is made in D SD.SA. 
For our example test this is set up as shown in Fig. 1.6. The 
instructions given earlier hold good in choosing the values here. 

The Conditioner gain range can be normally set at 'l' in D SD.SB as 
shown in Fig. 1.7. 

The data from the above two dialogs are used as default values for 
all the transducers used for the test. 

The name of the transducer and the type are entered in D SD.6 as 
shown in the Figure 1.8. 

Note: The second portion of this dialog consisting of the entries 
of the 'descriptor' and the 'type' is displayed on the screen once 
the name of the transducer is entered. 'dcdt' falls in type 
# 6. 

At this stage the external transducers should have been calibrated 
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D SD.5A 

Enter an~ speciAen transducer input data channel para~eters to 
be used as defaults for subse9uent editing and entr~ of filter data. 

Filter Gain 1.000 (0.000, 1.000, 2.000, 5.000) 

Cutoff 40 Hz (B~pass, 40, 60, 160, 240) 

Coupling DC <OHzl <DC <OHz), AC <5Hzl) 

FLg. 1.6 

D SD.5B 

Enter the 450 conditioner gain range to be used as the default 
for subse9uent editing and entr~ of data, 

Conditioner 
Gain Range 1 <1 or 2l 

Fig. 1. 7 

Enter the naAe of the specimen transducer 
to be created or edited. 

Transducer Na~e - sg_cp 

Now enter its description and tl!pe -

Descriptor 
T!jpe 1 

Supported transducer t~pes are 
1 - Axial Strain Gage 
2 - Biaxial Strain Gage 
3 - Delta Rosetta•Strain Gage 
4 - Accelero~eter 

Fig. 1.8 

5 - LYDT 
6 - Other Single Channel 
7 - Other Double Channel 
B - Other Triple Channel 

D SD.6 
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and the calibration results available. 

The transducer parameters are to be entered in D SD.7. This is 
shown in Fig. 1.9. It contains the following parameters. 

Descriptor : Any related information such as the position of the 
transducer etc., may be entered here. 

Channel number: This refers to the number of the channel to which 
to the transducer is hooked to, on the 450 INTERCONNECTOR BOX. 
This box is in turn connected to the 450 QUAD CONDITIONER, housed 
in the Digital console. This conditioner is capable of handling 
twenty eight transducers. The first four channels serve the two 
actuators, two each. 
For the example test the strain gauge and the dcdt are hooked to 
channels 9 and 10 respectively. 

FUll scale: The full scale of each transducer, both internal 
(located in the actuator) and external( which is optional), is 10 
volts, in electrical units. Hence the full scale of the particular 
external transducer,expressed in physical units should correspond 
to 10 volts. 

Units: This is the physical unit of the full scale of the 
transducer. Units such as' inches' or' micro strains'. 
In the example test, the electrical uni ts were used, as the 
transducers were not calibrated at the time of the test. 

Once the entry of D SD. 7 is over, pressing ENTER enables the 
display of D SD.7 with the default filter and conditioner range 
information together in D SD.7E. For our example this dialog is 
shown in Fig. 1.10. One additional information which is required to 
be given in this dialog is ' Shunt Calibration' which can be set to 
0.0000. 

The same procedure is repeated to define another transducer. 

In the example test a dcdt named cp_dcdt was also used. The Figs. 
1.11 & 1.12 correspond to this transducer. 

This completes the procedure of defining the system. 

CHECKING THE SYSTEM DEFINITION 

The SHOW option available in M SD. 2 allows you to check the 
contents of a definition. The dialog D SD.10 enables listing of all 
the definitions or any particular one as shown in Fig 1.13. 
A listing of all the definitions set for the example tests are 
shown in Figs. 1.14 through 1.16. 
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c<11t the fol I0111ng cJata for sg 

o .. scriptor SC ce 

Channel Nujijber 3 ( 1 ~~ 
Jt: 

Fu! I Scale 10.0000 
Units volts 

Fig. 1.9 

Edit the foilo•ing data for sg 

Descriptor 

Channe I tlu~ber 
Full Scale 
Units 

FILTER Gain 
Cutoff 
Coupling 

CONDITIONER Range 
Shunt Cal 

SG_CP 

9 ( 1 • • 32 ) 
10.0000 
volts 

1.000 
40 Hz 
DC COHz> 

1 
0.00000 

Gain values are selected fro~ <0.000, 1.000, 2.000, 5.000) 
Cutoff valu"s are s"lected fro"' (B!jpass, 40, BO, 160, 240) 
Coupling options are selected fro~ CDC COHz>, AC C5Hz>l 
Conditioner range values - DC ( 1 or 2 ) AC ( 1, 2, 3 er 4 
Conditioner ~hunt cal is% full scale for DC, ignor"d for AC 

Fig. l.10 

~<llt the fDllDMlne cJata for ac<lt 

Descriptor 

Channel Nu.,ber 
Full Scale 
Units 

Cl' dcdt 

10 ( 1 •• 32 ) 
10.0000 
volts 

Fig. l.11 

D SD"7 

D SD.7 

D SD.7E 

0. ~. 7 
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Edit the folloMing data far dcdt 

Descrirtor cp_dcdt 

•,hanne l Nu,.ber !O ( l .. 32 ) 
Full Scale 10.0000 
Units volts 

FILTER Gain !.000 
Cutoff ~o Hz 
Coup I ing DC <OHzl 

CONDITIONER Range l 
Shunt Cal 0.00000 

Gain values are selected fron {0.000, t.000, 2.000, 5.000) 
Cutoff values are selected fro.-. <B~pass, 40, BO, 160, 240) 
Couplinc options are selected fro• <DC COHz), AC <5Hz)) 
Conditioner ran~e values - DC ( 1 or 2 ) AC ( 1, 2, 3 or '4 
Conditioner ~hunt cal is I full scale fer DC, ignored for AC 

Fig. 1.12 

D SD.7 

D SD.?E 

8 SD. 10 

Systen Definition List Options 

Definition Naii.e ~tr~ia~J~2 _____ _ 

Control Option A List CA)JI, (C)hannels, CCO)ntrol aHes, 
( T )ransducers 

Output Option T Output to (T)er~inal or Output to (P)rinter 

Fig. l. lJ 

SYSTEH TESTING CONf!GURATION : trial2 
CONTROL AXES DEf!NITION LISTING 

AXIS CHD/ITED >ULL UNITS FILTER 
VARIABLE SCALE GAIN CUTOff DC/AC 

----------- - - ------ ------- ------

CH 2 Load to.co kips . ' 40 Hz "" '. v "' Load !0.00 kips !.O ~o Hz DC 
Stroke 3.00 inches l.O 40 Hz DC 

~-------------STEX Hessages--------------~ 

%CfGHSG-l-KEY_ro_CONTINUE, Press an~ ke~ to continue (lt:tjlfj,(!iaj 

Fig. 1.14 
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SYSTEH TESTING CONFIGURATION : trial2 
SPECIMEN TRANSDUCER SUHHARY LISTING 

TRANSDUCER TYPE SPECIMEN 
TRANSDUCER NAHE 

AXIAL_STRAIN_GAGE sg 
OTHER_SINGLE_CHANNEL dcdt 

DESCRIPTION 

SG_CP 
cp_dcdt 

A/D CHANNELS 

9 
10 

-------------STEX Hessages-------------~ 

XCFGHSG-I-KEY_TO_CONTINUE, Press any key to continue 

Fig. 1.15 

SYSTEH TESTING CONFIGURATION : trial2 
DATA ACQUISITION CHANNEL SUHHARY LISTING 

11/D FULL UNITS FILTER GAIN SHUNT CAL 
CHAN SCALE GAIN CU TO ff DC/AC RANGE ( X FULL SCALE 

------ ---------- -------- ---------------
3 10.00 kips l. 0 40 Hz DC l 0.00000 
+ 3.00 inches LO +o Hz DC l 0.00000 
9 10.00 vol ts l. 0 40 Hz DC l 0.00000 

10 10.00 volts LO 40 Hz DC 1 0.00000 

-------------STEX Hessages,-------------~ 

XCFGHSG-I-KEY_TO_CONTINUE, Press any key to continue tmil.l!l@ 

Fig. 1.16 
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STEP 2. CREATION OF THE TIME HISTORY 

The time history of the excitation signal is created in the DATA 
ANALYSIS library. 
The important operations that can be performed in this library are 
listed below. 

1. Analyzing data. 
2. Creating functions 
3. Plotting analyzed data and creating functions. 
4. Accesing other data or functions. 
5. Listing other STEX libraries. 

Each of the above functions has been explained in the STEX manual 
in the section DA 

The commands which are available to perform the above functions can 
be broadly classified into the following categories. 

1. Data Analysis commands. 
2. General commands. 
3. Function Creation commands. 
4. Assignment or Access commands. 
5. Listing commands. 

The summary of the above commands are available in the dialogs 
D DA.3, D DA.4 and D DA.5 and are reproduced on Figs. l.17a 
through l.17c. 

The operation and the dialog entry information for each of the 
above commands is explained in the STEX manual in the section DA. 

Examples of creating some basic forcing functions are given below. 

Figures l.18a and l.18b illustrate the definition of a rectangular 
time history function using CTH (Create Time History) command. 

Figures 
function 
the ramp 

l.19a and l.19b illustrate the definition of a ramp 
using the same command. Note that since the duration of 
is long, the function looks almost like a rectangular one. 

Figures 1.19c and l.19d illustrate the definition of a sine wave 
using the SINE command. 

Forcing function for the example test; This consists of an 
exponentially varying sine wave whose frequency varies from 0.2 to 
10 Hz and again from 10 to 0.2 Hz over a time period of 40.0 sec. 
The single amplitude of the load function varies from 4.0 kips at 
the beginning and the end to 0.8 kips in the middle. 

The creation of this function requires the creation of many other 
functions. All these functions are listed in Fig. 1.20 (a) & (b). 
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Data AnalHsis Co~~ands : 

ASD - auto spectral densilH 
COH - coherence 
CSD - cross spectral density 
Dif - differentiation 
EXTR - extrefttt Yalues 
rT - fourier transf or• 
IfT - inYerSe fourier transfor~ 
INT - integration 
IRSP - inverse response spectru• 
HEAN - •ean 
RHS - r~s integral value 
RSP - response spectru• 
STD - standard deviation 
TERC - total energ~ 
TRr - transfer function 

ADD, SUB, HUL, DIV -
~eneric operations 

ENTER THE DESIRED COHHAND HEW:. 

115 

General CONltands D DA.3 

PLT 
PLTO 
PLTP 

- plot 
- plot 
- plot 

a single function or result 
overla~ed functions or results 
a para•eteric of t•o functions 

EDIT - edit a function 
DEL - delete a function or result 

UP - •ove ledger NindoM 
DOWN - •ove ledger •indo• 
LEDG - go back to the co~~and su••ary 
REPT - re~at the next co111111and 

EXIT - ter111inate session 

HELC - additional help - listing of 
the function creation con~ands 

HELA - additional help - listing of 
the function access co••ands 

( LEDC to return to the con~and su~•ary 

Fig. l.17a 

Function Creation Co~nands : D DA.4 

Create a tin~ histor~ function 
SINE - s1ne wave 
LSWP - sine sweep •ith linearly varying frequency 
ESWP - sine sweep with a exponential!~ varying fre~uency 
CTH - ti~e history ( b~ editing an even-tabulated or paired function ) 

Create a frequency function by editing a paired function : 
CASD - auto spectral density 
CSS - shock spectru• 
CPHA - create phase data 

Create a function fro~ another 
INTP -
SCAL 
CONC 
LINC -
EXP 

even-tabulated function by interpolating a paired function 
scale an existing function by so~e constant and poNer 
concatenate sections of one or two existing functions 

LN 
ABS 
PHAS 

linear co•bination, scale and co~in~ t~o eKisting functions 
new function •ith exponential values of an existing function 
new function with natural log values of an existing function 
new function •ith absolute values of an existint function 
phase data extraction fro~ an existing co~plex function 

ENTER THE DESIRED COHHAND : llELA C LEDG to return to the coA~and su~~ary 

Fig. l.17b 

Function Access Co~•ands : 

Assign a 
TIN 
XIN 

na•• in the ledger to an external 
- g•t a function fro~ an external 
- get a function fro• an external 

Assign a na1te in the ledger to a function 
AANL - an Analysis function 
APRO - a Profile function 
ATST - an Earth~ake test function 
APSE - a Pseudodyna•ic test function 

List the contents of a library : 
LANL - the AnalHsis library directory 
LSES - a specific Anal~sis session 
LTST - the Earth~uake test library 
LPSE - the Pseudod~na•ic test library 

function : 
text file 
binar~ file 

outside this session : 
AMOD - a Model function 
ARAN - a RandoR function 

D DA.5 

LMOD - the Hodel library 
LPRO - the Profile librar~ 
LRAH - the Rando~ library 

ENTER THE DESIRED COHHAND LED.Ii LEDC to return to the co~~and su~•ary > 

Fig. 1.17c 
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k 
i 

~ 

rect 

seconds kips 

o. 00000. 
I. OOE-5 
9.')9999 
10.0000 

2. 00000 
c 

1. 50000 ' 
' 
' 

!.00000 
' 
' c 

. 500000 

0.00000 
0.00000 

0.00000 
l.50000 
l.50000 
0.00000 

3.75000 

scale 

Index 

116 

!. 00000 

independ. 
0.00000 

depend. 
0.00000 

Control field : I 

I - Insert palr into arra~ 
D - Delete pair fro~ arra~ 
E - Edit dependent values 
A - ~dvance window position 
X - Exit fro~ dialog 

Fig. l.18a 

red 

7.50000 
seconds 

Fig. l .18b 

l 1. 2500 

03:24:08 
9-AUG-1990 

15.0000 
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' l 
p 
5 

ra111p3 

seconds kirs 
---------- ----------
0.00000 0.00000 
.070000 l.00000 
29.9900 l.00000 
30.0000 0.00000 

l.50000 

117 

Seale .. 

Index 

Fig. l.19a 

I. 00000 D DA. 3P 

l 

Control field : I 

I - Insert pair into array 
D - Delete ra1r· fro~ array 
E - Edit dependent values 
A - Advance ~indaw position 
X - E~it fro~ dialo~ 

0.00000..,...~~~...,..~~~~~~~~,_.~_._.~~~~...,..,_..,.-..~~...,..~~~ 
0.00000 7.50000 15.0000 22.5000 30.0000 

:;econd<;; 

Fig. l.19b 
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de~o_1 Analysis Results Ledger 
Total Results Generated : 11 

D DA.2 

Top Result Index 
ifin_0.2 
stoke_fb 
RAHP_i.5_0.01 
IRAHP _1. !i_O. 01 
LOAD_FB 
ACH_FB 
s_re 
SHLi.O 

4 
= IHTP 
= ATST 
= CTH 
= IHTP 
= ATST 
= ATST 
= 1\TST 

SINE 

( fin_O. 20 l 
( deP10_2, Feedback [Axis, Hode, CH 2, Stroke., !. 000, Yes) 
<P,5.000,KIPS,1.000l 
<RAMP _i. 5_0. OU 
<DEHO_J,Feedback tAxis, Hode,CH 2,Load,,!.OOO,Ye5) 
<DEHO_J,Achieved (Axisl,CH 2,Load,,i.000,Yes) 
<DEH0_3,Feedback [Axis, Hode,CH 2,Stroke,,!.000,Yes) 
<0.000,5.000,0.000,i.OOO,KIPS,i.000,0.000) 

Result Function= Sine (arguAents listed) D DA.51\ 

K 
I 
p 
s 

Result ~a~e 
Initial f=O Ti~e Span 
ApproxiMate Duration 
Final f=O TiAe Span 
A~plitude (and Units) 
FrequencH 
Phase Offset 

I. 00000 :r\ I 
'500000 

0.00000 

-.50000 

~ 

\ I 

\ 

-!. 0000 
0.00000 1. 25000 

0.00000 seconds 
5.00000 seconds 
0.00000 seconds 
1.00000 kirs 
1.00000 Hz ( MiniAuA fre~uency is !E-4 ) 
0.00000 degrees 

Fig. l.19c 

sin_!.O 

( 

\ ) \ J 
2.50000 

seconds 

Fig .. l.19d 

I\ 

\ J -3. 15000 

I\ 
10:07:55 

l-JUN-1990 

\J 
5.00000 
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trial3 Anal!jsis Results Ledger D DA.2 
Total Results Generated : 13 

Top Rv&ult Ind&K : 1 
esNp1 
eswp2 
teJOpi 
te,.p2 
ite,.p1 
ite111p2 
JOUJ1 
.. u12 

= ESWP 
= ESWP 
= CTH 
= CTH 
= INTP 
= IHTP 
= t1UL 
= t1UL 

(0.000,20.00,0.000,8.000,kips,.2000,10.00,0.000l 
(0.000,20.00,0.000,8.000,kips,10.00,.2000,0.000) 
<P,20.00,,1.000l 
(p' 20. 00,, 1. 000) 
(teRpil 
<te111p2l 
( ite,.p1. es>Jpil 
(ite,.p2,es10p2J 

Enter a co,.,.and to either perfor" an anal~sis or create a 
function : ( Enter HELP to view available co,.,.ands 

Fig. l. 20a 

trial3 Anal!jsis Results Ledger D DA.2 
Total Results Generated : 13 

Top Result Index : 6 
ite,.p2 = IHTP 
l'IU 11 = t1UL 
"ul2 = t1UL 
s\4eep = CONC 
sweep_red = SCAL 
shifter = CTH 
itep_shifter = ItlTP 
sw~ep_f inal ADD 

<tePlp2l 
( i te,.p1, eswpil 
(ite,.p2,es10p2l 
<"u11,-1.oo.-1.oo.~u12,-1.oo.-1.oo> 
(sweep,.5000,0.000,N,l 
<P,40.00,kips,1.000> 
(shifter) 
(itep_shifter,sweep_redl 

Enter a co111111and to either perforR an anal!jsis or create a 
function : __ ( Enter HELP to view available co,.,.ands 

Fig. l. 20b 
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The procedure of creating the forcing function for the example test 
is outlined below. The names of the functions are emphasised in 
dark letters below. These created functions are shown in Figs. 
1.21(a) through 1.21(j). Please refer to the STEX manual for the 
set-up screens of each of the function. 

(i) Using the ESWP command eswpl and eswp2 are created for the 
varying frequencies. These functions correspond to each half of the 
total period. These are shown in Figures 1.21 (a) and (b). 

NOTE: The amplitude used at the start of this creation varied from 
8. o kips to 5. 8 kips. Later during the creation this has been 
however scaled down by a factor of 0.5 in sweep_red. sweep_red is 
shown in Figure 1.21 (h). 

(ii) The gradual reduction, of the amplitude from the ends 
towards the middle, is done in a couple of steps. The linearly 
varying functions templ and temp2 are created using the command 
CTH. These functions are interpolated (itempl and itemp2) and 
correspondingly multiplied with eswpl and eswp2 to be called as 
mull and mul2. These functions are shown in Figures 1. 21 ( c) 
through 1.21 (f). 

NOTE: Functions which are created using the CTH command are 
interpolated before multiplying with another function. 

(iii) These two functions mull and mul2 are joined, at t=20 
secs by using CONC command, into the function called sweep. This 
function is shown in Figure 1.21 (g). 

(iii) In order to define the entire load as acting downward on 
the beam, the function itep_shifter which is an interpolated 
function with a constant downward (positive) load of 4.0 kips is 
added to the reduced sweep (called sweep_red ). These functions are 
shown in Figures 1.21 (h) and (i). 

The resulting function sweep_fin is the desired function. This is 
used in the Profile library to set up a profile before setting up 
a test. This is shown in Figure 1.21 (g). 



www.manaraa.com

k. 
1 
p 

10.0000 

121 

eswp1 ,., .. ,,, 
24-FEB-1990 

s 5. 00000 t+-+--Hl--++-1< __ ..., .... 

k. 
i 
p 

-5. 0000 f--+t-t+--tHIHI-

-10. ooo~,,__.~~-_.,..,,.+..,,.,..-~-......,,;-,~.,-~~-..,..,+.,.,.,.-~-~~ 
0.00000 10.0000 20.0000 30.0000 40.0000 

seconds 

eswp2. 16:43:14 
24-FEB-199() 

10.0000,-------r------.---------r-----~ 

s 5.00000 

0.00000 

-5.0000 

~" 
~ 

!. 00000 

. 750000 

. 500000 "" 

.250000 

0.00000 o. 00000 10.0000 

20. 0000 
seconds 

itef'llp1 

~~ 
...,_ 

20. 0000 
::;oaconds 

30.0000 

30.0000 

40. 0000 

16:47:04 
24-FEB-1990 

40.0000 

Fig. l.2la 

Fig. 1.2lb 

Fig. l.2lc 
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lternp2 16:49:~0 
24-FEB-1990 

1.oooooc-:------r---/--/-"?r""------r------~ 

.7500001--------+----,,"----l--------+-------j 

; // 
'500000r------7'--+-------+-------+------_, 

' /./ 
~ 

~/ 
.25oooorv7"'------1--------+------1-------~ 

0.00000::-,,,..,._..,...,..~~_..,_~,.,...,.,,.._~~~.....,.,,.....,.,..,..,,,.._,._._~~""'=-+,..,..,,...,...~~~~.,_,. 
0.00000 t0.0000 20.0000 30.0000 40.0000 

seconds 

MUI! 

10.0000 

16:53:19 
24-FEB-1990 

s 5.00000H-+---++--l\-il-+...,...,1--------+--------+------~ 

-5 ' 0000 l---+t---1+--11-i-+-

-l 0. 000 ...,.....,._.~..,._._._..,...,.._._..,...,.._._..,...,.._._..,...,..~....,_.,_..,._._._..,._._._..,._._._..,...,.._._..,...,..~~ ........ 
0.00000 10.0000 20.0000 30.0000 40.0000 
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STEP 3. CREATION OF THE PROFILE 

The profile of the time history function ( already created in the 
Data Analysis library) is created in the PROFILE LIBRARY. The 
primary purpose of this library is to configure the time history 
function into the profile format required for testing. The required 
profile format is shown in Fig. PL-1 of the STEX manual which has 
been reproduced in Fig. 1.22. 

This creation is done in D PL.1. 

For the example test this dialog is as shown in Fig. 1.23. 

Note:l. As explained earlier in 'Setting up the system data', the 
leading zeros are required for compensation of the excitation 
signal. compensation is a procedure in which a pseudo desired 
signal is set up depending on the system dynamics to overcome the 
limitations of the servovalve. If a profile is to be used in any 
compensated test or in an uncompensated test which wi.11 be used to 
calculate a system model (required in the compensation procedure), 
the number of leading zeros must be at least equal to one-half of 
one frame length. 

2. The words 'minimum' and 'maximum' used in D PL.l when 
defining the taper refers to the time domain. 'minimum' refers to 
the starting time ( 0.0000 secs) and 'maximum' refers to the ending 
time ( e.g: 40 secs for the example test) of the function. 

For the example test, the drive signal was not expected to be 
compensated or to be used to create a model. Hence there was no 
leading zeros provided. 

The created profile is shown in Fig. 1.24. 

This completes the creation of the profile. 

STEP 4. DEFINING A NEW UNCOMPENSATED PROFILE EARTHQUAKE TEST 

This is accomplished in the EARTHQUAKE TESTING LIBRARY This 
involves the definition of the following in D EQ lP. 

(i) Name of the test 
(ii) Name of the system configuration set up in the System 
Definition library 
(iii) Name of the profile set up in the Profile Library. 
This has to be defined for the appropriate axis in D EQ lP. 

For the example test, this dialog appears as shown in Fig. 1.25. 



www.manaraa.com

126 

~ - Function Duration 

~ 
- (5.2 ~ames) 

Duration Duration 
"' of Taper olTaper ,,d . - - O~m .s ' 

. i -o E 
go 0 ;; N "i I! 
- "- .. go .. "-
~ 2 ..! ~ c: G: mm -...JNS i= ~ .2 

- . - -
• 

v J 

/ 
Starting Ending 

Position of Position of 
Increasing Deaeasing 

Taper Taper 
I I I I I I I 
I I I I I I I 

lime/Frames 

Figure PL-1. Profile Format Description 

Fig. 1. 22 

D PL. I 
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('.) G) (~ I 
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6. Red 

' Fig 1.26 Details of connection at 450 lnterconnector box 

Fig. 1.26 
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SECTION 2. HARDWARE SET UP AND 
TEST EXECUTION 

A. HARDWARE SET-UP. 

The setting up of the hardware involves the following procedure. 

1. Setting up of the Digital console. 
2. Setting up of the Hydraulic system. 
3 • Setting up of the Analog console. 
4. Setting up of and checking the specimen involved. 

1. Setting up of the Digital Console 

This involves the following two adjustments. 

A. Setting up of the 450 INTERCONNECTOR BOX. 

The electrical cords from the external transducers set up on the 
specimen should be connected to the appropriate data acquisition 
channels of the interconnector box. These channels should be the 
same as defined in the system configuration. 

The connection details for a strain gauge and dcdt are shown in 
Fig. 1.26. 

B. Selection of the channels in the Digital console. 

The pertaining data channels should be selected in the MTS Meter 
Mux Module. The 450 QUAD CONDITIONER housed in this console will 
probably require some calibration for the specific channels being 
used i.e., strain, dcdt etc. Help in these settings may be obtained 
from the Lab Supervisor. 

2. Setting up of the Hydraulic system. 

The following items have to be ensured before using the hydraulics. 

A. Water supply line, to the hydraulic distribution system 
must be kept open. This is located below the watch tower by the 
side of the hydraulic distribution system enclosure. 

B. The valve of the hose carrying oil from the system to the 
servovalve should be kept open. This is achieved by bringing the 
lever of the valve parallel to the hose. Also make sure the other 
outlet valves are closed. Close other valve if actuator on that 
line is not being used. 
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3. Setting up of the Analog console 

The following settings are made on the 443 CONTROLLER and the 436 
CONTROL UNIT housed in the MTS STRUCTURAL TEST SYSTEM. 

NOTE: These adjustments are the same for the uncompensated and the 
compensated real time dynamic tests. 

This comprises the following items. 

A. Adjustments to be made in the 443 controller: 

The following steps need to be followed in accomplishing the 
setup of the 443 controller. 

(i) With the METER selected to check the DC ERROR, use the SET 
POINT knob to nullify the meter (bring the needle in the meter to 
zero). Now, the SET POINT will be in the neighborhood of 5.0 (main 
scale reading). 

(ii) Make sure that the SPAN is set at zero. The number at 
which this is set gives the percentage of the signal that would be 
sent to the SERVO CONTROLLER. This is to prevent sending any signal 
accidentally to the servovalve which may damage the actuator and/or 
the specimen. This should be turned to 100% before the test is run. 

(iii) Selection of the ranges (full scale) of the stroke and 
the load: The RANGE knobs in the A.C CONDITIONER (for stroke) and 
the D.C CONDITIONER (for load) are used to select the full scales. 
These full scales should correspond to the full scales defined for 
each of the modes in the system definition used for the particular 
test. 

(iv) The voltages from these conditioners should be +o.oo or 
-o.oo. Otherwise, it would mean that an initial stroke or load of 
the + or - sense of magnitude corresponding to the voltage is 
present. 

This can be checked by feeding in the voltage from the 
conditioners into the 430 DIGITAL INDICATORS. Seek help from the 
lab supervisor in this regard. 

(v) Make sure that the PROGRAM SELECTOR knob selects 'random' 
for real time dynamic tests. For pseudo tests this should be set at 
"R". "R" stands for 'Remote'. 

(vi) The PROGRAM CONDITIONER should be set at displacement. 
Check if the displacement button is lit. 

(vii) The FEEDBACK SELECTOR knob should be set at the same 
mode as the command. Check if the corresponding command mode button 
is lit on the front panel. 
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(viii) The LIMIT DETECTORS may be used for controlling load 
and stroke magnitudes. This enables you to set the maximum and the 
minimum limits of the modes. This can be set either to indicate on 
the front panel (when the signal crosses the limit) or to produce 
a hydraulic interlock which in turn stops the system. 

(ix) If there is any hydraulic interlock present as displayed 
by the HYO INTLK button present in 436 CONTROL UNIT, press the 
RESET switch (red coloured) in the controller. The system canno~ 
run in the presence of this interlock. 

B. Set up required in 436 CONTROL UNIT: 

This unit has the control over the hydraulic distribution system 
and the program activation. 

WARNING: Before applying LOW hydraulic pressure , make sure that 
the DC ERROR needle has been nullified. This would otherwise cause 
the actuator to move when the low pressure is applied and may 
result in damaging the specimen and/or the actuator. 

( i) To set the hydraulic pressure at LOW, press the LOW 
button twice. The pressure should be increased to HIGH only after 
a few minutes. If you desire to shut down the hydraulic system, you 
should first reduce the pressure to LOW before pressing the button 
HYO OFF. However, the EMERGENCY STOP knob can be used in the case 
of an emergency. 

(ii) The use of program activation switches will be discussed 
later. 

(iii) The STOP (program) button should be lit now. 

4. Setting up of and checking the specimen 

The set up of the specimen may vary from one test to another. The 
following general checks may however be performed for all the 
tests. 

( i) Check if the supports such as the rollers or pins are 
sturdy. 

(ii) Check if the external transducers are hooked up at the 
right locations. The vibrations during the test may sometime 
disturb the location of the transducer depending on where it rests. 

(iii) Check the whole length of the hydraulic hose to make 
sure there is no leak anywhere. The junctions at the ACCUMULATOR 
should also be checked. If you detect any leak turn the pump off 
immediately and contact the lab supervisor. 
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B. EXECUTION OF THE TEST 

This is performed in the EARTHQUAKE TESTING library. 

If the test is already available in this library the test can 
be conducted by using the SELECT option. otherwise, the test may be 
continued from the definition stage (Step 4) or the modification 
stage. 

In each of the cases the confirmation on the correctness of 
the data provided in D EQ lP is prompted. Pressing ENTER here would 
set up the system to perform the following tasks. 

the 
(i) Retrieve the configuration and the 
SYSTEM DEFINITION and the P~OFILE 
(ii) Create the multiplexed files, 
(iii) Determine the drive signal and 
(iv) Perform the limit checks. 

specified motions from 
library respectively, 

When the system performs these processes, messages flash on 
the screen. 

successful definition of the test using one of the select, 
modify or define options available in the Earthquake testing 
options menu would prompt the Earthquake Testing Control Options 
Menu which is M EQ 2U. This looks as shown in Fig. 1.27. 

This allows you to perform the following before executing the test. 
(i) Analyze test motions: This gives you the final chance to 

check the Drive signal. 

(ii) Pretest data scan: This in turn allows you to perform the 
following via M EQ.9. 

(a) Channel data scan: Provides information on the DC voltages 
corresponding to each of the channels ( both control and transducer 
data acquisition channels). 

(b) Auto-zeroing of A/D channels: Please refer to the glossary 
of STEX manual. 

(c) Shunt calibration of A/D channels: This is a check on the 
transducer data access channel electronics. 
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E~rthquake Testing Control Options 

The folloMing options can be perfor~ed upon 
the current test. 

KEY Option Activated Nith 'KEY' 

E Execute 
A Anal~ze Test Motion 
p PreTest Data Scan 

X Exit and Conclude Processing 

Fig. 1.27 

M rn.2u 

Unco~pensated rrof11e tartnquake rest txc1tat1on 

Confir" the validit~ of the servo control ~odes indicated below 
before initiating test excitation. 

Na11te 
Descriptor 
Identifier 

CH 1 
CH 2 

Axis 

Definition : trial2 

Controller Hodes Profiles 

Load psweep 

Do ~ou "ant to continue the excitation process CY,Nl 7 Y 

Fig. 1.28 

D EC.7P 
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The choice to execute the test in M EQ 2U would prompt the 
following questions. 

(i) Do you want to scale or limit check the drive (Y,N} ? 

If you are sure that the drive signal is within the full scale 
limits you may skip this. Refer STEX manual for further explanation 
about this, in the section EXECUTE. 

(ii) Do you need to Multiplex the drive data (Y,N} ? 

The drive data should be definitely multiplexed before the test is 
conducted. Multiplexing is a process of arranging the command 
signal data point at each time step is a fashion suitable for the 
hardware to recognize and create the servo signals. The reverse of 
this process is called demultiplexing, which is an arrangement of 
the achieved signal in a particular order for the computer to 
recognize. Hence the achieved data should be definitely 
demultiplexed in order to plot the data and analyze after the test 
is over. 

Answering 'Y' to this question will display D EQ 7P for you to 
confirm the validity of the data for the final time. This also 
gives an option to cancel the test at this stage to enable 
correction if anything is wrong. 

For the example test, called test_sweep, this dialog is shown 
in Fig. 1. 2 8. 

Answering 'Y' to continue with the exci ta ti on, the system 
displays the STATUS CHECK PANEL as shown in Figs. 1.29{a) through 
l.29{j). Respond to these checks by using the letters 'O', 'A' or 
'I' to signify OK, ABORT or IGNORE respectively. These messages are 
provided only as a reminder to the user. The software does not 
check the console setups to ensure correct settings. 

While most of these checks are self-explanatory, the following 
deserve some explanation. 

(i) Set servo gains to correct settings 
This is done on the analog console. 

(ii) Set program source to computer. 
This is done by setting the PROGRAM SELECTOR to 'random'. 

(iii) Verify hydraulic pressure and temperature. 
The hydraulic pressure can be checked by using the pressure gauge 
fitted on the accumulator. The temperature can be checked at the 
413 MASTER CONTROL PANEL housed in the MTS 810 MATERIAL TEST 
SYSTEM. 

(iv) Set the controller spans to 100% 
Check if the SPAN knob on the 443 CONTROLLER is set at 100%. 
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r----------'-<"'TllT .... Q l'~PI.< Pa.Ml:L--------~ 

Verif~ setup of the spec1Aen 

IGNORE 

Fig. l.29a 

~-------'STATUS CHECK PANEL--------. 

Set servo gains to correct settings 

IGllORE 

Fig. l.29b 

~-------STATUS CHECK PANEL--------. 

Set pro~ra~ source to co~puter on 

IGNORE 

?ig. 1.29c 
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.--------STATUS CHECK PANEL-------~ 

Press control panel [RESETJ to clear interlocks 

IGNORE 

Fig. 1.29d 

~-------'STATUS CHECK PANEL-------~ 

Verif~ test area is clear 

IGNORE 

Fig. 1. 29e 

~-------STATUS CHECK PANEL-------~ 

Start hydraulic pu~ps 

IGNORE 

Fig. 1.29f 
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1----------~t~tn~ ru~r~ P~»~~---------, 

Press control panel (LOWl pressure 

IGNORE 

Fig. 1. 29g 

.--------STATUS CHECK PANEL.--------, 

Press control panel CHIGHJ pressure 

IGNORE 

Fig. l.29h 

.--------STATUS CHECK PANEL-------~ 

Verif~ h~draulic rressure and teAperature 

IGNORE 

Fig. l.29i 
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--------'STATUS CHECK PANEL-------~ 

Set controller spans to 100% 

IGNORE 

Fig. 1.29j 

CLEAR TEST AREA I 

PRESS THE CONTROL P~NEL lRUNl BUTTON TO START THE TEST 

Press an~ ke~ to abort 

Fig. 1.30a 

CLEJ\R TEST AR£1\ I 

Excitation in progress! Elapsed time -

Press any key to abort test 

Fig. 1. 30b 
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NOTE: STEX software does not check the analog console to ensure 
the neccessary settings. The list has been provided only to serve 
as a check list. 

At the end of the check list, the message to start the test 
using the RUN switch on the 436 CONTROL UNIT, as shown in Fig. 
l.JO(a) appears. 

To continue with the test press RUN switch at which the test 
is started and the screen changes to inform that the excitation is 
in progress and also displays the elapsed time. This screen is 
shown in Fig. l.30(b). 

once the test is completed, the message shown on Fig. l.30b 
appears confirming the completion and the system automatically 
activates the program STOP switch on. 

The system then prompts with the question 'Do you wish to 
demultiplex the achieved data (Y,N) ?' As mentioned earlier the 
achieved data should be demultipexed to plot and do the neccessary 
post-test analysis. 

CAUTION: Responding 'N' to this question does not save the test. 
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SECTION 3. POST-TEST ANALYSIS 

The post-test analysis for an uncompensated test is best done by 
accessing the results from the DATA ANALYSIS library. 
However, the achieved signal and the error may be obtained 
immediately after the test. Error is defined as the differnce 
between the desired and the achieved signal. This is done by opting 
to analyze test motion in M EQ. 2U, shown in Fig. 1. 27, which 
prompts D EQ 14. This dialog is shown in Fig. 1.31. The result may 
also be viewed by opting to DISPLAY the test from Earthquake 
library's main menu. 

In the data analysis library the test data from the Earthquake Test 
library is obtained by using the Assignment command ATST. This 
command displays D DA.15J as shown in Fig. 1.32. 

For the example test, the Specified, Drive, Achieved, and Feedback 
(stroke) signals are shown respectively in Figs. 1.33 through 1.36. 

The following remarks are evident from a comparison of the first 
three signals. 

(i) The specified signal is the same as the drive signal. This 
is because no compensation has been done to the drive signal. 

(ii) The Achieved signal is slightly off the 0.0000 position 
of the X-axis. It looks slightly shifted in the + Y direction. This 
reflects the existence of some positive initial voltage present in 
the control channel before the test was conducted. This can be 
avoided by zeroing the channel of the corresponding mode in the 
anolog console. 

(iii) It can also be observed in the same signal that the 
specified frequency has been well maintained. The amplitude varies 
from 4.0 kips at the beginning and the end but it reduces to 0.5 
kips in the center. This is because the capacity of the servovalve 
is such that while trying to maintain the specified frequency i.e. 
10.0 Hz. it is unable to maintain the amplitude. This limitation of 
the servovalve may be partially overcome by compensating the 
desired signal. 

The frequency-amplitude performance of a servovalve depends on 
what amount of oil it can pump to move the actuator piston at a 
given frequency. The characteristic curves giving this relationship 
for different servovalves of MTS is available in MTS service 
manual. As it can be seen from these curves, generally the capacity 
to pump oil decreases with the increase in frequency. When the 
signal is compensated, at the higher frequencies the servovalve 
would be forced to pump more oil to improve the amplitude. 

NOTE: It should be remembered that compensation of the signals may 
not be the solution to obtain the desired signals. 

The Stroke feedback signal shows a maximum stroke of 0.7675 inches. 
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This is because of an offset of approximately 0.73 inches in the 
displacement channel which was not zeroed out fully. The maximum 
displacement value corresponding to the first peak is 0.0275 inches 
and the calculated value corresponding to the first peak is also 
0.026 inches. 

The transducer feedback (strain gauge) and Transducer feedback 
(dcdt) are shown in Figs. 1.37 and 1.38. It can be noted that the 
units of these responses are shown in volts. This is because at the 
time of the test these transducers were not calibrated and the full 
scale value of 10.0 volts was given for both the strain gauge and 
the dcdt. It can be appreciated that the response of the strain 
gauge and the dcdt have followed the pattern of the forcing 
function. 
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PART I I 

COMPENSATED TESTING 

Introduction 

Compensated testing is done when the drive signals are 
required to be adjusted for the system dynamics and the electronics 
of the testing system. The limitations of the hardware depends on 
the capacity of the servovalve, the hydraulic pump and the 
calibration of the system electronics. The servovalve receives the 
electronic signals from the analog console and sets up the signals 
which command the hydraulic pump. The hydraulic distribution 
system pumps the necessary oil at a given time to produce the 
necessary displacement. 

Familiarity of the user to the following topics is assumed in 
this part. 

(i) MTS STEX manual with emphasis on sections DA, RL, ML and EQ. 

(ii) Knowledge of Fourier analysis and Random vibrations 
(Recommended reading: Structural Dynamics by Mario Paz). 

(iii) Part I of this manual. 

Steps involved in running a compensated test 

These steps generally follow the flow chart provided in 
Chapter 2 of the thesis, but with greater detail. 

STEP 1. Define the system configuration in the SYSTEM 
CONFIGURATION library. 

STEP 2. Create the forcing function in the DATA ANALYSIS library. 

STEP 3. Create the profile in the PROFILE library. 

STEP 4. Define an UNCOMPENSATED PROFILE EARTHQUAKE TEST and 
execute the same in the EARTHQUAKE TESTING library. 

Steps 1 through 4 is the procedure for running an 
uncompensated test which has been explained in Part I of this 
manual. The user is advised to refer to Part I for guidance in 
these steps. The following steps for compensated testing are to be 
used if on analyzing the results at Step 4, the need for 
compensation is felt. 

STEP 5. Define an Auto spectral density (ASD) function in DATA 
ANALYSIS library. 
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STEP 6. Create a random vector in the RANDOM library using the ASD 
function created in the previous step. 

STEP 7. Execute an UNCOMPENSATED RANDOM EARTHQUAKE TEST in the 
EARTHQUAKE TESTING library. 

STEP 8. Create a SYSTEM MODEL using the results of the 
uncompensated random test in the MODEL library. 

STEP 9. Define a 
system definition, 
signal and execute 

COMPENSATED EARTHQUAKE TEST by specifying the 
system model and the profile of the desired 

the same in EARTHQUAKE TESTING library. 

STEP 10. Tune the signal by comparing the achieved with the 
desired motion signal and correct the signal if necessary in the 
EARTHQUAKE TESTING library. 

STEP 11. Execute another test using the corrected drive signal. 

STEP 12. Repeat steps 10 and 11 as desired. 

EXAMPLE TEST 

The forcing function is shown in Figure 2.1. It consists of 
a sine wave with an exponential variation of the frequency from 0.1 
Hz to 5.0 Hz over a duration of 30.0 secs. The amplitude of the 
wave varies from 1.0 inch at O.lHz to 0.4 inch at 5.0 Hz. This 
function is created in a similar manner as the example function 
used in Part I. Hence the user is advised to refer to Part I for 
guidance in the creation of such a function. 
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DISCUSSION OF THE RESULT 0\0 THE UNCOMPENSATED TEST. 

For the example test, the achieved signal of the stroke 
revealed that it followed the drive signal very closely upto 
approximately 22 seconds, after which it could not produce the 
amplitudes corresponding to the higher frequencies. An overlay 
plot of the drive and the achieved signal in the region between 20 
and 35 seconds in shown in Figure 2.1 a reveals the same. 

This could have been due to (i) the system dynamics of the 
test setup (the setup is the same as used the tests in Part I), 
(ii) the limitations of the servovalve and the hydraulic 
distribution system. Hence, this necessitates the compensation of 
the drive signal to adjust for the system dynamics and to a some 
extent overcome the limitations of the hardware. 

STEP 5. DEFINITION OF AUTO SPECTRAL DENSITY FUNCTION. 

The auto spectral density function is created using the 
creation command CASD in the DATA ANALYSIS library. This function 
specifies the frequency content of the random function to be 
created in the next step. The creation dialog D DA. 9P for the 
example is shown in Figure 2.2. The created function is shown in 
Figure 2.3. 

NOTE: The units need not be specified here. This is later defined 
at the stage of creation of the random function. 

Factors need to be considered when defining this function: 

(i) The frequency content of the forcing function. 
(ii) The amplitudes involved in the forcing function. 
(iii) The frequency amplitude performance of the servovalve must 
not be exceeded. 

Note that in the example, as the forcing function contains 
frequency from 0.1 Hz to 5.0 Hz, the ASD function has been defined 
such that the random function is created with full amplitudes at 
frequencies below 1 Hz and the amplitude decreases to 10% of the 
full amplitude at 10 Hz. The amplitude then decreases gradually to 
1% at 50 Hz. 

STEP 6. CREATION OF RANDOM VECTOR. 

Random function is created in the RANDOM library. 

The name of the random vector to be created, the name of the 
analysis session containing the ASD function and the approximate 
time span are defined in D RL.l. For the example, this dialog is 
shown in Figure 2.4. On entering here, the system prompts for the 
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name of the ASD function to be used for each of the axis being 
used. Pressing ENTER on the blank dialog would enable bypassing any 
unused axis. The example uses CH2 and the pertaining dialog is 
shown in Figure 2.5. 

NOTES: 1. The Phase function is optional and is not used in the 
example. This option may be required when working with a seismic 
record where the random may be desired to have a phase close to the 
seismic record. 

2. A Random function generated with a random phase function 
would collect better data from the specimen for the creation of a 
better model for a function such as the one used in this example. 

3. It is suggested that between 5 and 10 frames of random 
signal be run to generate a good system model. 

On pressing ENTER, the system calculates the minimum time span 
required based on the number of control channels being used. The 
user is referred to section RL for the algorithm used to calculate 
the minimum span. This is displayed in D RL.J shown in Figure 2.6. 
The user is allowed to edit this time if a greater time span needs 
to be set. 

On accepting the time span, the system starts to create the 
random vector. During the creation, it displays the following 
messages on the screen. 

"Creating random vector" 
"Working on white noise vector" 
"Working on random noise vector" 

" Random vector NAME was successfully saved" 

This random vector can be used directly to run an uncompensated 
random earthquake test without setting a profile. The random 
vector created is shown in Figure 2.6 a. 

STEP 7. EXECUTION OF UNCOMPENSATED RANDOM EARTHQUAKE TEST. 

The choice R in the EAR'l'HQUAKE TESTING library menu prompts 
the user to define the name of the random test, the system 
definition name, and the name of the random function in the RANDOM 
library in D EQ.lR which has been shown for the example test in 
Figure 2.7. The rest of the procedure involved in the setting of 
the hardware and the execution of the test is similar to the 
uncompensated Profile Earthquake Test as explained in Section 2 of 
Part I. A post test analysis is not required, while it is possible 
to do so as described in Section 3 of Part I. 

STEP 8. CREATION OF SYSTEM MODEL. 
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The procedure for creating a good system model involves the 
following steps. 

A. creation of the system model by defining the name of the random 
function. 

B. Evaluation of the system model created. 

c. Creation of the Expanded Inverse. 

D. Modification of the Expanded Inverse function as required. 

A. Creation of the system Model 

The system model is created in the MODEL library using the 
results of the uncompensated random test made in the previous step. 
Option N in M ML.l is chosen to create a model. M ML.l is shown in 
Figure 2.8. The system then prompts with D ML.2, shown in Figure 
2.Sa for defining the name of the test to be used. On opting to 
create the system model from this dialog, the system works on 
creating the various matrices, vectors and functions associated 
with the system model. It displays messages during the creation of 
the same. These functions are displayed on Figure 2. 9 on the 
dialog D ML.4. 

B. Evaluation of the System Model 

At the completion of the creation of the various functions, 
the system displays the Model Evaluation options menu M ML.3 which 
is shown in Figure 2. J..O. This menu provides the options to 
evaluate the system Model and to create the Expanded Inverse. 

A typical evaluation sequence is outlined on page ML-7 in 
Section ML of STEX manual. The purpose of the process of 
evaluation is to refine the expanded inverse function which alone 
modifies the drive data during the compensated test. The other 
functions and matrices are provided to enable a better 
understanding of the response of the Uncompensated Random Test. 
These are the tools of the Spectral Analysis of a random function 
and its response. Knowledge of Fourier Analysis and Random 
Vibrations is required to understand the various functions listed 
in Figure 2.9. 

The choice to plot the system model from M ML.J prompts the 
user with the dialog D ML.4. Any item in D ML.4 can be plotted by 
specifying the appropriate number. The system displays the 
plotting options menu D P5 shown in Figure 2.10 a before plotting. 
The plots of the various Matrices, Vectors and Functions for the 
example test are shown from Figures 2.11 through 2.20. Each of 
this item is discussed below. 

1. System Frequency Response: This function is obtained by 
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performing a Fourier Transform on the Achieved signal of the 
Uncompensated Random Test. The Fourier Transform technique 
transforms the time history function to a frequency function. This 
provides the information on the response of the system for the 
various frequencies. 

For the example test, this function is shown in Figure 2.11. 
As the beam used had a natural frequency of 294 Hz, this response 
does not show any sharp spike. It can be seen that the response 
decreases from 1.0 inch/ inch at o Hz and reduces to approximately 
0.2 inch/ inch at 10 Hz; it reduces gradually further with greater 
variations upto 50 Hz. 

The Phase function provided at the bottom of the function 
gives the phase difference corresponding to the frequency. An 
ideal phase function with no distortion will be linear. Hence, a 
non-linear region would represent a greater distortion. 

NOTE: This function as a whole is a part of a matrix of the order 
N, where N is the number of Degree of Freedoms (DOF) used. In the 
example test only one DOF at CH2 (Channel 2) was used. 

2. Inverse System Frequency Response: This function is just 
the inverse of the System Frequency Response. It can seen as the 
mirror image of the previous function. For the example test, this 
function is shown in Figure 2.12. 

3. Drive ASD: This is an auto spectral density function of 
the drive signal. The ASD function can be defined as the Fourier 
Transform of the mean square of the random vector, when it is done 
on a single record of random vector. This function can be 
considered to be the energy represented by the various frequencies 
in the random vector. Hence, this function helps is identifying 
the predominant frequencies present in the given vector. 

For the example test, this function is shown in Figure 2.13. 
It can be noted that a predominant response is noted between o Hz 
and 10 Hz which corresponds to the ASD function defined in the Data 
Analysis library used for the creation of the Random function. In 
fact, this function is the same ASD function plotted in the log 
scale. 

Note that there is zero phase change, indicating that there is 
no frequency distortion. This makes sense as no phase function was 
defined during the creation of the Random function. 

4. Response ASD: This is ASD function of the Achieved signal 
of the random test. For the example test, this function is given 
in Figure 2.14. In comparison to the Response function, it can be 
inferred that this function follows the pattern of the Response 
function but over a wider variation of the ordinate. In general, 
the ordinate values are small because the Spectral Density function 
is the mean square of the ordinates of the Achieved signal 
represented in the frequency range. 

5. DrivejResponse cross Spectral Density: This can be defined 
as the ASD analysis done on two different records. For the example 
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test, this function is shown in Figure 2.15. It can be seen that 
the predominant response is over the range from o Hz. to 10 Hz. 

6. DrivejResponse Ordinary Coherence: This can be defined as 
the Fourier Transform of the Correlation function. It is a measure 
of the coherence of the frequency of the response of the specimen 
with that of the excitation signal. It can be seen that a 
Coherence of unity was obtained for the example test, shown in 
Figure 2.16, which means that the specimen beam vibrated at the 
same frequencies as the drive signal, however producing less 
displacements. Phase lag is zero throughout which demonstrates 
that the system tries to maintain the frequency rather than the 
amplitude. 

7. Expanded Inverse Matrix: This matrix contains the Expanded 
Inverse functions corresponding to the DOFs involved. This 
function is developed from the Inverse Response function by the 
operations of Zeroing and Clipping. This function is shown in 
Figure 2.17 for the example test. The function shown here has been 
using the option c of M ML.3. 

8. Drive Motion vector: This is the same drive signal created 
in the Random library. For the example test this is shown in 
Figure 2.18. 

9. Response Motion Vector: This is the same as the Achieved 
signal obtained in the Random Uncompensated Test. This is shown in 
Figure 2.19 for the example test. 

o. Determinant: This is the determinant of the elements 
present in the response function matrix. 

c. Creation of Expanded Inverse Function 

The Expanded Inverse is created by opting c of M ML.3. Then 
the system displays the default Clipping Factor and prompts the 
user to modify the same if required. The Clipping factor decides 
the Clipping Level that will be used by the system in smoothening 
the Inverse function in the desired range of frequencies. These 
dialogs corresponding to the example test are shown in Figures 2.21 
and 2.22. The default clipping factor is used in this example test. 

Then the system prompts with D ML.10 and D ML.9 which is shown 
in Figure 2.23. As it can be seen in the Figure, D ML.10 displays 
the matrix of DOFs and the default frequency regions which will be 
zeroed. D ML.9 prompts to define the zeroed-region to be edited. 
In the example this is A. On defining A and entering, the system 
displays the editing menu D ML.8 in the place of D ML.9 which is 
shown in Figure 2.24. For the example test, the portion beyond 10 
Hz. was zeroed. After defining the regions to be zeroed, choose C 
to create the new Expanded Inverse function. Then the system 
displays the Model Evaluation menu. 
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The Expanded Inverse function can once again be evaluated by 
plotting the same. The modified Expanded Inverse function is the 
one in Figure 2.17 for the example test. 

D. Modification of the Expanded Inverse function 

The process explained in the above steps c and D may be 
repeated to refine the Inverse function. 

NOTE: The Expanded Inverse function is also called the Transfer 
function. 

STEP 9. EXECUTION OF COMPENSATED TEST. 

A compensated test is defined in the EARTHQUAKE library by 
choosing the option c. This option prompts the user with D EQ.19C 
to define the following: 

1. Name Of the test 
2. Name Of the system definition 
3 . Name Of the system model and 
4. Name Of the profile of the desired signal. 

D EQ.19C is shown in Figure 2.25. 

On confirming to continue with the excitation, the system 
displays D EQ.8, shown in Figure 2.26, prompting the confirmation 
of the filter settings made in the system Configuration library. 
At this point, the Loop Back Jack must be in place in the digital 
console. This prevents the signal from going to the actuator, but 
lets the signal to loop back into the console making the signals to 
pass through the filter channels. This enables the system to take 
into account the effect of filtering through the anti-aliasing 
filters. Once this process is over, the system returns to the Test 
Execution menu. 

The rest of the procedure leading to the execution of the test 
is similar to that explained in Section 2 of Part I. The user is 
advised to refer this section for further guidance in execution. 

STEP 10. TUNING THE DRIVE SIGNAL 

A successful completion and saving of the compensated test 
prompts the user with the Testing control Options menu M EQ.2C. 
This menu is shown in Figure 2. 27. The option T of this menu 
enables tuning the system. This option initiates the calculation 
of the difference (errors) between the achieved and the desired 
signals, and then calculate the correction to the drive signal. 
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The fallowing options can be perfar~ed upon 
the current test. 

KEY Option Activated "ith 'KEY' 

T Tune the S~ste~ 
E Execute 
A A~al~ze Test ttotian 
P PreTest Data Scan 

11 ED. 2C 

X EHit fro~ Testing and Conclude Processing 

Fig. 2.27 

Tuning Correction Qptions H EQ.5 

nY Option Activated wi t.h 'KEY' 

P Plot Correction Data 
5 Scale Correction 
C Apply Correction to Drive 
L Li"it Check Corrected Drive 

A Abort Correction and Retain Old Drive 
X Exit with Corrected Drive 

Fig. 2.28 
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After it calculates the first correction, it displays the 
Tuning Corrections Options M EQ.5 which is shown in Figure 2.28. 
This option allows the user to plot the correction, scale it if 
required, apply the correction to the drive signal, check the 
limits of the corrected drive and exit with or without applying the 
correction to the drive signal. 

For the example test, the corresponding achieved signal is 
shown in Figure 2.29 an overlay plot with the achieved signal of 
the uncompensated test in the time range between 20 and 35. o 
seconds. It can be observed from this Figure that the compensated 
test has performed better producing larger amplitudes throughout 
this range. 

The correction calculated is shown in Figure 2.30. It can be 
understand from this signal that there is not much correction· 
required upto 20 seconds while huge corrections are required in the 
later part of the signal where the frequency becomes high. The 
drive signal after the correction has been applied is shown in 
Figure 2.31. It can be understood from this signal that the drive 
signal has been overprogrammed to push the hardware to pump out 
more oil per second (hence more displacement) to compensate for the 
effects which reduce the amplitude at the higher frequencies. This 
would be the drive signal for the next compensated test. 

STEP 11. EXECUTION OF COMPENSATED TEST WITH THE CORRECTED DRIVE. 

Exiting with the corrected drive in M EQ.5 prompts the system 
to proceed with the test execution. After the execution and 
successful saving of the test the system calculates the error and 
displays Tuning Options Menu M EQ.6. 

This allows the user to analyze the newly achieved data, 
create new correction signals, store the old or corrected signals 
and rescale a correction signal. If the user opts to reiterate 
with the corrected drive or the old drive, the system prompts with 
the Tuning Corrections Menu, M EQ.5. 

For the example test, the RMS error calculated was 0.070 and 
the overlay plot of the achieved signal at the end of the first 
compensated test and the first iteration is shown in Figure 2.32 
for the time range of 20-35 seconds. It can be observed from this 
Figure that the first iteration of compensated test has performed 
only as good as the previous compensated test. This clearly 
indicates that it is due to the limitation of the hardware and it 
would not perform any better for the given forcing function. 
Hence, the test was stopped with the first iteration. 
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PART I I I 

PSEUDODYN.AMIC TESTING 

PSEUDODYNAMIC TEST PROCEDURE USING STEX 

The Pseudodynamic test procedure consists of three major 
tasks. These three tasks are contained in the three sections as 
shown below. 

SECTION A. 
SECTION B. 
SECTION C. 

Setting up of a pseudodynamic test. 
Hardware setup and test execution. 
Post test analysis. 

The procedure in each of the section is illustrated with the 
example discussed below. 

DESCRIPTION OF THE EXAMPLE TEST 

Test structure: 

This test has been conducted on a Wl2*14 beam. The beam was 
set up with the objective of having a flexible member which would 
produce some visible deflections within the elastic limit. Hence 
the beam was set to be bent about the minor axis. 

Forcing function: 

The forcing function considered is shown in Figure 3.1. 

COMPUTATION OF DYNAMIC CHARACTERISTICS 

Stiffness calculation: 

Theoretical stiffness (~)= 48 EI/ L' = 5342.8 lb/in. 

Actual measured stiffness of the beam (K.) = 5340 lb/in. 

The actual stiffness was determined by 
displacement and measuring the restoring force. 
been described in Section (ii) of Part I. 

Mass calculation: 

applying a known 
This procedure has 

The mass value which is an input in the test need not be the actual 
mass. The mass value is calculated for an assumed natural frequency 
of the beam and the actual stiffness. This mass is called the 
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pseudodynamic mass. 

Frequency(w) assumed = 5 Hz. = 31.41 rad/sec. 

Pseudodynamic mass(m) = K./ w• = 5.340/(31.41) 2 

= 0.005412 Kip-secA2/ inch 

Calculation of the peak acceleration: 

Peak force, F1 = 1. 500 kips. 

Peak acceleration, a(f) = Peak force / Pseudodynamic mass 

= F1 I m = 1.500 I o.005412 

a= 277 inches / secA2. 

Calculation of damping coefficient: 

This is another input for the test. 

Critical damping coefficient (C0 .) is given as below. 

c= = 2 / 5.34 * 0.005412 

= 0.340 kip-sec/ in. 

Damping coefficient (Cl = B * Ccr 

Let us choose a B value of 0.0 %. 

Hence C = B * C= = 0.0 

DYNAMIC ANALYSIS 

Calculation of static deflection: 

Static deflection, x. = F1 / K. 

= i.s / 5.34 

= 0.281 inch. 

Computation of elastic limit of deflection: 
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The restoring force at the elastic limit for a simply supported 

beam centrally loaded is Rm= (4 *Plastic moment strength)/span 
= (4 * M,,)/L = 4 * 68.4 K-in/86.0 in. 

= 3.1814 Kips. 

Elastic deflection , Y.i =Rm/ K. = 3.1814/ 5.34 = 0.596 in. 

Computation of X.... and T~,: 

( Using the standard graphs available in BIGGS 

Period of the structure, T = l / f = l / 5 hz. = 0.20 sec. 

Ramping period of the forcing function, t,, 

Ratio of the periods = t,/ T = 0.01 / 0.2 

From Figure 2.9 of Biggs, 

The maximum deflection, X...ax = x * • 

(DLF)_, 

(DLF)_, 

= 0.01 sec. 

= 0.05 

a= 1. 98 

= 0.556 inch. 

Fort,/ T = 0.05, T ... / t, a= 10; Hence T_, = 0.10 sec. 

Note : The behaviour is in the elastic range as it can be seen that 
xmax < x.l 
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SECTION A- SETTING UP OF A 
PSEUDODYNAMIC TEST-

The various steps involved in setting up a pseudodynamic test are 
listed below. 

STEP 1. Defining the system configuration in the SYSTEM DEFINITION 
library. 

STEP 2. Creating the time history of the forcing function in the 
DATA ANALYSIS library. 

STEP 3. Creating the profile in the PROFILE library. 

STEP 4. Defining the test structure in the PSEUDODYNAMIC TEST 
library. 

STEP 5. Setting up of the test in the PSEUDODYNAMIC TEST library. 

STEP 1. DEFINING THE SYSTEM CONFIGURATION 

This is set up in the SYSTEM DEFINITION library. As the setup of 
the system configuration is similar to that made for the dynamic 
test, the procedure outlined in step 1 of section 1 (of Part I) 
holds good with the following exceptions. 

Command mode: This is always STROKE, as at each step of the 
pseudodynamic procedure the deflection is imposed on the structure. 

Feedback mode: This is always LOAD. At the end of each ramp the 
restoring force is measured and this data becomes an input for the 
computation of the deflection at the next step. 

Additional feedback: This must be STROKE. 

Filter cutoff frequency: This should always be set to "Bypass" for 
command, feedback, additional feedback and the transducer channels. 

STEP 2. CREATING THE FORCE TIME HISTORY FUNCTION 

Unlike the real time dynamic test, the force time history here 
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consists of the corresponding acceleration time history obtained by 
dividing the force by the pseudomass. This is created using the CTH 
command. 

The time history 
Figure 3.2. The 
earliar. 

creation screen for the example 
peak acceleration value has been 

is shown in 
calculated 

Note: 1. The unit of the acceleration is always inches/secA2. 

2. The acceleration specified should always be negative. This 
adjustment is required to take care of the negative sign of the 
force term on the right side of the dynamic equilibrium equation, 
as shown below. 

Ma + CV + R = - Ma(f) 

where a(f) is the acceleration of the forcing function, M is the 
pseudo mass, c is the damping coefficient and R is the restoring 
force. 

The created time history of the acceleration is shown in Figure 
3 . 3 . 

STEP 3. CREATION OF THE PROFILE 

The acceleration profile is created in the PROFILE library. 

The procedure for the creation of the profile is the same as for 
the dynamic test outlined in step 3 of section 1 (of Part I), with 
the following exceptions in the setup. 

Leading zeros: No leading zeros need to be provided. 

Initial taper and final taper: No initial or final taper need to be 
provided. 

The created profile is shown in the Figure 3.4. 

STEP 4. DEFINITION OF THE TEST STRUCTURE 

The test structure is defined in the PSEUDODYNAMIC TESTING library. 
The structure library options are obtained by selecting 11 0 11 in the 
main menu of the pseudodynamic testing library. 

The definition of a test structure consists of the following tasks. 
(i) Providing the node and the actuator information. 
(ii) Providing the matrix information. 

Node and actuator information. 
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This consists of defining the following: 

( i) 
(ii) 
(iii) 
(iv) 
( v) 

Active degree of freedom (DOF). 
Number of actuators used. 
Node center coordinates of the DOF. 
Actuator head coordinates. 
Actuator base coordinates. 

All these definitions are made in the dialog D PT.5. This dialog is 
prompted when you choose to create a new structure from the 
structure library options by pressing N. 

Degree of freedom (DOF): The active DOF is defined with respect to 
the system of coordinate axes defined. In the example test the 
vertical DOF was defined as active. The longitudinal direction is 
considered to coincide with the longitudinal axis of the beam. A 
different coordinate system may also be used, in which case the 
user must to careful to be consistent in defining the various nodes 
corresponding to that coordinate system being used. 

Number of actuators: The number of actuators used is defined. In 
the example test only one actuator was used. 

D PT.5 with the above two entries, for the example, is shown in 
Figure 3.5. 

On pressing 'ENTER', once these defintions are made, the same 
dialog prompts the node center coordinates of the DOF as shown in 
Figure 3.6 for the example test. 

On pressing 'ENTER' now, the same dialog prompts for the actuator 
base coordinates and the actuator head coordinates, as shown in 
Figure 3.7 for the example test. 

Note: The coordinates should correspond to the global or world 
coordinates axes. 

Structure matrix information 

A review of section PT 1.3.2 of the STEX manual would be helpful to 
the user in following the material presented here. 

The structure matrices pertain to the following characteristics of 
the structure. 

( i) 
(ii) 
(iii) 
(iv) 

Mass 
Explicit damping 
Implicit damping and 
Implicit stiffness. 

The charateristics which need to be input varies with the numerical 
algorithm which is chosen for the test.This is shown on Figure 3.8. 
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D PT.5 

Nu•ber of Actuators ( zero defines node as inplicit ) 

Fig. 3.5 

Definition of Node 1 
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Actuator l 

Fig. 3.6 

Control Channel CH 2 

D PT.5 

D PT.5 
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Actuator Head Coordinates -
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World Lat 0.00000 inches 
World Vert : -5.6000 inches 

Fig. 3. 7 
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The selection of the algorithm is based on the type of the 
structure, the structural idealisations made, the nature of the 
test and whether or not substructuring is done. 

Though the algorithm is defined at the test definition stage, we 
need to select the algorithm at this stage itself so as to input 
the pertaining matrix information only. Those matrices which do not 
pertain to the chosen algorithm contain zeros by default. 

The example test uses 'Newmark Explicit Method', which requires the 
mass and the explicit damping only as inputs. The matrices of the 
structure, which has been named b3, are shown in Figures 3.9 a 
through 3. 9 d. 

The order of these matrices corresponds to the number of DOFs 
involved in the test. As our example involves only one DOF, all the 
matrices are of the single order. 

Note that the implicit stiffness and implicit damping matrices 
contain zeros. 

STEP 5. SETTING UP OF A PSEUDODYNAMIC TEST 

This consists of the defining the following. 

( i) 
(ii) 
(iii) 
( i V) 
( V) 
(Vi) 

Test name 
Pertinent system definition 
Profile of the forcing acceleration 
Pertinent structure 
Numerical algorithm and 
Pseudodynamic graphics 

These first five entries are made in D Pl'.12, which is shown in 
Figure 3.10, for the example. The graphics setting is made in D 
Pl'.15 which is shown in Figure 3.11 for the example. 

Once the entry into D PT.15 is over, pressing ENTER displays the 
dialog D Pl'.17 which is shown in Figure 3 .12. The test may be 
executed from here if the hardware settings have been made already. 
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Required Matrices for Algorithm 

Type of EXPLICIT IMPLICIT IMPLICIT 
Algorithm MASS DAMPING DAMPING STIFFNESS 

Implicit Explicit yes yes yes yes 
(IE) 

Newmark Explicit yes yes ro ro 
(NEl 

Modified Newmark yes ro ro ro 
Explicit (MN) 

The system will ignore any matrices not required for the algorithm. 

b3 

node 1 Ver explicit 

b3 

node I Ver e•plicit 

Fig. 3.8 

HASS 
node l 
Ver 
explic 

'005"10 

'ig. J.9a 

EXPLICIT DAMPING 
node I 
Ver 
e><plic 

0.00000 

Fig. J.9b 
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Fig. 3.9c 
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Fig. 3.9d 
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SECTION B. HARDWARE SETUP AND 
TEST EXECUTION 

This consists of the following tasks. 

1. Setting up of the hardware for the pseudodynamic test. 
2. Executing the test. 

1. Hardware setup. 

All of the hardware setups made for the dynamic test as explained 
in section B of Part 1 holds good for the pseudodynamic test except 
the following. Please refer to the pertaining section under PART 1 
for this information. 

1. Make sure that the PROGRAM SELECTOR is set to "R" (Remote). This 
is set to "Random" for the real time dynamic test. 

2. As the FEEDBACK SELECTOR should be selected for the command 
mode, this has to be set to stroke. Number 2 in the dial represents 
the stroke. When the correct selection is made, the STROKE button 
on the front panel of 443 controller is lit up. 

NOTE: The stroke limit value may be selected to be less than the 
elastic limit of deflection if it is desired not to get the beam 
bent during the test. 

2.Test Execution. 

The user is urged to review the section PT.8 before going further. 

While the various definitions leading to the setup of the test can 
be made from any one monitor, the execution of the test requires 
two monitors. The first monitor serves as the control monitor while 
the second serves as the test graphic display terminal. 

In the current setup available at the structures laboratory, a 
VT 320 (without graphic capability) is used as the control monitor 
while a VT 240 (with graphic capability) is used as the graphic 
display monitor. 

The command which switches the VT 240 
display monitor is given below. 

$ @MTS$TOOLS:SETUP_FOR_PSEUDO_G_VT240 

monitor to the graphic 

The following command is used to set a plotter (LVP16 available in 



www.manaraa.com

185 

structures lab) as the graphic d:'1.splay device. 

$ @MTS$TOOLS:SETUP_FOR_PSEUDO_G_LVP16 

NOTE: This command should be executed from VT 320 before entering 
into STEX. 

The test can be executed either immediately after the definition of 
the test as described in step 5 of section 1 or a previously 
defined test can be chosen for execution from the pseudodynamic 
main menu. In either of these cases D PT.17 is displayed for the 
user to confirm the validity of the servo control modes before 
initiating the test execution. D PT.17 is shown in Figure 3.12. 

Opting to continue the execution process enables the system to 
display the STATUS CHECK PANEL. These checks are the same as the 
checks shown in the Figures l.29a through l.29i. Note that l.29j is 
not displayed here. The explanations to these checks are given in 
Section 3 of Part 1 on page 

CAUTION: At this stage the span is set to 0% only. This is to avoid 
sending any signal accidentally which might damage the actuator 
and/or the specimen. 

After all the checks are okayed the system displays a PSEUDODYNAMIC 
INFORMATION WINDOW with the message 'Initiating the processes' . 
This is shown in Figure 3.13 a. once this message is displayed, the 
graphics settings on the display monitor is initiated. The graphics 
screen of the example test is shown in Figure 3.13 b. Towards the 
end of the graphic setup, the message shown on Figure 3.13 c is 
displayed on the control monitor in the same window. 

CAUTION: Wait until the graphs are fully setup on the display 
monitor before pressing the RUN button. Otherwise it may lead to 
crashing of the software?!. 

NOTE: Before pressing the RUN button, make sure that the load and 
the displacement feedback signals are zeroed at the analog console. 

Once the graphs are setup, press the RUN button and set the 
controller span to 100% Once the RUN button is pressed, the system 
closes the PSEUDO INFORMATION WINDOW and displays the CONTROL 
window which is shown in Figure 3.14 a. The options available in 
this window allows the user to define and modify the test ramp 
time, start, hold and terminate the test. 

By defining a suitable test ramp time the following objectives can 
be obtained. 

(i) A steady actuator motion can be ensured between the points 
on the time history. 

(ii) An even application of the load is facilitated. 
(iii) The rate of loading can be controlled. 

NOTE: Refer section · PT. 8. 2 of the STEX manual for a complete 
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PseudodynaAic Test Excitation 

Confir" the validitH of the servo control •odes indicated 
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information on ramp specification. 

Pressing 'N' on the control window displays the ramp specification 
dialog D PT.18 which is shown in Figure 3.14b with the default 
settings. The sensitivity of the parameters involved in setting the 
ramp is not discussed in this manual. 

For the example test, a ramp time of two seconds with two ramp 
segments at a ramp gain of 90% was chosen. 

The test can be started by pressing 'S' and can be put on hold by 
pressing 'H'. The test can be restarted by pressing 'R' and 
terminated by pressing 'T'. Refer to section PT.8.3 for a detailed 
explanation on using these options. 

While the test is running, the graphs on the display monitor is 
continually updated which cannot be interacted. This is shown in 
Figures 3.14c and 3.14d. 

Once the test is terminated, the pseudo infomation window is again 
displayed as shown in Figure 3.15. Now, set the controller span to 
0% and press the program STOP button. Once the STOP button is 
pressed the following message is displayed. 

'Normal test completion' 

'Press any key to continue' 

Pressing any key, the system returns to Pseudodynamic Test 
Initiation Options menu. 
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SECTION 3. POST TEST ANALYSIS 

The test results can be retrieved for analysis by one of the 
following procedures. 

1. Choose the option V at the pseudodynamic test initiation 
options menu. Note that this option does not allow any overlay 
plotting. Hence only one result can be viewed at a display. 

2. Initiate an analysis session at the Data Analysis library 
and use the access (assignment) command APSE to import the various 
results of the test from pseudo test mode into the current session. 
Once the desired results are imported, they may be plotted either 
individually (using the PLT command) or selectively together (using 
the PLTO command). 

DEFINITION OF SOME SALIENT TERMS 

DOF Feedback response : This is the response at the nodes defined 
in the structure for the specified degrees of freedom (DOF). This 
can be either the LOAD or the STROKE response. The load response is 
measured by the load cell while the stroke response is calculated 
by the software for the defined geometry of the structure, actuator 
base and head locations, and other data from the analog console. 

Actuator Feedback response : This consists cf the response of the 
load or the stroke measured by the instrumentation present in the 
actuator. The load is measured by the load cell and the stroke is 
measured by the dcdt housed inside the actuator assembly. 

Transducer response : This is the response measured by the external 
transducers. 

DOF acceleration history: This is the acceleration time history 
defined earliar in the Data Analysis library. 

DOF calculated displacements: This is the displacement calculated 
by the algorithm at the end of each step of ramping after the 
restoring force at the previous step is measured. 

DISCUSSION OF THE RESULT OF THE EXAMPLE TEST 

The DOF Feedback stroke response is shown in Figure 3. 16. The 
following points are evident from this graph. 

1. The actual maximum displacement and the corresponding time 
agrees well with the theoretical results. 
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Actual Xmax = 0.5400 inches ( 0.556 inches) 
Actual Tmax = 0.0900 secs ( 0.100 secs ) 

The paranthesis contains the results of the analysis done in the 
beginning of this part. 

2. The system response fades down as time increases though the 
viscous damping has been made zero in the test. This is due to the 
effect of the coulomb damping present in the system contributed by 
the friction present in the actuator. 

The Actuator Feedback stroke response is shown in Figure 3.17. 
This must actually be the same as the OOF feedback stroke response. 
This was due to a bug in the software which has been fixed now. 

The DOF Feedback and Actuator Feedback of the load response are 
shown respectively in Figures 3.18 and 3.19. Note that these two 
responses are just the same, which is correct. 

The DOF calculated displacement with the DOF Feedback is shown as 
an overlay plot in Figure 3.20. It can be seen that the response 
has exactly followed the displacement that was calculated at each 
step. 

The DOF Acceleration time history is shown in Figure 3.21. This is 
the same as the acceleration time history defined in the Data 
Analysis library. 
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APPENDIX B: TEST DATA 

Table la. Strain readings of readings of cycle 1 

LOAD STROKE STIFFNESS S T R A l N G I. 0 G E REI.DINGS 
1 2 3 4 5 6 7 

kips inches kips/in. strain in micro strains 

0.00 0.00 0.00 1 2 2 -1 0 0 
0.50 0.48 1.04 620 569 597 -707 54 290 265 
1.00 1.05 0. 96 1292 1310 1348 -1384 225 608 530 
0.50 0.50 0.99 634 591 622 -725 59 301 276 
0.00 0.00 0.00 0 1 3 -3 0 5 3 

Table lb. Strain readings Of readings of cycle 2 

LOAD STROKE STIFFNESS S T R A I N G I. 0 G E READINGS 
2 3 4 5 6 

kips inches kips/in. strain in micro strains 

0.00 0.00 0.00 0 1 3 -3 l 0 0 
0.50 0.50 1.01 630 579 607 -718 60 301 270 
1.00 1.07 0.93 1300 1321 1357 -1392 245 615 536 
0.50 0.52 0.96 645 599 630 -735 66 315 284 
0.00 o.oo 0.00 1 1 2 -2 0 2 1 
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Table 2a. Computed stress concentration in cycle 1 

LOAD C 0 R R E S P 0 N D l N G STRESS C 0 N C E N T R A T l 0 N S 
1 2 3 4 5 6 7 

kips 

o.oo 
0.50 2.31 2.12 2.23 -2.64 1.07 0.98 
1.00 2.41 2.44 2.51 -2.58 1.12 0.98 
0.50 2.37 2.21 2.32 -2.71 1.11 1.02 
0.00 

Table 2b. computed stress concentration in cycle 2 

LOAD C 0 R R E S P 0 N D l N G S T R E S S 

kips 

o.oo 
0.50 
1.00 
0.50 
o.oo 

1 2 3 4 5 

2.35 
2.43 
2.41 

2.16 
2.46 
2.24 

2.26 -2.68 
2.53 -2.60 
2.35 -2. 74 

C 0 N C E N T R A T l 0 N S 
6 J 

1.11 
1.13 
1.16 

1.00 
0.99 
1.05 

- --------
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Table 3a. Observed strain readings 
---- ---------

WIND HO. OF PEAK DISP. STIFl'NESS S T R A I N G A U G E R E A D I N G S 
SPEED CYCLES LOAD I 2 J 4 5 6 7 

•Ph kips inches kips/in. strain in micro strains 
·-------

4 100 1.23 1. 34 0.92 1530 1670 1872 -1641 JOO 1037 993 
8 100 1.43 1.87 0.77 1598 • 2775 -2229 • IJ5J 1280 I-" 
12 100 1. 64 2.09 0.79 1875 • 3055 -2464 1526 1444 .,, 
16 100 1. 85 2.41 0. 76 IJ92 • 2434 -1942 • 1163 1093 

...., 

20 100 2.05 2.63 0.78 1545 2622 -2114 • 1278 1202 
24 100 2.26 2.88 0.78 1722 • 2816 -2289 1400 ll22 
26 100 2.37 2.98 0.80 1820 • 2869 -2379 • 1456 ]]8] 
26 2000 2.37 2.81 0.84 1800 2963 -2689 • 1500 • 
26 4000 2.37 2.84 0.83 1737 • ll6J -2704 1595 • 

NOTE: • siqn represents defective qaqe 
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Table 3b. Observed permanent strains 

---- - ---- -- - -------- -- - - - - - --- ---------------
WIND NO. Of PEAK DISP. ST!ffNESS P E R H A N E N T S T R A I N S O B S E R V E D A T Z E R 0 L O A D 
SPEED CYCLES LOAD I 2 3 4 5 6 7 

- ----
mph kips Inches kips/in. strain in micro strains 

---------
100 1.23 1.Jl 0.92 17 20 25 -13 0 9 6 

8 100 1.0 1.87 o. 77 -117 • 612 -371 * 137 Ill ,_, 
12 100 I. 64 2.09 o. 79 -175 * 637 -392 * 150 118 \D 

O> 
16 100 1.85 2.11 o. 76 -151 * 612 -383 * 152 119 
20 100 2.05 2.63 0. 78 -160 • 610 -398 * 160 123 
24 100 2.26 2.88 0.78 -158 * 612 -403 157 126 
26 100 2.37 2.98 0. 80 -150 • 571 -406 * 153 151 
26 2000 2.37 2.81 0.84 -155 * 1229 -689 * 297 
26 4000 2. 37 2.84 0.83 -175 * 1900 -684 * 285 * 

NOTE: * sign represents defective gage 
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