
HIGH CYCLE COMPRESSIVE FATIGUE OF UNIDIRECTIONAL

GLASS/POLYESTER PERFORMED AT HIGH FREQUENCY

by

Guangxu Wei

A thesis submitted in partial fulfillment
of the requirements for the degree

of

Master of Science

in

Chemical Engineering

MONTANA STATE UNIVERSITY
Bozeman, Montana

July 1995

 



APPROVAL

of a thesis submitted by

Guangxu Wei

This thesis has been read by each member of the committee
and has been found to be satisfactory regarding content,
English usage, format, citations, bibliographic style, and
consistency, and is ready for submission to the College of
Graduate Studies.

6��������������4 6����������������������������4

Date Chairperson, Graduate Committee

Approved for the Major Department

6��������������4 6����������������������������4

Date Head, Major Department

Approved for the College of Graduate Studies

6��������������4 6����������������������������4

Date Graduate Dean

iii



STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the

requirements for a master's degree at Montana State

University, I agree that the Library shall make it available

to borrowers under rules of the library.

If I have indicated my intention to copyright this thesis

by including a copyright notice page, copying is allowable

only for scholarly purposes, consistent with "fair use" as

prescribed in the U. S. Copyright Law. Requests for permission

for extended quotation from or reproduction of this thesis in

whole or in parts may be granted only by the copyright holder.

Signature 6�����������������4

Date      6�����������������4



iv

TABLE OF CONTENTS

Page
 

LIST OF TABLES..............................................vi

LIST OF FIGURES............................................vii

ABSTRACT....................................................ix

1. INTRODUCTION..............................................1
  
2. BACKGROUND................................................3

General Fatigue ........................................3
Longitudinal Reversed Loading Fatigue...................8
Transverse Fatigue.....................................13
Fatigue Life Diagram...................................17

3. EXPERIMENTAL TESTING METHODS.............................21
Specimen Preparation...................................21

          Longitudinal Specimens............................22
          Transverse Specimens..............................23

Testing Equipment and Procedures.......................26

4. RESULTS AND DISCUSSION...................................32
Longitudinal Test Results..............................32

Slow Static Tests.................................32
Fatigue Results...................................32

          Goodman Diagrams..................................45
          Failure Modes.....................................53
     Transverse Test Results................................56

Fatigue Results...................................56
     Transverse Failure Modes..........................66

5. CONCLUSIONS AND RECOMMENDATIONS..........................70
Conclusions............................................70
Recommendations........................................71

REFERENCES..................................................74

APPENDIX A - INITIAL MODULUS FOR EACH BATCH OF SPECIMENS....80

APPENDIX B - SUMMARY OF FIBERGLASS FATIGUE RESULTS..........82



v

LIST OF TABLES

Table  Page

1. Linear Regression for Longitudinal N �10  Data............463

2. Linear Regression for Longitudinal N �10  Data............465

3. Strength and Modulus.....................................47

4. Linear Regression for Transverse N �10  Data..............623

5. Linear Regression for Transverse N �10  Data..............625

B1.Initial Modulus for Each Batch of Specimens..............81



vi

LIST OF FIGURES

Figure   Page

1. Fiber Orientation.........................................4

2. Characteristics of Goodman Diagram [39]..................18

3. Geometry of Longitudinal R=0.5 Tensile Specimen..........24

4. Geometry of Longitudinal Reversed Loading Specimen.......25
5. Geometry of Transverse R=0.5 and 0.1 Specimen............27

6. Geometry of Transverse R=2, 10, -1 Specimen..............28

7. Photograph of Instron 8511...............................29

8. Stress-Strain Curves for Typical Longitudinal Specimen...33

9. Sine Waveforms for Different R Values....................35

10. Longitudinal R=0.5 S-N Data Compared with R=0.1 Data
    from Ref.[4]............................................36

11. Power Law Fit of S-N Data for R=0.5 Above 10  Cycles....38 5

12. Longitudinal R=-1 S-N Data Normalized by the            
    Tensile Strength Compared with R=0.1 Data from          
    Ref.[4].................................................39

13. Longitudinal R=-1 S-N Data Normalized by the 
    Compressive Strength Compared with R=10 Data
    from Ref.[4]............................................40

14. Power Law Fit of R=-1 S-N Data Above 10  Cycles.........425

15. Longitudinal R=-0.5 S-N Data Compared with 
    R=0.1 [4] and R=-1......................................44

16. Longitudinal Stress-based Goodman Diagram Above 
    10  Cycles..............................................495

17. Longitudinal Normalized Goodman Diagram (R=2, 
    10, -1 Normalized by Compressive Strength; 
    R=0.1, 0.5 Normalized by Tensile Strength)..............50

18. Longitudinal Strain-based Goodman Diagram 
    Above 10  Cycles........................................515

19. Longitudinal Strain-based Goodman Diagram 
    Above 10  Cycles........................................523



vii

20. Static Failure of Reversed Loading Specimens............54
 
21. Fatigue Failure of Reversed Loading Specimens...........54

22. Fatigue Failure of R=0.5 Tensile Specimens..............55

23. Fatigue Failure of R=10 Compressive Specimen [4]........55

24. Transverse R=0.1 and R=0.5 S-N Data.....................58

25. Transverse R=10 and R=2 S-N Data........................59

26. Transverse R=-1 S/N Data Compared with R=0.1 Data.......60

27. Transverse stress-based Goodman Diagram Above 
    10  Cycles..............................................635

28. Transverse Strain-based Goodman Diagram Above 
    10  Cycles..............................................645

29. Transverse Strain-based Goodman Diagram Above 
    10  Cycles..............................................653

30. Fatigue Failure of R=0.1 Tensile Specimens..............67

31. Fatigue Failure of R=10 Compressive Specimens...........67

32. Fatigue Failure of R=-1 Reversed Loading Specimens......69



viii

ACKNOWLEDGMENTS

    There are a few people to whom credit should be given for

their help and assistance with this research. First of all, I

would like to express my gratitude to my academic and research

advisor Dr. John Mandell for his guidance, encouragement and

support that enabled me to achieve my academic goal. I would

also like to extend my thanks to the following people. To Dan

Samborsky, his tireless effort to keep the test facility up

and running. To Chuck Hedley and Andrew Belinky, who provide

endless hours of conversation and idea to help me solve some

research problems. 

    I especially acknowledge my parents and my wife with my

love and gratitude for their endless support all the time.

    Finally, I would like to thank Sandia National

Laboratories for its support of this research and the wind

turbine energy project.



1

CHAPTER 1

 INTRODUCTION

    Fatigue is the phenomenon of failure of a material under

repeated or oscillatory loading. In a structure with high

variable loading, such as a wind turbine blade, fatigue is

very important because each time a blade passes the tower, it

experiences a loading and unloading of applied wind load.

Since a typical windmill usually operates at between one and

three revolutions per second, a blade can experience between

10  and 10  fatigue cycles in its proposed 20 to 30 year8 9

lifetime [1]. Therefore, there is a clear need for fatigue

data up to 10  cycles in industry for design purposes and8

lifetime prediction of windmill blade.

    Fatigue testing of standard ASTM coupons of fiberglass,

one to two inches wide and an eighth to a quarter inch thick,

is limited to a frequency range of 10 to 20 cycles/second

(Hz). This limitation is due to the internal hysteretic

heating of polymer based materials, coupled with their poor

heat transfer characteristics [2]. At 10 to 20 Hz, a test to

10  cycles would take 50 to 100 days. It is difficult or8

impossible to build a database for fatigue performance up to

10  cycles as required for wind turbine blade using standard8

coupons.

    A special fatigue testing method have been developed by

Mandell et al . [3,4] at MSU for tensile and compressive
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fatigue of longitudinal unidirectional fiberglass which would

allow testing be conducted at frequency's up to 100 Hz. The

approach is to minimize test specimen thickness in order to

improve heat transfer while maintaining the representative

behavior of the materials.

    This thesis is a continuation of previous work by Creed

and Belinky [3,4]. The research extends the study to the

reversed loading test of the longitudinal unidirectional

f iberglass composite and various R-values

(R=min.stress/max.stress) of the transverse unidirectional

fiberglass composite tests.
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CHAPTER 2

BACKGROUND

General Fatigue

    It is well known that, when materials are subjected to

repeated fluctuating or alternating loads, they may fail even

though the maximum stress may never exceed the ultimate static

strength of the material. In other words, cyclic loading

reduces the strength of a material, or the fatigue strength of

a material is lower than its ultimate static strength. This is

true of almost all existing materials including: metals,

plastics, and composite materials. However, the fatigue

behavior of fiber composites varies greatly compared with that

of homogeneous materials such as metals or plastics. This is

due primarily to the high degree of heterogeneity and

anisotropy in composites. Composite materials contain numerous

internal boundaries which separate constituent materials that

have different responses and different resistances to the

long-term application of external influences. Therefore,

fatigue as a phenomenon is much more complex in composites

than it is for homogeneous materials.

    In search for guidelines to a reasonable approach to the

fatigue problem, there are basically two kinds of approaches:

micro-approach and macro-approach [5]. In the micro-approach,
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APPENDIX A

INITIAL MODULUS FOR EACH BATCH OF SPECIMENS
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INITIAL MODULUS FOR EACH BATCH OF SPECIMENS

    Initial modulus of each batch of specimens was measured or calculated from the slow

static tests and the results were shown in the following Table A1:

Table A1. Initial Modulus for Each Batch of Specimens (GPa).

Batch Loading Test Test Test Test Average
1 2 3 4 Modulus

Longitudinal Tension 42.4 38.3 37.1 39.2
R=-1 and 0.5
Batch Compression 39.5 41.9 42.3 41.2

Transverse
R=0.1 Batch Tension 8.21 8.83 8.34 9.10 8.62

Transverse
R=0.5 Batch Tension 8.08 8.84 9.17 8.69

Transverse
R=10,2 Batch Compression 8.21 9.08 9.58 8.96

Note: (1) as an extension to database, modulus for R=-0.5 batch was not  
          measured, average modulus for longitudinal R=-1 and 0.5 batch  
          was used
      (2) average transverse modulus for R=0.1 batch and R=10 and 2      
          batch was used as the initial modulus of transverse R=-1 batch


































